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Abstract

Few studies have tested for the potential of invasive species, particularly pests, to contribute
to ecosystem services. The apple snail Pomacea canaliculata is invasive in many countries
around the globe. They are best known as pests of rice and great efforts are made by farmers
to control the snails. However, apple snails might also act as decomposers of organic litter,
and it was hypothesized that they might enhance the decomposition of rice straw. To test the
ability of apple snails to feed on rice straw, choice and no choice feeding experiments were
conducted offering rice straw to P. canaliculata for 2 weeks. As mature rice plants are not
consumed by apple snails, the straw was incubated in water for 5 days and in water with
effective microorganisms for 25, 50 and 75 days prior to the feeding experiments. Rice straw
of all treatments was consumed by snails without preference (11.6 % more weight loss on
average compared to controls in which snails had no access). In another experiment, snails
were feed on rice straw for 6 weeks; body mass of snails was measured weekly. In treatments
where access to straw was not restricted, all snails survived and body mass remained constant;
if access was restricted, snails lost body mass slightly. It was concluded that rice straw served
as an alternative food for apple snails. Invasive apple snails spared in times when rice plants
are not vulnerable could accelerate nutrient release from rice straw providing a benefit for

farmers.

Key words: Pomacea canaliculate; golden apple snail; decomposer invertebrates; Oryza

sativa, effective microorganisms
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Introduction

Most studies on the ecology of invasive species are intended to test potential negative impacts
of the exotic species on native ecosystems, species or on ecosystem functions and services
(Nentwig 2007). Invasive species, particularly pests of horticultural or agricultural plants,
however, could also contribute to ecosystem services, if the right management actions are
performed. To evaluate the potential of an invasive pest to contribute to the ecosystem
function of decomposition associated with the ecosystem service of nutrient cycling in rice

fields, we tested whether widespread invasive apple snails feed on rice straw in the laboratory.

Irrigated rice cultivation supplies the staple food for over one third of the world’s population,
and rice production is one of the most important and successful agricultural activities in
Southeast Asia (Kurihara 1989). Farmers apply large amounts of mineral or organic fertilisers
to increase their yields. Additionally, crop residues are often applied to the fields either

untreated or as ash of burned straw (Hanafi et al. 2012; Samra et al. 2003; Schmidt et al.

2015a; Yadvinder-Singh et al. 2005). The rice straw plowed into the paddy soil is degraded

by the decomposer community and nutrients are made available for the next cropping season
(Fairhurst et al. 2007). Invertebrate decomposers play a key role in this process (Lekha et al.
1989; Schmidt et al. 2015a, b; Wolters 1991). They break down bigger particles of dead

organic material and make them available for micro-decomposers which release nutrients
bound in plant tissues into the soil. Invertebrates are particularly important for rice straw
decomposition under anaerobic conditions in irrigated rice fields, compensating for reduced

microbial decay (Schmidt et al. 2015a b; Schmidt et al. 2016).

Decomposition is essential for enhancing or maintaining soil productivity and therefore
crucial for plant growth (Tian et al. 1993). Many studies have been conducted analysing the
impact of bacteria (Asari et al. 2007; Weber et al. 2001) and fungi (Abdulla & El-Shatoury

2007) on the decomposition of rice straw, but much less is known about the influence of

invertebrates processing the material for microbial decomposition. While experiments proved

that earthworms, mites, springtails and millipedes do consume rice straw (Lekha et al. 1989;

Tian et al. 1995), no information was found on gastropods, another prominent taxon of

macro-decomposers, which are also very common and abundant in rice fields (Roger 1996).

In terrestrial ecosystems gastropods break down coarse plant material to smaller fragments
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making them accessible to digestion by microorganisms (Dallinger et al. 2001). Snails also

contribute to the decomposition of leaf litter (e.g. Kuehn & Suberkropp 1998; Tavares et al.

2011) and of grass litter (e.g. Schaller 2013) in aquatic environments. Addition of rice straw
to the flood water of rice fields led to increases in snail populations, indicating that straw

might serve as a food resource for snails (Roger 1996).

