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Conjugacy of two types of phenotypic variability
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S.G. Baranov! @, LE. Zykov2 ®, D.D. Kuznetsova2

T Vladimir State University named after A.G. and N.G. Stoletovs (VISU), Vladimir, Russia
2 State Humanitarian Technology University, Orekhovo-Zuyevo, Moscow region, Russia
® e-mail: bar.serg58@gmail.com, zykov-oz@yandex.ru

The properties of five bilaterally symmetrical features of the leaf blades of the small-leaved linden (Tilia cor-
data Mill.) in four populations of the Moscow Region in 2014-2017 were studied. The angle trait was excluded,
because it possessed the property of directional asymmetry. Instead, a new linear trait was used: the distance
between the base of the second vein of the first order and the base of the first vein of the second order on the
first vein of the first order. The population difference in fluctuating asymmetry (FA) was found only in the first
two traits (leaf width and distance between the bases of the first vein of the first order and the second vein of
the second order). The largest value of FA was in the urban environment, the smallest was in the rural areas.
A weak negative correlation was obtained between the magnitude of linear characteristics and the value of
FA, as well as a weak positive correlation relationship between the values of FA in five traits. The first trait had
the highest fluctuation variability, and the second one had the highest plastic variability. The regression de-
pendence of the fluctuation variability on the plastic variability (b, = 0.25, p <0.05) and the dependence of
these two types of variability on the interaction of the factors “year” and “site of sampling” were revealed. Thus,
the conclusion was made about the conjugacy of two types of variability: fluctuation and plastic. According
to the authors, asynchronous growth, competition for light in conditions of high solar activity in 2014-2016
compared to the abnormal wet summer of 2017 led to an increase in FA due to destabilization of mechanisms
of growth and regulation of gene expression, which contributed to a decrease in the stability of development.
The increase in FA and the decrease in the developmental stability in urban ambient in 2016 could be due to:
a) an intensive flow of vehicles in spring and summer, b) a high level of groundwater in this part of the city and
¢) increased hydrolytic acidity of the soil.
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M3yyeHbl cBOMCTBA NATU GUnatepanbHO CUMMETPUYHBIX MPU3HAKOB NMCTOBOWM MAACTUHbI UMbl MENKONCT-
Hol (Tilia cordata Mill.) B yeTbipex nonynaumnax Mockosckor obnactvi B 2014-2017 rr. YrnoBoii npusHak 6bin
WCKIIOYEH, Tak Kak OH obniafgan CBOMCTBOM HanpasfieHHOW acMMMeTpuun. BMecTo Hero ncnonb3oBaH HOBbIN
JINHENHbIN MPU3HAaK: PacCToAHE MeXay OCHOBaHMeEM BTOPOW XUJKW 1-ro NopsaaKa n OCHOBaHMEM NepBon
KWUAKM 2-Tro MopsAAKa Ha nepBoi Xunke 1-ro nopagka. MonynaumoHHoe pasnuuve Bo GAyKTynpyoLen acum-
meTpum (DA) 6b110 HalAEHO TOMbKO MO NEPBbIM ABYM MPU3HAKaM (LUIMPKHA JICTA 1 PacCTOAHME MEXAY OCHO-
BaHUAMY NePBOW XWJKK 1-ro NopsAaKa 1 BTOPOW XUSKK 2-ro nopsaaka). Hanbonblwas senvymHa ®A nuctosom
NNacTrHbl 6bina B ropOACKON cpefie, HaMeHbLLas — B CENbCKOV MecTHOCTW. [onyyeHbl cnabas oTpuuatenbHas
KoppenALVoHHasA CBA3b MeXAY BENMYMHONM NATU IMHENHBIX NPY3HAKOB NIMCTOBOW MACTVHbI 1 3HaueHnem QA,
a Takxe cnabas NonoXuTenbHaa KOppenAUMoHHan CBA3b Mexay BennunHoin OA 3Tux napametpos. Hanbonb-
wen GnyKTyaLMOHHON N3MEHYMBOCTbIO 06N1afan nepBblil NPM3HaK, a HanbonbLuel NNAaCcTUYECKON N3MeHUN-
BOCTbIO — BTOPOV MpPK3HaK. YCTaHOBNEHbI perpeccnoHHas 3aBUCMOCTb GpryKTyaLMOHHON U3MEHUYMBOCTUN OT
nnactuyeckomr nameHumsoct (b, = 0.25; p < 0.05) 1 3aBUCUMOCTb 3TUX [BYX BUAOB M3MEHUMBOCTMN OT B3au-
MOAENCTBMA paKTOPOB BpeMeHN 1 MecTa cbopa NUCTOBbIX MiacTvH. CAenaH BbIBOA O COMPSXKEHHOCTM ABYX
BUAOB M3MEHUMBOCTN — GAYKTYaLMOHHON N NNacTUYeCKON. ACUHXPOHHbBIN POCT, KOHKYPEHLMA 3a CBET B yC-
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COI'Ipﬂ)KeHHOCTb ABYX BUWAOB ¢eHOTI/II'II/IHeCKOI7I
MN3MEHYMBOCTM UMbl MENKOSIMCTHOWN

