| agriculture

Article

Effect of Different Levels of Calcium and Addition
of Magnesium in the Diet on Garden Snails’ (Cornu aspersum)
Condition, Production, and Nutritional Parameters

Anna Rygalo-Galewska *
and Tomasz Niemiec

Damian Bien 3

check for
updates

Citation: Rygato-Galewska, A.;
Zglinska, K.; Roguski, M.; Roman, K.;
Bendowski, W.; Bieri, D.; Niemiec, T.
Effect of Different Levels of Calcium
and Addition of Magnesium in the
Diet on Garden Snails’ (Cornu
aspersum) Condition, Production, and
Nutritional Parameters. Agriculture
2023, 13, 2055. https://doi.org/
10.3390/agriculture13112055

Academic Editors: Petru Alexandru
Vlaicu, Arabela Elena Untea and

Mihaela Saracila

Received: 28 September 2023
Revised: 23 October 2023
Accepted: 25 October 2023
Published: 26 October 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Klara Zglifiska !, Mateusz Roguski 17, Kamil Roman (2, Wiktor Bendowski 1,

1

Division of Animal Nutrition, Institute of Animal Sciences, Warsaw University of Life Sciences,

166 Nowoursynowska St., 02-787 Warsaw, Poland; klara_zglinska@sggw.edu.pl (K.Z.);
mateusz_roguski@sggw.edu.pl (M.R.); wiktor_bendowski@sggw.edu.pl (W.B.);
tomasz_niemiec@sggw.edu.pl (T.N.)

Institute of Wood Sciences and Furniture, Warsaw University of Life Sciences, 166 Nowoursynowska St.,
02-787 Warsaw, Poland; kamil_roman@sggw.edu.pl

Department of Animal Breeding, Institute of Animal Sciences, Warsaw University of Life Sciences,

166 Nowoursynowska St., 02-787 Warsaw, Poland; damian_bien@sggw.edu.pl

*  Correspondence: anna_rygalo-galewska@sggw.edu.pl

Abstract: Edible snails are an attractive protein source due to their high growth rate, cost-efficiency,
and nutritional value. Calcium is crucial for snail growth, reproduction, and shell formation, while
magnesium plays a role in enzyme function and muscle tone. This study aimed to optimise calcium
and magnesium levels in Cornu aspersum diets to optimise the production and technological charac-
teristics of the derived animal products. Snails were fed specific diets in controlled conditions with
varying calcium and magnesium levels (44.3, 66.1, 88.7, 103.5 Ca g/kg feed and 3.3, 5.6, 7.2 Mg g/kg
feed) for four months. Their growth, shell characteristics, and meat composition were evaluated.
As calcium in the feed increased, carcass and shell weights were higher. Also, the crushing force
of the shells was higher with increasing amount of calcium in the feed. In the group with 10.35%
calcium and 0.72% magnesium, snail growth significantly slowed down after three months, with
lower mortality. It is suggested that a shortened fattening cycle by 3—4 weeks compared to the
magnesium-free diet is possible. However, based on meat, shell, mortality, and feed intake analysis, a
0.56% magnesium concentration in the feed seems to give better results, as magnesium content at
0.72% might be toxic to snails. Further investigation is to confirm the possibility of neutralising the
negative effects of magnesium in the diet through increasing calcium and phosphorus intake.

Keywords: edible snails; Cornu aspersum; snail nutrition; magnesium addition; calcium addition

1. Introduction

New animal protein sources are being investigated to meet the growing human
population’s demands. Edible snails are an interesting source because they are easy to
maintain, have a fast fattening cycle, are cost-effective, and are relatively environmentally
friendly in production [1-3]. Snails are also valued for their low-calorie meat and caviar. In
many European coastal countries (Italy, Spain, France, Greece), land snails are an integral
part of the national cuisine, and the demand for their production is constantly high [4,5].
Snail meat is a good source of protein (59.53—-67.42% of dry matter—DM), exogenous amino
acids and unsaturated fatty acids. However, snail meat is relatively low in fat (4.24-7.30%
DM). It is also a good source of vitamins and minerals [6].

One of the biggest problems in edible snail farming is achieving adequate mechanical
strength in the shells. More shell brittleness hampers pre-processing—preventing mechani-
cal cleaning and sorting of shells as well as long-distance transport, causing financial losses,
as shells that are damaged, even if they only result in minor losses, are unsuitable for
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further use. Shell quality also affects the value of the snails for export, as a garden snail
(Cornu aspersum) is traditionally served in the shell [7].

The shell makes up about a third of a snail’s body weight. The function of the shell
is to protect the snail’s internal organs, prevent water loss, provide shelter from the cold,
and protect from predators and microorganisms [8,9]. The outer part of the shell—the
periostracum—can be divided into three layers: the outer conchiolin layer, made up of
organic matter, which gives the shell its colour; the crystalline middle layer, made up mainly
of calcium carbonate (about 95-99% of the total shell composition); and the inner layer,
known as the pearl layer [10,11]. The shell ends with an opening called a peristomium.
In adult specimens, the edge of the opening forms a characteristic upturned lip [12]. The
quality of the shell is closely linked to the formation of its internal structure. This process
involves the formation of an organic matrix of amino acids and glycoproteins in which
calcium carbonate crystallises in the form of aragonite. The level of bioavailable calcium
(Ca) forms in the feed influences the correct crystallisation and formation of aragonite layers
under farm conditions. The mature shell exhibits species-specific microstructural variations
in the arrangement of crystals and organic elements. The degree of mineral saturation
of successive layers is highest in the inner layers and decreases outwards through the
layers [9,13].

The shell also stores Ca, which the snails use to produce eggshells during the laying
period. Excessive drainage of minerals from the shell leads to animal death or cannibalism
(feeding on the shells of other living or dead individuals) [14].

Ca influences the adequate mineralisation of the skeleton in vertebrate organisms. It
also affects muscle contraction, enzyme activation, cell differentiation, immune response,
programmed cell death, and neuronal activity [15]. It is an essential element for the proper
growth and development of animals [16,17].

In snails, Ca is crucial for shell formation [18-20] and during egg-laying by adults [7,21,22].
Ca deficiency can retard snail growth and render their shells more susceptible to damage.
Conversely, excess Ca can reduce their body weight and cause shell thinning, increasing
their vulnerability [7,23]. The Ca content in their diet influences the snails’ nutritional prefer-
ences [24], and its availability can be constrained by shell growth [25,26]. Snails acquire Ca
ions through dietary consumption, water filtration, or passive diffusion across their bodies.
Once absorbed, these ions may be temporarily stored in the mantle’s connective tissues or
the calcifying mantle epithelium [27]. As previously noted, soluble Ca and bicarbonate ions
circulate in the hemolymph, and Ca can be stored or transported as amorphous granules [28].
These granules are a Ca reserve readily available for release, especially during urgent
situations like shell repair [29]. In minor quantities, Ca is deposited in the digestive gland,
connective tissue cells, foot tissue, and surrounding major blood vessels [30,31].

Both Ca deficiency and its excess in the diet can lead to a decrease in snail body
weight [7,32]. Adequate Ca intake enhances the reproductive outcomes of these ani-
mals [26,33,34], and a subsequent rise in their survival rate has been observed [7,35,36].
Depending on the snail species and the Ca source, 6.0 to 20.9% dry matter in the feed is
advised [8,37,38].

Magnesium (Mg) is distinguished by its pronounced chemical activity [39,40], which
influences various physiological functions, such as improving energy metabolism, protein
synthesis, and replication prior to cell division [41] as well as cell proliferation and wound
healing [42—44]. Magnesium supplementation has also been shown to have a beneficial
effect on reproduction in animals [45,46]. Over 90% of intracellular Mg is associated with
ribosomes, lysosomes, phospholipids, nucleotides, and mitochondria functions and struc-
tures. It aids in the structural stabilisation of proteins, nucleic acids, and membrane surface
bonds [47,48]. Mg's attributes related to membrane stabilisation have implications for
generating reactive oxygen species and lipid peroxidation and releasing and modulating
neurotransmitters [49]. This mineral orchestrates the function of approximately 300 en-
zymes pivotal in the metabolic transformation of carbohydrates, fats, proteins, nucleic acids,
and redox reactions. It facilitates the synthesis of high-energy compounds, namely ATP
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and ADP, within cells and is involved in phosphorylation reactions, forming complexes
with ATP (Mg?* ATP) [43,50]. A myriad of enzymes, directly or indirectly, are influenced by
fluctuations in Mg concentrations, encompassing those engaged in cell cycle regulation [51]
and glucose utilisation [52].

Furthermore, Mg partially influences smooth muscle tone by counteracting Ca in
potassium and Ca channels [53-55]. The metabolism of Mg is intricately intertwined with
that of Ca and phosphorus [56-58]. The transport mechanisms of Mg are interconnected
with other elements, predominantly via shared proteins that oversee their exchange and
translocation across cellular membranes. These elements are Na [59-61], Cu, Fe, Mn [62-64],
and K [53,65,66]. Particularly strong associations have been found between Mg and Na,
K, and Ca [67-69]. Antagonistic interactions with Ca and zinc have also been demon-
strated [70,71]. The interplay between Mg and phosphate absorption appears to be due to
Mg-Ca interactions, mainly driven by renal phosphorus conservation [72].

Despite the absence of mucosal injury, Mg deficiency causes subclinical inflamma-
tion in the small intestine, leading to functional changes in local and distant organs and
increasing susceptibility to oxidative stress [73]. Mg deficiency primarily results in elevated
cellular Ca?*, which acts as a signal for priming cells to initiate an inflammatory response.
The primary effects of Mg deficiency result from changes in extracellular Mg concentrations
due to direct membrane effects and Mg—Ca interactions [74]. Mg deficiency also disrupts
bone metabolism, impairing bone growth [75] and leading to bone loss [76].

