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Artificial ecosystems are a convenient tool for studying the environmental effect on the functioning and inter-
relation between different elements in a model biosphere. An increase in the productivity of artificial ecosystems can
be associated with the introduction of natural decomposers (earthworms), which alter the qualitative and quantitative
composition of the soil microbiota, accelerate the processes of organic matter mineralization, increase the suppressive
activity of substrates, and positively affect plant growth and development. In laboratory experiments, we evaluated the
effect of a biotic factor (Kisenia fetida population) on model system productivity (Lactuca sativa plants). Earthworms
were introduced at 6, 12, 25, 37, and 62 individuals per kg substrate (peat and 10 % of cattle manure). At the experi-
ment’s finish, each plant’s height, leaf area, biomass (fresh and dry), photosynthetic pigment content, and photosystem
IT photochemical activity parameters were measured; earthworms and cocoons were counted; and the earthworms were
weighed as well as worm cast. [t was found that earthworms reproduced successfully in all microcosms, increasing their
population. The earthworm population’s size in the microcosm affected the lettuce plants’ vegetative growth and physi-
ological and biochemical parameters. The earthworms also significantly affected lettuce productivity and photochemical
quenching coefficients. The effect of earthworm population size had a classical ecological form and could be described by
an optimum curve (Shelford’s law of tolerance). Maximum plant productivity and vegetative growth were achieved with
25 and 37 earthworms per kg substrate. These data can be extrapolated to the biosphere’s natural elements and can be
used to develop artificial ecosystems and increase greenhouse system productivity.

Keywords: earthworm, lettuce, microcosm, photochemical activity of photosystem, photosynthesis, productivity,
Shelford’s law of tolerance.
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Venonb3oBanne HCKYCCTBEHHBIX AKOCHCTEM sSIBJISIETCS Y00OHBIM MHCTPYMEHTOM JIJIsi N3YUeHUst BIAUSAHUS (DAKTOPOB
OKpysKatoIeil cpejibl Ha (QYHKIMOHUPOBAHIE PA3JIMUHBIX SJIEMEHTOB B MOJIeJbHOI clicTeMe 1 B3aUMOCBS3U Me/Y
numn. [loBeimenne nx mpoyKTHBHOCTI MOKeT ObITh CBA3AHO ¢ BBEJIEHIEM B HUX CTeCTBEHHBIX PEJIYIIEHTOB (JI0KeBbIX
depBeil), KOTOpPbie N3MEHSTIOT KAYeCTBEHHBIN 1 KOJNYECTBEHHBIN COCTAB II0YBEHHOI MUKPOOUOTHI, YCROPSIOT IIPOIIECCh
MUHEPaIN3aliil OPraHyecknx 0OTX0/0B, YBETMUNBAIOT CYIIPECCUBHYIO AaKTUBHOCTD CYyOCTPATORB, TTOJIOKUTEIbHO BJINSIOT
Ha pocT U pasBuTHe pactenuii. B xoje 1abopatopHbIX HKCIIEPUMEHTOB YCTAHOBJICHO BIUsHIE OHOTHYeCKOro hakTopa
(momyasinuu {osieBbIX yepseil Eisenia felida) na npojyRTUBHOCTH MOJICJIBHOI cucTeMbl (OnoMacca pacTeHuii caara).
JloskmeBoix uepBeii BHocmin B Koamaectse 6, 12, 25, 37 1 62 ocobeii /kr cyoerpara (topd u 10 % maBosa KpymHoro poratoro
ckota). B KoHIle 9KcIepnMenTa n3MepeHbl BBICOTA KasK0T0 pacTeHus, MI0Ma/b JICcTheB, OnomMacca (cBeskas n cyxas),
cotepskarne POTOCUHTEOTHYCCKUX MUTMEHTOB 1 napamerpbl oroxumnueckoii akrusHoctu gorocucrembr 11; yureno
KOJIIYECTBO U MACCa JIOMKIeBBIX YepBeil, KOJNYeCTBO KOKOHOB, a TaAK:Ke BbIXOJl KOIPOJIITa. Y CTAHOBJIEHO, UTO JIOKIIeBbie
YepBH YCIENTHO PAa3MHOKAINCH BO BCEX MUKPOROCMAX, YBEJINYIBAS CBOTO HOMYIAINIO. UMCTIeHHOCTE TOTYIATNNT TOKIeBBIX
depBeil B MUKPOKOCME BIIHSIA HA BEreTaTUBHBIN pocT 1 PU3MOJOTHUeCKIe 1 OHOXUMITYECKITe TapaMeTpbl i POJYKTHBHOCTh
pacrenuii canara, a rakke KoauimeHTs GOTOXNMUYECKOTO TyIIeHns. BinsiHue 4ncjaeHHOCTH MOTYISINN 0K/eBbIX
4yepBeil Ha IPOJYKTUBHOCTh MOJIEIbHOI CHCTEMbI TMEJTO RIACCHYeCKYI0 DROTOTHYECKYIO (DOPMY 1 OITIMCAHO KPUBOIT ONTHMYMA
(3aron ronepanrnoctu [llendopra). Makcumanbuas npoyKTHBHOCTb PACTEHNIT U BEreTaTUBHBIN POCT JOCTUTAINCEH HIPH
251 37 nomAeBBIX YepBAX/Kr cybeTpaTa. ITH JaHHbIe MOTYT ObITh SKCTPATIOIPOBAHBI HA €CTECTBEHHbIE BIeMeHThI 0110c(ephl

