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This paper is dedicated to Gleb Aleshchenko, my long-term friend and
collaborator. Without him, this work would not be possible

The paper summarizes the principle of optimum diversity of biosystems, which
suggests that biodiversity is a parameter to be optimized. In fact, diversity is
considered as a major adaptation of biosystems to environmental conditions.
Biosystems with the optimal diversity have maximum efficiency and probability of
survival. Paper discusses the diversity of two hierarchical levels - population
(phenotypic diversity within a population) and coenotic (number of species in
community). It is shown that the optimal values of diversity are determined by the
amount of a resource in the environment, the degree of environmental stability and by
the evolutionary level of organisms. The adaptation of biosystems to environmental
conditions occurs through the optimization of diversity at the population and
community levels during their interaction. Optimal values of species diversity
increase in more stable and “rich” environments, while optimal values of
intrapopulation diversity decrease in more stable environments and is independent of
the intensity of resource flow. These opposite reactions allow us to make an
assumption of the different roles of intrapopulation diversity and species diversity in
a fluctuating environment: intrapopulation diversity is the basis of adapta-tion to
environmental instability, while species diversity enables a community to use
resources to the maximum and effectively.

The predictions of the principle of optimal diversity does not contradict the basic
array of empirical data, and in some cases they are confirmed. This allowes us to
accept the principle of optimal diversity as a working hypothesis and put forward on
this basis specific hypotheses about mechanisms of diversity optimisation in the
ecological, microevolutionary and evolutionary processes.

The final section of the paper discusses the findings from the principle of
optimal biodiversity for strategies for sustainable environmental management and
biodiversity conservation.

The author expresses his deep gratitude to Gleb Aleshchenko for long-term
high-quality work on the creation of mathematical models of optimal biodiversity and
their software implementation, as well as the Alexey Severtsov for their valuable

comments and additions to the preparation of the dissertation.
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Introduction

Modern large-scale shrinking of natural ecosystems and destruction of
biodiversity lead to weakening of ecosystem functions and mechanisms of natural
environment regulation. Damage from that becomes an important factor in the
economy and safety. Concern about the possible consequences of diversity loss has
led to a rapid growth in the last 20 years the number of studies of the relationship
between biodiversity and ecosystem functioning. The obtained results proved that
biodiversity is an important factor which determines stability and functioning of
ecosystems.

Optimization principles may give a considerable benefits in the investigations of
interconnections between ecosystem properties and diversity. Such principles have
got wide distribution in physiology, biochemistry, embryology, evolution theory,
population dynamics, and ecology. However, in the field of biodiversity research, the
capabilities of this method have not been used in full measure. Some works consider
the maximum diversity, but not optimal. For example the “entropy extreme principle”
for communities implies the maximization of community complexity at fixed
volumes of resource consumption by different species (Levich, Alekseyev, 1997).
The other example is the “principle of maximum diversity of biomass distribution” in
the population (Lurie et al., 1983; Wagensberg, Valls, 1987).

This paper presents the summary of the optimization approach, suggesting that
diversity of elements of a biosystem is the adjustable variable, which is optimized
and allows biosystems to maximize their effectiveness and vitality (bykBapeBa, Ane-
menko, 2005; more detailed description of the principle is in the book: BykBapena,
Anemenxo, 2013). Y. P. Altukhov previously had proposed the idea of existence of
the optimal gene diversity within populations (Anryxos FO.I1., 2003). The presented
in this paper hypothesis combines for the first time optimization of diversity of two
hierarchical levels - populations and ecological communities. It can be extended to
other hierarchical levels of biosystems (bykBapeBa, Anemienxo, 1997, 2013), but in
this paper we will consider only levels of populations and communities, which further
for brevity called “biosystems”.



1. The general formulation of the optimal biodiversity principle

The optimal biodiversity principle is based on the suggestion that the diversity
of elements of a biosystem is related to its viability (survival probability). The viabil-
ity is maximal at the optimal level of diversity (Fig. 1). It is also possible existence of
critical levels of diversity, in which the biosystem becomes unviable. The biosystem
is trying to reach a state with maximum viability and optimal diversity (V*, D¥), but
it is quite difficult to achieve it. The diversity of undisturbed natural populations and
communities may be the closest to the optimal values. An artificial decrease or in-
crease of inner biosystem diversity leads to a decrease of its viability.
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Figure 1. Optimal value of diversity (D*) corresponds to maximum biosystem viabil-
ity (V*). Vi, a critical value of viability; Dy, a critical value of diversity; the shaded
area is a domain of system existence.

2.  Models of the optimal biodiversity
2.1. The model of phenotypic diversity of the population

The model presents an isolated population which exists in some environment
(Anemenko, bykBapesa, 1991). The formal descriptions of the models are presented
in the Supplement. Environment is characterized by the degree of intensity and sta-
bility of available resource flow. There is some environmental parameter that can be
interpreted as a characteristic of resource (e.g. light wave length, size of prey, etc.) or
as an environmental factor that allows resource consumption (e.g. temperature, hu-
midity, etc.). At each moment of time, some value of this parameter is realized. The
dispersion of the distribution of its values ¢" defines the degree of environmental in-
stability.



Population dynamics is described by simple equations: the death rate is set by
exponential dependence with a constant mortality; reproduction is modeled by a lo-
gistic function.

The population consists of various phenotypes. Phenotype characteristic is the
ability of individuals to reproduce in a given environmental conditions (Fig. 2). At
each moment of time, the realized value of environmental factor f* corresponds to a
certain phenotype, for which the realized conditions are the most favorable. At this
moment, a group of phenotypes breeds around it. The value of dispersion of distribu-
tion of breeding phenotypes ¢ (black bars in Fig. 2) can be interpreted as the width
of the zone of individual tolerance. The value of dispersion of distribution of their
offspring ¢” (shaded bars) serves as an index of diversity reproduced by the popula-
tion at each step of its development. These two parameters - diversity of breeding
phenotypes ¢ and diversity of offspring phenotypes ¢” - formed in the course of the

experiment the total phenotypic diversity of the population ¢* (white bars).
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Figure 2. Phenotypic diversity in population and resource spending by phenotypes.
f* the value of environmental parameter realized at a given moment of time; black
bars, phenotypes breeding at a given moment; shaded bars, offspring of the breeding

phenotypes; white bars, existing phenotypes, black curve, resource spending by phe-

notype f*.

Individuals spend some resource for existence and reproduction. The farther the
realized environmental parameter is from the optimal value for a given phenotype,

the greater the resource spending by this phenotype (Fig. 2).



During computer experiments, populations die out or reach some stationary
quantity with definite phenotype diversity and with some level of resource consump-
tion. Dispersion of population size, i.e. the measure of its fluctuations " for long
time intervals was used as index for stability of the population.

The width of the stationary distribution of phenotypes " (white bars in Fig. 2) is
an index of intrapopulation phenotypic diversity which can be compared with the
width of the ecological niche of the population. Diversity of offspring can be com-
pared with between-individual component of ecological niche, and diversity of breed-
ing phenotypes (individual tolerance zone width) - with within-individual component.
Links between genetic and phenotypic diversity are not considered in the model (they
are present in a hidden form in the parameters A, &, s d).

The optimality criterion is the maximum size (biomass) of population at a fixed
volume of available resource. This task is equivalent to the minimization of resource
spending per individual at a fixed population size (biomass). Phenotypic diversity, in

which the maximum population size is reached, is the optimal diversity.

2.2. Two-level hierarchical model ''population - community'" without diver-
gence of ecological niches

The community consists of populations which share the available resources, thus
it is a community of one trophic level (Aleshchenko, Bukvareva, 2010). Thus, the
lower hierarchical level is represented populations, the top level - the community. On
the population level is used the model described earlier. The number of populations
in the community is considered as the number of species. All populations are identi-
cal in their parameters, phenomenon of dominance is not considered. Populations are
identified not on the basis of ecological niches (which are the same for all popula-
tions), but on the basis of unity of the process of reproduction (all phenotypes repro-
duce only inside their populations).

The optimization criterion for the community is the maximum of total quantity
of individuals of all populations (or total biomass) at a fixed volume of available re-
source. This task is equivalent to the minimization of resource spending under the
condition of full consumption of the available resource.