Mg is absorbed primarily in the small intestine at an efficiency of approximately
60%, mostly via passive transport. In this site, potassium, Ca, and ammonia are its an-
tagonists [77]. Mg is transported to various tissues, and its uptake occurs in response
to physiological demand [78]. Analogous to Ca, the primary site of Mg retention is the
kidneys [79]. In dietary Mg insulfficiency, diminished plasma Mg concentrations can precip-
itate a swift release from the bone surface [80]. Consequently, it has been established that
deficiencies in Mg can culminate in osteoporosis [81].

In snails, Mg constitutes a vital component of their shells [18,19,82]. Considering the
literature addressing the impact of dietary Mg on fattening metrics or the quality of snail
shells [83], this research endeavours to elucidate these associations.

Determining the optimal amount of Ca and Mg in snail feed can increase animal
survival and improve reproductive performance. Farmers may also benefit from better
feed utilisation by snails, increased mechanical shell strength, and accelerated animal
maturation, reducing fattening time. These benefits may translate into direct economic
benefits, allowing savings in the fattening period. Snails’ price depends on their maturity
level, based on the appearance of their shell lip. Also, an increased final body weight
of snails and animal survival rate result in higher earnings for the farmer. Snail meat’s
enhanced quality and dietary benefits, including mineral enrichment, may be crucial to the
end consumer.

The objective of this study was to determine the optimal Ca concentration and assess
the influence of different levels of Mg addition in the diet for Cornu aspersum. That was done
to optimise the production and technological characteristics of the derived animal products.

2. Materials and Methods
2.1. Animals and Experimental Design

In Experiments I and II, Cornu aspersum snails were housed at the Warsaw University of
Life Sciences animal facility (52.15890, 21.04554). The animal facility was maintained under
strict, controlled conditions: ambient temperature was consistently held at 22 °C £1 °C,
with a relative humidity of 60% =+ 10%. A 12:12 h light cycle was implemented. The room
was provided with a mechanical-gravity ventilation system. The snails were housed in
10 L ventilated plastic containers with sterilised soil at the base to regulate humidity (refer
to Figure 1). The mobile racks on which the containers were placed were repositioned
twice a week. Additionally, a weekly rotation was carried out on the containers located on
individual shelves.
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A complete feed mixture, formulated for experiments at the Division of Animal Nutri-
tion (detailed composition provided in Table 1), was administered ad libitum. This feed
was presented in a flour form, with corn meal as its primary component. The composition
of this compound feed was determined based on prior research and the standards set by
the French INRA [84]. Per these standards, the protein content should range between
16-18% (and reach up to 24% [25]), while fat and fibre contents should not exceed 4% of
the dry matter. Mayaki et al. [85] suggest that the optimal Ca content in snail feed should
be 8%. However, other research recommends values ranging from 6% [37] to 17.5% [86] to
achieve optimal production outcomes. Ca carbonate was selected as the Ca source primarily
because of its prevalent use in snail production as fodder chalk and its distinction as the
purest and most efficient form of Ca supplement in feed [7,87,88]. The premix included
only vitamins and amino acids, devoid of any minerals.

Figure 1. (a) Experimental container; (b) Setting of containers in the animal house; (c¢) Adult snails
foraging on experimental feed.

Residual feed post-consumption was gathered to determine the FCR (Feed Conversion
Ratio)—a metric representing the quantity of feed ingested in kg (DM) by the snails for
every kg of body weight gain.

In both experiments, snails were procured commercially as hatchlings and introduced
into the experimental containers when they were 2-3 days old. Upon their allocation to
the containers, which was done randomly, both their body weight and shell width were
ascertained using a scale and a caliper (AOS Absolute Digimatic Caliper, Mitutoyo, Japan).
This instrument was consistently employed for all subsequent measurements. At the
commencement of the experiment, each experimental group consisted of 120 snails, with
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40 snails allocated to each experimental container within the group. The initial density
was determined in alignment with the guidelines established for the commercial rearing of
snails [12,89,90].

Table 1. Ingredients and determined chemical composition of snail diets in Experiments I and II.

. o Experiment I Experiment II
Ingredients (%) CI clI cIl CIv CON MI MII M III
Corn meal 53.0 50.0 45.0 433 438 435 433 43.1
Post-extraction 180 19.0 21.0 21.0 21.0 21.0 21.0 21.0
soybean meal 460
Wheat bran 10.0 8.0 6.0 5.0 5.0 5.0 5.0 5.0
Fodder yeast 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
Rapeseed oil 2.0 2.0 25 25 2.0 2.0 2.0 2.0
Monocalcium 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
phosphate
NaCl 02 0.2 0.2 0.2 02 0.2 0.2 0.2
Vitamin premix 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Ca carbonate 8.9 13.2 17.3 20.0 20.0 20.0 20.0 20.0
Mg oxide (g) - - - - - 0.8 3.1 4.7
Composition (% DM)
Crude protein 18224053 1886+076 1872+044 18304068 1840+ 058 18744063 19.03+071 18.82 4 0.42
Ether extracts 2934009 3114012 3324011 3314007 301+010 333+013 3154010 3.12 +0.08
Crude fibre 362+£009 4054009 3474009 3304009 333+£009 3.62+009 359+£009  3.81+0.09
Crude ash 2115+ 0.62 2348 +073 2548 +093 27304+1.03 2724+079 26304081 27.00+053 27.60 + 0.86
Nitrogen-free extract 5408 £2.09 5050 +1.83 49.01 +1.12 4778 +1.06 48.02+1.66 4801+067 4723+134 46.65+ 1.12
Ca 4434013  661+021 887+032 1035+039 1035+022 10354031 10354040 1035+ 0.25
Mg 026+£001 0254001 026+£001 0244001 025+£001 033+001 056002 072+ 0.02

Calculated BE (M]) 1321 +£052 1279 £0.44 1259+049 1232+037 1226+042 1243 +050 1228 +0.38 12.14 +0.45

Experiment I was designed to explore the influence of varying Ca concentrations on
snail production metrics, shell morphometry, and the nutritional attributes of the mollusc
meat (refer to Figure 2). Each month, fifty individuals were randomly selected from each
experimental group and their weight and shell width were measured, following the same
procedure used at the start of the experiment. Mortality rates for animals within the
group were determined, and feed consumption was calculated. Lastly, at the end of the
experiment, fifty randomly selected individuals from each group were euthanised through
freezing and utilised for further laboratory analyses pertaining to the quality of their
carcasses and shells.

120 individuals / group
2 — 3 daysold

44.33 g/kg
Body weight 0.02g
Shell widith 4.02 £ 0.10 mm.

measurements carried

out once a month
66.14 g/kg

lo IO

Measurement of body weight
— and shell morphometry
cli 50 individuals/group
Weighing uneaten feed

88.70 g/kg

end of experiment
(4 months long)

Clv

103.49 g/kg Laboratory analysis

50 individuals / group

Figure 2. Scheme illustrating the design of Experiment I: categorisation of the groups based on Ca
content, details of the snails’ initial body parameters, the methodology for measuring the snails, and
the end of the research.
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Given the extensive range of recommended dietary Ca levels cited in the literature, the
decision was made to evaluate four distinct levels in this study. The C I group contained
Ca levels of 44.22 g /kg feed, the C II group, 66.14 g/kg feed; the C III group, 88.70 g/kg
feed; and the C IV group, 103.49 g/kg feed.

Experiment II, as depicted in Figure 3, aimed to assess the impact of Mg concentrations
on snail production results, shell morphometry, and the nutritional attributes of the mollusc
meat. The procedure in Experiment II mirrored that of Experiment I, except that forty-six
individuals, chosen at random, underwent laboratory analysis instead of fifty. The diet
from Experiment I, which yielded the most favourable results regarding snail fattening,
was adopted as the benchmark for the control diet in this study. Mg oxide was chosen
as the Mg supplement for the diet, given its status as the most prevalent mineral source
with the highest available Mg concentration for feed [77]. Furthermore, Mg oxide typically
ensures efficient absorption of Mg ions.

The control group (CG) had a Mg content of 2.45 g/kg feed (with no additional Mg).
This level was determined based on prior research on poultry [91]. The M I group had a
Mg content of 2.36 g/kg feed, the M II group was at 5.56 g/kg feed, and the M III group
was set at 7.15 g/kg feed. The Mg concentrations in these rations were chosen based on
studies in poultry, assuming that the nutritional requirements of laying hens may be similar
to those of snails [92,93].

Control group

No magnessium

Eleleliife]y

120 individuals / group \
2 — 3 days old f
Body wight 0.02g

2.45g/kg
Shell width 4.05 = 0.11 mm.
MI measurements carried
out once a month
3.26 g/kg

Measurement of body weight
— and shell morphometry
50 individuals/group
Weighing uneaten feed

5.56 g/kg

lZ

end of experiment
(4 months long)

M il

7.15 g/kg Laboratory analysis

46 individuals / group

\

Figure 3. Scheme illustrating the design of Experiment II: categorisation of the groups based on Mg
content, details of the snails’ initial body parameters, the methodology for measuring the snails, and
the end of the research.

2.2. Experimental and Analytical Procedures

In the laboratory, carcasses were removed from shells. Carcass weight and the propor-
tion of carcass to total body weight were calculated using data from fifty randomly chosen
snails from Experiment I and forty-six from Experiment II. Then, further analyses of the
chemical composition of snail meat, TBARS (thiobarbituric acid reactive substances) and
mineral composition of the snail meat and shells were conducted in 6 replicates.

