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Abstract

Adaptive mechanisms performing at different levels of organization
of living matter play an important role in theoretical biology. One of
the important cases of such mechanisms is the protective coloration of
animals, that masks them on the ground.

The article aims at building mathematical models of the perfor-
mance of the protective coloration of animals, depending on the spe-
cific situations of their adaptation to a particular area. The results
of the study can be used to create remote technologies for detecting
animals of certain species at a considerable distance.
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Introduction

The study of adaptive mechanisms at different levels of organization of living
matter is one of the most important topics of theoretical biology. At the
same time, the results of these studies in many cases have important rele-
vance. To the full extent, this relates to one of the manifestations of adaptive
mechanisms—protective coloration of animals.

Global climate changes cause the urgency of both these aspects of bio-
logical science. It should be noted that global climate changes, in general,
pose many severe problems of the existence of human civilization. Among
the problems related to biology are problems arising in the agricultural sec-
tor of the world economy. In particular, they make urgent the problems of
creating and using new technologies of cattle breeding. We bear in mind the
technologies efficient in large areas, the climate of which will become warmer
and arid, but the development of the infrastructure on them for the life of a
significant permanent population is unpractical. In such situations, the effi-
ciency of the agricultural sector of the economy can be implemented through
the development of cattle breeding with use of high-tech methods, for use of
which a small in number staff is sufficient, for remote monitoring the state of
numerous herds of animals in vast, sometimes difficult-to-reach areas. Such
methods use aviation, as in the case of Australia (Mulero-Pazmany et al.,
2017), including drones. We are talking about the usage of drones for con-
trolling the movement and condition of grazing animals as well as predators
and competitors, which negatively affect the grazing animals’ productivity.
Organisms—indicators of the ecological state of grazing places—may also be
controlled in such a manner. For example, the disappearance of fishes or
other animals in pounds and streams used for stock watering can serve as
indicators of an poor state of their ecology.

Effective application of aviation may be prevented by the protective col-
oration of domestic and wild animals. For example, Australian camels belong
to both of these categories.

In particular, this problem will arise during the wide economic use of rel-
atively recently domesticated animals, which may prove economically advan-
tageous in the described situations associated with global warming. Common
elands (Taurotragus oryz) in Askania-Nova National Park of Ukraine can be
mentioned as an example. The protective mechanisms of animal coloration
are very complex and are systemic in nature. This implies the use of certain
approaches to mathematical modeling procedures for their study (Turing,
1952; Murray, 1981a,b; Murray and Maini, 1986; Fennell et al., 2019). This
paper aims to study the abilities of usage of new approaches described below.
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1 Literature Analysis and Statement of the Prob-
lem

For a long time, the coloration of animals has been of interest to representa-
tives of different branches of science (Turing, 1952; Murray, 1981a,b; Murray
and Maini, 1986; Endler and Mappes, 2017; Fennell et al., 2019). They in-
vestigate multiple aspects of this problem and specified objects of the study.

The impact of certain optical phenomena inherent in the underwater en-
vironment on masking adaptation mechanisms of pelagic fishes is studied in
(Johnsen et al., 2014).

The mechanisms that marine animals use for masking bioluminescence
and polarization of light are described in (Marshall and Johnsen, 2017; Feller
et al., 2017).

The work (Lind et al., 2017) is devoted to the laws of the co-evolution of
color vision and animals’ coloration.

In (Shawkey and D’Alba, 2017), the relationships between the mecha-
nisms of production of substances determining the coloration of animal sub-
stances and their use were analyzed.

The parameters of the genome of their population affecting the coloration
of wild animals were analyzed in (San-Jose and Roulin, 2017).

The mechanisms of performance of the silhouette of animals’ coloration
(camouflage) that divide the visual perception, as well as the conditions of
its adaptability and environmental significance are investigated in (Merilaita
et al., 2017; Duarte et al., 2017).