Since the 1980s, the polyphagous apple snails Pomacea canaliculata (Lamarck 1822) and P.
maculata Perry 1810, commonly referred to as golden apple snails, had been introduced to
SE-Asian rice fields, where they can build up large populations (Cowie 2002; Horgan et al.
2014; Schneiker et al. 2016). Rice seedlings are particularly vulnerable to the snails during the
first weeks of development until about two weeks after transplanting or four weeks after

direct-seeding (Litsinger & Estano 1993). As rice plants mature they become unpalatable for

the snails, which then mostly consume weeds in rice fields and, thus, can support weed

control, reducing the efforts and costs of farmers for weed management (Joshi et al. 2006;

Okuma et al. 1994). It was hypothesized that the invasive snails might further switch to a

detritivorous feeding mode. However, it seems that nothing is known about the impact of
invasive apple snails on decomposition processes of rice straw in paddies, although the role of

P. canaliculata (Lépez van Oosterom et al. 2013) and of unidentified Pomacea species

(Tanaka et al. 2006) as detritivores has been highlighted in other ecosystems. Invasive

invertebrates can alter decomposition rates by direct consumption, displacement of litter from
the soil surface into the soil matrix, facilitation of microbial decomposition or by changing the

native decomposer community directly or indirectly (Ehrenfeld 2010). Evans (2012) found

that invasive New Zealand mudsnails (Potamopyrgus antipodarum (Gray, 1843)) played a
more significant role than native invertebrates in the breakdown and decomposition of
riparian leaf litter in the invaded areas. This could be the case for Pomacea spp. in rice
landscapes as well. As demonstrated for macrophyte consumption in natural wetlands in
Thailand, apple snails strongly increase the concentrations of the plant growth-limiting

nutrients phosphorus and nitrogen in the water (Carlsson et al. 2004), highlighting their

potential to support fertilisation of rice fields.

In the studies by Schmidt et al. (2015a, b, 2016) juvenile invasive apple snails were observed

regularly in litter bags containing rice straw, motivating the present study. It was
hypothesized that the large, voracious invasive apple snail P. canaliculata might consume rice

straw and consequently contribute to straw decomposition in rice fields. Three experiments
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were conducted to answer the questions (1) whether P. canaliculata contributes to the
decomposition of rice straw, (2) whether the feeding activity interacts with the activity of
litter-degrading microorganisms, and (3) whether rice straw provides a suitable food source

that allows survival and/or growth of the snails.

Materials and methods

Snails

The species in this study was Pomacea canaliculata. All experiments were conducted in the
laboratory at the Technical University of Munich, Freising, Germany between 31 October
2012 and 26 March 2013. Populations of snails were established in the laboratory from eggs
of various origins, kept separately to prevent cross-breeding. Snails of different origin had to
be used in the experiments as the number of snails from any particular region was limited.
Eggs (approximately three egg clusters each) were collected in rice fields in the Philippines at
(1) the International Rice Research Institute (IRRI; Los Bafios/ Laguna; 14°10'N, 121°15'E;
collected 20 January 2012), (2) Batad (Banaue/ Ifugao; 16°56'N, 121°08'E; collected 20
March 2012) and (3) Bangaan (Banaue/ Ifugao; 16°54'N, 121°07'E; collected 21 March
2012). These rice fields were located at study sites of the LEGATO-project on land-use

intensity and ecological engineering in irrigated rice (Klotzbiicher et al. 2015; Settele et al.

2015; http://www .legato-project.net). In addition, the second generation of a lab population of
P. canaliculata was used. Individuals of the parental generation were bought from a trader
(Thorsten Kriiger, Schanzenstr. 40, 90478 Nuremberg, Germany; http://www.krueger-
aquaristik.de/). Snails of all populations were bred for several generations in the lab and were
identified as P. canaliculata rather than the closely related and also invasive species P.
maculata by taxonomic specialists. Male snails from the Philippine origin were identified
based on the morphology of internal organs (Hayes et al. 2012) and two female snails from
the aquarium trade population were identified based on mitochondrial COI sequences (Hayes
et al. 2012) (both matched accession number EUS528593 in GenBank®,
www.ncbi.nlm.nih.gov/genbank/). In the Philippines, only P. canaliculata has been
introduced (Hayes et al. 2008; Horgan et al. 2014). All snails were kept in glass aquaria
measuring 29x29x35 cm (LxWxH; 30 1), covered with a glass lid and fitted with a filter (50 -
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400 1 h', 4 W), a heater (20 W; temperature maintained at 22 - 25 °C) and lighting
(fluorescent tube, 11 W; 12 hours day™). Aquaria were provided with aquarium sand and a
piece of Sepia cuttlebone to provide calcium carbonate for the snails and were filled with
approximately 25 1 of tap water. About 6 | of the water were changed weekly. Snails were fed
with various foods (mostly lettuce, vegetables, shrimp food, fish food, and dried leaf litter)
prior to the start of the experiments. Snails used in the experiments had a mean body mass of

2.3 g, which is approximately equivalent to a shell length of 30 mm.