NOBUAX BbICOKOW CONMHEYHOM akTUBHOCTU B 2014-2016 rT. (MO CpaBHEHMIO C aHOMasbHbIM nieTom 2017 1.) npu-
BOAMAM K nosblweHnto QA 13-3a gectabunmsaymnm MexaHn3mMoB PoCTa 1 PErynaLym reHHOM 3KCNpeccum, Yto
CNoCco6CTBOBANO CHYKEHWIO CTabUIbHOCTU pa3BuTrsA. YBennueHne OA 1 CHUXKeHWe CTabUIbHOCTY Pa3BUTUA B
ropoAcKux ycnosuax 8 2016 r. MOrnv 6biTb 06YCNIOBEHbI: @) UHTEHCUBHBIM MOTOKOM aBTOTPAHCMOPTa B BECEH-
He-NeTHUI nepurof, 6) BbICOKUM YPOBHEM 3aneraHnsa rpyHTOBbIX BOA B 3TOW YacT ropoAa 1 B) MOBbILUEHHOW

FI/I,D,pOJ'II/ITI/ILIeCKOVI KNCJTOTHOCTbIO MOYBbI.

KnioueBble cfioBa: nvna MenkosIMCTHas; d)J'IyKTyVIpy}OlJ.I,aH aACMMETPNA; d)eHOTVII'IVI‘-IECKaH nNacTMYHOCTb; CTa-
6UIbHOCTb Pa3BnUTUA; Cl)J'IyKTyaLI,I/IOHHaﬂ N3MEHUYNBOCTb.

Introduction

To determine the fluctuating asymmetry (FA, a small statisti-
cally insignificant deviation from the strict symmetry of the
values of the right and left parts of a homologous bilaterally
symmetric trait) and the level of development stability, the
dimensional or countable bilateral symmetric traits with a
wide range of response to stress effect factors are used (Palmer,
Strobeck, 2003).

The most common opinion is raising the FA means a re-
duced developmental stability, which means a decrease in
the body’s ability to compensate and reduce a deviation from
normal ontogenetic development along a specific canalization
path (Debat, David, 2001; Lens et al., 2002; Klingenberg,
2003, 2016).

The characteristics with a wide range of fluctuating
asymmetry include the most genotypic variable traits with
phenotypic (ecological) plasticity. They are features of many
species and, for example, in small-leaved linden trees are
more pronounced than in brown birch, which is associated
with their species-specific properties and their affiliation to
different ecological groups.

While testing developmental stability, it is important to
test the magnitude of phenotypic plasticity separately from
the variability associated with developmental instability
caused by stress factors. According to some authors, FA is
distinguished into a special type of phenotypic variability,
fluctuation variability, which depends on stochastic features
at the molecular-genetic level (Tikhodeyev, 2013).

For natural populations, the duration of observation of
factors that influence the change in the stability of develop-
ment is essential. These include climate features, biotopic
characteristics, soil physicochemical status, and terrain relief.
In this study, phenotypic plasticity means the variability of
the size of bilateral traits.