In particular, the role of coloration of boundary areas of the silhouette
for the destruction of a holistic visual perception of the contour of animals
is described in (Merilaita et al., 2017).

The work (Nothdurft, 2018) is devoted to the processing of visual infor-
mation by the brain. We are talking about aspects that affect the speed of
various processes of visual perception.

The role of diversity at different levels of organization of living matter in
the performance of protective animals’ coloration is an important problem.

In this regard, it should be noted that the problem of the role of diver-
sity in the performance of living systems is one of the essential problems
of fundamental biology. The results of the study of this problem by envi-
ronmentalists during many decades are presented in the works (Bukvareva
and Aleshchenko, 2012, 2013, 2005), devoted to the principle of optimal di-
versity and research, in particular, by methods of mathematical modeling,
manifestations of this principle.

The protective coloration of animals is an important and, moreover, rela-
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tively convenient for study, case of the performance of adaptive mechanisms.
In this case, the relationship between diversity of the system and the charac-
ter of its performance plays an important role. (At the organismic, but not
only at the organismic, level of organization of living matter.) Mathematical
modeling as an effective tool for these mechanisms’ study.

In this regard, works (Turing, 1952; Murray, 1981a,b; Murray and Maini,
1986) by A. Turing based on the model (Turing, 1952) play an important
role.

More recently, specific mechanisms that implement such models at the
molecular level of the organization of living matter were described (Kondo
and Miura, 2010; Sheth et al., 2012). We bear in mind the implementation
of parameters of the periodicity of not only color but also other aspects of
morphology.

In the work (Feller et al., 2017), the authors present the results of using
neural networks for the study of the performance of the protective coloration
of animals. In this work, it is noted that in the case of usage of neural
networks the requirements for the initial data are not so strict as for Big
Data, but still quite serious.

A certain statement confirmed in (Endler and Mappes, 2017; Johnsen
et al., 2014; Marshall and Johnsen, 2017; Feller et al., 2017; Lind et al., 2017;
Shawkey and D’Alba, 2017; San-Jose and Roulin, 2017; Merilaita et al., 2017;
Duarte et al., 2017; Nothdurft, 2018) appears to be well-grounded. It means
the following. In cases when the coloration of animals serves to protection
and masking, its formalized description requires approaches based on the
Turing’ model (Turing, 1952; Murray, 1981a,b; Murray and Maini, 1986)
supplemented by others ones.

Approaches that enable to simulate the aspects of protective coloration of
animals providing the adaptation to the diversity of colorimetric parameters
(CPs) of their habitats should play an important role. In particular, we
are keep in mind the adaptation to the diversity of plant communities in
these places. Global climate changes will frequently enough create situations
requiring the adaptation of animals’ coloration to a high level of diversity of
these CPs.

On the other hand, there might be situations creating threats to biosafety,
which require decision-making in case of an acute lack of time and resources.
This could include a lack of time and resources for collecting initial data
for performance of decision support systems (DSS). So, mathematical ap-
proaches allowing one to develop DSSs that work with relatively small vol-
ume of data arrays are topical. This also relates, in particular, to remote
methods for obtaining information about the localization and migrations of
animals having masking coloration. So, the development of sufficiently uni-
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versal unmasking technologies will be required. It may be, in particular,
technologies based on certain types of mathematical models of mechanisms
of adaption of protective coloration of animals to diversity of their habitats.
To be exact, we talk on types of mathematical models that do not require a
large amount of initial data.