Optimal values of diversity are adjusted during iterative interaction of the two
hierarchical levels by the following steps:

- each population consumes all the resources allocated to it and tries to reach the
maximum size (biomass) by setting its inner diversity at the optimal level;



- the values of population size chosen at the lower level are transferred upward
to a level of community;

- the upper level in view of these values defines the number of populations
(number of species) at which the total quantity of individuals (total biomass) is max-
imum;

- available resource is divided into parts according to the selected number of
populations, and each population gets the corresponding proportion of the total re-
source;

- recurrence of the first step: populations solve their optimization problem con-
suming the resource allocated to them, etc.

As a result of multiple iterations, the final values of optimal diversity are estab-
lished in populations and community.

2.3. The model of community with the possibility of divergence of ecological
niches
Populations have the ability to disperse on the axis of environmental parameter
that is to separate niches (Bukvareva, Aleshchenko, 2013). For simplicity we consid-
er as an environmental parameter some characteristic of the resource. The axis of re-
source parameter consists of a number of cells and forms a ring to avoid boundary ef-
fects. At every moment of time resource flows in some random cells (Fig. 3).
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Figure 3. Distribution of species on the axis of the resource parameter at some mo-

ment of time. Each “bell” represents a population (option model with 20 cells).



The degree of environmental stability is determined by the number of cells with
resource at each step — the more stable the environment has resource in the more
number of cells. A number of populations (species) live in this environment. Each
population consists of different phenotypes. As in the first model, the phenotypic fea-
ture - the ability to reproduce under certain environmental conditions, i.e. in a specif-
ic cell. Mechanisms of reproduction and distribution of phenotypes are similar to
those in the first model. Initially, species are placed in each cell of the resource axis.
After several generations the community passes to the steady state or all species die.
The width of species phenotypic distribution in the steady state is interpreted as the
width of its ecological niche. Niches of species may overlap.

3. The results of modeling
3.2. Optimization criteria used in the models correspond to the maximum effi-
ciency of biosystems

The same optimization criteria are used at the lower (population) and the upper
(community) levels of the models. In fact, these criteria may be reduced to one - the
minimum resource cost of an individual or of a unit of biomass. That is, populations
and communities with optimum values of diversity are the maximum effective. Such
optimization criterion is quite plausible, since it is directly related to the viability of
biosystems. Decrease in resource costs to maintain the number (or biomass) of a pop-
ulation or a community will increase the likelihood of their survival (viability).

Thus, the optimal values of diversity correspond to maximum efficiency and vi-
ability of populations and communities.

3.3. There are ranges of diversity, in which populations are stable

There is a range of values of offspring diversity ¢® and general phenotypic di-
versity o at which the population is stable in the given environment. When the popu-
lation leaves this range for a decrease or increase, it becomes unstable. Fig. 4 shows
the dependence of the dispersion of population size ¢" on the offspring diversity ¢”
(black dots) in the steady state. There is a distinct area of small values of ", which
corresponds to the zone of population stability.

Since a diversity of offspring phenotypes ¢ is linearly related to total phenotyp-
ic diversity ¢, all findings can be generalized to the total phenotypic diversity of the
population (an example is shown in Fig. 6).

The causes of loss of population stability at extremely low phenotypic diversity
are obvious - the probability of convenient environmental conditions decreases. The



loss of stability at high diversity is less obvious: it occurs because each phenotype
class has too few individuals and so the probability of population extinction increas-
es. In less stable environments, the stability range is reduced owing to the populations
with low indexes of birth rate, high mortality and low phenotypic diversity.
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Figure 4. Dependence of population size N (white circles) and its dispersion o"

(black circles) on offspring phenotypic diversity 6°. 6°°, optimal phenotypic diversity.

3.1. The optimum values exist both for intrapopulation and species diversity

The model experiments reveal the existence of optimal values of phenotype di-
versity which correspond to the maximum population size or biomass (or minimum
resource costs). The example of emergence of optimal phenotypic diversity using the
criterion of maximum population size is shown in Fig. 4. The example using the cri-
terion of minimum resource costs is shown in Fig. 6. That is, any deviation from the
optimal phenotypic diversity leads to decrease in the average population size or to an
increase in resource costs.

It is interesting to note that the optimal values of diversity are close to the lower
border of population stability. If we suppose that natural populations have phenotypic
diversity close to optimal values, this result emphasizes the danger of reduction of in-
trapopulation diversity.

The optimal value of the number of species in a community (i.e. number of pop-

ulations) also exist and correspond to the maximum total quantity or biomass of all



populations (or minimum resource costs depending on the chosen optimization crite-
rion).
Optimal values of intrapopulation and species diversity arise in the interaction of

population and community levels under specific environmental conditions.

3.4. Optimum diversity values depend on the environmental parameters — the
amount of resource and stability of environment. Populations and communities
respond to changes in the stability in the opposite way.

The optimal values of the phenotypic diversity of offspring (¢°*) and total phe-
notypic diversity (¢*") increase in more unstable environments. In other words, the
population in a less stable environment need higher diversity to reach maximum size.
At the same time in unstable environment the maximum population size is less than
in stable conditions (Fig. 5).

N . . . .
opulation Shift of values of optimal diversity
pop size and maximum population size in

the transition from stable to unsta-
ble environments

Phenotypic o°
diversity

Instability
of environment
R

Figure 5. Optimal values of phenotypic diversity (6" ) and population size in envi-
ronments with different degree of instability (c").

Using the criterion of minimum resource costs optimal values of phenotypic
diversity change similarly, with costs rising at less stable environments (Fig. 6).

The optimal number of species (populations) in the community changes in the
opposite way — in less stable conditions the optimal number of species decreases.
However, the total community biomass decreases as well as in populations.



Specific resource costs
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Figure 6. Specific expenses of resource in dependence on the total phenotypic diver-
sity (a) and offspring diversity (b). 6* shows the degree of environmental instability.
The population “1” is adapted to more stable environment (¢~ = 0,5) and has opti-
mal diversity values o, and o,°". The population “2” is adapted to less stable envi-

ronment ( & =25 ) and has optimal diversity values sz* and 0‘23*. E;*and E>* - min-

imum expenses of resource by populations “1” and “2”, respectively.

In the model with the divergence of ecological niches the optimal values of di-
versity depend on the environmental stability in the same manner: in less stable envi-
ronments optimal value of intrapopulation diversity (width of niches) increases, and
the optimal number of species decreases (Fig. 7).

Thus, in less stable environments the optimal diversity in populations increases,
optimal diversity in communities decreases, the effectiveness of populations and
communities decreases (using the same flow of resources they can maintain a lower
biomass). In more stable environments the opposite is true: the optimal intrapopulation
diversity decreases, the optimal number of species increases, the effectiveness of popu-
lations and communities increases. The opposite reaction of population and coenotic
levels on changes in the degree of environmental stability leads to the assumption of
the different role of diversity at these two levels: intrapopulation diversity is the basis
for the adaptation of populations and communities to instability of environment and
species diversity allows the community to use resources more efficiently by separation
of niches.
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Figure 7. Dependence of the optimal diversity values on environmental instabil-
ity in the model with divergence of ecological niches. Increase the optimal phenotypic
diversity (asterisks in Fig. a) and decrease the optimal number of species (numbers in
frames in Fig. b) in less stable environments. N is number of cells with the resource

influx which corresponds with stability of environment.

The amount of resource does not affect the optimal values of intrapopulation di-

versity and increases the optimal number of species in the community.

3.5. Optimum values of diversity depend on the parameters of model popula-
tions

Optimum values of diversity depend on the following population parameters
(offspring diversity was considered as a degree of freedom in the computational ex-
periment):

- diversity of phenotypes which breed at each moment, which can be considered
as the width of the zone of ecological tolerance of individuals;

- the maximum population growth rate and mortality rate;

- the resource costs of phenotypes and the function of its growth depending on how
far the realized value of environmental factor is from the optimal value for current phe-
notype.



Progressive changes in any of these parameters (widening of the individual tol-
erance zone, increase in the maximum rate of population growth, decrease in mortali-
ty or resource costs) lead to qualitatively identical result — decrease in the optimal
values of intrapopulation diversity, increase in the effectiveness of populations (Fig.
8), and therefore, increase in the optimal values of species diversity and raise of the
effectiveness of communities.