In previous works (Baranov et al., 2015; Zykov et al.,
2015), only for some traits, a high dispersion of the difference
between the right and the left values (R — L) and a statistically
significantly difference in FA depending on the location of the
population were determined. For example, those traits were
the distance between the bases of the second and the third
veins of the 2" order and the distance between the ends of
the veins. The aim of this paper was to answer the question
as to how stable the properties of bilateral traits during pro-
longed monitoring are and how the two types of variability
are associated. The objectives were: to find the magnitude
of the variability of traits depending on climatic conditions
and the location of the population and to compare the effect
of environmental factors on the level of plastic variability
and fluctuation variability.
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Materials and methods

Leaf blades. The collecting of leaf blades was carried out
in 2014-2017 in four populations of small-leaved linden
in the generative stage of development. The first popula-
tion (the first site) was located in the center of the city of
Orekhovo-Zuyevo, Moscow Region, 30 m away from the
petrol station “British Petroleum” (BP) (55°48°13.8" N;
38°58°23.8” E). The second place was chosen in the west-
ern part of Orekhovo-Zuyevo, 70 m south-west of the
chemical plant “Karbolit”, which produces plastics based
on phenol-formaldehyde resins, and 30 m away from the
road parallel to the territory of this plant (55°48” 13.1” N;
38°58°23.9” E). The third site was located on the territory of the
State Humanitarian-Technological University (SHTU) in the
castern part of Orekhovo-Zuyevo (55°47°31”N; 38°56°14” E).
Finally, the fourth site was located within the rural settlement
of Davidovo, Orekhovo-Zuyevo District, 250 m away from
the “Michelin” tire plant (55°36°9” N; 38°51°33” E).

In each population, leaf blades with half width from 3 to
4 cm were evenly collected from the lower parts of the crowns
of ten even-aged trees. 100 sheets of 10 wood samples were
used. Material processing was carried out according to the
method of V.M. Zakharov and A.T. Chubinishvili in 2000
(Zakharov, Chubinishvili, 2001). A significant addition was
the new trait, as an alternative to the angular trait (No. 5). In
fact, connecting two branching points of the veins represented
a segment of the secant to the angle and indirectly reflected the
angle between the midrib and the first bilateral vein.

In early studies, the previously used angular trait was uneasy
for measurement, due to a high degree of curvature of the first
lateral vein (Baranov et al., 2015; Zykov et al., 2015). The
remaining traits were used to determine FA by the formula
of normalizing difference FA =|R — L|/(R + L). A threefold
measurement of the first trait in a randomly selected sample
of leaf blade was conducted. The standard error of the FA
was equal to 0.28 % of the trait size mean value (R + L)/2.
Such a standard error value (less than 1 % of the trait size) is
considered acceptable for statistically significantly fluctuating
asymmetry (Palmer, Strobeck, 2003).

Statistical assays. After the measurements, the data was
saved in Excel spreadsheets. To test antisymmetry, one of the
types of bilateral asymmetry affecting the value of FA, the
values of kurtosis in samples (R — L) were tested. Directional
asymmetry (DA), as the dominance of one of the bilateral
sides, was tested in by the paired t-test H : R = L. Preliminary
F-test on equality of variances was provided.

The plastic variability (PL) was calculated as: PL =1 —(x/X),
where x and X corresponded to the minimum and maximum
values of the leaf blade trait (Bruschi et al., 2003).
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The subsequent assays were conducted in the STATISTICA
10 (StatSoft Ink). They were:

— generalized regression analysis taking into account the
components of variation (when the evaluating factors influ-
ence the variability);

— Kolmogorov—Smirnov test and the same test with the
Lilliefors correction for normality;

— Kruskal-Wallis test and Spearman’s non-parametric cor-
relation analysis (for multiple comparisons of samples with
a deviation from the normal distribution). In the evaluating
criteria, the level of statistical significance a = 0.05 % was
used in all methods.

Results

Primary data processing. The Kolmogorov—Smirnov test
showed that the histogram of samples |R — L|/(R + L) grouped
by location and by year of sampling deviated from the nor-
mal distribution. The Lilliefors test showed a similar result
(p <0.01). The magnitude of the trait and the value of FA
showed a weak negative correlation (Spearman » = —0.06—
0.13); (Table 1). The highlighted values of » (see Table 1 and
Table 2) correspond to p < 0.05.

The reason for this dependence is supposedly the
competition for sunlight, which results in a decrease in
developmental stability and an increase in FA in a popula-
tion with a small surface of leaf blades and, accordingly,
with a small amount of homologous bilateral symmetrical
traits (Venancio et al., 2016). Based on this, an important
part of the preliminary analysis was the homogenization
of the primary data. According to the existing ideas, in
the analyzed samples, the average value of the bilaterally
symmetric trait in the samples should not be statistically
different. Otherwise, the correlation between the FA and the
size of the trait may distort the result of the comparative
analysis (Palmer, Strobeck, 2003).

