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Invariance of diversity parameters of the lower jaw of the common
shrew (Sorex araneus) based on standard measurements,
Procrustes coordinates and centroid size
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ABSTRACT. Information parameters of morphometric diversity (entropy, self-organisation index) of the
lower jaw (hemimandible) of the common shrew (Sorex araneus Linnaeus, 1758) were estimated and com-
pared based on (i) standard measurements or (ii) Procrustes coordinates and centroid size. In each case,
two multivariate descriptive models were developed using Euclidean distances or Kendall’s t, rank cor-
relations. In the first case, size diversity was evaluated; in the second case, diversity of shape was evalu-
ated. For each model, entropy and self-organisation index, which were independent of sample size, were
determined. It was shown that the value of the self-organisation index for models describing size diversity
was independent — or invariant — of the type of source data. (invariance) of the type of initial data. In
contrast, the models based on Kendall’s t, rank correlation were not equivalent. The self-organisation index
for landmark Procrustes coordinates was significantly higher than the index calculated based on standard
lower jaw measurements.
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MHBapuaHTHOCTbL NapameTpoB pa3HOOOpa3nA HUXKHEN YenoCTH
0OblIKHOBEHHOM OYypo3yOKu (Sorex araneus)
Ha OCHOBe CTaHAAPTHbIX N3MEepPEeHUN, NMPOKPYCTOBbLIX KOOpAUHAT
W LeHTpOoMAHOro pasmepa

A.10. MNMy3a4yeHko’, J1.J1. Bonta

PE3IOME. IlpoBeneHo cpaBHEHHE MH(DOPMAIIMOHHBIX MMapaMeTPOB MOPHOMETPUUIESCKOTO pasHOOOpasus
(oHTpOIIHS, MH/IEKC CaMOOPTaHU3allMK) HIDKHEH 4enfocTH (reMruMaH1n0ya) OOBIKHOBEHHOH 3eMIIepOKH
(Sorex araneus Linnaeus, 1758), omnenuBaemMbIX Ha ocHOBe (i) CTaHZAPTHBIX W3MepeHWH wimm (ii)
MPOKPYCTOBBIX KOOPAMHAT M LIEHTPOUJHOTO pazMepa. B kaxxJoM ciyyae MOCTPOEHBI ABE MHOIOMEpPHBIE
ONnKcaTeIbHbIE MOJIENH C UCIIOJIB30BAHUEM €BKIIMJIOBBIX PACCTOSIHUM MJIM PaHTOBBIX Koppemsauuil Kennamna
t,. B mepBoM ciydae oneHnBanocs pazHoo0pasue pasMepoB, BO BTOPOM — pasHooOpasue GopMbl HIKHEH
yemrocT. [ KakI0M Mozenu ObUIM OINpEJesIeHbl 3HaUeHMsl SHTPOIMM M MHAEKCA CaMOOpraHU3alluy,
KOTOpbIE HE 3aBHCENN OT pa3Mepa BHIOOPKH. BBIIO 1MoKa3aHo, YTO 3HAYEHHE WHJIEKCA CaMOOpPTaHU3alnU
JUISL MOJIeJIeH, ONMMCBHIBAIOIINX Pa3HOOOpa3hue pa3sMEepoB YEIIOCTH, HE 3aBUCHT (MHBApHAHTHO) OT THIIA
MCXOMHBIX JaHHBIX. B TO e BpeMs MOJENH, OCHOBaHHBIE Ha PaHTOBOH Koppensimu Kenpasia t,, Obumu
HE DKBHUBAJEHTHBI. MHJEKC camoopraHu3aluu UIsl NPOKPYCTOBBIX KOOPAMHAT JIAHAMApOK OKa3ajcs
3HAYUTCIBbHO BBIIIC, YEM MHACKC, paCC'—II/ITaHH}Jﬁ Ha OCHOBC CTaHAAPTHBIX HSMGPGHHﬁ HIDKHEN YETIOCTH.

