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ENVIRONM ENTAL M ANAGEM ENT: RESTORATION OF THE BIOTIC  
C O M PO N EN T OF ANTHROPOGENICALLY LOADED ECO SYSTEM S

Purpose. Development of principles for managing restoration processes in anthropogenically stressed ecosystems.
Methodology. Standardised methods of laboratory and field research were used, as well as methods of statistical pro­

cessing of experimental results. To assess the state of anthropogenic load, standardised methods based on the use of 
maximum permissible concentrations of substances were applied. The dynamics of intra-ecosystem processes were stud­
ied using quantitative and qualitative assessment methods, including biodiversity, soil condition, surface water bodies, 
and anthropogenic impact factors. Statistical analysis was performed using the Corel Quatro Pro 7 statistical package.

Findings. The main theoretical and methodological provisions of the developed concept of hyperadaptation are 
presented. The patterns of the relationship between the hormetic effect and the tolerance range are established, and it 
is proven that the hormetic effect for ecosystems is a shift in stability (adaptability) towards optimality. The regulation 
mechanisms of ecosystem processes have been studied by examining direct and reverse links. It has been proven that 
reverse links preserve the integrity of the structure and functions of anthropogenically loaded ecosystems, and the 
duplication of reverse links increases their biotic potential and, consequently, their resistance to anthropogenic influ­
ences. A regulatory-functional scheme is presented that characterises the response of biota to external influences -  
the dynamics of changes in the environment of their existence. It has been proven that biotic potential is capable of 
reflecting the tendency of internal self-organisation, performing an adaptive function. A methodology has been pro­
posed for assessing the effectiveness and reliability of the functioning of ecosystem self-regulation mechanisms under 
anthropogenic influences. It has been proven that in order to improve the ecological management of anthropogeni­
cally loaded ecosystems, application of phytotechnologies that ecosystems include in intra-ecosystem processes (to 
restore “damaged” components) as a reserve phytocomponent may be effective.

Originality. The dependence of the biotic potential of ecosystems on the influence of anthropogenic factors has 
been established, and mechanisms for managing anthropogenically loaded ecosystems through regulation of intra­
ecosystem processes is proposed.

Practical value. The results obtained allow for the improvement of the ecological management of ecosystems un­
der an increased risk of ecological imbalance. The developed methodology will allow the use of economically sound 
measures to increase the biotic potential of ecosystems, in particular phytotechnology.

Keywords: environmental management, environmental sustainability, biotic potential, ecosystem regulation

Introduction. Today, ecosystems are viewed as systems 
that, under the influence of anthropogenic loads, are ca­
pable of preserving their structural and functional proper­
ties in a spatial-temporal range. A distinctive feature of 
ecosystems is the presence of a significant number of 
structural elements and the existence of a complex net­
work of interrelationships between them, which enable 
them to counteract negative anthropogenic impacts [1,2].

Any ecological system has a hierarchical structure 
and is represented as a set of elements of different levels 
of integration, each of which performs a specific func­
tion. However, even under conditions of anthropogenic 
impact, ecosystems remain relatively balanced due to 
their emergent property, which acts as a kind of bifurca­
tion point at the stage of formation of their regulatory 
mechanisms, in particular, mechanisms of ecological 
stability. Regulatory mechanisms are capable of provid­
ing ecosystems with a certain level of resistance to vari-
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ous stressful anthropogenic factors [2, 3]. Due to their 
emergent nature, ecosystems are capable of self-preser­
vation, which is ensured by the functioning of their bi­
otic components [4]. Living organisms, due to the im­
portance of the functions they perform, occupy a leading 
place among other structural elements of ecosystems, 
directly influencing their ecological stability [5, 6].

Literature review. A number of authors [7, 8] con­
duct their research on the functioning of ecosystems and 
their energy-information transformations, relying on 
the laws of synergetics and thermodynamics. In the 
course of such research [9, 10], it has been proven that 
ecosystems, under stressful conditions, have the ability 
to recover. However, in modern conditions, due to in­
tensive anthropogenic impact, ecosystems are unable to 
achieve a balanced, stable state of functioning, undergo­
ing significant irreversible changes.

The ecological state of ecosystems is determined by 
their functioning regime [11, 12]. It has been proven that 
the number of probable states of ecosystems is limited 
and does not allow them to adopt arbitrary alternative
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states [13, 14]. This limitation of ecosystem alternatives 
is determined by their ‘jerky’ structural and functional 
reorganisations, which are caused by the characteristics 
of external influences and the levels of basic parameters. 
At the same time, such limitations of ecosystems do not 
affect their integration and, in particular, their hierar­
chical organisation [15, 16]. At extremely high levels of 
external anthropogenic influences, internal ecosystem 
recovery mechanisms are unable to maintain ecosys­
tems in their original state. And due to radical restruc­
turing in a new state, they may lose their ability to main­
tain their stable state [17, 18]. The transition of ecosys­
tems to an alternative state usually occurs when they 
enter an ‘acute’ mode of functioning, which occurs after 
their structural and functional restructuring, ‘forcing’ 
ecosystems to activate mechanisms for selecting an al­
ternative mode of functioning [18, 19]. Such internal 
ecosystem restructuring rarely leads to a positive alter­
native scenario for ecosystem development; on the con­
trary, it often manifests itself in the form of crises, cata­
clysms and environmental disasters [20, 21].