The chemical composition of the snail carcasses was determined according to AOAC
(Association of Official Analytical Chemists) [94]: moisture and dry matter by drying at
105 °C to constant weight, crude ash by incineration at 550 °C for six h, crude protein
(N x 6.25) using the micro-Kjeldahl technique (Kjeltec System 1026 Distilling Unit, Foss
Tecator, Sweden), and crude fat after extraction with petroleum ether by the Soxhlet method.
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Thiobarbituric acid reactive substances (TBARS) were expressed as equivalents of
malondialdehyde (MDA), and MDA precursor—1.2.3.3-tetraethoxypropane (TEP) was
used as a standard to plot a standard curve. The methodology presented by Uchiyam and
Mihar [95] was used. The test tissues of snail carcasses were homogenised in 1% potassium
chloride solution and then centrifuged at 2000 rpm for 15 min at 4 °C. Then, 1% phosphoric
acid, 1% potassium chloride, 2% butyl hydroxyanisole (BHA), and 0.4% TBA were added
to the resulting filtrate. After adding the reagents and mixing, the sample was capped and
placed in a water bath at 100 °C for 60 min. After cooling, 4 mL of butanol was added to the
sample and shaken for 2 min. The absorbance of compounds dissolved in the butanol phase
was read at 532 nm. The results were read in nmol/mL from a standard curve against TEP.

Inductively coupled plasma optical emission spectrometry (ICP-OES) determined the
mineral components of carcasses and snail shells. First, test samples were ground and
mineralised in a chamber furnace at 450 °C for 12 h. Then, the acid digestion (hydrochloric
acid 37%, AnalaR NORMAPUR®, VWR Chemicals, Radnor, PA, USA) occurred on a
hotplate. The material was then filtered through blotting paper and diluted to 50 mL with
distilled water. The total contents of Ca, Cu (copper), Fe (iron), Mg, Mn (manganese), P
(phosphorus), K (potassium), Zn (zinc), Si (silicone), and Na (sodium) were determined
with ICP-OEC equipment (Perkin Elmer Avio 200; Waltham, MA, USA).

During shell analysis, the share of matured individuals was determined by inspecting
the presence of solid shell lip, indicating that the individual has reached maturity and
ended the growth cycle [9]. Also, shell measurements were taken to establish the shell shape
index—shell width-to-height ratio [96] and solidity index. This method is based on one used
on poultry eggs [97], previously used in snail shell estimation by Ligaszewski et al. [98].
The formula follows [shell weight x (height width)~'] x 100.

An Instron 3382 testing device (Norwood, MA, USA) was employed to evaluate
the crushing force exerted on the shells. This assessment aimed to discern the potential
influence of varying Mg levels in the feed on shell robustness. The testing setup encom-
passed several components: a device designated for compression tests, plates marked for
compression testing, and a computer system for data acquisition.

The device was calibrated to administer loads ranging from 0 to 100 kN (kilonewton).
Static tests were conducted at a consistent speed of 5 mm per minute. The compressive
strength was ascertained based on the orientation of the applied materials and the resistance
they generated.

2.3. Statistical Analysis

The results were analysed using one-way analysis of variance (ANOVA), using Sta-
tistica 13.3 (TIBCO Software Inc., Palo Alto, CA, USA). A difference of p < 0.05 between
means was significant. Further, the post-hoc LSD and repeated measures ANOVA tests
were performed.

The used mathematical model followed Yij = u + «i + eij, where Yjj is the observation
value, p is the overall mean, «i is the effect of the experimental diet (calcium or magnesium
level), and eij is random error.

Statistical analysis for the parameters of body weight, shell width, and mortality
was performed with the PS IMAGO PRO 9.0 software, using ANOVA tests for repeated
measures. The pairwise comparison method with Bonferroni correction was used for
significant interaction effects. All study variables met the sphericity condition. A p < 0.05
was taken as statistically significant.

3. Results

The development of snails is characterised by three stages that can be distinguished:
slow growth of the body and rapid development of the internal organs in the first month,
rapid increase in body weight in the second and third months, and stabilisation of body
weight and a slowdown in growth after 13 weeks of age [12]. The results of the mea-
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surements carried out in each month of Experiment I and Experiment II are presented in
Figures 4-9.

Group
=—ClI
—Cll
cu
10 —_—CN

Body weight (g)

Month

Figure 4. Results of monthly body weight (g) measurements of snails in Experiment I. Data are
given as mean £ SD (n = 50). CI, CII, C III, C IV—diet with Ca dose respectively: 44.3, 66.1, 88.7,
103.5 g/kg feed.

There was no significant difference (p > 0.05) in the body weights of the snails between
CIII (0.85 g) and C IV (0.68 g) during the first month. Snails in group C II had the lowest
weight gain, and those in group C III had the highest (0.18 g vs. 0.83 g). Throughout the
second and third months, snails in group C I showed the lowest mean weight gains (1.08 g
and 1.65 g), while animals in group C IV showed the greatest (3.87 g and 3.51 g). In the
second month, the weights of snails in groups C III (3.99 g) and C IV (4.54 g) did not differ
significantly (p > 0.05). Group C I showed the lowest body weight (1.61 g). During the
third month, no significant differences were found (p > 0.05), only between CII (5.95 g) and
CIII (6.79 g). Group C I showed the lowest body weight (3.26 g), and group C IV showed
the highest (8.05 g). In the final measurement, there was no significant difference (p > 0.05)
in the body weights of snails between groups C1I (7.56 g) and C III (8.52 g). At the end of
the experiment, snails in the C I group had the lowest mean body weight (3.19 g) and those
in C1V, the highest (9.67 g).

In the first month of the experiment, the snails belonging to group C III exhibited the
largest shell width (13.58 mm). In comparison, those from C II had the smallest (8.94 mm).
Significant shell width differences (p < 0.01) were observed in all tested groups. However,
during the second measurement, groups C III (22.37 mm) and C IV (23.47 mm) did not show
significant differences in shell width (p > 0.05). Group C I showed the lowest shell width
at 14.79 mm. At month 3, there were no significant differences (p > 0.05) in is-total between
groups C II (28.17 mm) and C III (27.56 mm). Group C I had the lowest shell width throughout
the Experiment I duration. In group C II, snails showed the highest shell width increases
among all experimental groups in months 2—4 (11.95 mm, 7.28 mm and 2.37 mm, respectively).
Finally, animals in group C I showed the smallest average shell width at 17.51 mm in the final
month of the experiment, while snails in group C IV showed the largest average shell width
at 30.63 mm. By the end of the experiment, there were no significant differences (p > 0.05) in
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shell width between snails in groups CII (30.54 mm) and CIII (29.77 mm), CIl and CIV, and
CIII and CIV. The most significant overall increase in shell width (p < 0.01) over time was
observed in CII (+21.60 mm), whereas the smallest was in CI (+5.92 mm).

Group
-l

—Cl

-T— Gl
Py — N

35

30

E
é 25 -
£
=)
H
= 20
@
% I
15
10
1 2 3 4

Month

Figure 5. Results of monthly shell width (mm) measurements of snails in Experiment I. Data are
given as mean =+ SD (n = 50). C I, CII, C III, C IV—diet with Ca dose respectively: 44.3, 66.1, 88.7,

103.5 g/kg feed.
0 Group
—Cl
—_—l
]
—_—
30
2
3\ 20
£
k=
(=]
=
10
o]
1 2 3 4
Month

Figure 6. Results of monthly mortality (%) records of snails in Experiment I. Data are given as
mean £ SD (n = 3). CI, CII, CIII, C IV—diet with Ca dose respectively: 44.3, 66.1, 88.7, 103.5 g/kg feed.
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During the first month, the mortality rate was the lowest (p < 0.01) for group C III at
9.03%, while group C I registered the highest rate at 30%. For the first measurement, the
number of deaths did not differ significantly (p > 0.05) between groups C I (30%) and C IV
(27.17%), and between groups C II (10%) and C III (9.83%). For the second measurement,
the number of deaths did not differ between groups C III (2.10%) and C IV (2.60%). For
the third measurement, it did not differ between groups C II (1%) and C III (1.50%) and
between groups C Il and C IV (0%). By the fourth month of the experiment, the mortality
rates for groups C I and C II were relatively low at 3.40% and 4.00%, respectively. However,
group C III recorded a significantly higher mortality rate of 30.90%, while group C IV had
a mortality rate of 25.00%. The number of deaths did not differ significantly (p > 0.05)
between groups CI and CII.

Group

=== Contral group
—_—M1

Ml
=Ml

Body weight (g)

Month

Figure 7. Results of monthly body weight measurements (g) of snails in Experiment I. Data are
given as mean =+ SD (n = 50). No-Mg control diet; M I, M II, M IlI—diet with Mg dose respectively:
3.3g/kg, 5.6,7.2 g/kg feed.

Magnesium supplementation in the diet of snails in Experiment II had a significant
effect (p < 0.01) on their mean body weight. During the first measurement, there was no
significant difference (p > 0.05) in mean body weight between the M Il and M III groups.
The control group had the highest body weight (0.83 g) whilst M I had the lowest (0.62 g). In
the second month of measurements, only the CG (4.40 g) and M III (5.39 g), and M 1 (4.32 g)
and M III groups had significantly different (p < 0.05) body weights. Differences (p < 0.05)
in snail body weight were observed only between the M I (7.32 g) and M III (8.21 g) groups
during the third measurement. No significant differences (p > 0.05) in the snails’ body
weights were evident during the last month of measurements. At the end of the experiment,
the snails had gained body weights of CG=9.62g; M 1=9.68 g; MI1 =9.95 g; M III =9.08 g.
Animals in the M II group consistently showed the most significant differences in weight
gain compared to the control group, specifically, in the first month (0.70 g vs. 0.40 g), in the
third month (4.70 g vs. 3.71 g) and the fourth month (2.41 g vs. 1.49 g). Conversely, snails
in the M III group showed the lowest weight gains in the mentioned months: 0.69 g, 2.82 g,
and 0.87 g, respectively.
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Figure 8. Results of monthly shell width (mm) measurements of snails in Experiment I. Data are
given as mean + SD (n = 50). No-Mg control diet; M I, M II, M III—diet with Mg dose respectively:
3.3g/kg, 5.6,7.2 g/kg feed.