In (Bespalov et al., 2017; Balym et al., 2017; Vysotska et al., 2017; Be-
spalov et al., 2018; Nosov et al., 2018), a new approach that satisfies this re-
quirement to mathematical modeling of the protective coloration of animals
is proposed. It enables to use the data with gaps and having a minimum
volume. (We are talking on the number of observations that makes it possi-
ble to correctly calculate the correlation matrix between the components of
a certain system). Then, with use of Discrete Models of Dynamic Systems
(DMDS), on the basis of such a matrix, the structure of inter-component
and within component relationships in the system can be built, due to the
positive and negative effects of the components on each other and on them-
selves (Zholtkevych et al., 2013). On the base of this relationships structure,
an idealized trajectory of systems (ITS ) can be calculated (Bespalov et al.,
2017; Balym et al., 2017; Vysotska et al., 2017; Bespalov et al., 2018; Nosov
et al., 2018). This trajectory represents the dynamics of the system. In
this particular case, the ITS can represent a cycle of values’ change of col-
orimetric parameters of plant communities in animal habitats. An idealized
pseudo-trajectory of the system (IPTS) can also be built. It reflects a set of
CPs values of the disruptive (camouflage) protective coloration of an animal
that provides adaptation to a specific area. (But this trajectory do not re-
flect the real time dynamics.) In (Bespalov et al., 2017; Balym et al., 2017;
Vysotska et al., 2017; Bespalov et al., 2018; Nosov et al., 2018), it was shown
that animals possessing such a protective coloration can be unmasked using
procedures that require only initial data for their implementation, which can
be obtained by computer analysis of the components of the RGB model of
digital imaginary. (In a number of cases, we can talk about digital imaginary
obtained with the help of the equipment included in the package of delivery
of relatively cheap and easy-to-use drones.) These methods are based on a
comparative analysis of I'TSs and IPTSs that was built with use of DMDS.
This comparative analysis results in revealing the differences in diversity of
values of CPs of plant background and coloration of animals. The differ-
ences are used later for unmasking. We note once again that the protective
coloration of animals is a special case of the performance of adaptive mecha-
nisms. In this case, the role of the diversity of certain manifestations of this
adaptive mechanism with the nature of its performance was investigated. In
(Bespalov et al., 2018), using antelopes Taurotragus oryr as a case study, it
was shown that, along with this aspect of the diversity of the living system,
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in this case, the degree of evenness of the values of CPs of protective color
also plays a role. It should be noted that a similar systemic effect has been
proposed a long time ago for use by ecologists in the analysis of the structure
of biological communities (Margalef, 1968).

We are talking on the analysis based on the Shannon index (Shannon,
1948). Tt seems appropriate to analyze the aspects of diversity and even-
ness of the protective coloration of animals, taking into account the specific
circumstances of their adaptation to a particular area.

The aim of the current study is to build mathematical models of perfor-
mance of the protective coloration of an animal that depend on the specific
circumstances of their adaptation to a particular area. Specifically, we build
the mathematical models using the parameters of the diversity of CPs’ values
and their evenness.

In the course of such modeling, the possibility of applying the obtained
results for remote registration of animals in areas of certain types was taken
into account.

To achieve this aim, the following tasks were solved:

e to build the models of the animals’ protective coloration and the spatial-
temporal distribution of CPs of local vegetation in the form of scatter
plots in feature spaces with coordinates that reflect the diversity and
evenness of the values of the corresponding CPs;

e to develop the image processing procedures for diagnostics of the pres-
ence or absence of certain animals in certain types and sections of the
terrain, on the basis of these models.

2 Obtained Results

This work results in the models of the protective coloration of animals and
CPs of plant communities in their habitats. These models have the form
of scatter plots in a 2D feature space (2DFS). Coordinates of this 2DFS
were selected in accordance with results of modeling presented in (Bespalov
et al., 2018), with use of DMDS, systemic parameters of performance of the
protective coloration of animals. We are talking about system colorimetric
parameters (SCPs) and primary colorimetric parameters (PCPs) obtained
by computer analysis of components of the RGB model of digital imaginary
of animals on the background of vegetation of their habitats. To find the
values of SPCs and PCPs, relatively large fragments of images (hereinafter
referred to as “macrosegments”) were divided into segments. The segments,
in turn, were divided into microsegments. We analyzed SCPs of segments


https://doi.org/10.1101/822999
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/822999; this version posted November 4, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

containing full or partial images of animals and the segments containing only
background images of plant communities in animal habitats.