Unsolved aspects of the problem. Thanks to biotic 
and abiotic components connected by material, energy, 
and information flows, ecosystems are ‘separated’ from 
similar ecosystems by a certain degree of closed-loop 
material circulation and form the dynamics of intra­
ecosystem processes [22, 23]. At the same time, when 
exposed to exogenous anthropogenic factors, ecosys­
tems are brought out of a state of dynamic equilibrium 
and their biotic renewal processes are disrupted. If this 
external influence is not too strong, the disturbed intra­
ecosystem mechanisms are almost completely restored 
or replaced by others, and the process of transferring 
matter, energy and information continues. From this 
point of view, succession, which is a process of sequen­
tial changes in ecosystems accompanied by changes in 
the states and properties of all their components, should 
be considered in the context of the ability of ecosystems 
to preserve their natural recovery mechanisms [3, 6].

Some authors note [7, 21] that the law of tolerance 
shows that the balanced functioning of ecosystems is de­
termined by the magnitude of the deviation of the fac­
tors influencing them from the optimum. It is the toler­
ance range between the levels of deviation and optimum 
that determines the stability (resilience, tolerance, sur­
vival) of ecosystems to the action of this factor. This 
state is determined by a set of tolerance ranges of all in­
dividuals in populations and is always wider than the 
range of individual tolerance. However, an unbalanced 
value of one factor narrows the tolerance ranges for oth­
er factors (cross-sensitivity) and reduces the level of 
ecological stability of ecosystems [1, 2]. In our opinion, 
the tolerance range can also be called the ontogenetic 
tolerance potential (OTP), since it reflects the possible 
values of tolerance fluctuations (resilience, viability) ob­
served throughout ontogenesis and determined by the 
genome of an organism or the metagenome of a specific 
species population. We believe that from an evolution­
ary point of view of ecosystem development, we can also 
talk about the evolutionary potential of tolerance (EPT) 
as the potential for adaptability of a species/population 
due to genetic and/or epigenetic changes in a number of 
generations of a specific species population. Unlike 
OPT, which is more or less fully realised in ontogenesis,

EPT will only mean an assessment of the direction of 
evolutionary changes. Accordingly, a change in EPT is 
possible, first of all, due to modifications (mutations) in 
individual genomes (microevolution), although shifts in 
EPT parameters due to epigenetic processes (genetic as­
similation) are not excluded [21].

The degree of prosperity of a population/species de­
pending on the characteristics of the acting factors 
(stressors) is represented by the Shelford curve, with the 
maximum values of the factors at which their optimal 
functioning is observed [1, 19]. There are obligate (man­
datory), facultative (partially mandatory) and neutral 
types of factors. It should be noted that a neutral factor 
on the Shelford curve will resemble a dose-dependent 
relationship, where at zero value of the factor, the or­
ganism will not experience any effects. The study is de­
voted to investigating the influence of neutral factors on 
intra-ecosystem processes under conditions of anthro­
pogenic impact on ecosystems.

The purpose of the study was to develop principles for 
managing biotic restoration processes in anthropogeni- 
cally stressed ecosystems.

The task was to develop a methodology for studying 
the dynamics of intra-ecosystem processes that ensure 
the ecological stability of ecosystems; to introduce meth­
ods to strengthen the restorative natural mechanisms of 
self-regulation by enhancing the realisation of the biotic 
potential of anthropogenically loaded ecosystems.

Research methodology. The research is based on 
standardised methods using maximum permissible con­
centrations (MPC) approach [24, 25] and the require­
ments for establishing European water quality standards 
set out in Article 13 of Directive 2008/Ш5/ЕС [26]. The 
methodological approaches for determining MPC 
(Ukraine) and/or limit values (LV) (the European 
Union) for establishing water quality standards are prac­
tically identical.

The research was conducted using a comprehensive 
analysis of the ecological state of ecosystems, their 
quantitative and qualitative assessment, including bio­
diversity, the state of soils, surface water bodies and fac­
tors of anthropogenic impact on them. The following 
formula was used to establish the biotic potential of an- 
thropogenically loaded ecosystems

*=1 K r bim +  I sa
(C  • K  + C2 • Ks+ Cn • Ks) '

• K,
i=1

where Krbim is the biomass criterion characterising via­
bility under changing environmental conditions; Isam is 
the self-purification index; C1, C2, Cn are the concentra­
tions of pollutants; n is the number of pollutants; Ks is 
total self-purification coefficient from pollutants, 0.7; Kz 
is river and wastewater mixing coefficient, 0.8 for medi­
um-sized rivers.