KJIFOYEBBIE CJIOBA: 00bIkHOBEHHAs 3eMIIEpOiiKa, MOP(OIOTHYECKOE pa3HOOOpa3ye, SHTPOIINS, HHAEKC
CaMOOpPraHU3alNH1, TeOMETpHUIECKast MOP(HOMETPHSL.
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Introduction

Over the last 50 years, the study of variation in the
size and shape of organisms carried out with extensive
use of multivariate statistical analysis in a framework
called “morphometrics”. In general, the purpose of
multivariate analysis is to detect order (rules, patterns)
in the variation of a set of measurements (variables) of
objects and to display the relative position of objects
or variables in the modelled multidimensional mor-
phospace. Morphometric retains the traditional aims
of studying variability: to identify differences between
samples of organisms, to compare or classify samples,
to test hypotheses about the nature of variability, and so
on. Meanwhile, diversity itself, as a distinct phenom-
enon and subject of research, tends to escape the atten-
tion of researchers.

Morphological (morphometric) variability of organ-
isms, as a set of different biological processes, accord-
ing to Simpson’s (1944) definition, is associated with
the measure of difference between individuals at the
population level, i.e. it acts as a statistical characteristic
of a population and not of an individual. An individual
(organism) is taken as the smallest unit (element) of
analysis. A set of individual elements forms a system
if, for any pair of elements, a rule is given according to
which one element can be distinguished from another
in principle. In other words, in a system, the elements
have certain relationships to each other. The set of all
such relations can be interpreted as the diversity of a
sample, if variables characterising the elements and a
specific rule defining the relations between them are
given. For example, if the variables for the elements
are DNA sequences and a method (metric) is specified
for evaluating the differences between them, then the
set of distances between all pairs of elements in the
sample characterises genetic diversity. In the case of
morphometric, quantitative variables, the relationships
between elements reflect morphometric diversity, and
in the case of phenetic, qualitative traits, phenetic di-
versity, and so on. In a broad scientific context, all vari-
ants of diversity are a consequence of the heterogeneity
of living matter (Vernadsky, 1978: 51) and the diversity
of relationships within it and with the surrounding non-
living matter during the course of biological evolution
on Earth.

As a general approach to the semantics of “diversi-
ty” as a term, in our opinion, it is reasonable to consider
the generalisation proposed by Stirling (1998, 2007).
According to this approach, “diversity” is composed of
three specific components or “subordinate properties”:
“variety”, “disparity” and “balance”. Variety refers to
the number of categories into which the quantity under
consideration can be divided. The balance or equitabil-
ity refers to the pattern of distribution of this quantity
among the relevant categories. The more evenly bal-
anced these fractions are, the greater the diversity.
Disparity refers to the nature and degree to which the
categories are different from each other. That is seman-
tic close to interpretation of this term, for example, in

palacontology (Foote, 1997). In general, diversity is
positively correlated with all three components. Dis-
parity and, to a lesser extent, variety are subjective and
context-dependent aspects of diversity. They depend
on the particular system of measures and the given ob-
jectives of the study. It is important to note that the
interpretation of diversity presented above is not the
only and universal interpretation. A certain advantage
of considering diversity as a more general concept in
relation to its three composed components is that such
a view is consistent with the content of quantitative in-
formation parameters (indices), such as entropy, used
in the natural sciences to evaluate the diversity within
“systems”. In particular, maximum physical entropy is
proportional to the number of elements that differ from
each other in a system. Furthermore, it is evident that
informational entropy is proportional to the number of
elements and of classes of elements, regardless of how
these elements or classes were distinguished within a
specific system.

All methods of multivariate analysis aim to reduce
the dimensionality of a descriptive model of a sys-
tem by reducing the number of the original variables,
which entails the models of lower dimensionality, usu-
ally with a small number of orthogonal coordinates. In
these model hyperspaces, the relative position of ele-
ments is not determined by the original metric, but by
individual sets of coordinates. The distances between
the position of elements in the model hyperspace are
proportional to the distances between the elements in
the system calculated using the original metric. Such
methods include principal component analysis, variants
of factor analysis, non-metric multidimensional scaling
and some others. Thus, the specific descriptive models
obtained as a result of applying multivariate analysis
encompasses the patterns of similarity/dissimilarity re-
lations between the elements of the studied system and,
therefore, they contain information about the diversity
within the system.