The values of following CPs reflecting the tones of animals’ coloration
and its evenness were calculated for each microsegment:

R(R+G)

e the value of m7

|RG|

e the value of R1G+B"

For a set of microsegments of any segments, the following values of SCPs
were calculated:

R(R+G)

e the range of m7

|RG|

e the range of m7

|R—G|

e the mean Of R+G1B"

These values reflect the average values of evenness uniformity and diver-
sity of tones of animals’ coloration.

These system colorimetric parameters were used as coordinates of the
2DF'S in which these scatter plot were built. These parameters reflect the
variety of combinations of CPs’ values and their evenness.

Scatter plots of parameters of protective coloration of feral one-humped
camels (Camelus dromedarius), dingo dogs (Canis lupus dingo), and kanga-
roos (Macropus rufus), as well as plant communities in the regions of Aus-
tralia where these animals live, were built in such two-dimensional space In
addition, in the same feature space the scatter plots of protective coloration
of fishes (Cyprinus carpio), as well as plant communities of ponds in Ukraine,
where they are growing, were built. These scatter plots are shown in Figs 1,
2,3,4,5,6,7,8.
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Fig. 1: Scatter plot of SCPs of segments with bodies of different animals
and background. Range: the range of g%; Mean: the mean of %;
Bd-cam: body of camel; Bd-Kango: body of kangaroo; Bd-Dingo: body of

dingo; Background: background without animals
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Fig. 3: Scatter plot of SCPs segments for dingos. Range: the range of

%MR%EB; Mean: the mean of %; Bd-Dingo: body of dingo; Bk-Dingo:

background of dingo
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A comparative analysis of the scatter plots presented in Fig. 1-4 and 5-8,
gives some reasons for formulating a rule to which the parameters of diversity
and coloration evenness follows. These parameters depend on the situation
(evolutionary history) in which this adaptive trait was formed. More specif-
ically, these measures consist of: The period of time from the appearance in
Australia of camels (Camelus dromedarius), dingo dog (Canis lupus dingo)
and kangaroo (Macropus rufus) may be arranged in an ascending order. The
values of above-mentioned system colorimetric parameters used in scatter
plots can be also ranged in decreasing order. Namely:

R_RiG .
e the range of the value ¢ =750 5;

e the range of the %;

|RG]
e the mean of TG+

This effect can be explained in such a way.

Camels (Camelus dromedarius) appeared in Australia about two centuries
ago. Their wild or, rather, feral form began to spread in desert and semi-
desert regions of the continent almost at the same time. Over the specified
period of time, the Australian population of this species has greatly increased
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its number and range. The ever-growing range includes various (albeit very
similar) plant communities. The colorimetric parameters of these commu-
nities are distinguished by a significant variety of tones. The ongoing and
currently expanding range suggests the possibility of increase of this diversity.
It is mainly about tones of green and red, reflecting the ratio of green chloro-
phyll to red-yellow-orange plant pigments. This ratio is significantly different
for different plant communities and different stages of their development. In
such a situation, the maximum possible variety of its shades will meet the
optimal strategy for performance of animals’ protective coloration. We mean
the adaptive function of color enabling to destroy the integral visual percep-
tion of the animal’s silhouette. This suggests a certain law of diversity of
tones of silhouette’s fragments. The essence of the law is as follows. At any
point of time and space, there is a number of silhouette’s fragments merging
by color with the plant background sufficient for destruction of silhouette’s
perception. (Or, at least, the diversity of tones of these fragments should be
commensurately to the diversity of CPs of the plant background at specified
points in space and time.) In the case under investigation, the measure of
this diversity is the range of the value g ngfB calculated on the set of mi-
crosegments of each segment. (The microsegments correspond to the above
mentioned fragments of the animal’s silhouette. For animals having the size
approximately equal to human’s one were about several centimeters, by anal-
ogy with camouflage elements of army uniforms or spots of the coloration of
leopard, jaguar, cheetah.)