During the research, standardised biotesting meth­
ods [27] were also used as sensors of the biotic potential 
of anthropogenically loaded ecosystems.

The self-purification capacity of an anthropogeni- 
cally loaded river section was assessed using the follow­
ing formula

I  = R
COD -  BOD ’
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where R is the amount of substrate used for plastic pur­
poses; COD is the chemical oxygen demand of river wa­
ter at the initial site; BOD is the total biochemical oxy­
gen demands of the river at the initial site.

The retrospective database was formed on the basis 
of personal research and official monitoring data.

To test the proposed methods of ecological manage­
ment of renewable processes in anthropogenically load­
ed ecosystems, a 45 km section of the Irpin River, which 
is a medium-sized river and a right tributary of the Dni- 
pro River, was selected as the object of study.

To study the state of intra-ecosystem processes that 
ensure ecological resistance to stressful anthropogenic 
factors the methodology was developed. In particular, a 
method to enhance the effectiveness of natural self-reg­
ulation mechanisms by stimulating a more complete re­
alisation of the biotic potential for recovery in anthro- 
pogenically transformed ecosystems was proposed.

Statistical processing was carried out using the stan­
dard package of applied statistical programs “Microsoft 
Office Excel 2003” and “Statistica 5.0 for Windows”. 
Student’s t-test was used to assess the significance of 
the results.

The density of statistical correlation was assessed by 
calculating the Pearson linear correlation coefficients.

Results and discussion. The primary task of the study 
is to provide a theoretical justification for the processes 
within conditionally distinguished zones in the context 
of the law of tolerance using the concept of hyperadap­
tation developed by us:

Optimum zone. It is believed that adaptive mecha­
nisms are disabled in this zone and energy is spent only 
on fundamental life processes, such as growth and re­
production. This statement contradicts the concept of 
modified biological adaptation that we are developing, 
according to which there are three types of adaptation: 
ordinal (compensatory), hypo- and hyperadaptation. 
Since organisms, while viable, are always in a certain 
state of adaptation (adaptability). It is this state that we 
call ordinary adaptation or adaptability, which is en­
sured by the functioning of multilevel constitutive 
mechanisms of recovery (ranging from molecular to 
ecosystemic). Obviously, there are combinations of fac­
tors that maximise biological potential and are called 
optimal. In this state, the ecosystem or organism is max­
imally adapted, and all recovery mechanisms are acti­
vated to maintain this state. Stress zone. In the stress 
zone range, there is a decrease in basic biological func­
tions, which increases with the deviation of factor values 
from the optimum. It is obvious that ecosystems survive 
as a result of the activation of multi-level mechanisms of 
adaptation to stress factor values. Accordingly, in this 
range, there is an intensification of adaptation mecha­
nisms. However, according to the authors, the intensity 
of these adaptive mechanisms is insufficient to bring the 
biological system out of this state, and therefore the bi­
otic potential of the ecosystem is in a ‘suppressed state’. 
This is evidenced by the negative practice of attempting 
to achieve a hormetic effect in biological systems that 
are in an optimal state of viability. In its initial state, i.e., 
before the onset of stress, a biosystem can be at any 
point on the tolerance range curve and, accordingly, its 
initial (current) level of adaptability may differ from the 
maximum level in the optimal zone. Thus, biological

systems at a specific time, under a specific limiting fac­
tor, are within a certain range of the tolerance zone and 
have a certain level of stability, i.e., they are in a state of 
ordinary (current, initial) adaptability. And only addi­
tional influences can change the existing level of stability 
of ecosystems. If this happens closer to the edges of the 
tolerance range, it indicates hypoadaptation (viability 
decreases, decompensates); if closer to the optimum, it 
indicates hyperadaptation (viability increases, hyper- 
compensates).

Stress zone. In the stress zone range, there is a de­
crease in basic biological functions, which increases 
with the deviation of factor values from the optimum. It 
is obvious that ecosystems survive as a result of the acti­
vation of multi-level mechanisms of adaptation to stress 
factor values. Accordingly, in this range, there is an in­
tensification of adaptation mechanisms. However, the 
intensity of these adaptive mechanisms is insufficient to 
bring the biological system out of this state, and there­
fore the biotic potential of the ecosystem is in a ‘sup­
pressed state’.

Areas of intolerance. It is believed that in the process 
of individual development, the width of the tolerance 
range in a given zone may vary. However, the authors 
believe that based on the above-defined tolerance range, 
it is necessary to identify the species-specific, maximum 
tolerance range and the tolerance range for the current 
phase of ontogenesis. Accordingly, the acting factors 
can only change the current tolerance range, expanding 
or narrowing it, but not going beyond the genetically 
fixed species tolerance range. This statement is impor­
tant and must be taken into account when the phenom­
enon of hormetic action of factors occurs. Indeed, from 
the standpoint of the concept of hyperadaptation that 
we are developing, hormesis is the key response to 
stressors, manifested in the stimulation of life activities 
at all levels of ecosystem organisation.