It should be emphasised that, firstly, models repro-
duce “stable” or “basic” relationships between ele-
ments. These relationships are usually linear or close
to it. Strong nonlinearities, such as discontinuities,
are ignored and filled with dummy values because the
model hyperspace is principally continuous. Stochas-
tic components (“noise”) usually make a small quan-
titative contribution to the total variance and are not
taken into account either at the level of the algorithm
or by the researcher according to a certain rule. There-
fore, the diversity estimate of the model will always
be somewhat lower than the diversity of the system
being modelled.

The methodology we develop for measuring di-
versity is based on the use of multivariate methods to
reduce dimensionality, and on the use of information
theory tools, including the theory of signal transmis-
sion and models developed in cybernetics (Shannon,
1949; Ashby, 1958; Conant & Ashby, 1970; Haken,
2006; Puzachenko, 2016, 2020, 2023). To quanti-
tatively characterise the structure of a descriptive
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model, information variables (entropy, self-organi-
sation index or “redundancy”, etc.) are used, which
have the meaning of macro-parameters in relation
to the model. In particular, using a large data set on
the variability of cranial and postcranial elements
of the mammalian skeleton in representatives of the
orders Artiodactyla, Carnivora, Perissodactyla and
Rodentia, it was shown that the variation of entropy
normalised by the number of model coordinates and
the self-organisation index are, on the one hand, es-
sentially limited and, on the other hand, invariant
with respect to the set of variables and their number
(Puzachenko, 2016, 2023).

Methods of geometric morphometrics have become
widespread in recent decades (Zelditch et al., 2004;
Klingenberg, 2011; Vasil’ev et al., 2018). Geometric
morphometric shares the same basic aims with com-
mon morphometric analysis, but the main object of
study is the variability of “shape”. In contrast to the
traditional approach, geometric morphometric does
not use conventional measurements, but coordinates of
points (landmarks) located on the contour of the ob-
ject or on the object itself. The intermediate products of
the initial coordinate processing are centroid size and
Procrustes coordinates. In this study, the variables were
used to develop of descriptive morphometric models
of common shrew, Sorex araneus Linnacus, 1758 (So-
ricidae, Eulipotyphla), lower jaw size and shape vari-
ation, and subsequently to calculate diversity param-
eters. Independently, the models were developed for a
part of the sample using a set of traditional (standard)
craniometrics measurements. The variation of infor-
mation parameters of diversity in different samples of
shrew mandibles was compared with the variation in
the same parameters calculated for the skulls (cranium
and mandible together) of pygmy (Sorex minutus Lin-
naeus, 1766), Laxmann’s (Sorex caecutiens Laxmann,
1785) and common shrews (Puzachenko & Kupriya-
nova, 2023).

We wanted to evaluate the impact of the ways, in
which disparity is measured, on the values of diversity
indices. More specifically, we tested the hypothesis of
invariance of diversity parameters, not only with re-
spect to the particular measurement sets (variables),
but also with respect to the methods of primary data
processing.

Materials and methods

Sampling

Specimens of the “Manturovo” chromosome race
of common shrews were collected in 1972—-1984 at the
“Velsky” Research Station (Velsky District, Arkhan-
gelsk Region, Russia) and in 1981-1988 at the “Ko-
rtkerossky” Research Station (Kortkerossky District,
Komi Republic, Russia). Sample of 154 animals was
analysed. A set of 7 measurements of the hemimandib-
ula is described in Puzachenko & Kupriyanova (2023).
In addition to these, the length of the condylar process
was used in this study (see scheme in Puzachenko &

Kupriyanova, 2023: Fig.1). Immature animals captured
in August, either at peak or low abundance, were in-
cluded in the analyses. Measurements were taken using
an MBR 10 microscopic ocular micrometer for large
and small structures at eight and sixteen times magnifi-
cation respectively.