1 NCITOJB30BAaHbBI [ITTA CO3AaHMA NCKYCCTBEHHBIX 9KOCHCTEM U TTOBLITIeH A ITPOJIYRTUBHOCTU TEIJIMYHBIX CUCTEM.

Katouegwte cro6a: 0KEBOIL UePBD, JIATYK, MEKPOKOCM, (DOTOXIMHUUYECKAS AKTHBHOCTE (oTOCHCTeMBI, (POTOCHHTES,

MTPOJYKTUBHOCTD, 3akoH ToepanTaoctu llendoppa.

Model ecosystems differing in closure
levels, size, complexity, components, and tem-
poral boundaries are of particular interest to
researchers because they provide information on
ecological processes and biogeochemical cycles;
interactions between species and populations;
and the impact of abiotic, biotic, and anthropo-
genic factors [1-3].

Such systems can comprise different num-
bers of elements: from the simplest, comprising
single producers, consumers, and decomposers,
to complex closed multi-component ecosystems,
such as controlled closed ecological life support
systems [1]. Their use overcomes the problem of
developing working ecosystem models to study
ecological processes, create life support systems
for space purposes, ensure a high quality of hu-
man life in extreme environmental conditions,
solve pollution problems, and develop highly
productive sustainable agriculture |3, 4]. Closed
artificial ecosystems used to create autonomous
high-tech biocomplexes for use in far-north
regions and space expeditions deserve special
attention [1].

Artificial ecosystems enable the study of
interactions between the basic elements of any
agro-system and solving of applied problems:
increasing the productivity of plants included
in these systems, controlling plant pathogens,
and organic waste recycling [3, 5]. The solutions
to these problems can be associated with intro-
ducing earthworms into model systems, natural
decomposers that also change the qualitative and
quantitative compositions of the soil microbiota
and plant rhizosphere zone, increasing the an-
tagonist species of soil phytopathogens and plant
growth promoters. Therefore, introducing earth-

worms changes the system. Earthworms act as
catalysts for two major ‘supporting services’,
soil formation and nutrient cycling, which are
prerequisites for other services [6]. Earthworms
affect plant growth positively, play a major role
in soil function, and are responsible for many
ecosystem services [0—8]. The presence of earth-
worms or vermicompost alters plant morphology
and pathogen resistance [6] and increases plant
biomass by 23 % and yield by 25 % [8]. However,
some reports show neutral or adverse effects of
earthworms on plants [6, 7, 9]. Factors such as
soil characteristics, plant species and physiol-
ogy, and earthworms play important roles in
this process [5]. Studies on earthworm-plant
interactions may contribute significantly to a
more comprehensive understanding of terrestrial
ecosystems and the development of more envi-
ronmentally friendly agricultural practices [7].
However, understanding how all these
components function is necessary to optimise
the functioning of the whole system, from pho-
tosynthesis (crealing organic substances) (o
recycling. This knowledge will enhance under-
standing of the mechanisms and consequences
of earthworm introduction, the size of their
introduced population, and the time necessary
for ecosystem productivity. Moreover, well-
designed laboratory experiments with closed
ecosystems and field experiments, coupling
basic biological and soil science measurements,
enable us to better understand how the system’s
mechanisms function and fill knowledge gaps.
There is much experimental research on the
effect of worms such as Aporrectodea caliginosa,
Pontoscolex corethrurus, Metaphire guillelmi, Oc-
tolasion tyrtaeum, and Allolobophora chlorotica.
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However, there is insufficient information about
the effects of Eisenia fetida on plants and their
productivity in closed artificial systems.
Therefore, this study aimed to investigate
the effect of initial Eisenia fetida populations
introduced into an artificial model ecosystem
on lettuce vegetative growth, productivity, and
physiological parameters and the earthworms’
characleristics and productivity.