A

Population

sE Figure 8. Changes in optimal values

of intrapopulation diversity and effec-

tiveness of populations: a) at increase
in the maximum population growth
rate; b) at increase in individual’s

ecological tolerance.

Intrapopulation diversity

All the above changes produce the same effect on position of optimal diversity
values as stabilization of environment. Thus, except of adjustment of the niche width,
populations have different ways to compensate environmental instability: to increase
population growth rate, to decrease mortality or to broaden the zone of individual tol-
erance. This mechanism can work on the level of one population within its adaptive ca-
pabilities, and on the level of community due to the change in species composition, for
example, shifting between K- and r-strategists or between specialists and generalists.

Progressive changes of any of the above population parameters while maintain-
ing constant the other characteristics can be interpreted as an increase in evolutionary
level of organisms (e.g. decrease in mortality or broadening of individual tolerance).
Thus, it can be assumed that raising the evolutionary level organisms leads to higher
optimal values of species diversity and lower optimal intrapopulation diversity.

3.6. Expected values of species and intrapopulation diversity in undisturbed
communities
Thus, the general conclusions about changes of parameters of model populations

and communities in relation to environmental conditions are as follows:



- optimal values of intrapopulation diversity decrease in more stable environ-
ments and do not depend on the amount of resource;

- maximum sizes of populations are bigger in more stable environments and in
more “rich” environments (with more resources);

- optimal numbers of species and the corresponding values of the total commu-
nity biomass are higher in more stable environments or in more “rich” environments.

These results suggest that natural communities which are adapted to “rich” and
stable environments consist of a large number of species with low intrapopulation di-
versity (specialists), while communities which are adapted to “poor” unstable envi-
ronments consist of a small number of species with high intrapopulation diversity
(generalists). In “rich” unstable and “poor” stable environments, we may expect some

intermediate values of diversity (Fig. 9).
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Figure 9. Expected values of species and intrapopulation diversity in communities

which are adapted to different environments.

These predictions are made for undisturbed natural systems which exist in eco-
logical equilibrium in a historically typical environment, that corresponds to a climax
communities. Populations and communities, disturbed by people (exploitation, pollu-
tion, etc.), or existing under frequent natural disturbances (e.g., in areas of unstable
river channels, landslides, storm damages, etc.), are far from optimal diversity values.
Isolated communities with deficient species richness can also be attributed to sub-
optimal systems.



4. The qualitative verification of the optimal biodiversity principle

Verification of the models of optimal diversity biosystems at this stage of re-
search can be carried out only qualitatively. Quantitative verification task was not in-
tended.

319 individual studies and reviews and 15 meta-analyses, including data over
1000 experiments and observations were analyzed (bykBapesa, Anemienko, 2013).
The spectrum of considered biosystems include populations (microorganisms, plants,
invertebrates and vertebrates), marine, freshwater and terrestrial communities (e.g.
soil communities, communities of marine and freshwater fish, invertebrates, algae,
communities of herbaceous plants, forest, tundra and desert communities, etc.). These
examples show that the results of experiments and surveys of natural communities
don’t contradict the following provisions of the optimal biodiversity principle:

- increase in the amount of resource leads to an increase in the number of spe-
cies;

- increase in the degree of environmental instability leads to an increase in intra-
population diversity (ecological niche width) and reduction of the number of species;

- reduction of the number of species may be accompanied by an increase in in-
trapopulation diversity (ecological niche width);

- increase the evolutionary level of organisms may lead to an increase in the op-
timal number of species and reduction of between-individual component of ecologi-
cal niches, and vice versa;

- the maximal indexes of functioning are observed at the optimal intrapopulation
and species diversity (not minimal or maximal);

- populations are most stable at the optimal intrapopulation diversity, with its re-
duction or increase, they lose stability.

Available in the world literature empirical data on biodiversity depending on
environmental factors and biosystem functioning depending on biodiversity, do not
contradict the provisions of the optimum biodiversity principle, and in some cases
confirm them. This allows us to consider the principle as a general working hypothe-

sis and on this basis to formulate specific hypotheses.

5. Hypothesis about processes and mechanisms of biodiversity op-
timization
It is convenient to consider processes of biodiversity optimization in terms of

“license-niche concept” of Starobogatov and Levchenko (JIeBuenko, CtapoGoraros,



1990; Crapoboraros, JleBuerko, 1993). Licenses are regarded as sets of conditions,
which ecosystem provides for populations (instead of logically contradictory notion
of "empty niches"). Based on the optimal biodiversity principle we can assume that
the "geometry" of space of licenses is determined by the optimal values of intrapopu-
lation diversity (license width) and optimal number of species (number of licenses).
In this discussion we examine only width and the total number of licenses but not
functional performance and position of licenses in ecological space. Parameters of
space of licenses are determined by the environment (the amount of resource and the
degree of stability) and by the characteristics of species.

5.1. The cause of optimization processes is mismatch between the existing
community structure and optimal diversity parameters

Optimization of diversity occurs in cases when the existing number of species
and width of ecological niches do not correspond to the optimal diversity parameters
(optimal geometry of license space). The main groups of such causes are as follows
(some combinations of them are most likely).

1 — Changes of abiotic conditions (climate, geological processes, anthropogenic
impacts, including pollution and eutrophication, etc.) or biotic environment (introduc-
tion of alien species, anthropogenic extinctions, etc.) that leads to a shift previously
achieved balance between the realized and optimal diversity.

2 - Changes in the environment in the course of community succession, which
cause changes optimal parameters of licensing and niche space (see below).

3 - The discrepancy between the characteristics of the regional species pool and
optimal parameters of license space, including cases of lack of species in the isolated
habitats (islands, lakes, etc.).

4 - Change the characteristics of species in the course of their evolution, which
also alters the optimal values of intrapopulation and species diversity.

In the first two cases, the optimal values can be achieved in the ecological pro-
cesses, in the third case optimization can go through microevolutionary processes, the
fourth group of causes relates to the optimization of biodiversity in the course of evo-
lutionary processes (see below).

On the base of the results of modeling we can identify the main directions of di-

versity optimization when changes in the environment (Table 1).



Table 1. Discrepancy between the realized and the optimum diversity values as a re-

sult of changes in the environment and the directions of optimization of diversity.

Changes in the envi- Discrepancy between the realized | Directions of diversity optimization
ronment and the optimum diversity values
Stability | Amount of Intrapopulation | Number of spe-
resource diversity cies
More No change | Niches are wider than optimal Decrease (nar- Increase (immi-
stable orincrease | The number of species is less than | rowing niches, gration, specia-
optimal specialization) tion)
Decrease Niches are wider than optimal -\ - Unchanged
The number of species is optimal
Strong Niches are wider than optimal -\ - Decrease (local
decrease The number of species is more extinction)
than optimal
No Increase Unchanged Unchanged Increase (immi-
change gration, specia-
tion)
Decrease Niches have optimum width Unchanged Decrease (local
The number of species is more extinction)
than optimal
Less No change | Niches are narrower than optimal | Increase (expand- | Decrease (local
stable or decrease | The number of species is more ing niches, des- extinction)
than optimal pecialization)
Increase Niches are narrower than optimal | - \\ - Unchanged
The number of species is optimal
Strong Niches are narrower than optimal | - \\ - Increase (immi-
increase The number of species is less than gration species,
optimal speciation)
5.2. Ecological, microevolutionary and evolutionary aspects of optimization

As noted above, the optimal values of diversity can be considered as the optimal
number and width of licenses. But this is only the basis for the formation of diversity
in real life. Biosystems can achieve or not optimal diversity during ecological, micro-
evolutionary and evolutionary processes (bykBapeBa, Anemenko, 2010). Duration of
these processes is conditional and they may occur simultaneously.

The ecological processes of biodiversity optimization are considered as optimi-
zation of communities and populations in the given environment without any genetic
modifications: a) optimization of the structure of the community through its "self-
assembly" from the available species pool; b) adjustment of parameters of popula-
tions (species) due to behavioral or ontogenetic changes. The microevolutionary pro-
cesses are considered as adjustment of intrapopulation diversity (width of realized
population niche) due to changes in genetic diversity in the populations or changes in
the average width of the norm of reaction in the population. During the evolutionary
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processes optimal parameters change as a result of evolution of species characteristics
(e.g., the resource expenses, spectrum of consumed resources, mortality, fertility,
etc.) and evolution of communities.