The sample for geometric morphometrics includ-
ed 634 hemimandibles belonging to four karyotypic
races: “Serov” (Yaksha, Garevka, Zhani, “Bolshaya
Kokshaga”, Komi Republic, Mari El Republic, Rus-
sia), “Manturovo: (Ramenye, Dan, Komi Republic,
Arkhangelsk Oblast, Russia), “Pechora” (Ulashevo,
Dan, Komi Republic, Arkhangelsk Oblast, Russia),
“Sok” (Verkhnyaya Puzla, Storogevsk, Malaya Sluda,
Komi Republic, Russia. The chromosomal race was
determined in a previous morphometric study by Sh-
chipanov et al. (2014), and was later confirmed by Sh-
chipanov & Pavlova (2017).

All animals were captured during summer and
early autumn (June—September), except for the sam-
ple from Bolshaya Kokshaga (“Sok” race), which was
collected in October 2009. The collection of skulls
and mandibles of shrews is kept in the museum of
the Pechora-Ilychsky State Nature Reserve (Komi
Republic, Troitsko-Pechorsky District, Yaksha settle-
ment). This sample also included 154 hemimandibles
of the “Manturovo” race for which standard measure-
ments were available.

The lateral side of the mandible was digitised us-
ing an Epson Perfection V300 flatbed scanner at high
resolution (2400 dpi). We used 17 landmarks for which
coordinates were determined in two-dimensional pro-
jection with Cartesian coordinate system.

Statistics

Centroid size and Procrustes coordinates (Book-
stein, 1991; Zelditch et al., 2004) were calculated in
the MorphoJ (Klingenberg, 2011). Object equalisation
was based on consensus configuration using General-
ized Procrustes Analysis (Rohlf & Slice, 1990).

Descriptive morphometric models were elabo-
rated using the same method regardless of the initial
data. To remove the influence of scale, the variables
were pre-ranked. For this, the smallest data value of
each variable was subtracted from each value and
divides by its range. Thus, the new scale starts at 0
and ends at 1. Then, Euclidean distances and Kendall
t, rank correlation (Kendall, 1975) were calculated
between all pairs of sample elements (for more de-
tails on the method, see (Puzachenko, 2016, 2023).
In the first case, the model mainly characterized the
diversity in sizes.

For any pair of sample individuals, the standard-
ised variable values (Vn) can be ranked in the order,
for example, VI1>V2 ... >Vn (we do not consider un-
likely cases when the ranks of all variables are equal
to 1 or 0). If these two sequences are close, it means
that the shape of the individuals are similar. In other
words, Kendall’s t, estimates the probability (|k|) that
a randomly selected pair of individuals will have the
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same order of variables versus the probability that they
will have the opposite order.

In the case of Procrustes coordinates (with centroid
size), the Euclidean metric estimates the variation of
“shifts” of elements relative to each other (analogous to
size variation) in two-dimensional space. We include a
centroid size in the calculation, because it is the measure
of size used almost in geometric morphometrics (Klin-
genberg, 2016). The Kendall’s t, reflects of the consist-
ency of “shifts” of landmarks relative to each other in the
same space. The latter, most probably, cannot be inter-
preted as variation in the proportions of elements.

The matrices obtained were then processed by non-
metric multidimensional scaling with the number of co-
ordinates ranging from 1 to 8 (standard mandibular meas-
urements) or from 1 to 15 (centroid size and Procrustes co-
ordinates). A set of values characterising the quality of the
descriptive models (called “stress”) was compared with
the model sets of similar values obtained for the random
data sets with normal or uniform distributions. The re-
sults of this comparison were used to estimate the optimal
number of coordinates (d) for each of the four descriptive
models. Descriptive models of size diversity were referred
to by the abbreviation SZM and their coordinates were E1,
E2, etc. Models of shape diversity or coherence of land-
mark shifts were denoted by the abbreviation SHM, and
their coordinates were K1, K2, etc.