The results of the studies revealed the presence of a 
hormetic effect in anthropogenically stressed ecosys­
tems in terms of plant growth indicators, as well as at 
elevated soil and air temperatures, excess carbon dioxide 
in the air, soil moisture deficiency and excess, and light 
intensity. Therefore, virtually any stress factor is capable 
of causing a hormetic effect under appropriate quantita­
tive characteristics and modes of exposure (acute, 
chronic, prolonged, evenly or unevenly fractionated). 
However, hormetic-type stimulation cannot cause an 
increase in signs (e.g., growth and photosynthesis rates, 
photosynthetic pigment content, etc.) above the bio­
logical (genetic) potential of the biosystem, but only al­
lows it to be realised to some extent.

Given the above, the next stage of research was to 
identify patterns of correlation between the hormetic ef­
fect and the tolerance range, i.e. the parameters of the 
Shelford curve. Since hormesis is closely related to the 
phenomenon of stress, and according to Hans Selye, 
stress is the sum of non-specific biological reactions to 
stimuli or events that are perceived as threatening and 
tend to disrupt biological equilibrium, it follows that ho­
meostasis, in terms of the impact of stressors on the state 
of adaptability of ecosystems, should be considered as a 
set of changes in it that can either increase or decrease its 
stability. In this regard, the authors concluded that 
stressors that cause a hormetic effect moderately in­
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crease the activity of non-specific protective intrasys­
temic mechanisms. From the perspective of the concept 
of hyperadaptation developed by the authors, hormesis 
is considered as a reaction of the biotic component of 
ecosystems to stressors, which manifests itself in the pos­
itive stimulation of vital activity according to certain pa­
rameters. When studying the ‘dose (concentration) -  ef­
fect’ relationship, the hormetic effect is observed either 
in the form of exceeding the control level for parameters 
characterising viability (e.g., growth, photosynthesis) or 
in the form of a decrease in the level of damage below the 
control level (e.g., mutagenesis frequency). At the same 
time, hormetic doses (concentrations) are considered as 
dose ranges that have a positive stimulating effect. The 
maximum value of the hormetic effect for anthropogeni- 
cally loaded ecosystems is usually 130-160 % of the con­
trol value, starting from 110 % of the control level. The 
range of hormetic doses also depends on the selected 
parameter and the level of integration of the biotic com­
ponent of the ecosystem; in particular, the higher it is, 
the higher the hormetic doses.

Increasing the viability of the biotic component of 
ecosystems gives hope for improving the resilience 
(adaptability) of ecosystems to anthropogenic influenc­
es, and the hormetic effect is, in fact, a shift in resilience 
(adaptability) towards optimality on the Shelford curve, 
where resilience is maximally expressed. Regardless of 
which factor causes the hormetic effect and the phe­
nomenon of the ecosystem’s hyperadaptive response to 
anthropogenic influences based on it, the mechanism of 
hormesis is quite paradoxical. First, the fact of a hyper­
adaptive response means that a biological object (organ­
ism, population, ecosystem) is less damaged by a higher 
total dose (hyperadaptive dose + test dose) than by a 
lower dose (test dose only) -  a paradox of the discrep­
ancy between the dose (concentration) and the magni­
tude of the damaging effect. We explain this paradoxical 
discrepancy by the fact that recovery processes are ca­
pable of hypercompensation, which subsequently en­
sures an increased level of stability. Secondly, as shown 
by the results of our previous studies [1], in order to 
bring a biological object (organism, population, ecosys­
tem) to a state of increased stability, it is necessary for 
the adaptive dose to cause a certain level of modification 
of the object being affected. Usually, this is a damaging 
(inhibitory) type of modification. However, the research 
results have shown that the basis of the hormetic effect, 
i.e. positive stimulation, is the damaging effect of the 
adapting factor -  the paradox of the damaging mecha­
nism of the hormetic effect. We explain these paradoxes 
by the presence of inertial processes observed in recov­
ery mechanisms at different levels of integration of bio­
logical objects (organism, population, ecosystem). Ap­
plying Le Chatelier-Brown’s principle, it becomes clear 
that each ecosystem (or organism, or population) strives 
for changes that can minimise the effect of negative ex­
ternal influences, including anthropogenic ones. This is 
because all ecosystems, regardless of the conditions in 
which they function, and in particular under extreme 
anthropogenic stress, have an inherent tendency to­
wards self-preservation, which they achieve through ap­
propriate mechanisms of self-reproduction, self-resto­
ration and self-regulation. The property of self-recovery 
implies the ability of ecosystems, due to their own biotic

potential, to return to the original (initial) state of dy­
namic equilibrium in which they were before they were 
removed from it under the influence of negative factors, 
at a certain level of action, ecosystems retain their inher­
ent characteristics, structure and functions. The self­
regulating property of ecosystems also determines their 
ability to restore their structural and functional charac­
teristics through their own biotic potential, but through 
feedback. It should be noted that, due to self-regulating 
mechanisms, ecosystems are capable of restoring their 
structural and functional properties only within a cer­
tain range of doses (concentrations) of external influ­
ences on them.