The general scheme of formation of diversity in accordance with optimum bio-
diversity hypothesis is shown in Fig. 10. The process of formation of diversity con-
sists of the following phases (the numbers correspond to the notations in Fig. 10):

1 — identification of optimal parameters of licenses, depending on environmental
conditions and the evolutionary level of biota;

2 - filling licenses with species from the regional pool during "niche" and "neu-
tral" interspecific interactions;

3 — adjustment of intrapopulation and intraspecific diversity due to behavioral
changes and ontogenetic modifications of organisms;

4 - adjustment of optimum parameters of niches during succession;

5 - adjustment of intrapopulation and intraspecific diversity in the microevolu-
tion processes;

6 — changes in the optimal parameters of licenses during the evolution of organ-
isms and communities.

Realized diversity substantially affects the efficiency of the functioning of popula-
tions and communities, including their environment-forming functions (in the concept of
ecosystem services this functions are partially included in the groups of regulating and
supporting services). Therefore, the scheme is closed to a kind of cycle due to depend-
ence of the environment parameters on ecosystem functioning and biodiversity.

Can biosystems achieve optimum diversity? It seems that such cases can be
quite rare. Optimal values of diversity depend on characteristics of the environment
and biosystems, which are constantly changing. Therefore, the optimal values of di-
versity are also constantly shifting. At each time the vector of development of a bio-
system is directed towards the optimal diversity, so we can say that the biosystem is
in constant "pursuit" for its optimal state. We can assume that the undisturbed climax
communities and their constituent populations (rather, coenopopulations) are the
most close to the optimum values of diversity. How close are the parameters of actual
biosystems to optimal values? It depends on the ratio of the rate of change of optimal
values and the rate of adaptation of biosystems. Hereinafter, saying "optimal”, we
mean "closest to the optimal" because optimal biosystems can be quite a rare event in
a constantly changing environment. However, cases when system not only achieve,
but also support the optimum state for a long time are probably possible — such cases
can be compared with the long-term evolutionary stasis.

18



£ns4241po1q Jo uonpuriof ayj fo auwtayos [p1uas Y[ O] "IN

(Amunwwod 9y ojur eIl ued yorym sa1oads) soroads Jo [ood [euordoy -«
_ ......................... | A __ ........ | |
1 1 1
20pds asu2d H : i
-1] 2y3 Jo su21ownavd jpuiydo pup sa1ads | 100d 1pu018a.1 2y3 WOLf KJ1UNUIUIOD YY)
21qvpap Jo j0od a1y usamiaq Loundaaosiq + O AU YOIYM $2102dS fo suoyov.L] |
1 1 1
h ............... e h _h bl ﬁ ................ % ........ , 1 sopmunwuuwiod
I b 't ' Joo3e Keuonn| !
: i1 uonnadwoo Anfeyowr 11 -OAQ pUR BJOIq JO
! ! JOA9[ O1QUAS0IUO AY) | 1 oyroodsIoNur ! pue QRIYMIQ ! | [9AJ] ArRuonnjoAy |
| [9A9] O1OUAS AY) UO AJISIOA | i UO AJISISAIp OIdads | 1 pue -enurjo | ‘uonerSmu jo i
i -Ip oyroadsenur pue uory ! -enur pue uonendod | ooueeq oY) Qouereq oy ! ! !
i -endodenut jojuounsnfpy ;1 -enuljojusunsn(py 1 1 SWSIURYIAW | ISWSIUBYOIUW _M_
m b b GSUIIN, «[BOMON,, | |
............................................. I 3
sassadoad sassadoad
£IeU0IN[OAIOIIIIA] s3ssadoad [ed130[00 LreuonnjoAy]
| '
1
sopowwayq) (| [ Jeeaea —
JO yipim pue
Aunuwod S9SUADI| JO
) ur saroads s1o)owrered
Jo Ioquinu rewndo
Y} :AISIQATD
PIZI[eay
T
| f
' A31[1qQeIS [RIUQWIUOL
e 5 -TAUD Jo 00139p o)

sw23s£s01q Jo suonounf Sunpndad pup Suiioddns pun uo1oNpoq

pUE 92IN0SAI JO
junowre Y],



5.2.1. Optimization of biodiversity in the ecological and microevolutionary processes

5.2.1.1. Changes in the optimal diversity values during succession

Presented in this paper models consider the stationary states of biosystems and
not the dynamics of their development. Despite this, the assumptions of the optimal
biodiversity principle can be analyzed in terms of ecological successions comparing
serial and climax stages with communities adapted to different environmental condi-
tions. Further reasoning is based on the concept of succession of E. Odum.

Basic driver of succession is mismatch between volume of total community pro-
duction and total community respiration. In the course of succession ratio of these pa-
rameters tends to “1”, i.e., to a state when all assimilated energy is spent on mainte-
nance of biomass. The ratio of total biomass to the assimilated energy increases while
the biomass grows, and in climax each unit of absorbed energy supports the maxi-
mum biomass. This direction of development corresponds to the optimization criteri-
on in the above models. Thus, succession can be compared with the optimization of
communities. Optimization of diversity may be an additional factor of change of suc-
cessional stages.

In accordance with the E. Odum concept, in the course of succession cycles of
elements become more closed, stock volume and turnover time of nutrients increase,
the stability of the whole system increases. Compared with the initial succession
stages climax communities are more autonomous from the environment and have the
active function of modification of the environment. In the course of succession the
internal environment of the community becomes more stable, therefore, in accord-
ance with the principle of optimum biodiversity the optimal values of species diversi-
ty increase and optimal values of intrapopulation diversity decrease. In other words,
the cells of license space become smaller, and their number grows. Serial stages can
be compared with communities adapted to less stable environmental conditions, and
climax stages - with communities, adapted to more stable conditions. Transitions be-
tween stages form the optimal trajectory of succession (Fig. 11). Deviations from the
optimal course of succession may be due to external influence on environmental con-
ditions (e.g. pollution) or some transformations of the community (e.g. introduction
of alien species).

Increase in the number of species and complexity of the community structure is
accompanied by the improvement of mechanisms of regulation and stabilization of
internal environment, which in turn leads to further increase in the number of species,
and so on. This "autocatalytic" process goes up until the limit of partition of niches,
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which is determined by the amount of resource, the degree of stability of the envi-
ronment and capabilities of species in the regional pool.

Population size
N

Phenotypic ol
diversity

Instability of

environment

Figure 11. Expected changes of the optimal parameters of populations in communi-
ties of different successional stages. Transitions between stages are shown by gray

arrows.

5.2.1.2. The combination of optimization with niche and neutral mechanisms of
species interactions

It is believed that ecological communities are formed by two main groups of
mechanisms: a) the “niche” mechanisms, that are based on competition and division
of ecological niches and b) the “neutral” mechanisms, that are based on the ratio of
rates of migration, reproduction and mortality of different species. Inclusion in this
picture of the optimal diversity values allows us to determine the possible range of
action of each group. Predominance of neutral or niche mechanisms is determined by
the relation of “richness” and stability of environment with the optimal geometry of
license space, i.e. by the ratios D/D* and R/R*, where R is the total amount of avail-
able resource, R* - the amount of resource necessary for the population with the op-
timal niche width, D — total range of the resource parameter (as in above model of
community with the possibility of niche divergence, section 2.3), D* - the optimal
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width of ecological niche (Bukvareva, Aleshchenko, 2013, Fig. 12). In other words,
predominance of one or other group of mechanisms depends on the ratio of numbers
of the optimal parts on which can be divided the amount of resource and the range of

its parameter.

R/R* 1 ,.-':Competition,
i niche

Number of species with .
mechanisms

optimum niche width that Neutral
may exist on the available
amount of the resource

mechanisms

Abiotic
S “filters”
i | Competitive
exclusion

K ~
D/D*

The number of niches with optimum width that may exist on

the available range of resource parameter

Figure 12. Zones of priority action of basic mechanisms of community forming de-
pending on the ratio of the number of optimal niches and number of species that may

exist in the given environment.