It should be noticed that an increase in the diversity of tones destroying
the integral perception of the silhouette is related to the consumption a
certain resource. More specifically, it means the following. An increase in
the number of tones implies a decrease in the angular size of spots of different
colors on the body of an animal. This decrease can lead to merging the visual
perception of these spots. Such merging will lead to elimination of the effect
of destruction of integral perception of the silhouette.

When this resource is limited (e.g., upon decrease of the animal’s size and
increasing the distance of its visual perception), the evenness of the protective
coloration gets adaptive meaning that increases its universality. The brown
coloration of many animals may be referred as an example. It provides the
merging of silhouette’s fragments against a plant background accompanying
by relative predominance of both green chlorophylls and red-yellow-orange
pigments. In the case under study, high evenness of CPs corresponds to the
low value of Plfgf‘B.

Not only the evenness matters, but also its range and diversity are im-
portant. In the case under study, the measure of this aspect of diversity is

the range of R'faf‘B. To a certain extent, the diversity of evenness values of

13


https://doi.org/10.1101/822999
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/822999; this version posted November 4, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

CPs can be used as a measure of permissible dissimilarity of colors of the
animal’s coloration and plant background. (The degree of this permissible
dissimilarity is determined by the development of color vision in animals be-
longing to the same trophic network or chain, lighting conditions and other
factors. In the current study, we do not consider these conditions.)

Dingos staying in Australia for thousands of years occupy an intermediate
position between camels and kangaroos according to the range of g ngfB.
Kangaroos formed as a species in Australia and adapted, due to long-term
natural selection, to ecological niches of this continent have the lowest values
of this indicator. The evenness of the CP of dingos and kangaroos is approx-
imately the same and significantly higher the camels’ CP. The range of the
evenness of kangaroos and dingos is also quite close and significantly lower
than that this indicator of camels.

This corresponds to the strategy for performance of protective coloration
of animals, which have for a long time occupied certain ecological niches, but
which adaptive mechanisms work in conditions of changing ecological niches.
This is possible due to the relative universality of these adaptive mechanisms.

The scatter plots in Fig. 5, 6 built for carps (Cyprinus carpio) living in
Ukrainian fish ponds reflects a strategy of coloration of animals that have
found an ecological niche for themselves for a long time ago. But, later,
this coloration, as well as the ecological niche, has significantly changed un-
der influence of human activity. Moreover, these changes reduce the role of
coloration in the adaptation of animals to the environment.

The differences in the values of SCPs of fish and plant communities of
water of the ponds presented in Fig. 5, 6 are important for considering
the practical results of this work. The differences in the values of SCPs
of camels, dingoes and kangaroos and plant communities in their habitats
presented in Fig. 1-4 and Fig. 7-8 are also important. The differences in
SCPs of protective coloration of different Australian animals shown in Fig.
1-4 and Fig. 7-8 have also certain importance.

In accordance with the statement in (Nosov et al., 2018), the diversity
of protective coloration of an animal with a rather small probability will
be larger in comparison to whole color diversity of its environment. So the
probability of fact that the diversity of the protective coloration of animals
will be greater than the diversity of its environment at a specify point of
space and time is sufficiently large. Accordingly, SCPs, which are a measure
of the color diversity of an animal, can be used to unmask it. In accordance
with the results presented above here and, earlier, in (Bespalov et al., 2018),
SPCs serving a measure of coloration evenness can also be used to unmask
an animal. Having kept this in mind, we have advanced a working hypothesis
according to which the usage of classification procedure on the base of neural
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networks enables unmasking the animals. We used classification procedures
with the following colorimetric parameters as independent parameters:

R_R+G .
G R+G+B’

e the range of

|RG| .
R+G+B’

e the range of

|RG

e the mean of BiGaB"

These values reflect the average values of evenness uniformity and diver-
sity of tones of animals’ coloration.