No significant difference was observed in shell width during the first month of the
experiment (p > 0.05). Among all groups, M I had the smallest shell width (12.34 mm),
while MIII had the largest (12.84 mm). However, shell width varied significantly (p < 0.05)
between CG and M II (25.41 mm), M I (22.30 mm) and M 1I, as well as between M I
and M III (24.14 mm) during the second month of measurements. Similarly, during the
third measurement round, significant differences were found (p < 0.05) between the CG
(29.98 mm) and M I (28.39 mm), CG and M 1II (28.72 mm), and CG and M III (28.68 mm)
groups. Significant differences in shell width (p < 0.01) were observed between groups CG
(30.66 mm) and M III (29.03 mm), M I (30.79 mm) and MIII, and between M II (30.30 mm)
and MIII by the end of the measurements. The largest shell width of 30.79 mm was
observed in M I, while the smallest width of 29.06 mm was observed in M III. Regarding
shell width gains, the M II group had significantly more substantial gains: 18.25% greater
than the control group in the first month (13.04 mm vs. 11.03 mm). In contrast, in the third
month, the M II group had significantly smaller gains: 47.77% less than the control group
(3.31 mm vs. 6.36 mm). In the last month, the M I group had the highest increase in shell
width—2.40 mm. Furthermore, the largest shell width change over time was found in MI
(+18.45 mm) and the smallest in MIII (+16.21 mm).

During the initial measurement, mortality exhibited a substantial difference (p < 0.01)
exclusively between the CG (27.33%) and MII (13.50%) groups. In the second measurement,
no significant differences (p > 0.05) were found while comparing CG (2.6%) and M II (0%),
and CG and M III (2.9%). No significant differences in mortality were observed (p > 0.05)
between the M I (7.6%) and M II (5.9%) groups after three months of measurements. The
mortality rate of group M III was the highest at 13.6%. At the end of the study, mortality
rates were noted as follows: CG = 25.00%; MI = 30.50%; MII = 35.28%; and MIII = 28.00%.
Only the CG and MI groups showed significant differences (p < 0.01).

During the examination of carcass and shell traits in Table 2, animals in group C IV
in Experiment I had the highest mean carcass weight (8.27 g). The lowest body weight
was noted in group C I at 2.89 g. The trend in shell mass was similar, with group C IV
displaying the heaviest shells at 1.40 g and group CIat0.29 g.
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Figure 9. Results of monthly mortality (%) records of snails in Experiment I. Data are given as mean + SD
(n = 3). No-Mg control diet; M I, M II, M [ll—diet with Mg dose respectively: 3.3 g/kg, 5.6, 7.2 g/kg feed.

Table 2. Mean (£SD) results of carcass and shell characteristics and feed intake at the end of
Experiment I and Experiment II.

Experiment I
Experimental Groups

Indices n SEM p-Value
c1 cl ciI cIv

Carcass weight (g) 50 28941952  687+140°  741+139°>  827+168° 023  <0.0001

Shell weight () 50 02940222 070+£034P  1124£021° 14040249 003 <0.0001

Share of the Carcas(so/”)‘ totalbody weight 5, 91544 093¢ 9078+ 112¢ 8687+ 232  8546+220° 024  <0.0001
Shell shape index 50 1444036 1.39 + 0.08 144 £ 0.07 143 +0.12 003 05572
Solidity index (g/cm?) x 100 50 111942432  1025+210°  18084+285°  21.15+355¢ 039  <0.0001
Crushing force of the shells (N) 15 1244+ 668° 1747 4+801° 3285+ 1346° 5483+17.39¢ 338  <0.0001
TBARS (nmol/g lyophilisate) 6  5694+065% 5887 +£147° 5802+184%  5559+£038% 045  <0.0001
Mature individuals (%) 50 440022 20 £ 0.04° 20 £ 0.04° 46 £ 0.05 ¢ 006  <0.0001
Total FCR (kg DM/kg) 3 086+032° 1104014  094+010°  128+005°> 009  0.0009
Total feed intake (g/individual) 3 11.09 + 0.31 8.34 £ 0.03 8.75 £ 0.51 10.64 + 0.25 092 01647

Experiment II
Experimental Groups
Indices n Control Group SEM p-Value
MI MII M III

Carcass weight (g) 46  823+130b 8184151  845+153>  747+165° 022 00134

Shell weight (g) 46 13940232  150+035% 1494028  161+027° 004 00047

Share of the R totalbody weight g g5451012¢  8452+207° 8492+ 187%  8198+304° 030  <0.0001
Shell shape index 46 143+010° 1294008 1274008 12440112 002  <0.0001
Solidity index (g/cm?) x 100 46 211743137  2026+3527  2051+303°  2358+384> 051  <0.0001
Crushing force of the shells (N) 15  5729+1731  5938+£2348  6141+2261  4973+1073 577 05123
TBARS (nmol/g lyophilisate) 6 555940352 55334032 5590+136° 5765+£196° 039 00246
Mature individuals (%) 46  4600+041  63.00+049  65.00 & 0.48 59.00 + 0.52 007 02287
Total FCR (kg DM /kg) 3 1274006°  1104025%®  094+0172  161+012° 009  0.0049
Total feed intake (g/individual) 3 11.09 = 0.29 8.34 023 8.75 + 0.88 1064+£304 091 01643

CI, CII, CIII, C IV—diet with Ca dose respectively: 44.3, 66.1, 88.7, 103.5 g/kg feed; No-Mg control diet; M I,
M II, M Ill—diet with Mg dose respectively: 3.3 g/kg, 5.6, 7.2 g/kg feed. The means indicated with different
superscripts (a, b, ¢, d) are significantly different (p < 0.05).
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The share of carcass in total body weight was highest among snails in group C I at
91.24. Animals in group C IV showed the lowest share at 85.46%.

The shell shape index demonstrated minimal variation, with all groups exhibiting
values around 1.44, signifying a similarity in shell shape among the experimental groups.
The solidity index shows that animals in group C IV had the highest value of 21.15, while
in group C I, the lowest score was recorded at 11.19 g/cm?.

Snails in group C IV displayed the highest crushing force at 54.83 N, and group C
I had the lowest, at 12.44 N. The shells of the C I group showed unique characteristics,
such as softness, flexibility and translucency. They exhibited a delayed fracture pattern
characterised by stretching and planar flattening.

Thiobarbituric acid reactive substance (TBARS) results provide essential information
in studies related to lipid oxidation processes in biological samples and indicate changes in
health status and metabolism, or the effects of external factors on the studied organisms.
The results showed that snails in group C III had the highest levels at 58.87 nmol/g
lyophilizate in carcasses and snails in group C IV had the lowest, at 55.59 nmol/g.

Furthermore, group C IV had the highest percentage of mature individuals at 46%. In
contrast, in groups C I, C II, and C III, the results were 10 times (C I) and 1.3 times (CII and
C III) lesser, correspondingly.

The feed conversion ratio (FCR) in group C IV showed the highest value at 1.28 kg of
feed (DM) per kg of snail body weight. Results of groups C I and C III showed comparable
FCR values.

Regarding feed intake, individuals in group C II consumed the least amount of feed
in the first month, with an average of 4.92 g per individual. Contrarily, group C IV had
the highest feed intake, averaging 11.10 g per individual. The trend remained constant
throughout the experiment, whereby Group C IV consistently displayed the greatest feed
intake, and the largest discrepancy was noted in the final month. On the other hand, Group
C I constantly demonstrated the lowest feed intake, with the minimum value of 2.06 g per
specimen documented in the first month.

When carcass and shell characteristics were examined in Experiment II, the snails in
group M II exhibited the highest mean carcass weight at 8.45 g compared with other groups.
The lowest weight was recorded in group M 1l at 7.47 g.

Animals in group M III exhibited the heaviest shells, weighing 1.61 g, whereas the
control group showed shells weighing 1.39 g. The mean proportion of the carcass of snails
in total body weight was the highest in the control group, at 85.45%, while group M III had
the lowest proportion, at 81.98%.

The control group displayed a shell shape index of snails of 1.43, the highest among
the groups, while group M Il recorded the lowest at 1.24. Group M I had the lowest solidity
index of 20.26, whereas group M III had the highest solidity index of 23.58 g/ cm?. The
crushing force of the shells showed differences, but these were not statistically significant.

The TBARS levels in snail carcass tissues from group M IIl were the highest at 57.65 nmol/g
lyophilisate, whereas those in snails from group M I were the lowest at 55.33 nmol/g.

The proportion of mature snails did not exhibit a distinct trend of maximum and
minimum values (46-65%) between the groups but demonstrated fluctuation.

The FCR records revealed that group M III displayed the most efficient feed conversion,
with the lowest FCR recorded at 0.94, while group M I reflected the highest FCR at 1.27.
Also, group M III presented the highest feed intake at 11.09 g/individual, whereas group
M I showed the lowest intake (8.34 g/individual).