The next important stage of research was to identify 
patterns of how ecosystem components are able to func­
tion in interaction with each other and under what con­
ditions changes (reversible or irreversible) can occur 
that can lead to the failure of their basic functions and 
essential properties such as resilience, stability and vital­
ity. The main focus was on studying the mechanisms of 
regulation of ecosystem processes through research into 
direct and reverse links between ecosystem elements and 
the duplication of reverse links that ensure an increase in 
biotic potential and, accordingly, the stability of ecosys­
tems to external influences. Living organisms directly 
influence the ability of ecosystems to counteract damag­
ing anthropogenic influences and self-regenerate in the 
event of a return to ‘normal conditions,’ as well as to re­
turn to a state close to ‘original.’ After all, in the process 
of forming and realising the biotic potential of any eco­
system, the leading role belongs to the system of living 
organisms, which refers to negative feedback loops, the 
effectiveness of which contributes to the integration of 
ecosystems. The authors have come to the conclusion 
that the speed of restoration of ecosystem processes is 
proportional to the coordination between direct and re­
verse links (Fig. 1).

It is under these conditions that it is appropriate to 
present the regulatory-functional scheme developed by 
the authors, which characterises the response of biota to 
external influences -  the dynamics of changes in their 
environment (the principle of negative feedback). This 
is because any deviation from ecological equilibrium -  
the optimum for biota -  causes changes in ecosystems 
that are compensated for by the mechanism of biotic 
self-regulation.

Fig. 1. Regulatory and functional diagram of ecosystem 
self-organisation
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The figure shows that ecosystem self-regulation 
mechanisms are associated with the formation of intra­
ecosystem processes, the intensity of which correlates 
with changes in ecological capacity and anthropogenic 
capacity and indicates that one of the main driving forc­
es of the natural mechanism of ecosystem self-regula­
tion is the realisation of their biotic potential, which in­
dicates the level of the totality of material, energy and 
information exchange and adaptive reactions of biota to 
these ecosystem endosins.

In addition, patterns have been established for coor­
dinating the interaction of changes in intra-ecosystem 
processes and anthropogenic influences, as well as pat­
terns for the formation of the process (mechanism) of 
ecosystem stability to external and internal changes. At 
the same time, a decrease in the intensity of the func­
tioning of the ecosystem self-regulation mechanism 
over a certain period of time can be observed, while the 
biotic potential is an indicator of the intensity of the self­
regulation process. In addition, biotic potential is capa­
ble of reflecting the trend of internal self-organisation, 
performing an adaptive function in self-regulation, as 
shown schematically in Fig. 2.

Thus, according to the theory of self-organisation, 
biotic potential is a kind of bifurcation point, as it can 
become a ‘cornerstone’ for the ecosystem when its de­
velopment becomes extremely unstable and further de­
velopment may follow a scenario in which minor devia­
tions in the life activity of the biotic component can lead 
to extremely undesirable, drastic consequences for it as a 
whole. That is, the biotic component of the ecosystem 
directly influences the formation of its critically unstable 
state and creates uncertainty about the likely paths of its 
further development: the ecosystem will develop ac­
cording to a chaotic scenario, leading to its ‘decline,’ or, 
conversely, it will transition to a more highly organised 
level of self-organisation. That is why the authors rec­
ommend that the assessment of the state of the biotic 
component of the ecosystem be considered as an ap­
plied tool for assessing its ecological stability.

If the biota is sufficiently productive, it is capable of 
preserving and maintaining its numbers, as well as ac­
cumulating and retaining biomass, which allows it, 
through these functions, to ensure the ecological stabil­
ity of ecosystem processes as a whole. The performance 
of these functions by the biota allows the ecosystem, 
even under stressful and critically unstable conditions 
(intensive anthropogenic pressure on it), to ensure the 
‘conditioning’ of the habitat of the system of living or­
ganisms. It is under such conditions that the ecosystem 
is capable of self-regulation, and its biotic potential is 
maximally capable of resisting destructive anthropo­
genic pressure, even under conditions where the biotic

Fig. 2. Structural and functional features of ecosystem 
self-organisation

component is under constant influence of ecological 
and anthropogenic stress factors.

The results obtained allow improving methods of 
ecological management of ecosystems under stressful 
pressure from anthropogenic factors. In particular, the 
authors propose a practically sound methodology for 
assessing the effectiveness and reliability of ecosystem 
self-regulation mechanisms under conditions of high 
anthropogenic impact. This is because any ecosystem 
that has been ‘damaged’ or thrown out of balance by an­
thropogenic influence can be ‘repaired’ through its own 
biotic potential, i.e. by activating natural mechanisms of 
biotic self-regulation to restore its structural and func­
tional properties [6], while creating conditions for the 
ecosystem that promote the maximum realisation of its 
biotic potential.