Testing this working hypothesis on the image of carps and Australian ani-
mals gives the following results. In Table 1 the results of animals/background
recognition are presented. We used classification procedures on the base of
neural networks for building the classifier, which distinguishes the segments
with animals’ bodies and background. In Table 1 the following notifications
were used: SNBd: the Segments’ Number with animals’ Bodies; EBd:
number of Erroneously classified segments with bodies (including percent-
age); SNBk: the Segments’ Number with Background; Erroneously classi-
fied segments with Background (including percentage).

Table 1: Results of recognition of segments with animals and background
Species SNBd EBd (%) SNBk EBk (%)

Carps 428 11 (2.6) 35 2 (5.7)
Kangaroos 308 20 (6.5) 55 0 (0.0)
Dingo 53 1(L9) 99 5(5.1)

3 Discussion

The results of this work are considered by the authors just as preliminary.
They give, in our opinion, the basis for the following statements.

Certain parameters of diversity and evenness play a role in performing the
adaptation mechanisms that disrupt the silhouette (camouflage) of animals’
coloration. In this regard, the results of (Bespalov et al., 2017, 2018) can
be confirmed and obtain further development. The works (Bespalov et al.,
2017, 2018) and the present paper deal with the diversity and evenness of
tones of different fragments of the body’s coloration of an animal related to
the nature of plant communities in their habitats. Namely: They deal with
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the diversity of combinations of the presence of red and green components
and the evenness of their ratio, as well as the diversity of degrees of this
evenness. The ratio of the red and green components in the coloration of
an animal is related to the ratio of green chlorophylls and yellow-orange-red
pigments in different areas and at different stages of development of these
plant communities. Apparently, the possibility of extending the systemic
effects described in this paper to other aspects of animal coloration, aspects
of their morphology, and performance of adaptive mechanisms cannot be
excluded.

In this work that includes a specified case study with Australian animals
a certain regularity of the dependence of the role of diversity and coloration
evenness of animals on the situation (evolutionary history) of their adaptation
to ecological niches was described.

In this paper, this regularity performs as follows. The main role in the pro-
tective coloration of animals, which process of adaptation to new ecological
niches is far from complete, plays the diversity of tones. In the paper’s case
study, we investigated a wild (feral) Australian camel (Camelus dromedar-
ius). When the process of adaptation to habitat in certain ecological niches
continues for a long time (millennia, as in the case of Canis lupus), evenness
parameters play an important role. Namely: in comparison with the first
case, against the background of a decrease in the variety of combinations of
values and the brightness of red and green and the diversity of values of the
evenness parameter leg,f‘B), we see an increase in the average value of the
parameter.

For kangaroos (Macropus rufus), a biological species that have arisen and
evolved in Australia, these trends are even sharper.

The described regularity is illustrated by examples of animals, adapta-
tion of which to ecological niches are extremely and obviously different in
time. It is doubtful that the nature of this regularity is universal or, at least,
significantly general. Nevertheless, we hope that the models describing this
regularity (in a form of scatter plots) can be useful in some cases. For exam-
ple, such models can help in using the parameters of diversity and coloration
evenness of animals for their detection on area.

The analysis of the models presented here in the form of scatter plots
enables to advance working hypotheses regarding recognition procedures for
areas where the presence of animals are highly likely. Accordingly, for an-
imals’ detection, based on the results of applying these procedures, video-
information about these areas of the area can be automatically selected—for
verification by other methods: including with the participation of zoologists.

Recognition procedures that use these working hypotheses can be devel-
oped with usage of a set of mathematical tools. In this paper, we used neural
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networks for such procedures.

We can deduce that the results obtained in this work are reasonably suf-
ficient for their application and implementation in procedures for recognition
of areas with possible animals’ presence.
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