The investigation into the percentage differences in proximate composition among the
experimental groups in Experiment I and Experiment II demonstrates significant variations
in the nutritional profiles of snail carcasses (Table 3).
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Table 3. Mean (+5SD; n = 6) proximate composition of snail carcasses (% of DM) in Experiment I and
Experiment IL.

Experiment I
Experimental Groups

Item SEM p-Value
CI cII CIII Cc1v
Crude protein 60.26 £1.33 ¢ 58.06 + 1.56 ° 53.38 £1.792 59.97 + 1.96 b¢ 0.69 <0.0001
Ether extracts 4.66 +0.62 ¢ 314 +241b 149 +0267 148 £0.24°7 0.51 0.0008
Crude ash 14.07 £0.72°¢ 1430 +1.38°¢ 11.09 +1.26 920+ 0622 0.43 <0.0001
Experiment II
Experimental Groups
Item Control Group SEM p-Value
MI MII M III
Crude protein 59.97 +1.92° 5216 £1.722 5248 £1.00? 5214 £0.76 2 0.56 <0.0001
Ether extracts 1.56 +£0.28 2 1.68 £0.72% 229 + 151 2.86 £0.25° 0.33 0.0442
Crude ash 9.20 £ 0.58 9.22 £0.24 9.01 £ 0.39 8.79 £0.97 0.25 0.6056

CI, CII, CIII, C IV—diet with Ca dose respectively: 44.3, 66.1, 88.7, 103.5 g /kg feed; No-Mg control diet; M I, M
II, M IlI—diet with Mg dose respectively: 3.3, 5.6, 7.2 g/kg feed. The means indicated with different superscripts
(a, b, ¢) are significantly different (p < 0.05).

The study found that snails in group C I exhibited the highest crude protein content in
meat, at 60.26%. Group C IIl showed the lowest crude protein content of 53.38%.

The lipid content exhibited comparable changes across the experimental groups.
Animals in group C I had the highest ether extract content, measuring 4.66%. Both groups
CIII and C IV exhibited the lowest ether extract content, measuring 1.49%.

Groups C I and C II exhibited the highest crude ash content values, registering at
14.07%. Snails in group C IV showed the lowest crude ash content among all experimental
groups, measuring 9.20%.

The proximate composition analysis of the snail carcasses conducted in Experiment II
illustrates substantial disparities in crude protein and ether extract content. Animals in the
control group displayed the highest crude protein content at 59.97% in their carcasses. In
contrast, the M III group showed the lowest content, a 13.16% reduction compared to the
control group.

In contrast, the control group displayed the lowest ether extract content of 1.56%. In
contrast, the M III group exhibited the highest ether extract content, with a significant
increase of 83.33% compared to the control group. These results emphasise the substantial
variations in these two components between the study groups.

Crude ash content was similar across all groups, ranging from 8.79% (group M III) to
9.22% (group M II).

Additional analyses were conducted concerning the mineral composition (in DM) of
the snails’ meat and shells (in FM). The results are presented in Table 4.

In Experiment I, animals in group C IIl had the highest Ca content in meat (1.45%),
with the lowest being in group C II (1.31%). In the shells, the highest Ca content was found
in group C IV (38.96%), with the lowest being in group C II (36.16%). Snails in group
C II recorded the highest concentration of Cu in meat (56.99 mg/kg), while group C IV
presented the lowest (36.70 mg/kg). In the shells, group C I had the highest Cu content
(6.12 mg/kg), and group C IV showed the lowest (1.88 mg/kg).

The Fe content in snail meat was highest in group C I (357.52 mg/kg) and lowest in
group C IV (127.82 mg/kg). Regarding the shells, group C III had the highest Fe content
(202.39 mg/kg), and group C IV had the lowest (135.82 mg/kg). While analysing potassium
content, animals in group C II had the highest K content in meat (7718.49 mg/kg), while
group C IV had the lowest (6220.12 mg/kg). There were no significant differences in K
content in the shells among the groups.
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Table 4. The mean (+SD; n = 6) mineral content of snail carcasses (in DM) and shells (in FM) in
Experiment I and Experiment II.

Experiment I
Experimental Groups

Item SEM p-Value
CI cu cr CIvV

Ca %) Meat 1.36 + 0.23 1.31 + 0.09 1.45 + 0.05 1.40 + 0.12 0.07 0.5847
Shell 37.99 + 0.96 b 36.16 +0.97 2 37.05+ 1.15 38.96 + 0.22 ¢ 045 0.0048

Meat 36.70 +1.192 56.99 +4.04 ¢ 4533 +1.58P 60.33 + 3.90 € 149  <0.0001

Culmg/ke) oy 6.12+2.60P 347 + 0472 351 +0.722 1.88 + 0.022 0.68 0.0072
Fe (mg/kg) Meat 357.52 + 31.754 312.01 + 28.83 ¢ 218.19 + 30.51 b 127.82 4+ 9.70 2 1338 <0.0001
Shell 196.76 + 35.77 b 129.26 + 50.56 2 202.39 +23.17 € 13582 + 2676 1741 0.0181

K (mg/kg) Meat  7097.36 + 430.28 P 7718.49 + 275.80 ¢ 696040 +529.03> 622012 +214212 19153  0.0012
Shell 806.19 + 184.37 791.41 4+289.89 726.69 + 126.45 1096.67 + 48.90 9206  0.0624

Mg (mg/kg) ~ Meat 2948144425500 3532.52 + 122,51 b 267022 +308.84° 268413 +186.15% 14278  0.0026
Shell 508.48 + 32.46 32213 +9.542 356.97 + 26.00 2 320.12 +5.89 2 1074  <0.0001

Meat 25.98 + 2.90 2331 + 2.65 2457 + 2.08 21.82 + 0.94 1.14 0.1148

Mn(mg/kg) g0 14.58 + 0.68 € 10.98 + 0.78 9.9 + 0.56 @ 9.76 +0.20 030  <0.0001
Na(mg/kg ~ Meat 591544 88660° 7934.27 4+ 175.55 b 546721+ 783892  5299.06 + 298352 30826  <0.0001
Shell 1198.09 + 169.30 © 806.95 + 242.83 2 752.42 4 117.97 @ 1050.68 = 27.87b¢  79.87  0.0057

P (mg/kg) Meat  11,109.90 + 1289.60°  11,61693 = 265.68°  10,415.35 + 880252  9271.07 + 415492  409.35  0.0089
Shell 896.51 + 55.47 ¢ 558.19 + 1421 532.45 + 47.52b 42837 + 16782 1892  <0.0001

Si (mg/kg) Meat 57.49 + 15.46 b¢ 36.40 +9.59 2 4559 + 14.02 ab 66.00 + 10.35 € 630 0.0293
Shell 182.30 + 45.08 © 93.11 + 27.66 190.42 + 36.81 ¢ 24.98 + 3.69 @ 1613  <0.0001

Zn(mg/kg  Meat 105.27 4+ 11.43 104.58 + 8.85 P 95.25 +7.30P 57.26 + 3.06 2 412 <0.0001
Shell 6.40 + 1.042 6.28 + 2252 526 +1.16 2 17.91 +1.75 077  <0.0001

Experiment II
Experimental Groups
Item Control Group SEM p-Value
MI M II M III

Ca (%) Meat 138 +0.11° 1.16 + 0.05 2 1.29 4+ 0.09 3 1.26 + 0.23 ab 0.05 0.0274
Shell 38.96 + 0.21 33.78 + 6.48 38.70 + 2.39 37.64 + 1.08 148 0.0977

Meat 60.33 + 3.88 b 48.69 + 4432 57.20 +2.94 P 48.86 +2.722 1.78 0.0013

Cu (mg/kg) Shell 1.90 + 0.02 3.06 + 1.53 3.84 +1.45 498 + 2.66 0.82 0.1048
Fe (mg/kg) Meat 127.82 +9.722 228.16 + 8.39 ¢ 223.68 + 18.68 © 174.40 + 7.05° 593  <0.0001
Shell 135.80 + 26.76 @ 18422 4+ 228" 200.70 + 25.37b 131.80 + 10.40 2 878  <0.0001

K (mg/kg) Meat 6220.12 + 214.23 6102.19 + 233.64 5829.50 + 443.64 5759.94 4+ 22828 14778  0.1424
Shell 1096.70 -+ 27.92 750.43 + 90.35 @ 882.32 + 138.52 2 827.05+140.74% 5364  0.0043

Meat 268413 + 186.13 2279.38 + 44.22 2 2500.01 + 154355 2381.87+ 92343 6565  0.0055

Mg (mg/kg) g 320.10 + 5.78 27184 + 2852 367.77 + 42.97 408.85 + 16.86 9 1162 <0.0001
Meat 21.82 + 0,922 277 41,102 2534+ 180° 211741302 0.66 0.0043

Mn (mg/kg) g on 9.80 +0.22° 9.18 + 0.47 9.25 4 0.58 b 8.42 + 0.462 021 0.0058
Na(mg/kg ~ Meat ~ 5299.0620835¢ 4899.43 + 142,00 b 464427 + 262,323 4497354112382  109.15  0.0013
Shell 1050.70 + 26.98 © 738.78 + 32.79 @ 849.92 +101.69%  941.13 +180.83b 5260  0.0082

P (mg/kg) Meat  9271.07 + 41542 7905.68 + 332.83 @ 8164.64 +330.69° 795851 +327.05% 17673  <0.0001
Shell 42840 + 16.79® 244.33 + 24.08 2 259.35 + 39.55 2 296.59 + 38.89 2 1510  <0.0001

i (me/kg) Meat 66.00 + 10.32 2 102.26 4+ 19.74 b 119.27 + 10.67 104.25 + 347 624  <0.0001
Shell 25.00 + 3.66 2 179.36 + 24.08 P 178.05 & 39.55 P 149.24 + 38.89 b 29.65 0.0094

Zn (mg/kg) Meat 57.26 +3.09 49.63 &+ 1.242 53.86 + 1.85P 53.35 +1.71b 1.04 0.0022
Shell 1790 +1.72 ¢ 452 + 096 442 +062° 6.63 +1.74" 0.62 <0.0001

CI, CII, CIII, C IV—diet with Ca dose respectively: 44.3, 66.1, 88.7, 103.5 g /kg feed; No-Mg control diet; M I, M
II, M IlI—diet with Mg dose respectively: 3.3, 5.6, 7.2 g/kg feed. The means indicated with different superscripts
(a, b, ¢, d) are significantly different (p < 0.05).