To this end, the authors propose introducing a re­
serve, excess, additional element into the structure of eco­
systems damaged by anthropogenic impact, which should 
be biotic in nature. In particular, populations of plant or 
animal organisms can be used as such an element.

The authors’ previous experience shows that phyto­
technologies should be used to restore anthropogeni- 
cally disturbed ecosystems, whose phytocomponents 
are ‘perceived’ by anthropogenically disturbed ecosys­
tems as a redundant, reserve element capable of contrib­
uting to the restoration of ecosystem parameters and 
their biotic potential and triggering intra-ecosystem 
mechanisms of biotic self-regulation.

To improve the system of environmental manage­
ment of anthropogenically transformed ecosystems, the 
advantages of using phytocomponents (in technological 
systems) to restore ‘damaged’ ecosystem elements are 
obvious and boil down to the fact that phytotechnolo­
gies are designed by humans and belong to natural -  an­
thropogenic systems, which are predicted at the design 
stage and are given clear parameters, allowing them to 
be easily managed, unlike the biotic elements of natural 
ecosystems, which, in particular, the authors have cov­
ered in detail in publications [3, 6], which are based on 
experimental research on the patterns of the biotic com­
ponent’s response to changes in the physical and chem­
ical composition of its environment caused by intense 
anthropogenic impact.

Empirical verification of the developed methodolo­
gy for studying the dynamics of intra-ecosystem pro­
cesses was carried out on a 45 km section of the middle 
Irpin River and in laboratory conditions where a pilot 
phytoengineering system was tested.

To design the phytotechnology, the authors included 
the following species of higher aquatic plants as a reserve 
component of the anthropogenically loaded ecosystem, 
which have a wide range of ecological valence, high 
growth rate and high ability to clean the environment.

As a result of the screening (over 120 combinations), 
the following species of higher aquatic plants were se­
lected for inclusion in the phytotechnological system:

- common reed (Phalaroides arundinacea);
- water sedge (Carex aquatilis);
- narrow-leaved cattail (Typha angustifolia);
- broadleaf cattail (Typha latifolia);
- common reed (Phragmites australis);
- lake reed (Schoenoplectus lacustris);
- yellow iris (Iris pseudacorus);
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- reed grass (Glyceria family);
- salvinia (Salvinia natans All.);
- Canadian waterweed (Elodea canadensis);
- Hornwort (Ceratophyllum).
On the experimental site of the Irpin River (Fig. 3), 

the studies have shown that the optimal density of com­
mon reed (Phragmites australis) and lake reed (Schoeno- 
plectus lacustris) stands to achieve effective purification 
and restoration of the intensity of intra-ecosystem pro­
cesses is 11-14 plants per m2.

The optimal density of broadleaf cattail (Typha lati- 
folia) and narrowleaf cattail (Typha angustifolia) is 
8-11 plants per m2, depending on the level of damage to 
the natural mechanisms of biotic self-regulation.

The results showed that it is possible to restore an 
ecosystem damaged by anthropogenic impact, especial­
ly in the summer period, when, within a few weeks, by 
introducing phytocomponents from eurybionts of vari­
ous species of higher aquatic plants, anthropogenically 
loaded ecosystems are capable of intensive self-recovery.

In addition to introducing a reserve component in the 
form of a phytoengineering system into an anthropogeni- 
cally loaded ecosystem, the authors consider it expedient 
to apply methods of forming additional biofilters that will 
take on the function of an additional phytoblock and en­
hance the destruction of anthropogenic pollutants.

The authors have proposed for the first time a meth­
od for constructing additional biofilters using terrestrial 
plants adapted to germinate in aquaculture conditions. 
A series of experiments showed that the following ter­
restrial plants, which are capable of growing on an arti­
ficial substrate without soil, proved to be the most effec­
tive as biofilters:

- creeping wheatgrass (Agropyron repens PB .);
- couch grass (Agropyron junceum);
- water sedge (Carex aquatilis);
- slender sedge; (Carex gracilis);
- marsh bluegrass (Poa palustris);
- meadow bluegrass (Poa pratensis L .);
- timothy grass (Phleum pratense);
- meadow foxtail (Alopecurus pratensis L.);
- red fescue (Festuca rubra);
- red fescue (Deschampsia cespitosa);
- creeping bentgrass (Agrostis stolonifera);
- common beckmannia (Bromus inermis Leyss);
- common beckmannia (Beckmannia eruciformis 

Host);
- marsh pea (Lathyrus palustris).
The terrestrial plants selected are capable of growing 

in aquatic environments such as aquaculture, demon­

Fig. 3. Fragment of a bioengineering system in natural 
conditions

strating high absorption properties and the ability to ‘in­
tegrate’ into aquatic ecosystems as an additional biofil­
ter. Fig. 4 shows a roll biofilter made of terrestrial plants, 
which was successfully ‘accepted’ by the hydroecosys­
tem as an additional reserve unit, thereby increasing its 
biotic potential and ecological stability.