Plant material
The rice straw (Oryza sativa, variety NSIC Rc222) used in the experiments originated from
IRRI. It was obtained from rice plants harvested in the dry season of 2012 and oven-dried at

60 °C before being transported to Germany.

Pre-experimental incubation of rice straw

It was assumed that consumption of straw by snails might be influenced by the degree to
which it has been affected by microorganisms. Therefore, rice straw was incubated for
varying periods in water with a mixture of microorganisms (EMB-Aktiv Mikroorganismen,
Multikraft Produktions- und HandelsgmbH, 4632 Pichl/Weis, Sulzbach 17, Austria;
www.multikraft.com) added to pre-digest rice straw, potentially making it more palatable to
the snails; e.g. hemicelluloses and cellulose are decomposed by microorganisms within the
first nine weeks (Chen et al. 2010). Four treatments were established, each in a separate
aquarium in which straw was incubated with microorganisms at 29 - 30 °C for (1) 75 days, (2)
50 days, (3) 25 days, and without microorganisms for (4) 5 days. This fourth treatment was
intended to test whether snails feed on freshly harvested rice straw, not pre-digested by
microorganisms. Rice straw was arranged in bundles of 3.04 + 0.003 g (mean + SE; N = 50)
and tied with plastic cable binders before incubation. Each bundle was placed in a
polypropylene bag (35%x20 cm LxW) with 1 mm holes. Right after transferring rice straw to
an aquarium, 10 ml of microorganisms were added to treatments 1 to 3. EMB-Aktiv consists
of 5 % molasses, 90 % water and 5 % eMB concentrate, which is a mixture of photosynthetic
and lactic acid bacteria (Lactobacillus plantarum, L. fermentum, L. casei), yeasts
(Saccharomyces cervisiae), and other microorganisms (Athrobacter spp., Cellulomonas spp.)
for digesting hydrocarbons (fat and oil) and cellulose. The dilution that was used was equal to
the amount recommended by the manufacturer for compost or waste water processing. Water

was not changed during the incubation period. After the respective incubation periods rice
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straw bundles from all treatments were either used in the feeding experiments (see below) or
were transferred to the drying oven at 60 °C for three days (treatment 1-3: 4 bundles each;

treatment 4: 5 bundles) and weighed to the nearest 0.01 g.

Choice experiment

One bundle of rice straw from each of the four incubation treatments was transferred to an
aquarium (temperature 29-30°C) and fixed to the side of the aquarium, one treatment on each
side (Figure 1a). The distribution of treatments was randomized in each of the five replicates.
The tops of the bags were kept open with a plastic frame (9%12.5x6.5 LxBxH) to allow
access by snails. The rim of the bags was located at 28 cm above the bottom of the aquarium
and water was filled to a height of 31 cm so that snails could easily enter the bags without

leaving the water by climbing the walls of the aquarium or the bags.

Ten snails from the same source population (Table 1) were added to each of the five aquaria
on the next day. They were allowed to feed on the rice straw for 14 days; after this period the
experiment was ended and all rice straw samples were dried and weighed. In this experiment,
straw was collected together with faeces from snails within bags and weighed together. In
addition, snail behavior inside the bags was surveyed as resting, active/moving and

active/feeding on rice straw once on each of days 0 to 3, 6 to 10, 13 and 14 (N = 11 days).

No-choice experiment

Snails were also offered rice straw bundles of each of the four incubation treatments without
choice (1 replicate each). Two rice bundles of the same treatment were transferred within bags
to an aquarium and fixed to two opposite glass walls. One bag was opened to allow access by
snails; the other one was closed without access by snails. This experiment was intended to
provide information on two aspects. First, it was intended to quantify litter mass loss due to
the action of microorganisms during the two week period of the feeding experiment (closed
bags), to provide information needed to calculate the litter mass loss due to the activity of
snails alone in the choice and in the no-choice experiment. Second, in the choice experiment,
certain treatments might completely be avoided by snails if other treatments are more
attractive to them; thus, a no-choice experiment is necessary to test whether snails are able to

feed on rice straw incubated for a certain time if this is the only food source available.
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Ten snails (Table 1) were added to each aquarium and were allowed to feed on the rice straw
for 14 days; after this period the experiment was ended and all rice straw bundles were
collected. In this experiment, straw was collected together with faeces from snails within bags

and weighed together.