Based on the principle of optimal biodiversity we can assume the following
scheme of the combined effect of different mechanisms of forming of community
structure:

1 — the optimal values of species and intrapopulation diversity define number
and width of licenses in accordance with amount of available resource, degree of en-
vironmental stability and evolutionary level of biota;

2 —licenses are filled during the interaction of species which immigrate from the
regional pool; predominance of neutral or niche mechanisms is defined by the ratio
between the amount and range of available resource with optimal parameters of the
license space:

- competition and niche mechanisms work predominantly if the optimal number

of niches which may exist in the available range of resource and the number of spe-
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cies that may exist on the available amount of resource are about the same D/D* =
R/R* (Fig. 12);

- neutral mechanisms work predominantly in a very "rich" environment where a
great amount of resource allows the existence of a much larger number of species
than the available range of resource allows (zone above the diagonal D/D* =~ R/R*);

- "abiotic filters" operate mainly in barren (harsh) environment where a small
amount of resource allows the existence of a much smaller number of species than
the available range of resource allows (area below the diagonal D/D* = R/R*).

Thus, the principle of optimal biodiversity suggests that the separation of niches
is not obligatory condition for the formation of species diversity. Optimization of di-
versity may be an additional explanation for the known cases of coexistence of spe-
cies almost in one niche that are hardly explained by the theory of competition. In the
proposed scheme, the number of species in the community, and the width of their
niches are determined primarily by optimal values of diversity, competition and di-
vergence of species niches modify the community structure depending on the envi-
ronmental conditions, the characteristics of regional species pools and community
development stage.

5.2.1.3. Sympatric intraspecific forms as a mechanism for diversity optimization

Intraspecific sympatric forms with different ecological characteristics usually
found on islands, in lakes and in extreme habitats where species richness is depleted.
Sometimes, however, intraspecific forms can also be observed under conditions
without obvious signs of depletion of species richness.

We hypothesize that sympatric species subdivision may play the role of one of
the mechanisms of diversity optimization. When forming several sympatric intraspe-
cific forms that differ ecologically, the species occupies not one, but several subnich-
es. Why doesn’t form one large species niche, but instead the set of sympatric sub-
niches form? As mentioned above, a very wide niche requires additional resources.
The species can’t be effective on a very wide range of environmental conditions due
to contradictions between adaptations to different conditions. Therefore, the for-
mation of several subniches instead of one wide niche can be interpreted as optimiza-
tion of intraspecific diversity in those cases where the spectrum of available resources
exceeds the optimal width of the ecological niche. The formation of intraspecific and
intrapopulation sympatric forms brings intraspecific diversity closer to the optimum
values, and at the same time allows to save wide range of resources and conditions,
that is, increases the efficiency and stability of the species. At the same time, the for-
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mation of sympatric intraspecific forms can be interpreted as optimization of diversi-
ty at the community level. Development of sympatric intraspecific ecotypes can be
regarded as a case when one species occupies multiple licenses (cells of license
space) that were empty due to lack of species in the regional pool. That is, efficiency
and sustainability of community may increase owing to formation of sympatric intra-
specific forms.

In accordance with the principle of optimum diversity, the vector of optimiza-
tion of species diversity in communities is directed towards reducing species number
when destabilization of the environment and/or decline in resource amount, and it is
directed towards increasing species number when stabilization of the environment
and/or enlargement of resource amount. Problems do not arise if the regional pool has
sufficient species and the considered habitat can freely exchange species with the sur-

rounding habitats (the upper part of Fig. 13).
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Figure 13. The dynamic cycle of optimization of community diversity with free ex-
change with the regional species pool (the upper part) and with a lack of such ex-
change (the lower part).

24



The most interesting case is when the community is isolated from surrounding
habitats or the regional species pool is not enough to achieve optimal diversity. In this
case, optimization can occur due to development of sympatric intraspecific forms.
Sympatric intraspecific forms can be represented as a dynamic system, which con-
stantly adjusts their diversity (width and number of subniches) in accordance with
changes in the environment - from a large number of more specialized ecological
forms - to fewer number of less specialized forms (the lower part of Fig. 13). Adap-
tive adjustment of the complex of intraspecific forms is possible until the isolation of
forms from each other and the formation of new species.

The probability of formation of discrete ecological forms increases when the en-
vironment became more stable and/or more “rich” if there is a lack of regional spe-
cies pool (in particular, if this habitat is isolated from other similar habitats). Isolation
intraspecific forms and their splitting into separate species are also the most likely to

occur when the environment becomes more stable.

5.2.14. Mechanisms of diversity optimization in populations and communities
Mechanisms of biodiversity optimization can be divided into two main groups:
- mechanisms which allow biological systems to achieve the optimal diversity
(strictly speaking, mechanisms of optimization);
- mechanisms for realizing the advantages of the optimal biosystems in compari-
son with the suboptimal biosystems.
Mechanisms of the first group are well known to biologists (Table 2) and were

briefly discussed above.

Table 2. Mechanisms of biodiversity optimization in the ecological and microevolu-

tionary processes
Optimized parameter Ecological processes Microevolutionary processes
Intrapopulation diversity - Changes in behavior of individu- | - Selection on the width of the
(width of ecological niche) als reaction norm in the popula-

- Modification polymorphism (one | tion
genotype produces different pheno- | - Changes in genetic diversity

types) in the population
Diversity of intraspecific - Realization of different ontogeny | - Disruptive selection
forms trajectories of individuals in the

(the number of specific sub- | population
niches in the community)

Number of species in the - Niche and "neutral" mechanisms | - Sympatric speciation
community of species interactions
- Abiotic "filters"
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Mechanisms of the second group are not clear and can be discussed only in the
form of speculative assumptions. In accordance with our hypothesis, these mecha-
nisms are based on the fact that populations and communities with the optimal diver-
sity achieve greater abundance and biomass than suboptimal systems. We can assume
that this gives them a better chance of survival and spread. At the level of organisms,
such a mechanism is well known — it is the natural selection, i.e. in terms of our hy-
pothesis the most likely survival and reproduction of individuals which have inner
diversity the most close to the optimal values. However at the levels above organisms
it is quite difficult to imagine such "selection" of the optimal populations, species and
communities.

As a hypothesis, we can assume that the optimal parameters spread in popula-
tions and communities through the preferential distribution of their subunits, which
have diversity the most close to the optimal values. At the population level, such sub-
units may be a subpopulation, a group of individuals or even single individuals. The
optimal values of intrapopulation diversity can spread to a large subdivided popula-
tion with individuals who are carriers of the optimal diversity values. Another mech-
anism may be a primarily expansion of subpopulations with optimal parameters in-
side the large subdivided population. It is not clear what can be a driving force of op-
timization of internal diversity of not-subdivided isolated population. At the commu-
nity level the most likely mechanism for the spread of the optimal communities may
be processes of succession type. In accordance with the proposed principle, commu-
nity with the optimal diversity uses resources more effectively than suboptimal ones,
that is, it can be regarded as the next stage of succession. Mechanisms of spreading of
the optimal community are the same as the mechanisms of substitution serial com-
munities during succession.

5.2.2. Changes in optimal values of diversity in the evolutionary processes

In the course of evolutionary processes the optimal diversity values change
themselves (in contrast, during ecological and microevolution processes biosystems
tend to adjust their parameters to achieve the optimal values). The optimal diversity
values change because of increasing evolutionary level of organisms and the evolu-
tion of ecological communities. These processes are inextricably linked, but for clari-

ty we consider them separately.
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5.2.2.1. Changes in the optimal diversity values with increasing evolutionary
level of organisms

The results of modeling (3.5) suggest that the increase in evolutionary level of
organisms is accompanied by the following trends:

- increasing efficiency of populations, that is, reduction resource costs of a unit
of biomass and increasing population size at a constant amount of the resource;

- extension of the zone of individual tolerance, which leads to lower values of
the optimal intrapopulation diversity; the mechanisms of response to environmental
changes move from population to individual level and become faster and more effi-
cient;

- increasing the optimal values of species diversity.

Thus, increasing evolutionary level of organisms changes the optimal values of
intrapopulation and species diversity, i.e., modifies the structure of the license space
— cells became narrower, their number grows.

The historical example of taxonomic diversity growth in communities of evolu-
tionary "advanced" organisms is the phased increase in marine diversity (Cambrian,
Ordovician-Permian and Meso-Cainozoic), accompanied by an increment of propor-
tion of mobile and "physiologically buffered" animals, i.e. animals with active forms
of resource using, more effective internal regulation, less dependent on environment
(Mapxkos, Kopotaes, 2007, 2008). The similar trends are observed for terrestrial biota.