During the experiment, an excess bio-component 
from higher aquatic plants and higher terrestrial plants 
was introduced into the structure of the aquatic ecosys­
tem with a high level of anthropogenic load -  the Irpin 
River section, and the hydroecosystem ‘accepted’ both 
phytocomponents as its own reserve element capable of 
promoting the intensification of internal water self-re­
covery mechanisms and included it in internal ecosys­
tem processes aimed at levelling anthropogenic pollut­
ants to a level that did not interfere with its optimal 
functioning.

Quantitative confirmation of the inclusion of the 
phytoengineering system we designed into the internal 
ecosystem processes of the Irpin River is presented in 
the Table.

Analysis of the data presented in the table indicates 
effective intra-ecosystem transformations of the an- 
thropogenically loaded reservoir due to the application 
of the phytoengineering system we designed, which it 
incorporated into its structure as a reserve phytoele­
ment. Thus, due to the introduction of an artificially 
designed system, the degree of restoration of ecological 
capacity according to BOD5 indicators is 28.0 %, 
c Od  -  29.0 %, toxic metal contents -  57.1-94.0 %, 
and petroleum hydrocarbon content -  81.3 %. Accord­
ingly, the introduction of a plant component into an 
anthropogenically loaded ecosystem is perceived by it 
as a natural reserve element that allows it to increase its 
barrier function and restore ecosystem parameters. This 
was made possible by the fact that the natural filters of 
the ecosystem increased their potential thanks to the in­
troduced phytocomponent, which is perceived by the 
ecosystem not as a foreign element, but as a reserve 
component of its own self-regulation mechanism. 
Thus, the proposed principle of managing restoration 
processes in anthropogenically loaded ecosystems 
through the use of additional phytoelements can be­
come an effective applied tool in the context of improv­
ing the environmental management system through the 
management of the intra-ecosystem restoration mecha­
nism. It allows for the rapid restoration of the ecological 
capacity of anthropogenically modified ecosystems 
through their own biotic potential.

Fig. 4. Fragment of a biofilter in natural conditions
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Table
Degree of purification of surface water in the Irpin 

River section due to the introduction of a biotic 
component from higher terrestrial and aquatic plants 

(M ± m, n = 5)
Indicator
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BOD5, MgO2/dm 3 5.0 ± 0.1 3.6 ± 0.7 28.0
COD, MgO2/dm 3 27.2 ± 1.3 19.3 ± 1.0* 29.0
Cu2+, mg/dm3 1.5 ± 0.07 0.09 ± 0.001* 94.0
Zn2+, mg/dm3 1.4 ± 0.04 0.6 ± 0.07* 57.1
Petroleum hydrocarbons, 
mg/dm3

1.6 ± 0.09 0.3 ± 0.03* 81.3

*p < 0.01 compared to pre-treatment values

This approach can be based on a cybernetic interpre­
tation of direct and reverse connections (Fig. 5).

In the environmental management system proposed 
by the authors, a direct link is understood as a destructive 
anthropogenic impact on ecosystems (for example, ex­
cessive discharge of return water into a surface water 
body -  the internal self-regulation mechanisms of the 
water body began to operate in extreme mode). Feedback 
is understood as the dependence of the control mecha­
nism on the biotic potential of the ecosystem (for exam­
ple, the biotic component of the reservoir affects the in­
ternal self-regulation mechanisms and, consequently, its 
ecological capacity and anthropogenic capacity). Thus, 
feedback in the ecological management system should be 
considered as an element of ecosystem management, tak­
ing into account its ecological capacity. Based on the 
above, the authors concluded that feedback loops in eco­
systems perform an extremely important function -  sup­
pressing deviations in the management process.

Thus, feedback loops stimulate ecosystems to enter a 
structural and functional state in which their previously 
established mechanisms and interrelationships, which 
are no longer relevant to them under stressful conditions, 
are destroyed. The biotic component of ecosystems plays 
a decisive role in this process, since it is through this 
component, namely through biotic potential, that alter­
native modes of ecosystem functioning are triggered and 
new properties are acquired. And then, feedback loops in

Destabilising factor

the context of ecological management of ecosystems ac­
quire an important management function, as they ensure 
the stability of functioning in ecosystems in each of the 
modes into which they gradually enter and ensure the 
consistency of structural and functional properties (in 
the process of ecosystems transitioning to different 
modes of functioning, in the process of their adaptation 
to anthropogenic influences on them). Under such con­
ditions, a certain range of gradual changes in the physi­
ological and biochemical reactions of living organisms in 
ecosystems is aimed at restoring their damaged struc­
tural and functional properties.