[place Table 1 near here]

Survival experiment

This experiment was intended to monitor snail survival and weight gain with rice straw as the
only food source over a longer period of time. Rice straw (10.04 + 0.003 g mean + SE) was
incubated for five days in bags in tap water with no microorganisms added, as described
above, to allow the straw to soak up water and sink. Two bags were then transferred to each
aquarium (similar to the no-choice feeding experiment, but due to the longer duration of the
experiment, a mini-filter was added to keep the water clean). One of these bags containing
loose rice straw was closed to prevent access by snails and to serve as control and to quantify
litter mass loss due to leaching. The second bag either contained loose rice straw with access
by snails not restricted (open treatment; 3 replicates), or was a nylon litterbag (15%x20 cm,
mesh size 0.5x0.5 cm; litterbag treatment; 3 replicates) containing the rice straw. These
litterbags are commonly used to assess litter decomposition rates by invertebrates in the field

(e.g. Schmidt et al. 2016), and it was expected that they would restrict access by snails. Five

snails from IRRI were added to each aquarium. The cumulative weight of snails (individual
mass 1.7 - 3.1 g) per replicate was between 11.16 and 12.69 g. Snails were marked
individually and weighed before the experiment as well as weekly until the end of the
experiment after 6 weeks. After removing the snails from the aquaria, they were blotted dry
and water was released from the shells by pushing back the operculum before weighing. Rice
straw was taken out after six weeks, and in this case the remaining straw and faeces were

separated before being dried and weighed as described above.

Data analysis
All statistical analyses were performed in R 3.1.2 (R Team 2014). For ANOV As the function
Im and for Student’s t-tests the function z.test was used. For general linear mixed models

(GLMM) the function /mer in the 'lme4' package (Bates et al. 2014) together with the

'ImerTest' package (Kuznetsova et al. 2015) was used, providing an analysis of variance table

of type 3 with Satterthwaite approximation for degrees of freedom. In GLMMs it was
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accounted for nested designs using 'replicate’, 'snail individual' and the 'date of observation' as
random factors as appropriate. For Tukey’s HSD post-hoc tests the function glht in the

'multcomp' package (Hothorn et al. 2008) was used. Count data were log-transformed. Mean

+ SE are presented throughout the manuscript.

Results

Leaching and microbial decomposition

Leaching and microbial decomposition, i.e. incubation of rice straw in water with or without
microorganisms and without access by snails, resulted in litter mass loss of 20.7 % after 5
days and 58.3 % after 75 days (Figure 2). After 75 days of incubation most of the fine,
filamentous parts of the straw were decomposed. There were significant differences in dry
weight after incubation among treatments (ANOVA; F;;; = 120.09; p < 0.001). Dry weight
was significantly different between all treatments as indicated by Tukey’s HSD, except for the
25 day and the 50 day treatments (Figure 2). These pre-digested rice straw treatments were

then offered to snails in the feeding experiments.

[place Figure 1 and Figure 2 near here]

Rice straw consumption by snails

Snails were observed feeding on rice straw (Figure 1b and c) in all treatments of all
experiments, whether pre-digested by microorganisms or incubated in tap water only, during
the entire period of all experiments. Straw remained in all replicates of all treatments at the
end of the experiments. Defecated fragments were small (less than 5 mm length) and thin
(less than 0.5 mm thickness) sticks. Dried and stuck together they had a texture like rough
paper (Figure 1d).

In the no-choice feeding experiment, rice straw had lost significantly more weight after two
weeks if snails had access to it (53.4 £ 9.5 %, mean + SE) than rice straw from which snails
had been excluded (43.4 + 8.2 %), independent of the treatment, i.e. the period of time rice
straw was incubated prior to the feeding experiment (paired t-test, df=3, t=4.39, p = 0.0218;
Figure 3a). Snail faeces within bags were weighed together with the remaining straw in this

experiment. Thus, effective litter mass loss of straw with access by snails can be assumed to
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be even higher. Therefore, the experiment provided a rather conservative estimate of the

contribution of snails to the decomposition process.