The important factor of diversity growth in the evolution is increase in available
energy flow through progressive evolutionary innovations, which allows organisms
to expand the range of the usable resources and increase the intensity of their con-
sumption. Modern theoretical ideas and empirical data suggest that enlargement of
the amount of available energy is one of the major factors of biodiversity growth.
This trend is fully consistent with predictions of the principle of optimum diversity.

In modern conditions, comparison of northern and tropical communities indi-
rectly confirms our hypothesis. Arctic communities with low species diversity in-
clude greater proportion of primitive and archaic taxa than highly diverse tropical
communities. It is obvious that the main factor of reducing species diversity in the
Arctic and in other "harsh" habitats is small amount of available resources. Increase
in proportion of primitive taxa in such habitats can be attributed to the success of
"passive" forms of existence in harsh environment. However, according to Yu. Cher-
nov (Yepnos, 1991, 2002), additional reason for decline in species diversity in the
north may be just increase in the proportion of archaic taxa.
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Thus, we can assume that the principle of optimal diversity can be one of the
additional explanations of general trend of increase in species diversity in communi-

ties of more evolutionary advanced organisms.

5.2.2.2. Changes in the optimal diversity values in the course of evolution of
communities

In accordance with the concept of biocenotic regulation of evolution of Zherikhin
(OKepuxun, 1987), biocenosis have a stabilizing effect on species and limit the speed of
their evolution during the “coherent” phases of slow evolution, when stable communi-
ties change gradually over long periods. During “incoherent” phases of desintegration
of communities stabilizing influence of biocenosis is disabled and the rate of evolution
increases. At the first glance, our results contradict this concept, predicting the increase
in probability of speciation when the environment becames more stable. In fact, there
is no contradiction, since in our model the tendency to discretization of intraspecific
forms and speciation appears not just in a stable environment but when increasing the
stability of environment, transition from an unstable environment - towards a more sta-
ble. Such phase begins after the destruction of communities, when the process of form-
ing their "new generation" begin and the environment gradually becomes more stable.
Substantial initial part of this process occurs in a relatively unstable environment dur-
ing “incoherent” evolutionary phases.

Fig. 14 shows the changes in the optimal values of species and intrapopulation
diversity during biocenotic crisis. Some internal or external factors cause the process
of destruction of communities. The result is a sharp destabilization of biocenotic en-
vironment. After that, it remains relatively unstable for quite long time, until for-
mation of new generation of sustainable communities. Destabilization of the envi-
ronment causes a decrease in the optimal values of species diversity and increase in
optimal values of intrapopulation diversity, licenses greatly expand, their number be-
comes smaller (gray "honeycomb" in Fig. 14). Optimization of diversity at this stage
can occur, among other mechanisms, due to the transition of communities to earlier
successional (truncation of succession, XKepuxun, 2003), as they have the characteris-
tics of adaptation to less stable environment. Then in the process of development and
stabilization of new communities the optimal values of species diversity gradually in-
crease and the optimal values of intrapopulation diversity decrease. Licenses become
narrower and their number grows. If evolutionary level of organisms increases, li-
censes in the new communities become even smaller than they were before the crisis.
At last this process reaches a plateau, on which the limit of fragmentation of licenses
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is determined by evolutionary level organisms, the amount of available resources and
the degree of stability of the environment. Thus, in accordance with the principle of
optimum diversity, during destruction and destabilization of communities intrapopu-
lation diversity increases and thus provides a material for future forming of intraspe-
cific forms and speciation. During the development of "new generation" of communi-
ties and their gradual stabilization intraspecific forms arise and become more dis-
crete. This process can be finished with speciation if any form of reproductive isola-
tion between forms arises.

Destabilization Stabilization
Disintegration Forming of new communities
of communities
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Figure 14. Changes in the optimal values of species and intrapopulation diversity
during biocenotic crisis and the subsequent development of new communities. Gray "

honeycomb" shows the geometry of the license space.

As mentioned above, the optimal diversity values in populations and communi-
ties response to changes of environmental stability in opposite manner, that in long
time intervals can be expressed in antiphase oscillations of diversity in these hierar-
chical levels. The periods of stable environment are characterized by reduction of in-
trapopulation diversity, narrowing niches, discretization of intraspecific forms, speci-
ation, increasing the number of species and complication of the hierarchical structure
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of communities. The periods of unstable environment are characterized by growth of
intrapopulation diversity, expanding niches, extinction specialized species, decline of
species diversity. These processes generally conform to the concept of coherent and
incoherent evolution stages (Kpacunos, 1986). Thus, the optimization of diversity
may be an additional factor in changing of diversity during evolution.

6. The general scheme for the formation of biological diversity

Thus, the optimization can be considered as an additional mechanism for the
formation of biodiversity in the ecological, microevolutionary and evolutionary pro-
cesses (Fig. 15, paragraphs below correspond to the letters in the diagram).

A) The optimal parameters of the license-niche space (optimal values of intra-
population and species diversity, i.e. the optimal width of niches and their number)
depend on the evolutionary level of biota and environmental characteristics - degree
of stability and amount of available resource. The optimal diversity values in popula-
tions and communities react to changes in the degree of stability in the opposite way:
in a more stable environment the number of species increases, but intrapopulation di-
versity (niche width) reduces. That is, in a more stable environment the number of
licenses grows and they become narrower. On the basis of the opposite reaction of the
optimal diversity values in populations and communities we can make an assumption
about the different role of diversity at these two levels: intrapopulation diversity is the
basis for the adaptation to instability of environment and species diversity provides
more efficient use of resources by differentiating of niches.

B) During the ecological processes license space is filled in the course of inter-
action of species which immigrate into the habitat from the regional pool. Predomi-
nance of neutral or niche mechanisms determined by the ratio of "richness" and sta-
bility of environment with optimal parameters of the license space:

- competition most strongly affects the formation of communities if the optimal
number of licenses that are placed on the existing range of resource is approximately
equal to the optimal number of species that may exist on the available amount of re-
source;

- neutral mechanisms work in a very "rich" environments where great amount of
resource permits the existence of a much larger number of species than the optimal
number of licenses that can be placed on a range of resource;

- "abiotic filters" act in meager or harsh environments where the number of spe-
cies that may exist on the available resource significantly less than the optimum
number of licenses that can be placed on a range of resource.
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Optimal values of intrapopulation and species diversity arise independently of

niche separation. Therefore, optimization can be the addition mechanism to niche

separation and can explain the existence of sympatric ecological sibling species.



Optimization of width of population niches during the ecological processes oc-
curs due to changes in the behavior of individuals and the modification polymor-
phism (one genotype produces diversity of phenotypes).

C) In the course of succession biocenosis develop mechanisms of homeostasis,
so the optimal diversity values change - the number of species increases, niches be-
come narrower. Initial succession stages can be compared with communities which
are optimal in less stable environments, climax stages can be compared with commu-
nities which are optimal in more stable environments. Direction of succession to-
wards maximizing biomass for the same amount of resource can be compared with
the process of community optimizing. That is, the optimization of diversity may be an
additional factor of substitution of succession stages.

D) If species from the regional pool are not enough to achieve the optimal diver-
sity, intrapopulation and intraspecific diversity may be adjusted due to microevolu-
tionary processes - selection of the width of the reaction norm, disruptive selection,
increasing genetic diversity within populations. Formation of sympatric intraspecific
forms can be considered as the mechanism of optimization of community structure
and intrapopulation diversity when environment becomes more stable and available
regional pool has not enough species.

E) Realized values of diversity define effectiveness of populations and commu-
nities, including total biomass that they can maintain per a unit of available resource.
If diversity moves away from the optimal values due to anthropogenic disturbances
or natural environmental changes the effectiveness of populations and communities
decreases. Achieved efficiency of functioning, in turn, affects the ability to regulate
the environment and thus, amount and stability of available resource, and through
these indicators affects the optimal values of diversity. Thus, the relationship of "bio-
diversity - functioning" is bidirectional. Hypothesis ma epy optimal diversity can be
used in the practical researches of relationship "biodiversity - ecosystem functioning"
(Bukvareva, Aleshchenko, 2012).