Snails in group C II had the highest Mg content in meat at 3532.52 mg/kg, while the
lowest was detected in group C IV at 2670.22 mg/kg. In the shells, group C I exhibited
the highest Mg content at 508.48 mg/kg, and group C IV had the lowest at 320.12 mg/kg.
Animals in group C I displayed the highest manganese concentration in meat (25.98 mg/kg)
and shells (14.58 mg/kg). Group C IV had the lowest manganese content in both meat and
shells, with measurements of 21.82 mg/kg and 9.76 mg/kg, respectively.

Animals in group C II showed the highest Na content in meat at 7934.27 mg/kg,
whereas group C IV showed the lowest at 5299.06 mg/kg. In the shells, inversely, group
C IV had the highest Na content at 1050.68 mg/kg, and group C II had the lowest at
806.95 mg/kg. The highest phosphorus content in snail meat was observed in group C II
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(11,616.93 mg/kg), whereas the lowest was in group C IV (9271.07 mg/kg). In the shells,
group C I had the highest phosphorus content (896.51 mg/kg), whereas group C IV had
the lowest (428.37 mg/kg).

The meat from group C I exhibited the highest silicon content (66.00 mg/kg), while the
lowest was in group C II (36.40 mg/kg). In the shells, group C I demonstrated the greatest
Si concentration (182.30 mg/kg), whereas group C IV presented the lowest (24.98 mg/kg).
Group C I exhibited the highest zinc content in meat (105.27 mg/kg); conversely, group C
IV had the lowest (57.26 mg/kg). In the shells, the Zn content was highest in group C IV
(17.91 mg/kg) and lowest in group C I (6.40 mg/kg).

In Experiment II, animals in the control group had the highest Ca content in the meat
at 1.40% and in shells (38.96%), while M I had the lowest content in meat at 1.16% and
in the shell at 33.78%. Copper content displayed differences across the groups, with M 1
having the lowest at 48.69 mg/kg and the control group having the highest at 60.33 mg/kg
in snail meat. Cu content increased across the groups in the shell, with the control group
having the lowest (1.90 mg/kg) and M III having the highest (4.98 mg/kg).

The iron content in the snail meat exhibited a significant increase in M I (228.16 mg/kg)
compared with the control group (127.82 mg/kg). Regarding the shell, the Fe content was
the highest in group M II (200.70 mg/kg) and the lowest in group M III (131.80 mg/kg).
There were slight, not statistically significant, differences in the potassium content of the
snail meat. However, in the shell, the control group exhibited a high concentration of
1096.70 mg/kg, while M I showed the lowest concentration at 750.43 mg/kg.

Differences across the groups in the Mg content in the snail meat were noted, with
M I recording the minimum value (2279.38 mg/kg) and the control group showing the
maximum value (2684.13 mg/kg). However, the Mg content in the shell varied signif-
icantly, with the highest value recorded in M III (408.85 mg/kg) and the lowest in M I
(271.84 mg/kg). The Mn content in the meat in group M III was the lowest (21.17 mg/kg);
in group M II, the Mn content recorded was the highest (25.34 mg/kg). The M III group
shells exhibited the lowest Mn content (8.42 mg/kg), in contrast to M II, which contained
the highest Mn content (9.25 mg/kg).

The sodium levels in the meat were most elevated in the control group (5299.06 mg/kg)
and least in M III (4497.35 mg/kg). Na levels varied in the shells, with M I exhibiting the
lowest (738.78 mg/kg) and the control group the highest (1050.70 mg/kg). Phosphorus
content in the meat was the lowest in group M I (7905.68 mg/kg) and the highest in the
control group (9271.07 mg/kg). In shell analysis, the highest P content was found in the
control group (428.40 mg/kg) and the lowest in the M I group (244.33 mg/kg).

The silicon content in the snails” meat was highest in the M II group, measuring
119.27 mg/kg, while the lowest value was recorded in the control group at 66.00 mg/kg.
Regarding the shell, Si content in the control group was the lowest (25.00 mg/kg), and M 1
had the highest (179.36 mg/kg) values. The lowest zinc content in the meat was detected
in the M I group (49.63 mg/kg), with the highest value found in M II (53.86 mg/kg). Zn
content in the shell varied among the groups, with the highest content in the control group
(17.90 mg/kg) and the lowest in group C II (4.42 mg/kg).

4. Discussion
4.1. Growth Rates during Fattening
4.1.1. Experiment I

As anticipated, the body weights of the snails increased concerning the Ca concen-
tration in the mixtures. As an indicator of shell development, the shell width parameter
showed similar results across all groups from the second month until the fattening period’s
end, except for the group receiving the lowest Ca supplement (C I). Based on the findings, it
can be inferred that the C I group (44.3 g Ca/kg) lacked sufficient calcium for the adequate
growth and development of snails. Individuals in this group displayed indications of
arrested development at approximately 1 month of age compared to the other experimental
groups. From day 30 onwards, the low Ca content was deficient and impeded proper shell
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development. This finding corroborates previous research linking low Ca levels in their
diet to the development of dwarfism in these animals [99-101]. However, it is worth men-
tioning that in the first fattening stage, a level of 4.4% satisfies the animals’ Ca requirements.
Although the shell widths in groups C II, C III, and C IV during the second and third
months differ considerably, they eventually equalise by the end of the fattening period.
That implies that shell growth is sustained regardless of the Ca level in the mixtures.

Previous studies on Archachatina marginata demonstrated that increasing the propor-
tion of Ca in the feed by up to 20% (above the standard level in snail nutrition) increased
body weight and shell width [32]. Also, Oluokun et al. [25] conducted studies that indicated
body weight and shell width of snails were positively influenced by Ca levels, showing
that animals fed with an 8% added Ca mixture feed noted an increase in shell width of
approx. 30%, and an approx. 25% increase in body weight compared with animals fed with
a feed composition containing 4% Ca.

The experimental results show that the C IV group had the highest total FCR results
compared to other experimental groups, yet it was not significantly different. Also, group
C IV showed minimal growth during the final month of the fattening period, which
was attributed to the onset of reproduction. As a result, this group may have had an
overestimated FCR compared to other groups, as the snails’ growth ceased despite their
continuous feed consumption. The study results show that total feed intake was rising
along with Ca levels in the feed, suggesting that feed containing higher doses of Ca is
more palatable or encourages animals to eat in larger quantities, supported by previous
research [24]. It was previously shown that increased Ca supply likely affects digestive
processes and the absorption of other nutrients, which may affect metabolic efficiency
and feed energy utilisation [7]. However, current results contrast with those of Oluokun
et al. [25], who demonstrated that FCR improved with higher percentages of Ca in animal
feed. Experimental groups, except C IV, exhibited FCRs comparable to those documented
in the literature for Cornu aspersum [102].

The results show an association between Ca in the diet at 4.43% and 8.87% and higher
mortality rates in the early fattening stages. A different trend is observed in the 6.61% Ca
group, which can reduce mortality throughout the entire fattening period. It is assumed
that low calcium levels in snails’ feed increase mortality in the first month of rearing due
to deficiencies. In contrast, high levels contribute to high mortality in the final phase of
fattening due to the exhaustion of animals during laying, which commences earlier due to
the accelerated maturation process. Maintaining sufficient calcium levels in the snails’ feed
is recommended to reduce mortality rates.

Studies by Tchakounte et al. [36] on Archachatina marginata showed reduced snail
mortality with increasing Ca concentration (14-18%) in the feed, valid for animals in the
middle fattening period in the current study. Notably, snails experience their highest
mortality during the first month of development and when entering the breeding and
egg-laying phase [21,36]. Notably, none of the experimental groups achieved a mortality
rate of 40% during the first month of fattening, which has been reported in the literature as
the standard [12]. The results were closer to the 30% obtained by Desbuquois (1997) [103].
Studies on Helix Aspersa Maxima reported mortality rates of 8-10% [102], and comparable
results, below 12% mortality, were observed in all experimental groups in the current study
in the second and third month of fattening.

4.1.2. Experiment II

It was shown that Mg at 0.72% promoted increased animal weight in the second
and third months of rearing. Therefore, it appears justifiable to incorporate magnesium
supplementation during the intermediate stage of snail feeding (second and third month).
Adding Mg to the diet did not significantly affect the final body weight of the animals,
yet it was observed that it accelerated the snails’ growth in time. Previous studies on
farm animals and shrimps confirm the beneficial effect of Mg supplementation on animal
weight gain [104-106]. Compared to the Berillis et al. [8] study (20% Ca in feed mixture),
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snails” body weights were higher, and the widths of the shells were comparable to the
current research.