Snails had a significant positive effect on rice straw decomposition during the six weeks of
the survival experiment, in which no microorganisms had been added to the pre-treatment
water (GLMM, F,5=41.93, p < 0.001). In open treatments with access by snails, rice straw
lost significantly more weight (73.3 + 6.2 %, mean + SE) than straw in controls (closed bags
without access to snails) (45.1 £ 1.9 %) (GLMM with Tukey HSD, z = 9.11, p < 0.001) and
than straw offered to snails in litterbags (50.1 + 1.1 %) (z = 5.37, p < 0.001). Litterbags
restricted snail access to the straw and consequently reduced straw consumption by snails and
there was no significant difference in mass loss between litterbag treatments and controls (z =
1.96, p = 0.117). Faeces from feeding bags were collected separately in this experiment and
were considered as litter mass lost due to decomposition. In the open treatments, faeces had a
dry weight of 1.37+0.20 g and accounted for 13.6 + 2.0 % of the initial weight of the rice
straw and in the litterbag treatment faeces weighed 0.53 = 0.13 g accounting for only 5.2 + 1.3
% of the rice straw. Significance of results of the GLMM and Tukey HSD did not change

when faeces were not treated as litter mass being lost as a result of decomposition.

[place Figure 3 near here]

Snail preferences (choice experiment)

There were significant differences in litter mass loss based on the initial amount of straw
(3.04 g on average) among incubation treatments at the end of the choice experiment
(GLMM; Fsi6 = 46.69, p < 0.001). Dry weight was significantly different between all
treatments as indicated by Tukey’s HSD (p < 0.05), except for the 25 day and the 50 day
treatment (Figure 3 b). To identify preferences of snails for rice straw of the different
incubation treatments, the amount of straw per treatment consumed by snails (calculated as
dry weight with access by snails minus dry weight without access by snails) was compared.
Snails did not prefer straw from certain treatments over others, but consumed similar amounts

of straw from each treatment (GLMM, F;,,=3.16, p = 0.053; Figure 4).

On average, 44 = 0.2 % (mean + SE, range 32 — 52 %) of all snails were observed within
feeding bags per day. There were no significant differences in the number of snails in feeding

bags among treatments (GLMM, F;;, = 2.05, p = 0.125) or among the number of days after
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the start of the experiment on which observations were made (F; 3 = 0.62, p = 0.435), but
there was a significant interaction between the treatments and the days (Fs3 = 4.83, p =
0.00632). Directly after the start of the experiment, more snails were observed in the 50 day
and 75 day incubation treatments compared to the other treatments (Figure 5). Already after
one day, however, fewer snails were observed in the 50 day treatment and the same was true
after two days for the 75 day treatment. The 25 day treatment was attractive on the second day

as well, but afterwards most snails were always observed in the 5 day treatment.

[place Figure 4 and Figure 5 near here]

Snail performance (survival experiment)

All snails survived and remained active during the six weeks of the experiment with rice
straw as the only food source, except for one individual in the litterbag treatment which died
after 24 days. The dead individual was replaced by a new one immediately and was excluded
from the analysis. No eggs were deposited, indicating that nutrition provided by straw was
probably not sufficient for egg production. The body weight of snails at the start of the
experiment was compared with the weekly measurements. In the litterbag treatment, body
weight of the snails had slightly but significantly decreased after 29 days and did not increase
again until the end of the experiment after 42 days (paired t-tests, df = 13, p < 0.05 in the last
three weeks, Figure 6a). In the open treatment, there was no difference in body weight of the
snails at the start of the experiment and at any of the weekly measurements (paired t-test, df =
14, p > 0.05; Figure 6b), except for the measurement after 15 days when body mass had
increased by 2.5 + 1.1 % (mean + SE; N = 15) (t = 2.53, p =0.0240). When both treatments
were analyzed together, the body weight of snails decreased significantly with the duration of
the experiment (GLMM; F, 4 =23.02, p = 0.00862) with no differences between treatments
(Fi63=2.63, p=0.109) and no interaction effect of duration and treatment (F, ;3= 0.0031, p =
0.956).