F) During the evolution of species and communities the optimum values of di-
versity (the optimal geometry of license space) change. In particular, the growth of
evolutionary level of organisms and progress in their autonomy from the environment
lead to a decrease in the optimal values of intrapopulation diversity and increase in
the optimal values of species diversity. It may be an additional factor of the growth of
taxonomic diversity during evolution. Increase in evolutionary age of communities
leads to growth of the optimal number of species and narrowing of niches. Antiphase
oscillation of the optimal values of intraspecific and species diversity can be an addi-
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tional explanation for the changes in biodiversity on coherent and incoherent evolu-
tion stages.

7.  The principle of optimal diversity and strategy for the conserva-
tion and use of biodiversity
7.1. Transition biosystems in suboptimal state under anthropogenic impacts

As a result of anthropogenic impacts the optimal levels of biodiversity can be
broken in two main ways: due to anthropogenic changes in the environment and be-
cause of the disruption of the structure of biosystems.

The most common anthropogenic changes of the environment are the destabili-
zation and enrichment (e.g., fertilization, eutrophication), destabilization (e.g., dis-
turbance of animals by humans), removal of biomass and destabilization of commu-
nities (e.g., logging, fishing). The main direction of adaptation of biosystems to these
changes - increase intra-population diversity in response to the destabilization of the
environment.

Anthropogenic impact on the structure of biological systems is expressed pri-
marily in the reduction of the number of species and intra-population diversity when
biosystems leave their optimal state. A typical example is reduction of intrapopula-
tion diversity as a result of exploitation or habitat fragmentation. As indicated above,
adaptation of populations to anthropogenic destabilization of the environment re-
quires increasing intra-population diversity, but the main human impact on species
and populations is the reduction of their numbers, intrapopulation and intraspecific
diversity. Thus, wild species and populations are deprived of the opportunity to adapt
to anthropogenic pressure. So adaptation mechanisms at the community level start
work and typical species are replaced by others. In anthropogenic conditions there is
a shift in community structure from K-strategists to r-strategists and from specialists
to generalists. This shift corresponds to the modern proliferation of "gray" synan-
thropic biota.

Anthropogenic changes in the structure of biocenosis are usually expressed in
the reduction in species diversity, when they also leave the optimal state.

7.2. The aims of management of ecosystem functions and services taking into
account the changes in biodiversity
Since ecosystem functioning is inextricably linked with biodiversity, the strate-
gies for the use of ecosystem services must take into account the current state and

33



possible changes in biodiversity. The use of different services requires different man-
agement aims (Table. 3).

Table 3: Management aims for different ecosystem functions and corresponding bio-

diversity changes

Functions Management aims Biodiversity changes
Production Maximum sustainable removal of biomass | Decrease in biodiversity
(maximum sustainable yield)
Environment- | Efficient and sustainable ecosystem func- | Maintaining of the natural level
forming tioning of biodiversity
Information Getting information from natural systems

There is a contradiction between the aims of producing maximum sustainable
yield and maintain environment-forming functions. Management strategies to achieve
these goals are different. When using environment-forming and information functions
management aims coincide with the maintenance of natural levels of biodiversity and
biomass. Environmental functions are the most effective and sustainable in undis-
turbed climax communities. Information functions in most cases also are maximal in
undisturbed natural complexes. That is, in these cases the aim is to maintain the natu-
ral biodiversity levels which are close to optimal values. But when using the produc-
tion functions the goal is to maximize sustainable crop. It is contrary to the mainte-
nance of natural levels of diversity. The high productivity of communities requires
simplifying of its structure and reducing of diversity. For this purpose an early and
middle succession stages are optimal.

At the level of exploited populations maximization of the sustainable yield
means the maximum increase in mortality. This corresponds to a strong destabiliza-
tion of the environment. In this case adaptive trends of biosystems are as follows: in-
crease in intra-population diversity; reduction in species diversity; reduction of total
biomass. Exploitative pressure on populations eliminates the possibility of first
mechanism, leaving only the second and third, which are contrary to the management
aim for environment-forming and information functions. Minimizing of population
biomass leads to a reduction and destabilization of the flows of matter and energy go-
ing through them and reduces their ecosystem functions.

Harvesting of natural systems make sense only if the value of ecosystem ser-
vices is comparable with the value of removed biomass, but this ratio is not a typical.
It should be expected that in most cases the value of environmental functions is many

times more than the benefits from bioproduction. In these cases the strategy of "max-
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imum sustainable yield" significantly reduces the total "benefit" of biodiversity. The
way out is the "ecosystem approach" which suggests that the amount and form of ex-
ploitation of populations and ecosystems for bioproduction are severely limited by
the requirement to maintain the structure and functions of ecosystems, species and

populations.

7.3. The optimal diversity is the criteria for selecting priorities in envi-
ronmental policy

For a long time the attention of the global conservation community has been fo-
cused on the tropical countries with the highest species diversity, so-called «megadi-
versity countries». However, in accordance with the principle of optimal diversity the
most effectively communities have no maximum but the optimum diversity. Diversity
is the important adaptation of biosystems to environmental conditions. For example,
in the North in a more severe and less stable environment the small values of species
diversity is optimal which are compensated by high intraspecific and intrapopulation
diversity that ensures the effectiveness of ecosystem functions. Therefore, northern
ecosystems have much less species diversity than tropical ecosystems, but play a key
role in the biosphere regulation.

The situation is similar at the regional level: for example, the species diversity of
peatbog communities is significantly smaller than diversity of meadows or mixed
forests, but their ecosystem functions is not less important.

Criteria of conservation value of biosystems should be no formal diversity in-
dexes (e. g., number of species), but the degree of its conformity to natural optimal
values of diversity which provide the most effective ecosystem functions.
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Supplement: The formal description of the model
Mathematical models have been realized by Gleb Aleshchenko
An ecological community £ consists of a set of populations @, (1« = 1,2,...M).
This community exists in a stochastic environment, which is characterized by the in-
tensity of resource flow, R, and the degree of instability, s*. Each population receives
a part, p,, of the overall resource, R.
The lower level: population
There are two ensembles — S = {s;} and F = {f;} (i = 1,2,...]), the elements of

which are placed in one—one correspondence. The ensemble S represents the set of

values of the environmental parameter ‘s’, which determines the possibility of re-
source consumption; the ensemble F represents the set of phenotypes.

The probability-distribution function of the s” value of the environmental pa-
rameter V(s,c) is defined on the ensemble S. This function satisfies the normalization
conditions as follows:

Vse S:V(s,c®) =0, D.V(s,c¥)=p, 1)

seS

In the task of the lower level, p, is constant and may hence be considered to be “1”.

The environmental parameter possesses a new value at each moment of time ac-
cording to the probability-distribution function V(s, ¢*). The dispersion, 6%, of the dis-
tribution V(s, ¢®) characterizes the degree of environmental instability.

The population size equals N(z) at each moment of time. All individuals are dis-
tributed among F phenotypes (phenotypic classes). The number of individuals in
phenotype fequals n(z, f), i.e. N(t) = Zn(t, f).

The main phenotypic feature is considered as the ability to reproduce when a
certain value of the environmental parameter is reached. Each element f of the en-
semble F (phenotype) corresponds to a unique element s of the ensemble S (value of
environmental parameter), which is the most favourable for reproducing this pheno-
type.

When the value s* is achieved, the most fitting phenotype f* and the group of
phenotypes around it reproduce. The function A(f, s* ¢*) determines the fraction of
individuals of each reproducing phenotype when the environmental value s* is real-
ised. This function is defined for all elements s*[S and satisfies the conditions

Vf e F,s*e S:0<A(f,s* ") SLA(f* 5% ") =1 )
The distribution A(f, s*, ¢*) may be interpreted in two angles: the farther a given

phenotype is from f*, the lower is the fertility of reproducing individuals; or, a small-

38



er fraction of individuals reproduce. Dispersion of the distribution of reproducing
phenotypes ¢ may be interpreted as the index of the width of the individual-tolerance
zone. This index is analogous to the “intraphenotypic component” proposed by J.
Roughgarden.

Each reproducing phenotype generates a progeny of different phenotypes. The
progeny of phenotype f* is distributed among the phenotypes according to the func-
tion B(q, f* Ve ) (" f*fF ), which is defined on the ensemble F and satisfies the nor-
malization conditions

Vf*qge F:y Blg f*.c")=LB(q, f*.c") 20 3)

¢eF

Thus, the value of B(q, f*, ¢”) defines the fraction of phenotype ¢ in a progeny
of phenotype f*. The vectors c*, ¢® and ¢* found in (1)=(3) are the parameters of cor-
responding distributions.