Materials and research methods

The effect of earthworm population size
(individuals per kg substrate) was investigated
in laboratory experiments. The model ecosys-
tems (microcosms) comprised a peat substrate
into which the earthworms were introduced and
lettuce plants were planted. Experiments were
set up in plastic opaque experimental pots (2 L
volume) and used deoxidised high-moor peal
(80 % moisture) supplemented with 10 % cattle
manure (80-90 % moisture; by weight) with a
total substrate mass of 800 g. Substrate moisture
was maintained at 80—85 % and temperature at
15-22 °C during the experiment [10].

The peat used in the experiments was ob-
tained from the Ust-Bakcharsky peat deposit
(Chainsky district, Tomsk region, Russia). Its
substrate agrochemical characteristics were the
following: pH (KCI) 6.9+0.1,0.65+0.07 N-NH,
g kg™, 0.16 £ 0.02 N-NO, g kg™', 1.06 = 0.17
P,0 g kg™, and 0.35 £ 0.08 K,0 g kg™".

Adult E. fetida (Sav.) earthworms were col-
lected from a laboratory where they were reared in
controlled conditions (16 + 2 °C, in the dark, and
~80 % moisture by mass) on a mixture of peat,
vegetable rests, and cattle manure. The earthworm
E. fetida is often used in vermicomposting due
to its ability to decompose agricultural organic
residues, adaptability to different environmental
conditions, rapid reproduction, and effects on soil
nutrient availability and plant growth [11, 12].

Earthworms were chosen for the experiment
and test preparation as described in the paper
[5]. Sub-adult individuals of similar size and
developmental stage were selected. Earthworm
weight (combined weight per treatment) was
recorded at the beginning (m ) and end (m,) of
the 61-day exposure. After seven days of sub-
strate preparation, in all earthworm treatments,
earthworms were introduced at 6, 12, 25, 37, or
62 individuals per kg substrate. At the experi-
ment’s end worm fecundity and worm cast were
determined. Worm fecundity was calculated as
the sum of hatching and non-hatching worms
(cocoons) per adult. The substrate in all micro-

cosms was sieved (2 mm), and worm casl was
calculated as its percentage weight difference
in microcosms with and without worms [10].

Control microcosms (without earthworms)
were prepared and incubated simultaneously.

After seven days, five pre-germinated let-
tuce (Lactuca sativa 1. var. longifolia variety
‘Adamant’) seeds were transferred to each
microcosm. Plant growth was performed under
controlled conditions: 8 kLq fluorescent lamps
(110 wmol m2-s7! photosynthetic photon flux
density) for 12 h per day, and 20-22 °C (day)
and 15—17 °C (night) temperatures.

The experiments comprised 64 days of grow-
ing plants (68 days from substrate preparation).
Plant heights were repeatedly measured during
the experiment to determine their growth rate.
Atthe experiment’s end (54 days after transplant-
ing), each plant height, leaf area, and biomass
(fresh and dry) were measured. The photochemi-
cal activity parameters of photosystem II, PS I,
were measured on a dark-adapted plant leaf with
a Junior-PAM fluorimeter (Heinz-Walz, Ger-
many). A special leaf clip holder was placed on
each leaf to maintain dark conditions for at least
30 min before taking a reading. The maximum
potential quantum efficiency of PS II, Fv/Fm,
the PS I effective quantum yield, Y (II), and the
quantum yields of light-induced, Y(NPQ), and
non-light-induced, Y(NO) non-photochemical
fluorescence quenching (NPQ) were calculated
with the WinControl-3 software for PAM fluo-
rometers. After determining the photochemical
aclivity parameters primary photosynthetic
pigment content was also measured on the same
leaf spectrophotometrically (Eppendorf BioSpec-
trometer fluorescence, Germany) [13].