Conclusions. It has been established that biotic poten­
tial of ecosystems is capable of reflecting the trend of in­
ternal self-organisation, performing an adaptive func­
tion. Empirical evidence has shown that the biotic com­
ponent of ecosystems directly influences the formation of 
intra-ecosystem mechanisms of self-regeneration. The 
results of experiments show that the use of phytotech­
nologies as a reserve phytoblock in anthropogenically 
loaded ecosystems allows them to self-regenerate, immo­
bilising the potential of ecological capacity. The results of 
experimental studies have shown that by introducing an 
artificially constructed bioengineering system into an an- 
thropogenically loaded ecosystem, the degree of restora­
tion of ecological capacity according to BOD5 indicators 
is 28 %, by COD -  29 %, by toxic metal content -  over 
57 %, and by petroleum hydrocarbon content -  81.3 %.

The tests of phytotechnology, which included a phy­
tocomponent from higher aquatic plants (those with a 
wide range of ecological valence, high growth rate, and 
high habitat purification capacity) and terrestrial plants 
(adapted to germination in aquaculture conditions) 
showed that the ecosystem ‘accepted’ both phytocom­
ponents as its own reserve element capable of promoting 
the intensification of self-recovery mechanisms and in­
cluded it in internal ecosystem processes.

The experiments have shown that common reed and 
water sedge with a density of 11-14 units per m2, as well 
as broad-leaved and narrow-leaved cattail, with a plant­
ing density of 8-11 units per m2 are optimal for biotic 
self-regulation in natural surface water.

When designing additional biofilters from terrestrial 
plants, the highest level of absorption properties and 
the ability to ‘integrate’ into aquatic ecosystems as an 
additional biofilter were demonstrated by such terres­
trial plants as creeping and sedge-like wheatgrass, wa­
ter sedge and slender sedge, marsh and meadow bent 
grass, timothy grass and meadow foxtail, red fescue and 
turf grass.

Therefore, the proposed approach of managing resto­
ration processes in anthropogenically loaded ecosystems 
through the use of additional phytoelements can become 
an effective practical tool for improving the environmental 
management through the activation of the internal ecosys­
tem restoration mechanism. This allows a rapid restora­
tion of the ecological capacity of anthropogenically loaded 
ecosystems through their own biotic potential.

Fig. 5. Schematic representation of the control influence 
of feedback loops on intra-ecosystem recovery mech­
anisms
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Мета. Розроблення принципів управління від- 
новлювальними процесами в антропогенно наван­
тажених екосистемах.

Методика. Застосовані стандартизовані методи 
лабораторних і польових досліджень, а також ме­
тоди статистичного опрацювання експеримен­
тальних результатів. Для оцінки стану антропоген­
ного навантаження застосовані стандартизовані 
методики, що ґрунтуються на гранично-допусти­
мих концентрацій речовин. Динаміка внутрішньо- 
екосистемних процесів досліджувалась із застосу­
ванням методів кількісної й якісної оцінки, вклю­
чаючи оцінку біорізноманіття, стану ґрунтів, по­
верхневих водойм і чинників антропогенного 
впливу. Статистичний аналіз проводився за допо­
могою статистичного пакету Corel Quatro Pro 7.

Результати. Сформульовані основні теоретич­
но-методологічні положення розробленої концеп­
ції гіперадаптації екосистем. Встановлені законо­
мірності взаємозв’язку гормезисного ефекту з діа­
пазоном толерантності й доведено, що гормезис- 
ний ефект для екосистем є зсувом стійкості (адап­
тованості) у бік оптимальності. Вивчені механізми 
регуляції екосистемних процесів шляхом дослі­
дження прямих і зворотних зав’язків. Доведено, 
що зворотні зв’язки зберігають інтегрованість 
структури та функцій антропогенно навантажених 
екосистем, а дублювання зворотних зв’язків забез­
печує підвищення їхнього біотичного потенціалу,
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а отже й стійкість до дії антропогенних впливів. 
Представлена регуляторно-функціональна схема, 
що характеризує відповідь біоти на динаміку змін 
середовища свого існування. Доведено, що біотич­
ний потенціал здатний відображати тенденцію 
внутрішньої самоорганізації, виконуючи адаптив­
ну функцію. Запропонована методика оцінки 
ефективності й надійності функціонування меха­
нізмів саморегуляції екосистем в умовах антропо­
генних впливів. Доведено, що для удосконалення 
системи екологічного управління антропогенно 
навантаженими екосистемами доцільно застосову­
вати фітотехнології, які екосистеми включають до 
внутрішньоекосистемних процесів (для відновлен­
ня «пошкоджених» елементів), як  резервний фіто- 
компонент.

Наукова новизна. Встановлена залежність біотич­
ного потенціалу екосистем від впливу антропоген­
них чинників і запропоновані механізми управління 
антропогенно навантаженими екосистемами через 
регулювання їх внутрішньоекосистемних процесів.

Практична значимість. Отримані результати до­
зволяють удосконалити систему екологічного 
управління екосистемами із підвищеним рівнем 
екологічної небезпеки. Розроблена методика до­
зволяє використовувати економічно обґрунтовані 
заходи підвищення біотичного потенціалу екосис­
тем, зокрема, фітотехнології.

Ключові слова: екологічне управління, екологічна 
стійкість, біотичний потенціал, регуляція екосистем
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