In addition to compound feed, results of Experiment II showed that total FCR and
feed consumption were lower in the groups with Mg at 3.3 g and 5.6 g/kg feed (approx.
1 kg DM/kg and approx. 8.5 g/individual), which indicates better feed utilization by
animals and the possibility of savings for the farmer due to lower feed expenses. The
high feed conversion rate observed in both the control and M III groups, coupled with the
weight gain and shell width measurements in the last two months of fattening and the
number of mature individuals in each group, suggests that the snails” growth was nearly
complete. The snails began to reproduce after the development and fattening phase ended.
Consequently, the fattening period of the snails could be completed 2-3 weeks earlier,
thereby positively impacting the economic factors of snail fattening. It was shown that
higher Mg content had a beneficial effect on feed conversion in farm animals and shrimps,
which is, to some extent, consistent with the study’s findings [104,105]. All experimental
groups exhibited FCRs better than those documented in the literature for Cornu aspersum,
with values up to 1.85 [9,12,107].

Groups with additional Mg in their diet exhibited a comparatively lower mortality
rate in the initial month of fattening than CG. Mg at 0.56% in the diet increased mortality in
the last month. Results below 14% of mortality were observed in all experimental groups
in the current study in the second and third month of fattening. This study’s findings
suggest that adding magnesium to the diet at levels of 3.3 g/kg and 5.6 g/kg in the first
month of fattening and 5.6 g/kg in the second month resulted in favourable survival
of the snails. However, during the following two months, the addition of magnesium
to the diet showed no better results than its absence in the control group. All groups
receiving Mg supplementation exhibited more significant mortality in the final month of
fattening, potentially due to the snails laying eggs and maturing faster than the control
group. This faster maturation is believed to be the primary reason for the higher mortality
rate observed [108]. A study on shrimps indicated higher animal survival rates with
increasing Mg supplementation. However, this association was not observed in the present
snail study [105,106]. The mortality results were close to 20-30% obtained in previous
studies on snails [109,110] in the first and fourth month of fattening. Earlier studies on
Helix Aspersa Maxima reported mortality rates of up to 10% [111].

4.2. Carcass Characteristics
4.2.1. Experiment I

Increasing dietary Ca levels were associated with increased carcass weight from 2.89 g
to 8.27 g. The increased calcium content in the diet is thought to have a positive effect on
the development of the snails and their growth, not only in terms of total body weight,
but also in terms of carcass weight. Calcium is speculated to enhance the rapidity and
effectiveness of fattening these animals. At the same time, it was noted that under the
influence of increased dietary Ca intake, the percentage of carcass weight in the total body
weight of the snail was reduced from 91.24% to 85.46%. Previous studies corroborate
the present findings [31]. It can be assumed that this effect is due to the maturation and
saturation of the shell with minerals and increasing its weight [9,25,32]. Therefore, calcium
supplementation has a positive impact not only on the weight of the snail’s body but also
on the weight of its shell and overall weight.

The proximate composition analyses showed that introducing 4.43% Ca in the diet
contributes to increased snail meat protein. In contrast, the presence of 8.87% Ca in the
diet appears to have a negative effect on the protein content of the meat. As the amount
of Ca in the feed increased, a decrease in the fat and ash content of the snail meat was
observed (down to 1.48% and 9.20%, respectively). The findings indicate that an elevated
calcium content in the diet correlates with a heightened proportion of carbohydrates in snail
carcasses. Such carbohydrates mostly exist in the form of glycogen and galactose, which
enable the animals to prepare for hibernation, among other functions [112,113]. Current
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findings show comparable crude protein and fat levels and higher crude ash content than
previous snail studies [102,114]. The current research shows higher amounts of crude ash
in snail meat and lower levels of crude protein than previous studies on Helix Aspersa
Maxima [111,115].

Mineral analyses of the carcasses revealed that Ca at 4.43% in the diet influences higher
iron content and that Ca at 6.61% contributes to the meat’s potassium, Mg, sodium, and
phosphorus content while reducing the amount of silicon. In addition, a higher amount
of Ca in feed was linked to higher silicon content and lower potassium, Mg, sodium, and
phosphorus content. Ca interacts with these elements, frequently dislodging them from
their binding and transportation positions on the exterior of cell membranes. Based on
the study results, it can be assumed that Ca at a level above 8.87% starts to have negative
influence on these elements’ absorption. Also, Ca at 10.35% increased snail carcasses’
copper. It is worth noting that copper is a component of haemocyanin, which is responsible
for transporting oxygen in the snail’s haemolymph throughout the body [12,116]. This
relationship may be attributed to the presence of larger and heavier carcasses, which
require a greater supply of nutrients to a larger body surface area. Consequently, an
increased amount of hemolymph is necessary for proper body function. An association
was observed among vertebrates (rats, dogs, chickens) between increased Ca supply and
Mg deficits [117-119]. In the current study, no such relationship was shown.

As a result of the experiments related to the mineral analysis of snail meat, significant
differences were observed in the carcasses’ Ca, iron, phosphorus, Mg, sodium, potassium,
manganese, and zinc contents. The values of these minerals were significantly different
compared with the results of previous studies [120,121], where higher Ca, iron, and phos-
phorus contents were found in the carcasses studied. In contrast, a lower Ca content was
recorded compared with the results of Cagiltay (2011) [115]. Moreover, copper and Mg
contents were lower compared with the study of Gomot (1998) [120]. Compared with A.
achatina, it was proven that the Cornu aspersum snails” meat contained more Ca, iron, copper,
potassium, and phosphorus and less zinc [122]. It was established that Cornu aspersum
snails can accumulate copper in their foot tissues [123]. The snails in the current experiment
exhibited decreased Ca, Mg, and phosphorus levels and elevated iron and zinc levels in
their carcasses, except in the C IV group, compared with the Niemiec et al. [124] study.
On the other hand, the potassium and manganese levels were higher than in previous
studies [115,125]. Fagbuaro et al. [126] showed lower iron, sodium and potassium levels
than in the current study. Thus, the available literature confirms variations in the mineral
composition of meat.

The increased TBARS concentration in the C Il and C III groups, compared with the
CICa group, could indicate a possible increase in lipid oxidation processes or biological
tissue reactivity within these groups. A decrease in TBARS values in the C IV group might
signify a particular reduction in these oxidation processes. The results indicate that the
effect of calcium in the diet at a level of 10.35% is beneficial from the point of view of lipid
peroxidation in snail tissues.

4.2.2. Experiment II

Post-mortem analyses showed that Mg at 0.72% decreased the proportion of carcass
weight in the body weight of the animals along with carcass weight, favouring an increase
in shell weight. It can be assumed that Mg in the feed above this level begins to have a
negative effect on the weight gain of snails, especially carcass weight. Compared with
the Ligaszewski et al. [127] study, lower carcass weights were demonstrated, along with a
higher share of the carcass in the total body weight of animals.

It was proven that Mg supplementation increases protein utilisation in foods due to
increased protein absorption and synthesis [128]. Stronger protein digestion may be related
to increased sodium-—potassium triphosphatase activity in enterocytes and changes in
membrane transport systems [129]. That could explain the weight gain observed during the
second and third month of fattening of the snails. At 2-3 months, snails achieve complete
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development of their internal organs, marking the beginning of their fattening period.
However, this did not result in an increase in final protein quantity in snail carcasses, as
analyses of the proximate composition showed that adding Mg to the diet contributed to a
linear decrease in protein and ash while increasing carcass fat. It is possible that increasing
magnesium levels in the diet may result in increased deposition of elements in the shell
(thus reducing the ash content of the meat) or reduce the digestibility and absorption of
nutrients such as protein and minerals. This may be related to the possibility of diarrhea
when taking high doses of magnesium in the diet [40]. A study on shrimps confirms Mg
supplementation’s positive impact on animal carcasses’ fat content [105]. It was also shown
that Cornu aspersum carcasses contained five times less crude fat compared with the research
conducted by Niemiec et al. [124] on reared snails fed a diet without added Mg. The crude
protein levels were comparable across the groups.

Experiment II meat mineral assays showed that Mg at 0.72% reduced the meat’s
manganese content. Mg at 0.33% increased the iron and decreased the carcass’s Ca, copper,
Mg, potassium and zinc content. Mg at 0.56% increased manganese and silicone in the
meat. Adding Mg to the diet also resulted in a linear decrease in the sodium and potassium
content of the snail meat. It is worth pointing out that sodium and potassium are the main
positive ions responsible for maintaining animals’ physiological pH levels. Objectively, the
ions’ presence affects muscle contractility and tension. Proper sodium concentrations in
the body also aid the absorption of monosaccharides and amino acids [16]. Reducing the
percentage of these constituents in carcasses may suggest the potential for several disorders
in the organism. The current findings challenge preceding research demonstrating an
inverse relationship between Ca concentrations and Mg and copper concentrations [31].
Reductions in the content of elements like K, Mg, Mn, Na, Fe, and P in the meat of snails
fed with feed mix containing 0.72% Mg can indicate the antagonistic effects between
these elements.

These results partially align with the study’s findings on Roman snails, which showed
an association between Mg, Cu, and Zn in soft tissues [130]. The study by Beeby and
Richmond (2015) displayed that Mg levels did not impact Mg deposition in Cantareus As-
persus snails” bodies, contradicting the present study’s results [131]. However, the element
concentrations used in the cited research were notably low (7202263 ug/g). In contrast to
studies on poultry [118,132], the present study demonstrates that Mg addition affects the
mineral composition of meat by increasing iron levels and decreasing Ca and Mg levels.
Similarly, studies on shrimps that received an elevated Mg dose (254.36 pg/g) in the feed
yielded conflicting outcomes to the current findings. The heightened Mg dosage raised the
copper, zinc, Ca, sodium, and potassium concentration in the organisms’ carcasses. The sole
shared result was the rise in iron levels [105]. The study’s findings corroborate previously
reported links between elevated Mg intake and reduced absorption of manganese [133,134],
zinc [135,136], and Ca [137,138] into body tissues. Both Mg and zinc were proven to min-
imise oxidative stress and free radicals [139,140]. Like Mg, zinc is a component or an
activator of nearly 300 enzymes and plays various biological roles in the body [127,128],
like regulating hormonal functions [141-143] and the immune response [144,145]. Higher
iron content in Mg groups can indicate increasing immunity because immune responses
are, among others, aided by enzymes containing iron, which promote the improvement of
non-specific immunity. [146,147]. Mg supplementation also enhances protein utilisation in
food by increasing protein absorption and synthesis [128]. It was shown that excessive Mg
results in increased phosphate resorption [148], which promotes the formation of Ca salts
that may favour Fe retention in the body [149].