The peat substrate in the pots was poured
out, earthworms were carefully collected, and
the substrate on their surface was removed af-
ter determining the plant characteristics. The
numbers of earthworms (adults and juveniles)
and cocoons were counted, and the earthworms
were weighed (m, was the weight of worms at the
experiment’s end).

All experiments were performed in three
independent biological replicates of five plants
per microcosm. All data were tested for ho-
mogeneity of variance and normality with the
Kolmogorov-Smirnov test. The experimental
data are presented in tables as medians (Mé)
and figures as means with standard errors of
the mean (M = mM). Differences between groups
were assessed using nonparametric Mann-Whit-
ney U tests, considering p < 0.0 as statistically
significant.
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Results and discussion

The main characteristics of Fisenia fetida
populations in the microcosms. The effect of
E. fetida earthworm density in a closed system on
lettuce growth and development on a peat-dung
substrate without amended mineral nutrition
was studied for the first time. Another original
feature of this study was investigating the main
characteristics and the initial population of
earthworms in microcosms.

In our experiments, all introduced earth-
worms survived. We did not find earthworms in
microcosms that did not have F. fetida introduced
atthe beginning of the experiment, indicating no
contamination among microcosms. Earthworm
abundance increased in all microcosms (Table 1).
Earthworms show excellent survival, fecundity,
and substrate processing in laboratory experi-
ments. Adult earthworm biomass increased by
36.6 and 27.0 %, respectively, in microcosms
with 6 and 12 earthworms, while it decreased by
9.5-28.0 % in the other microcosms.

The number of earthworms (adult and juve-
nile) at the experiment’s end was higher in mi-
crocosms with larger initial population sizes. In
microcosms with 62 earthworms, there was only
a small increase in their final population size.
However, in microcosms with 37 earthworms,
theirnumbers doubled. Similarly, in microcosms
with 67 earthworms, their numbers increased
1.2-fold. Impressively, in microcosms with
12 earthworms, their final numbers increased
4.6-fold. The earthworms laid similar numbers
of cocoons during the experiments with initial
12—-37 earthworms. However, the number of
cocoons was two-fold lower in microcosms with
67 earthworms at the end of the experiment.

Previous studies focused on the effects
worms had on plant development, heavy metal

absorption, soil nitrogen content, and emission
when introduced into the substrate. However,
studying worm population and productivity
parameters and vermicomposting processes is
insufficient. Researchers usually counted the
number and weight of worms at the beginning
and end of the experiment and noted the pres-
ence of cocoons or worm casts. The choice of the
number of worms for the laboratory experiment
was not always justified and was calculated
based on their population density in nature [9,
14, 15].

In our experiments, one main focus was
studying the effect of the initial earthworm
population on substrate volume. We also stud-
ied the size of the earthworm population for
optimal coexistence in microcosms comprising
earthworms and plants. Moreover, the efficiency
of vermicomposting depends on earthworm bio-
mass and population structure [12].

In addition, we included a seven-day rest
period between substrate preparation and
earthworm introduction and lettuce seedlings
planting. This rest period was necessary for the
preliminary adaptation of earthworms to the mi-
crocosm’s conditions. Therefore, we attempted to
create close to natural conditions for the system’s
functioning and optimal living conditions for
all its components. Other studies planted plants
before adding earthworms [15—17] and mineral
nutrition to improve plant growth during the
experiment [15]. In addition, they used natural
soils as a substrate [9, 14—16, 18].