Dispersion of progeny distribution ¢” serves as the most important parameter de-
fining the level of phenotypic diversity, which is reproduced at each step of popula-
tion development. Therefore, ¢” was used as an argument of investigated dependen-
cies during the computational experiment.

Mortality is defined by an exponential function with a constant death-rate coef-
ficient ‘d’ i.e. number of dead during the time interval At is equal to N(t)dAt.

The birth rate is modelled using a logistic function with the birth coefficient b(z),
which monotonously decreases as the population number grows:

B 1-N(@)
b(t,N)=b,,( N ) 4)

max

In (4) byax, Niax are constants that define the maximum values of birth coefficient
and population number, respectively.

The model assumes that reproduction occurs in discrete moments of time. At
each step of modelling (t = 1,2...), the value of the environmental parameter s* is de-
fined using a randomizer and in accordance with the probability distribution of the
environmental parameter values V( s,cR). For a derived value s*, the distribution of
progeny is calculated according to distributions (2), (3) and function (4) as follows:

b(t,N) Y A(f,s%,c)B(q, f,c"nt, ) (Vg e F)

feF
Number of dead at the /" step of modelling is defined by the values n(t, ¢)
d("qIF).
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Thus, dispersion of the total number of individuals among the various pheno-
types at the beginning of the (r+1)" step of modelling is defined by the following ex-

pression:

n(t+1,9)=n(t,q)+b(t,N) Y A(f.5*.cBq, f.¢")n(t, f)—nlt,q)d

feF

S)

The system (5) is the main system of recurrent equations determining the dy-

namics of population number and phenotypic distribution. Step-by-step analysis of
(5) for the initial conditions of n(0, g) is achieved using the statistical testing proce-
dure.

Results of modelling of population number N(t) at stationary mode under varia-
tion of ¢® show the presence of an optimal value ¢®", which corresponds to the maxi-
mum value of population number N*. Values N* and ¢®* depend on the degree of en-
vironmental instability o*. The task at this level may be formally defined as follows:

N*( 6%) = max{N(", )}. (6)

The value of maximum population number (6) obviously depends on the amount
of available resource, which was assumed as “1” at the lower level and equals p, for
the task at an upper level.

The upper level: ecological community

As stated above, community € consists of a set of M subsystems (populations)
w, (u=1,2,...M).

Each subsystem w, using its inner parameter o* , maximizes its quantity N,
which is always lower than a maximum possible quantity of population N* (6) be-
cause each population gets only a part of the total amount of resource

N¥, (9 0) = (N, (pn 7", ") (7)

where p, is a resource provided by Q for w,.

On the upper level, let us consider the task of minimization by system £ of its
expenses on the maintenance of its subsystem w, provided by the consumption of all
available resource R by these subsystems. At the same time, it is suggested that the
system Q has two free parameters: M, the number of subsystems (i.e. populations);
N, the quantity of a subsystem w,,.

The system of upper level (community) determines the number of subsystems M

M
and shares resource R with each subsystem that is a part of it p, Q.p.=R); a goal
u=1

function of system 2 considers the “wishes” of the subsystems about their optimal
quantity (7).
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The condition for the full processing of resource R can be written in the follow-

ing way:

M
2AN=R ®)
u=1

th

where p, — is the resource amount processed by one individual of #" population.

The goal function of the system £ can be defined as

M M
E:Z;ﬁlﬂNﬂ+Z;goﬂ(Nﬂ,Nﬂ*) )
u= U=

where f3;, represents the spending on maintenance of one individual from "
population; ¢, is a “penalty” function, where “penalty” is taken for deviation from
optimal quantity of " population.

Thus, the task of the system can be formulated in the following way: minimize
the goal function (9) if limitation (8) is realized.

In such a statement, a solution to the given problem is highly difficult. So, fol-
lowing the desire to get at least approximate estimation of the system and its subsys-
tems’ behavior, it is suggested to simplify the given task of the upper level.

Let each subsystem get an equal amount of resource p = R/M and consequently es-
tablish optimal quantity N'(p, *). Along with this, the limitation (8) can be written as

pMN =R, (10)

and the goal function (9) will be E= M(f3;N + ¢(N,N")), where N is a quantity of
each population that upper system Q wants to reach, and N is an optimal quantity of
each population.

The penalty function is 0 when N = N* and increases when N deviates from N*;
so without breaking the integrity of the task statement and of the assumption that the
solution will be in a quadratic vicinity of N*, the function ¢(N,N') can be written as
9(N.N') = po(N*-NY.

Thus, the goal function of the upper level can be written as

E= M(BN + Bo(N-N'(p, ")) — miny, v (11)

Now the task of functioning of the two-level system under consideration can be
formulated in the following way: the lower level maximizes quantity

N *( R/M, &* ) — max,g N (R/M, ok o8 ), and the upper level minimizes spending
i.e. the goal function E (11) at limitation (10).

The solution to such a two-level task without using iterative procedures can be
obtained only in the case of a known function N* (R/M, ¢). Preliminary investiga-
tions of the stochastic population model give us such information. However, for sim-
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plicity of the solution of the given task, without loss of integrity, we suggest that N*
is a linear relative to its indexes, i.e.

N'=a,R/M-a,5" (12)

Applying expression (12) to (11), we will get the task of the upper level, and so
its solution can be found without any difficulties. In a given case, we get M*~ R/c",
where M* is an optimal number of populations.

It should be noted that other equivalent statements of the task are possible for
both the upper and lower levels. For example, for the upper level, it is possible to use
limitation (8) or (10) as a goal function, and goal function (9) or (11) as a limitation.
It is easy to show that the solutions to equivalent tasks will be functionally equal.

The model of ecological community with possibility of niche divergence

A formal description of the model is as follows. Model community of one
trophic level consists of / populations. Each population consists of J phenotypes, de-
fined by their ability to reproduce when specific value of resource parameter is real-
ized. Nj(t) — is a number of individuals of i-th population and j-th phenotype at a time
t(iel, jeJ, t=1,2,...). The set of recurrent balance equations has the following form:

Nij(t+1)=Ny(t)- N j(1)+ N+,-j(t) (1)

N (1) is a number of individuals which died and N+,~j( t) is a number of individu-
als which born during the time interval (¢, t+1) in j-th phenotype of i-th population.

N y(t)= diNy(t) )

N 5(0)= rByNy(0)+ ri i 1N (0% TN (1) 3

In (2) and (3) d; is the mortality rate for the i-th species, r; — the fertility rate for
the relevant phenotype in i-th population, f3,,, — the proportion of individuals born in
the m-th phenotype and passed to the n-th phenotype. In accordance with the condi-
tion (3) individuals can only be born of this phenotype and phenotypes neighboring to
it. Parameters f3,,, should be restricted with £;+8;. 1+ 8+1=1

The coefficients r,(t) are defined in the following way:

ri()= rmax(1- K(t)/ Ri(1)) (1- S (1)/ R) “4)

where 1, — is the maximum allowable increase ratio; K(t)=> ;Ny(t) — is the sum
of all individuals consuming the resource of the j-th value; S (1)=),K;(t) —is a total
number of individuals at time #; R; (¢) — is a random variable that determines the
amount of the j-th resource, realized in time #; R =) ;R;(t)=const — the amount of re-
source with a random distribution between the types of individuals.

42









More\)

Books:.

| want morebooks!

Buy your books fast and straightforward online - at one of the
world'’s fastest growing online book stores! Environmentally sound
due to Print-on-Demand technologies.

Buy your books online at
www.get-morebooks.com

Kaufen Sie lhre Blicher schnell und unkompliziert online — auf einer
der am schnellsten wachsenden Buchhandelsplattformen weltweit!
Dank Print-On-Demand umwelt- und ressourcenschonend produzi-
ert.

Blicher schneller online kaufen
www.morebooks.de

VDM Verlagsservicegesellschaft mbH
Heinrich-Bocking-Str. 6-8 info@vdm-vsg.de

D-66121 Saarbriicken Telefax: +49 681 93 81 567-9  www.vdm-vsg.de