In Experiment II, it was observed that the Mg content of snail meat was higher
compared with the results of Cagiltay (2011) [115] and Fagbuaro et al. [126] but lower than
in the study by Ozogul et al. [125]. In contrast, potassium and manganese contents were
higher than in the last-mentioned study [125]. Snail meat’s zinc content was also lower
than previous studies’ results [120,125,126]. Furthermore, it was noted that the Mg content
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was lower than in the results of Ozogul et al. [125]. The levels of potassium and manganese
in Experiment II were similar to the results of Cagiltay (2011) [115].

The current study showed that Mg content at 0.72% increased TBARS levels compared
with other experimental groups, indicating an increased incidence of oxidative stress.

Significant reductions in the content of a number of elements in the meat of snails fed
with feed mix containing 0.72% Mg can confirm antagonistic effects between these elements,
as shown in previous studies [59,63,66]. Alongside a statistically significant increase in
TBARS, these findings suggest that a high Mg level may be toxic to snails. Generally, the
lack of this element is associated with oxidative stress, inflammation, cytokine production,
and increased free radicals [150-152]. It was proven that the negative impact of Mg on
the body can be neutralised by increasing the availability of Ca and phosphorus in the
diet [153].

4.3. Characteristics of Shells
4.3.1. Experiment I

The study showed that increasing Ca levels positively affected shell weight, as it also
positively affects shell width, and shells may have a higher mineral saturation. It was
proven that increasing Ca content in feed has a positive effect on snails” development and
growth. Also, the results of Ireland and Marigomez (1992) confirm the beneficial impact of
an increased Ca proportion in the feed on the weight of shells [31]. Yet, the results were
lower than those of the Berillis et al. [8] study.

Mineral analyses of the shells showed that Ca at 4.43% increased the Mg and sodium
in shells. For Ca at 6.61%, a reduction in the Ca and iron content of the shells was observed.
Ca at 8.87% contributed to an increase in iron and silicon while decreasing sodium and
zinc. In contrast, Ca at 10.35% increased the Ca content and reduced the amount of silicon
in the shells. As the proportion of Ca in the diet increased, a decrease in copper, Mg,
manganese, and phosphorus and an increase in zinc was observed in the snail shells. The
mechanisms responsible for the deposition of individual minerals in snail shells are still
poorly understood and require further research.

A solidity index increase in response to higher dietary Ca levels was observed. This
change may have implications for shell structural resistance. As such, the study showed
that snail shell crushing force also increased (from 12.44 N to 54.83 N). In addition, an
association was observed between shell crushing force, solidity index, and shell weight
(from 0.29 g to 1.40 g). The current shells’ crushing force was lower than in previous
studies [84,98]. Also, in the present study, if differences in the shell shape index were
statistically significant, they had little impact on crush resistance, and besides the Ca-
deficient group, a higher Ca content enhanced the shell’s crush resistance, unlike the results
of the previous research on Cornu aspersum [84,98]. Also, less Ca was present in the shells:
37-38%, compared to 41.5%.

These relationships may indicate significant interactions between dietary Ca and
physical characteristics and shell strength and the potential influence of individual maturity
on its strength [26,154,155]. Studies on marine gastropods have demonstrated that the low
Ca content of the water causes a substantial decrease in shell hardness [156]. Previous
studies noted that shells of snails fed with insufficient Ca exhibited discolouration, thin
walls, and reduced resistance to crushing. That was particularly evident in the group with
a Ca level of 4.43% [34].

In the current study, there is evidence of earlier maturation of animals under the
influence of increased dietary Ca, like higher body weight, a higher percentage of matured
individuals, and smaller weight and shell size gains in the last month of the experiment.

4.3.2. Experiment II

The study showed that the addition of Mg increased snail shell weight from 1.39 g to
1.61 g. Considering the absence of considerable variations in shell dimensions, it is likely
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that mineral saturation within the shell structure may cause an increase in their mass. The
results are comparable to those of the Berillis et al. [8] experiment.

It was also observed that Mg at 0.72% promoted a higher solidity index of shells
(23.58 g/cm?) and higher shell weight than other experimental groups. In addition, a
reduction in the shell shape index was observed, meaning that the shells became flatter.
Shell crush strength increased up to a level of 0.56% of the dietary Mg content (61.41 N)
and then decreased significantly (to 49.73 N), which is even lower than that of the control
group (57.29 N). The experimental findings have established that the augmentation of Mg
to the extent of 0.56% has a beneficial effect on the strength of the shell, as well as on its
hardness and density (strength index). The shell crushing force can also be linked to the Fe
amount in shell composition. Interestingly, a study on commercially raised Cornu aspersum
in outdoor plots demonstrated more than twice the shell-crushing force compared to the
best-observed result in the current experiment [157]. On the other hand, in a study by
Berillis et al. 2013 [8], the shell-crushing force was up to five times lower than in the current
study. It is plausible that dissimilar measurement techniques account for the disparity.

Mineral analyses of the shells showed that Mg at 0.33% in the diet reduced the Mg,
potassium, Na, and P while increasing the Si content of the shell. Mg at 0.56% increased
iron in the shell while decreasing Zn. In contrast, Mg at 0.72% resulted in a decrease in
iron in the shell. Adding Mg to the diet also contributes to increased Mg in the shell while
reducing the levels of manganese. The antagonistic interaction between magnesium and
other elements is also apparent in the elemental composition of shells, although it is not as
evident as it is in the composition of meat.

Assuming a similarity between hen eggshells and snail shells, the relationship between
increased Mg in the feed and increased Mg in the shell composition is confirmed. However,
this is not the case for Ca—studies on poultry showed that a higher proportion of Mg in
the feed reduced the amount of Ca in the eggshell. The Ca level remained statistically
unchanged in snail shells [158,159]. A study on eggshells found that adding Mg to feed
increased zinc and reduced manganese levels [160]. This study affirms the association
between Mg addition and decreased manganese levels in the shell. Still, the zinc content
was lower in the Mg-added group than in the control group. However, there was an
observable trend of increasing zinc concentration with increasing Mg levels within the
experimental groups. Substantial decreases in the elemental levels, including Fe, K, and
Mn, highlight the antagonistic interactions between these minerals and Mg. It is worth
mentioning that the deposition of Mg and copper within the chicken eggshells increases
along with their respective concentrations in the feed [53,61,62].

It was noted that Mg addition helped accelerate the snails’ maturation process (from
46% to 65% mature individuals), potentially allowing for a shorter fattening period.

4.4. Impact of Ca and Mg

It is crucial to consider that snails excrete some nutrients absorbed from their feed,
which ultimately affects the soil. According to Gomot et al. [83], consuming Ca and Mg-rich
soil, which is a natural behaviour of snails, positively impacts their growth and enhances
the resilience and hardness of their shells. Soils richer in Ca and Mg were also shown to
reduce oxidative stress physiology parameters in snails Pila globose [161]. In addition, a
previous study showed that these kinds of soils are preferred by a wide range of gastropod
snail species [162].

When considering the effect of soil Ca on plants, it should be noted that Ca deficiency
results in reduced plant growth, impairs root system growth, and causes leaf discolouration.
Mg plays a role in the structure of chlorophyll, and thus in photosynthesis, and is also
required for many enzymatic reactions in plant organisms [163]. It was proven that it is
Mg deficiency that is related to the occurrence of plant diseases (17) rather than its excess
(6 linked diseases), which may be linked to the impact of these ion elements on the pH of
the soil and plant immune mechanisms [164]. However, the intended Mg level application
is unlikely to impact soil pH or the availability of Ca to plants (Mg-inducted Ca deficiency),
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as it is comparably low in the feed compared with Ca levels [165,166]. Infiltration of Ca and
Mg into groundwater is possible. Nevertheless, the augmented presence of these minerals
in drinking water has been shown to have beneficial effects on human health [167,168].

Typically, to mitigate low pH, toxic ions, and other ionic imbalances and their harm-
ful effects on plant roots, soil solution concentrations of Ca ranging from 1 to 5 mM
are necessary. Ca and Mg requirements for plants vary with plant species, from 100 to
2000 pg/g [169]. A study on maize showed that ratios of 2:1 to 3:1 of Ca:Mg gave optimum
yield of plants without symptoms of Mg deficiency. Ratios of up to 6:1 also gave satisfactory
results [170]. It can be assumed that additional amounts of Ca in soil can be beneficial for
plants as long as the Ca:Mg ratio is kept at the right level.

5. Conclusions

In the group featuring 10.35% Ca and 0.72% Mg, snail growth was observed to slow
down after three months, accompanied by a decrease in mortality. However, based on
the analysis of total animal mortality and feed intake, it seems that a feed containing
0.56% magnesium would be the safer option, as high Mg (0.72%) could potentially exhibit
slight toxicity towards snails. Shortening the fattening period by 3-4 weeks could increase
profitability for snail farmers.
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