Almost all studies noted a relatively high
survival rate of earthworms in experiments.
However, many noted lower per-earthworm
weights [10, 14—16], especially when using a
poor soil [9]. Some studies have shown that add-
ing artificial nitrogen to the substrate or couple
cultivation of earthworms and nitrogen-fixing

The main characteristics of Kisenia fetida population in the microcosms (Mé) table
Microcosm Worm weight of one Worm Cocoon number, | Fecundity, | Worm cast,
individual, g number, psc. psec. psc./worm %
m, m,

0 worms
(Control) 0 0 0 0 0 0
6 worms 0.19 0.25 20.0 25 6.2 3.44
12 worms 0.19 0.24 99.2 34 6.1 8.04
25 worms 0.21 0.19 65.6 36 3.1 8.50
37 worms 0.19 0.16 76.5 34 1.9 2.33
62 worms 0.18 0.13 77.5 16 0.5 8.27

Note: m,—earthworm weight (combined weight per treatment) at the beginning of the experiment; m,— earthworm weighl

al the end of the 6 1-day exposure.
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Effect of Eisenia felida abundance on Lactuca saliva vegetative growth parameters (Mé) Table 2
Microcosm Height, cm | Growth rate, cm per day | Leaf area, cm? Productivity, kg/m?
0 worms (Control) 21.60 0.080 264.62 2.82
6 worms 20.90 0.082 306.94%* 2.48%
12 worms 21.40 0.091* 331.78% 3.06%*
25 worms 21.80 0.095* 351.70%* 3.1
37 worms 22.10 0.070* 385.96%* 2.85%
62 worms 19.95 0.081 293.18%* 1.58%*

Note (here and further in tables 3, 4): * — differences from a microcosm without earthworms are significant at p < 0.05.

plants increased earthworm biomass, survival,
and reproduction [12]. In our study, decreases
in E. felida reproductive activity with increasing
initial abundance in these ecosystems were likely
due to a lack of food resources (10 % manure
in a peat substrate), which acted as a limiting
factor. Therefore, according to our results, the
experimental conditions (microcosms) favoured
L. fetida development and reproduction. In ad-
dition, this earthworm species is well-suited and
adapted to microcosms with lettuce maintained
under abiotic conditions.

Effect of Eisenia fetida on Lactuca sativa
vegetative growth parameters. According to our
results, introducing F. fetida earthworms in peat
substrate stimulated L. sativa productivity in a
pot laboratory experiment (Table 2). The plant
growth rate in microcosms with earthworms
was significantly higher than in those without
earthworms (p < 0.05). Plant leaf areas were
11-45 % larger in microcosms with earthworms
than without them. The earthworms also signifi-
cantly affected lettuce productivity.

Earthworm introduction (12-37 earth-
worms per microcosm) tended to increase plant
height. The more earthworms there are in the
microcosms, the greater stimulating effect on
the lettuce plants, up to a certain limit: 37 in-
dividuals per kg substrate (2102 individuals
per m?). Further increases in earthworm initial
population size had adverse effects, inhibiting
lettuce plant growth and productivity. In our
opinion, this effect may be due to the competition
of earthworms and their microflora with plants
for the limited nutrient content in the substrate
and damage to their root system associated with
earthworm movements in the root zone. Pos-
sible damage to plant roots due to earthworm
movement in the soil was found in Arabidopsis
thaliana plants grown in closed-space micro-
cosm. Multiple rool injuries were caused by
earthworms, which led to wounding stress [9].

Few studies have examined the effects of
earthworm population size on plant growth in

artificial model systems in the laboratory. It was
reported that worms had a more significant effect
on plant growth and development at a population
density of >400 individuals per m?2, correspond-
ing to >7 individuals per kg [19]. Many reports
on the beneficial roles of earthworms in model
systems support our results and the positive
effects of earthworms and vermicompost on
plants and their productivity |9, 8, 15, 16, 18,
20]. Due to earthworm activity, plants received
more nutrients, and soil structure improved [7,
10, 20, 21].

Therefore, our data show that the benefi-
cial role of earthworms on plants depends on
population size. An increase in the number
of earthworms above the established limit
(>37 individuals per kg substrate) had adverse
effects. This limit must be accounted for when
developing terrestrial model systems comprising
producers (plants) and decomposers (earth-
worms), where the population size of the latter
should be regulated both when functioning sys-
tems are established and during their long-term
maintenance.