It was decided to screen high and low values in samples
grouped into the population category. After screening, one-
factor analysis of variance showed no difference in the size
of each trait among the populations (p < 0.05).

The character of the histogram frequency in difference
values (R — L) was investigated. 69 % of samples grouped by
place and year of collection were characterized by kurtosis y
in the range of 0 + 2. 30 % of samples showed a peak distribu-
tion with a value of y =2 + 4. In 10 % of cases, in samples the
kurtosis was less than zero, but not lower than —0.2. According
to the tabular data obtained using permutation multiplication,
the critical value vy, indicating antisymmetry, is equal to the
value y =-0.68 (a = 0.05; n = 100) (Palmer, Strobeck, 2003).
Thus, in samples (R — L), grouped by site and year of sampling,
antisymmetry was not detected.

Checking up for the presence of directional asymmetry in
samples (R — L) confirmed the presence of DA in six cases in
the sixth and in one case in the third trait (site Karbolit, 2017).
These samples were not used in the work, since directional
asymmetry, like antisymmetry, interferes with the evalua-
tion of fluctuating asymmetry, which is the only indicator of
fluctuation variability.

Debatable is the question of the usage of traits highly cor-
related in FA value. Spearman’s correlation analysis showed a
weak positive correlation between four pairs of traits (Table 2).
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Table 1. Correlative association size — FA (Spearman’s r)

Trait, No. 1 2 3 4 5
1_005 _004 _004 _005 _002 .......
2_005 ......... _013 005 001 _002 .......
3002 005 _004 _003 ............ 0 03 .......
4_003 ......... _007 ........ _006 ........ _007 ........... 0 01 ........
5_002 ........ _006000 ........ _008 ........ _010 .......

Notes: The highlighted values correspond to p < 0.05.

Table 2. Coefficients of pair correlation
between FA value (Spearman’s r; five traits)

Trait, No. 1 2 3 4 5
1100 ........ 006 ......... 005 ........... _001 .......... 009 ..........

2 .......................... 006 100 .......... 004 ............. 003 ......... 015 ..........

3 ........................... 005 ........ 004 100 ............. 002 ......... 004 ..........

4 ........................ _001 ......... 003 .......... 002 ............. 100 ......... 013 ..........

5 ........................... 009 ........ 015 .......... 004013 ......... 100 ..........

Notes: The highlighted values correspond to p < 0.05.

The weak Spearman’s r indicated a weak positive correla-
tion. In the case of high correlation, the traits could not be
independent. The weak correlation dependence was quite natu-
ral, that is, an increase in the FA of one trait led to an increase
in the FA in another trait. For example, close in location traits
Nos. 2—5 showed a conjugate fluctuation with a correlation
coefficient » = 0.09-0.15.

Population variability. Testing population variability by
the non-parametric Kruskal-Wallis test did not show a differ-
ence in mean value of FA (p > 0.05). Analysis of the variability
of each trait showed a statistically significant difference in the
first and second traits (Fig. 1).

The first trait differed in the median test (p = 0.01), the second
one differed significantly in both the median test (p =0.039) and
the Kruskal-Wallis test (p = 0.001). The pairwise comparison
showed that the population in Davidovo differed from the
populations in the State Humanitarian Technology University
area (p = 0.002) and in the “British Petroleum” gas station
area (p = 0.003). The site “State Humanitarian Technology
University” had the highest value of FA and, accordingly, a
reduced development stability of population.

Temporal dynamics of variability. The Kruskal-Wallis
test showed that a statistically significant difference in fluc-
tuating asymmetry depending on the year of collection was
characteristic of traits Nos. 1-2 (Fig. 2).

In other traits the difference in FA was not revealed during
four years of observation. In analysis of variance, the statisti-
cally significant difference revealed ca. in the same way as in
the nonparametric one, i.e. the value of FA differed in 2014
and 2016 (p = 0.001). It should be noted that the first and the
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second traits are the largest in size, and the high variance and heterogeneity of the
values of R and L contributed to the exhibit of differences in FA. Increased FA in
2014 can be explained by a high temperature in May during the formation of linden
leaf blades (the air temperature was 15 to 60 % above the norm according to the
report of the Hydrometeorological Centre of Russia).