[place Figure 6 near here]

Discussion

The invasive agricultural pest snail Pomacea canaliculata has been described as a

macrophytophagous species in a number of studies, feeding primarily on vegetal material of

10
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various plant species (e.g. Estebenet 1995; Lach et al. 2000; Qiu & Kwong 2009). In contrast

to most other studies, it was found to mainly feed on detritus in a stream ecosystem in
Argentina, where vegetal matter and diatoms were consumed less frequently by the snail

(Lépez van Oosterom et al. 2013). Whether they can use senescent plants or leaf litter,

however, has rarely been studied experimentally (but see Qiu et al. 2011). The present
experiments tested whether P. canaliculata will feed on rice straw, which is often

incorporated into paddies for fertilisation (Yadvinder-Singh et al. 2005), and could thus act as

an important decomposer in rice fields. Pomacea canaliculata significantly increased litter
mass loss compared to control treatments where snails had no access. It can be concluded that
invasive apple snails might be important, as yet neglected, decomposers of rice straw and thus

contribute to the nutrient turnover in paddies.

Rice straw consumption by snails

By calculating the difference in litter mass loss with and without snails, snails increased litter
mass loss on average by 10 % in the no-choice experiment, by 12 % in the choice experiment
(both after two weeks of feeding), and by 28 % in open treatments in the survival experiment
(after six weeks). This effect of P. canaliculata on rice straw decomposition was at least as

large as that of other macro-decomposers tested in the laboratory. Tian et al. (1995) found that

earthworms increased the loss in rice straw mass after four weeks by 5.3 %, millipedes by
27.8 % and both together by 36.4 % compared to controls. While synergistic effects with
other species were not tested in this study, it is likely that invasive apple snails will also show

synergistic effects with other groups of decomposers.

It was expected that the snails would avoid freshly harvested rice straw from mature plants as
mature plants are unpalatable to them, probably because silicon has hardened the culms

(Litsinger & Estano 1993). This expectation implies that feeding inhibitors are not lost due to

leaching after exposure of straw to water. However, Schaller (2013) showed that silicon
content in grass litter had no impact on decomposition rates caused by aquatic invertebrates.

Silicon in litter is partly leached and is also degraded by microorganisms (Schaller & Struyf

2013; Schaller et al. 2014). However, it was not known whether this applies also to other
feeding inhibitors which might be present in freshly harvested rice straw and which might

take longer to be degraded by microorganisms (Chen et al. 2010). Therefore, rice straw was

incubated for varying periods of up to 75 days in water with microorganisms to pre-digest rice

straw. The snails fed on straw independently of incubation time and of the presence/absence
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of microorganisms. On the other hand, a shift in the attractiveness of straw to snails was
found in the choice experiment: straw incubated with microorganisms for a longer time
attracted more snails at the beginning of the experiment than straw incubated for a shorter
time or straw incubated without microorganisms, which, however, was most attractive a few
days after the onset of the experiment. This observed shift in the attractiveness of straw might
be related to the preference of snails for fine, filamentous parts of straw rather than thick
holms and as soon as these parts are consumed they will move on to the next favored
treatment and feed on the fine parts there. As soon as all the fine parts are consumed the straw
might become less attractive to or unpalatable for the snails. However, in the 50 day and 75
day pre-treatments most of these fine parts had already been digested by microorganisms

prior to the feeding experiments.

Performance of snails feeding on rice straw

All snails except one survived the survival experiment and remained active over a period of
six weeks with rice straw as the only food source. However, after six weeks snails did not
gain much weight or deposit eggs, but snails with restricted access to rice straw lost more
weight. A positive effect of leaf litter on survival of snails has been reported before. Qiu et al.
(2011) kept P. canaliculata on diets of three macrophytes with either fresh or decaying leaves
and measured shell growth and survival for one month. While juveniles of less than 2 cm
shell length showed a significant increase in shell size on most of the food types offered,
similar to the present results, they found no or only marginal shell increment for snails larger
than 2 cm (approximately the same size as most snails in the present experiment). Survival,
however, was lower in the experiments by Qiu et al. (2011) ranging from 40 to 90 %, whereas
no snails died within the six weeks of the present experiment in the open treatment. Survival

of apple snails without food over a period of six weeks is very low. Lach et al. (2000) raised

P. canaliculata on different macrophytes and also without food. Only about 30 % of the unfed
individuals survived until week six (ranging from 0 % to about 70 % depending on the
replicate) and the authors assumed that the snails might have had access to some food from
surface deposits such as algae. Survival and also growth were generally higher when fed on
diets of single plant species. However, when fed with water hyacinth, Eichhornia crassipes,
snails also showed high mortality rates of almost 70 % in 6 weeks and increased in size only
slightly more than unfed individuals. It has to be emphasized that Lach et al. (2000) used
hatchlings, which reached a size similar to snails in the present study and with low mortality

rates during the course of their experiment only if fed with water lettuce or green-leaf lettuce.