Effects of Eisenia fetida on Lactuca sativa
photosynthesis. Photosynthesis is an essential
process on which the productivity of systems
ultimately depends. Maintaining high photosyn-
thetic pigment levels is an important indicator
of the plant’s physiological state under stress
[22]. Our experiments showed that introduc-
ing I. fetida earthworms into the microcosms
increased photosynthetic pigments in lettuce
plants (Table 3). Their chlorophyll (a and b) and
carotenoid contents were higher in microcosms
with than without earthworms. The chlorophyll
a contentin lettuce leaves increased by 26—82 %),
chlorophyll b — by 32-80 %, and carotenoid —
by 6-65 %, depending on the population size of
earthworms in the substrate. Increases in the
earthworm population size in the microcosm up
to 37 earthworms per kg substrate significantly
increased pigment content. The introduction
of >37 earthworms decreases pigment content

31
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Table 3
Effect of Eisenia felida abundance on Lactuca sativa leaves’
photosynthetic pigment content (mg/g fresh weight) (Mé)
Microcosm Chlorophyll a Chlorophyll b Carotenoids
0 worms (Control) 0.57 0.25 0.17
6 worms 0.72* 0.37* 0.18
12 worms 0.83* 0.38* 0.23%*
25 worms 0.86* 0.40* 0.25%
37 worms 1.04%* 0.45% 0.28%
62 worms 0.72* 0.33 0.22%
Table 4
Effect of Eisenia fetida population on Lactuca sativa leaf fluorescence values (Mé)
Microcosm | Maximum PS 11 Effective PS 11 Quantum yield Quantum yield
efficiency, quantum yield, of non-regulated of regulated non-
Fv/Fm Y (1) non-photochemical photochemical
fluorescence fluorescence quenching,
quenching, Y(NO) Y (NPQ)
0 worms 0.836 0.723 0.165 0.104
(Control)
6 worms 0.825 0.718 0.163 0.112
12 worms 0.838 0.737 0.157 0.101
25 worms 0.848 0.734 0.163 0.098
37 worms 0.850 0.742 0.153 0.104
62 worms 0.835 0.715 0.167 0.115

below the maximum values, making these
microcosms less effective in increasing plant
productivity.

The chlorophyll content in plant tissues is
determined primarily by the presence and ratio
of nutrients in the substrate on which plants
grow. Therefore, it can be concluded that worms
beneficially increase or change the ratio of the
nutrients and trace elements in the substrate
for plant cultivation [8, 10, 20]. Increases in
photosynthetic pigments in the presence of
earthworms are likely due to the enhanced avail-
ability of nutrients such as N, P, K, Mg, Fe, and
Cu. These are required to produce chlorophyll,
which is essential for light harvesting and its
conversion into chemical energy via photo as-
similation [8, 23].

Our findings are supported by the fact
that earthworm supplementation (E. fetida)
increased carotenoid, anthocyanin, flavonoids
and xanthophyll content in 30- and 60-day-old
Brassica juncea 1. plants [24]. The presence of
earthworms in the substrate positively affects
plants and their pigment content and the release
of small amounts of vermicompost, vermiwash,
and humic acids from vermicast into the sub-
strate [11, 20, 24]. During vermicomposting,
earthworm-mediated decomposition releases
plant-available forms of N, P, and K from or-
ganic residues as they ingest organic material,

grind it with a gizzard, and pass it through their
gul [12]. Vermicomposting is a biological de-
composition process involving the interaction
of earthworms and microorganisms to convert
different organic waste types into nutrient-rich
manure.

In our experiments in microcosms with
earthworms (12-62 individuals per kg sub-
strate), we observed a carotenoid content of
29-65 %, depending on the number of earth-
worms. The highest carotenoid content was in
microcosms with 27 earthworms. This outcome
can lead to partial infections and greater stress
resistance in plants associated with the activa-
tion of nonspecific antioxidant systems. Since
carotenoids are involved in quenching reactive
oxygen species and reducing oxidative stress
intensity, maintaining their levels in plants is
one factor in plant stress resistance [22]. Carot-
enoids also contribute to PS Il complex forma-
tion in the membrane [25]. Therefore, our result
may partially indicate greater stress resistance
in plants associated with the activation of non-
specific antioxidant systems.