The coordinates of the descriptive models were
used as input variables in the calculations of the di-
versity parameters. A necessary condition for this
was the orthogonality of the coordinates, which en-
sured their independence with regard to the informa-
tion contained in them. The values of the diversity
parameters should depend on the shape of the distri-
bution of the images of the system elements in the
space of the descriptive model. A natural parameter
that fulfils this requirement is the information en-
tropy (H). In order to measure the entropy, the range
of values of each coordinate of the SZM and SHM
models was divided into k intervals, as follows: k =
1 +log,N, where N is the number of elements in the
system (sample size) (Sturges, 1926). For each in-
terval, the relative frequency of element projections
was calculated: p, = n/N. The entropy was then cal-

d [ k
culated using the formula H = —Z(Z p;log, Pij )

j=1\li=1
where d — number of coordinates of the descrip-
tive model. The key parameter of diversity, namely,
the self-organisation index, was calculated from the
entropy values: R = Hy.x — H/Hyox = 1 — H/dlogok
where H _ was the theoretical value of the entropy
under the condition of uniform distribution of the
elements throughout the volume of the descriptive
model. R ranges from 0 (maximum “disorder”) to 1
(perfect “order”). Since the number of coordinates
varied from model to model, it was natural to intro-
duce an entropy norm relative to one conditional co-
ordinate (average or relative entropy) calculated as
H, = H/d.

In general, H and other information parameters de-
pend on the sample size (n) (Foerster, 1960). In order
to obtain comparable values, it is necessary to cali-
brate the parameters so that all values are adjusted to
a standard sample size. A sample of 50 elements was
taken as a standard. The number 50 was chosen be-
cause, according to calculations for a random normally
distributed variable, the increase in entropy was only
~3.5% when n increased from 40 to 100. Furthermore,
the number 50 was close to the modal value of » in
the museum collections we studied (Puzachenko, 2013,
2023), with more than 45% of the samples falling in
the interval 30—40 and 70% in the interval 30—80 speci-
mens. First, the value of d corresponding to the opti-
mal dimensionality of the descriptive model was de-
termined and fixed. Then, n samples of different sizes
(min n = 25) were selected from the initial sample of
volume n using the Monte Carlo method. For each n,
a descriptive model was obtained using the method de-
scribed above and parameters of diversity were calcu-
lated. In practice, it is usually sufficient to have 7-10
such samples and their corresponding descriptive mod-
els. The statistical significance of the dependence of H
or any other macroparameter (MP) on the sample size
(n) was evaluated using the linear regression equation:
MP = A + Blg n. The value of the calibrated MPs,
is calculated in accordance with the expression:
MPs, = [MP, — (A + Blgn)] + (4 + Blg50).

The calculation was made using STATISTICA ver.
8.0 (StatSoft, Tulsa, Oklahoma), NCSS ver. 12 (ncss.
com/software/ncss) u PAST (Hammer & Harper, 2005).

Results

Estimation of optimal dimensionality of descriptive
models

For standard mandibular measurements, the opti-
mal dimensionality of the SZM and SHM models was
6 and 2, respectively. The dimensionality of SZM was
4 and SHM was 3 coordinates for the combination of
centroid size and Procrustes distances. Fig. 1 shows
an example of the estimation of the dimensionality
of the SZM model (centroid size, Procrustes coordi-
nates) based on the minimum value of the standard
residual of a linear regression of the observed stress
and its model values.

Calibration of diversity parameters

For all descriptive models, a statistically signifi-
cant positive correlation was observed between the
logarithm of sample size (IgN) and H (H,) (Fig. 2:
A, C). In the SHM (standardised measures) model,
R did not correlate with sample size, but this correla-
tion was present in the other three models. Calibra-
tion removes the dependence of the parameters on
sample size (Fig. 2: B, D). The calibrated values are
then used as samples to estimate the statistics of the
parameters. Table 1 summarises the calibrated values
of the diversity parameters for the four descriptive
models.
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Table 1. Diversity parameter statistics of SZM and SHM de-
scriptive models of two samples of common shrew mandi-
bles.