12
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Thus, rice straw can be considered as food that at least allows survival of snails for a longer

period of time (at least six weeks).

Application
Pomacea species can contribute to the ecosystem service of weed control in rice fields (Joshi

et al. 2006; Okuma et al. 1994). The present results suggested that there is an additional

ecosystem service, namely breaking down rice straw in the decomposition process, which
could result in an increased or faster release of nutrients. On the other hand, rice plant residue
management by farmers will have a direct effect on the performance of the invasive apple
snails. Straw incorporated into the soil can serve as a food source for the snails especially in
times of food shortage. This is likely to reduce mortality during or after fallow periods and
before new rice is planted, particularly in regions where rice fields are permanently flooded,
e.g. in some mountainous regions of the Philippines (Klotzbiicher et al. 2015), which can
result in higher densities of the pest snails at the beginning of the next cropping season when
newly transplanted or direct seeded rice plants are especially vulnerable to snail herbivory.
This might also be the case in highly productive regions such as the rice production area in
the Mekong Delta where dry, fallow periods are exceptionally short (Klotzbiicher et al. 2015).
Alternatively, if rice straw is burned and ash is applied on paddies, nutrients will be lost and

the atmosphere is polluted (Hanafi et al. 2012). Rice straw ash has, however, a lethal effect on

P. canaliculata (Cuevas et al. 1993). Thus, if farmers suffer from high snail damage, they
might prefer to burn rice residues and apply ash on the field instead of plowing the straw into
the soil. On the other hand, supporting the snails in times when rice is not growing or not
vulnerable, farmers could benefit from a higher nutrient turnover in their fields if they use the
method of incorporating the straw. This might be of particular importance in organic rice
production, where the application of synthetic fertilisers is limited and nutrient cycling is
promoted by the natural features of the crop field. Similarly, the contribution of invasive
apple snails to weed control is most important in organic rice fields where herbicide
application is avoided (Joshi et al. 2006). In rice production without molluscicide application,
invasive apple snails can built up high populations and cause severe economic damage
(Schneiker et al. 2016). However, it can be expected that the contribution of snails to nutrient
cycling is also high. Finally, it was found that coarse-meshed litterbags (0.5%0.5 cm)
commonly used in studies trying to quantify litter decomposition by invertebrates in the field

(e.g. Schmidt et al. 2015a) restrict access to litter and will underestimate decomposition by

apple snails and probably also other snails. This should be considered in future experiments.
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574 Table 1. Body mass distribution of snails used in the feeding experiments. Ten snails were
575 used in each experiment. The days in the replicate column refer to the pre-incubation time of

576 rice straw. Sum is the cumulative body mass of all snails in an aquarium.

Body mass (g)
Experiment Replicate Origin Min Max Mean SD  Sum
Choice 1 IRRI 1.2 28 2.1 0.5 19.2
Choice 2 IRRI 1.7 28 22 03 195
Choice 3 IRRI 09 28 20 0.5 189
Choice 4 Batad 22 87 4.6 25 428
Choice 5 Bangaan 1.7 29 1.9 04 17.6
No-choice 5 days Trader 06 62 22 19 213
No-choice 25 days Trader 0.6 81 24 25 238
No-choice 50 days Trader 05 7.1 25 2.6 241
No-choice 75 days Trader 04 79 27 25 262
577
578
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Figure 1. (a) Setup of the choice feeding experiment, (b) Pomacea canaliculata feeding on
rice straw, (c) rice straw and snail faeces in a feeding bag, (d) dried rice straw together with

faeces after being offered in the feeding experiment.