Photosynthesis is an essential process in
plants. Most stressors change the course of
photosynthetic processes, increasing NPQ and
affecting other photosynthetic parameters [26].
The PS 11 photochemical activity parameters
were determined to assess the effect of earth-
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worms on lettuce plant photosynthetic function.
The Fv/Fm value reflects the potential PS 11
quantum yield and is a sensitive indicator of the
photosynthetic system’s functional state [22].
The PS 11 photochemical activity parameters
were studied to assess the effects of introducing
earthworms into the substrate and their popula-
tion size on the lettuce leaf photosynthetic func-
tion (Table 4).

In our experiments, introducing earthworms
into microcosms caused an increase in Fv/Fm
compared to microcosms without earthworms,
indicating that the substrate’s increased earth-
worm population did not damage PS Il in chlo-
roplasts in lettuce leaves. Similarly, the absence
of significant changes in Y(II), Y(NPQ), and
Y(NO) values indicates no pronounced stress
response of plants to the presence of earthworms.
Lettuce plants grown in microcosms with dif-
ferent numbers of earthworms showed similar
maximum efficiency and effective PS I quantum
yield, with slightly higher values at 12—37 worms
per kg substrate. A significant increase in the
photochemical quenching coefficient in the ex-
perimental microcosms was observed, indicating
more open PS Il reaction centres. The non-pho-
tochemical quenching index tended to be higher
in plants grown with earthworms than without
them. However, this index was significantly
(p < 0.05) lower in microcosms with 25 earth-
worms (0.418) than without earthworms.

Therefore, introducing earthworms into the
microcosm did not adversely affect the photo-
synthetic function of lettuce leaves. It even had
a protective effect on the PS Il photochemical
activity, except with 25 earthworms in the mi-
Crocosm.

The overall pattern of effects from intro-
ducing earthworms, depending on the initial
population size, on the lettuce development in
microcosms. We noted that the effects of intro-
ducing earthworms into the substrate on lettuce
generally obeyed Shelford’s law of tolerance. Its
optimal range is determined by the organism’s
tolerance to that factor.

A convex curve with an extremum (optimum
curve) describes the influence of environmental
factors on an organism. This pattern is demon-
strated in Figure using the relationship between
the mass distribution of lettuce plants and the
number of earthworms in the substrate of model
ecosystems as an example. This figure shows
that the convex curve’s extremum corresponds
to the number of worms in the substrate at
which the maximum lettuce masses are observed
(20—40 individuals per kg substrate). Includ-
ing 37 individuals in the substrate affected the
biomass of lettuce plants the most, with a 24 %
increase in this microcosm compared to plants
in microcosms without earthworms.

Other plant vegetative growth parameters,
pigment content, and fluorescence indices can
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be similarly described. According to the data
presented, the optimum zone also includes
earthworm numbers in the indicated range. The
maximum productivity and plant development
values were found with 25 and 37 earthworms
per kg substrate. Therefore, the effect of the
number of earthworms introduced into the mod-
el system’s substrate had a classical ecological
form. It can be described using formulae for
optimum (tolerance) curves, the estimation of
which can significantly affect the stabilisation
and increase in plant productivity in artificial
ecosystems.

Conclusion

Successful coexistence of all ecological fac-
tors was observed in artificial model systems
(microcosms) comprising a substrate (peat and
manure), producers (lettuce), and decomposers
(earthworms). With all initial population sizes
(6-62 earthworms per kg substrate), earth-
worms reproduced successfully, increasing their
population. The size of the earthworm population
in the microcosm affected the development and
physiological and biochemical parameters of
lettuce plants. The classic Shelford’s tolerance
curve generally characterises population size
dependence for earthworms. Plants showed max-
imum productivity and their highest physiologi-
cal and biochemical parameters in microcosms
with 12—-37 earthworms per kg substrate. This
finding shows that in artificial biosphere-like
systems combining production and reduction
processes it is necessary to study the optimal
densities of reducers and regulate them during
long-term operation for the successful coexis-
tence of all model system components.

The reported study was partly carried out within
the State Assignment of the Siberian Federal Scientific
Center of Agrobiotechnologies of the Russian Acad-
emy of Sciences FNUU-2021-0005.
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