Model H  +m I\I\/jll;x R,+m | Min-Max
type Procrustes coordinates and centroid size,
n=17

SZM 2.20 + 1.99- 0.187 £ 0.135—
0.027 2.39 0.008 0.259

SHM 2,15+ 1.91- 0.205 + 0.129-
0.033 2.39 0.010 0.286

Standard variables, n=13

SZM 2.10+ 1.96— 0.227 + 0.180-
0.024 2.24 0.008 0.287

SHM 230+ 2.13- 0.144 + 0.099—
0.023 2.42 0.009 0.239

Comparison of samples by parameters of diversity

For the SZM models, the interval H  and R val-
ues were quite close; the mean H _ values were slightly
lower and the R, values correspondingly higher for the
sample with standard measurements. The mean H
and R, differed statistically significantly (¢ = 2.67,

p=0.01ut=3.77, p=0.001). This result was consist-

A
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ent with the characteristics of the samples compared.
The sample of mandibles measured by standard vari-
ables was composed of specimens collected in con-
trasting phases of population dynamics. Puzachenko &
Kupriyanova (2023) have found that the size and di-
versity of shrew skulls differed significantly in peaks
and depressions, and the presence of two contrasting
groups in one sample resulted in greater internal order
(lower entropy, higher “organisation”) than in another
sample in which no special filtering of animals was
performed. For the sample with variables of geometric
morphometrics, H , and R, were lower and higher for
SHM, respectively. There were also statistically sig-
nificant differences between the parameters (1 = 3.44,
p=0.002 ut=4.22, p=0.0002). The interpretation of
these differences is not obvious, as the semantics of the
SHM models are not the same for different samples in
this case.

We compared the extent of variation of H, and
R, for SZM models with variations of these param-
eters, calculated for the skulls and mandibles of the
Laxmann’s and pygmy shrews, as well as the common
shrew (Fig. 3A). It turned out that H ; and R, obtained

ds0
on the basis of intermediate results of geometric mor-
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Fig. 1. Estimation of the optimal dimensionality (number of coordinates) of the SZM descriptive model. A, C — sample of 634
lower jaws of common shrew with the centroid size and Procrustes coordinates of landmarks as the variables. B, D — sample
of 154 lower jaws of common shrew with 8 standard variables. A, B — linear regression of empirical and predicted stress,

C, D — standardised residuals from the regression models.
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phometrics, fit completely within the limits of variabil-
ity of these parameters obtained on the basis of stand-
ard variables of the skull and mandible in this species.
This result confirmed the hypothesis of invariance of
the parameters of dimensional diversity with respect to
the method of measuring the element sizes (standard
variables or variables of geometric morphometrics).

Parameters H, and R, did not characterise the
shape variability in the SHM model based on intermedi-
ate results of geometric morphometrics (Fig. 3B). The
range of variation of the parameters significantly shifted
relative to the range of variation of the same parameters
obtained based on standard measurements. For Pro-
crustes coordinates, Kendall’s Tau metric reflected an
estimate of the probability that the landmark coordinates

A
R. ® Sorex caecutiens (skull, mandible, standard measurements)
0 45"_ @ Sorex minufus (skull, mandible, standard measurements)
: ® Sorex araneus (skull, mandible, standard measurements)
® Sorex araneus (mandible, centroid size, Procrustes coordinates)
035 ® Sorex araneus (mandible, standard measurements)
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Fig. 3. Co-variation of R,  and H

ds0

changed in a consistent manner, versus the probability of
random variability. This interpretation differed from that
for standard measurements (variables). In the latter case,
the probability that the ranked variables changed in a
consistent manner was assumed to be proportional to the
similarity in “shape” between the two items for positive
values of the metric, or to the differences between them
for negative values of the metric. The results indicate
that the R50 of variation of the Procrustes coordinates of
different landmarks is significant larger than in the case
of standard variables. Therefore, the SHM model based
on primary geometric morphometrics data is not equiva-
lent to a similar model based on standard variables.