Figure 2. Litter mass loss of rice straw (mean + SE) caused by leaching and microbial
decomposition. Rice straw (3 g) was incubated in tap water without microorganisms for 5
days (N = 5 samples) or in tap water with microorganisms added for 25, 50 and 75 days (N =
4 samples per treatment). Different letters above bars indicate significant differences between

treatments (GLMM followed by Tukey’s HSD, p <0.01).

Figure 3. Litter mass loss of rice straw (mean + SE) caused by the interaction of microbes and
straw consumption by snails. Prior to feeding experiments rice straw was incubated in tap
water without microorganisms for 5 days (5d) or in tap water with microorganisms added for
25 (25d), 50 (50d) and 75 days (75d). (a) No-choice feeding experiment: in each replicate
there was straw of only one incubation treatment, one sample of rice straw with access to
snails (= snails, N = 1 replicate treatment') and one sample without access by snails (=
control (no snails), N = 1 replicate treatment™). (b) Choice feeding experiment: in each
replicate snails were allowed to feed on straw of all incubation treatments (N=5 replicates
treatment™). In (a) results of a paired t-test are shown. Different letters above bars in (b)
indicate significant differences between treatments (GLMM followed by Tukey’s HSD, p <
0.01).

Figure 4. Dry weight of rice straw consumed by snails of the four different incubation
treatments in the choice feeding experiment. Results are given as mean + SE. There were no

significant differences between treatments (GLMM, p > 0.05).

Figure 5. Number of snails observed in bags containing rice straw incubated for 5, 25, 50 and
75 days, counted on 11 days during the 14 days of the choice feeding experiment. Only snails
within bags were considered. There is a shift in the preference of different incubation
treatments by snails over time as also indicated by a significant interaction term of days and

treatment (GLMM, p < 0.01).
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Figure 6. Weight change of snails feeding on rice straw in the survival experiment. (a) Snails
had restricted access to rice straw (litterbag treatment; N = 14 snails); (b) access to rice straw
was not restricted (open treatment; N = 15 snails). The dashed line indicates the initial weight
of snails. Significant differences at p < 0.05 between the initial and the respective weight are

indicated by asterisks (paired t-tests). Results are given as mean + SE.
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617 Figure 1. (a) Setup of the choice feeding experiment, (b) Pomacea canaliculata feeding on
618 rice straw, (c) rice straw and snail faeces in a feeding bag, (d) dried rice straw together with

619 faeces after being offered in the feeding experiment.
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625 Figure 2. Litter mass loss of rice straw (mean = SE) caused by leaching and microbial
626 decomposition. Rice straw (3 g) was incubated in tap water without microorganisms for 5
627 days (N = 5 samples) or in tap water with microorganisms added for 25, 50 and 75 days (N =
628 4 samples per treatment). Different letters above bars indicate significant differences between
629 treatments (GLMM followed by Tukey’s HSD, p <0.01).
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Figure 3. Litter mass loss of rice straw (mean + SE) caused by the interaction of microbes and
straw consumption by snails. Prior to feeding experiments rice straw was incubated in tap
water without microorganisms for 5 days (5d) or in tap water with microorganisms added for
25 (25d), 50 (50d) and 75 days (75d). (a) No-choice feeding experiment: in each replicate
there was straw of only one incubation treatment, one sample of rice straw with access to
snails (= snails, N = 1 replicate treatment') and one sample without access by snails (=
control (no snails), N = 1 replicate treatment™). (b) Choice feeding experiment: in each
replicate snails were allowed to feed on straw of all incubation treatments (N = 5 replicates
treatment™). In (a) results of a paired t-test are shown. Different letters above bars in (b)
indicate significant differences between treatments (GLMM followed by Tukey’s HSD, p <
0.01).
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Figure 5. Number of snails observed in bags containing rice straw incubated for 5, 25, 50 and
75 days, counted on 11 days during the 14 days of the choice feeding experiment. Only snails
within bags were considered. There is a shift in the preference of different incubation

treatments by snails over time as also indicated by a significant interaction term of days and

treatment (GLMM, p < 0.01).
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662 Figure 6. Weight change of snails feeding on rice straw in the survival experiment. (a) Snails
663 had restricted access to rice straw (litterbag treatment; N = 14 snails); (b) access to rice straw
664  was not restricted (open treatment; N = 15 snails). The dashed line indicates the initial weight
665 of snails. Significant differences at p < 0.05 between the initial and the respective weight are
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