The interpretation of SZM and SHM models based
on intermediate results of geometric morphometrics is
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035 ® Sorex araneus (mandible, standard measurements)
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not included in the list of tasks of this study. Only the
following should be noted. The coordinates of models
El, E2 and K1, K2 were statistically significantly cor-
related with the logarithm of the centroid size. This
usually implied the presence of allometric variability.
This diversity had two independent components in
our case. Landmarks whose position variability was
described by only one coordinate form an orthogonal
variability basis (Fig. 4). In the SZM model, this base
consists of landmarks correlated only with coordinate
El (landmarks 6, 7 and 9), coordinate E2 (1 and 16),
coordinate E3 (11 and 14) and coordinate E4 (17). In
the SHM model, variation of landmarks 6, 7, 9 and 15
were correlated with coordinate K 1. The landmarks 1, 5
and 15 correlated with coordinate K2, 16 and landmark
I1correlated with coordinate K3. The position of land-
marks 10, 12, and 13 varied randomly in both models.

Finally, we did not find any clusters in the SZM and
SHM morphospaces that could be linked to the chro-
mosomal races of shrews.

Discussion and conclusion

Here, we probably for the first time talk about the
problem of information parameters of diversity invari-
ance from the methods of getting initial data (meas-
urements). Earlier, one of the authors (AP) showed on
different objects that parameters like entropy, self-or-
ganization index and some others (Puzachenko, 2013,
2016) do not depend on the number of skull measure-
ments (starting from about 10) or differences in the sets
of standard measurements used for different groups
of mammals. The lack of sensitivity of information
parameters to the primary skull measurement system
is due to the fact that they are general characteristics
(macroparameters) of the skull, and comparable infor-
mation about diversity is contained in almost any stand-
ard set of measurements used by morphologists. This
invariance of the parameters may be due to the fact that
the measured diversity is the result of the same mor-
phogenetic developmental mechanism for the skull in
mammals. It can be well correlated with the concept of
a “generalised regulator”, as defined by Ashby (1956,
1962) and Conant & Ashby (1970). The totality of
these mechanisms at the level of morphological struc-
tures in mammals (skull, postcranial elements) does not
provide a “hard” control of size or shape diversity. Un-
der the natural limitation that single morphosystem or
several systems, weakly differentiated within the mor-
phological space, are analysed, the norm for the value
of R of the mammalian skeleton is less than = 0.301
and greater than =~ 0.01 (Puzachenko, 2023). The range
of R, variation within this interval has a theoretical ba-
sis that is supported by a large array of empirical data
(Puzachenko, 2016, 2023). We especially emphasize
that information variables (macroparameters) obtained
on the basis of entropies (not only Shannon entropy) by
definition (Shannon, 1949) are applicable to objects of
different nature, as well as to their mathematical mod-
els (see, for example, O’Keefe et al., 2022).

In this study, we tested the hypothesis that diversity
parameters are invariance of a specific set of variables
used in geometric morphometrics. We used the cen-
troid size and Procrustes coordinates together to make
our calculations. Here, centroid size acted as variable
of size a relatively independent from shape. We did not
specifically study the problem of allometry, but the di-
mensionality of SZM (4) itself indirectly indicates the
presence of allometric variability.

In our case study, the hypothesis of invariance of
diversity parameters regardless of the set of meas-
urements (variables) and the method of primary data
processing was confirmed for the SZM models describ-
ing size diversity. This model was based on a matrix
of Euclidean distances. Therefore, we believe that cen-
troid size and Procrustes landmark coordinates can be
used to calculate size diversity parameters. This means
that SZM models based on geometric morphometrics
data and standard measurements are equivalent. This
expands the range of research objects that can be in-
volved in the study of the phenomenon of morphologi-
cal diversity when linear measurements are lacking.
The combined use of the centroid size and the Pro-
crustes coordinates of landmarks seems to be permis-
sible without restrictions for calculation of diversity pa-
rameters by SZM descriptive model. At the same time,
SHM models were not equivalent. Another variant of
analysis in Procrustes form space while maintaining
centroid sizes (Klingenberg, 2016) is also possible. In
the future, it would be advisable to conduct a series of
tests for various models of geometric morphospaces.
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