The relationship between the two types of variability. It is known that the
ecological plasticity of plants is determined by the buffer capacity of morphological
structures, which allows them to actively adapt to environmental conditions. There
are different views on the question of the relationship of developmental stability
and environmental plasticity. For example, there is an opinion about the adaptation
role of FA and the correlation between plasticity and developmental stability, or
their partial correlation (Debat, David, 2001; Klingenberg, 2003).

Aregression analysis was performed to find the relationship between fluctuation
variability and plastic variability. The year of sampling was used as a fixed com-
ponent of variation, the factor “site”, and the interaction of “year x site” registered
as random factors. The results showed that plastic variability was affected by the
amount of FA (1% trait) and by the year and the mixed interaction of the factors
“site” and “year of sampling” (Table 3).

Thus, the greatest impact on the plastic variability influenced the FA of the first
trait (width of blade) (»p = 0.004). The climatic conditions of the year and the inter-
action of the factors “year X site” were also significant (F' = 11.0 and F' = 6.97). A
similar study was conducted on the effect of plastic variability, the year and site of
sampling on the fluctuation variability (Table 4).

Plastic variability of only one, the second, trait had a statistically significant effect
on FA (p =0.001). The combined effect of “year x site” was significant, as was the
effect of FA on plastic variability (F =4.19; p = 0.0001). The profile graph in 3D
space made it possible to estimate the impact of the site and the year of sampling
on the FA value and on the value of PL (Fig. 3).

The dependence profile showed the highest value of FA in the area of the State
Humanitarian Technology University (SHTU). Increased plastic variability was
observed in 2014-2015 and depended on the year of sampling of leaves. Parametric
estimation using univariate analysis of variance also showed a statistically signifi-
cantly dependence of PL on the year of sampling (df = 3; F = 17.28; p = 0.000).

The described relationship of developmental stability and plastic variability char-
acterised the 1% and 2" traits. The main difference in the two types of variability
was in their response to the ambient factors of the site and the year of sampling. The
value of the plastic variability of morphological structures depended significantly
on the climatic conditions of the year, as well as on the combination of these condi-
tions with the specifics of the population station.

Developmental stability did not depend on the location of the population or
on the year of sampling, but depended on the effect of the interaction of both
factors. Trait No. 2 (the distance between the bases of the veins) possessed high-
est plastic variability; it influenced the FA mean value. The greatest fluctuation
variability possessed by trait No. 1 (leaf width), which, accordingly, influenced
plastic variability.

Multiple regression analysis showed the dependence of fluctuation variability on
plastic variability with a regression coefficient b = 0.25 (p < 0.05).

Discussion

The use of non-parametric estimation methods was reasonable, since the loga-
rithm techniques did not lead to normalization, or only part of the samples were
normalized. The angular trait was replaced by a linear one, which made it easier to
determine the FA index. Both types of variability, fluctuation and plastic, showed
a conjugate effect: FA of the first trait influenced PL, and plastic variability of the
27 trait influenced fluctuation variability. Such a conclusion seems to be consensus,
since in the literature on this issue there is an opinion on both the one-sided effect of
FA on PL (Houle, 2003; Tonsor et al., 2013; Tuci¢ et al., 2018), and on the effect of
plastic variability on FA, for example, in Iris pumila plants (Sultan, 2003). In other
words, the traits were characterized by conjugation of 2 types of variability. The
predominance of one type of variability was compensated for by the weakness of
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Fig. 1. Difference in FA value among popula-
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Table 3. Effect of fluctuating asymmetry, year and site of sampling on plastic variability

Source df effect MS effect df error MS error F p

Trait 1 1 38.70 31.08 391 9.89 0.004
Traltz ................................................... 1683 ....................... 1866470 ....................... 145 ....................... 0 243 ...................

Tra|t3 ................................................... 1059 ..................... 1 7461 .................... 2 96 ....................... 0 20 ...................... 0 657 ...................

Tra|t4 .................................................. 1864 ...................... 9 847 ................... 3 06 ....................... 2 83 ....................... 0 096 ...................

Tralts ................................................... 1009 ....................... 3 702 ................... 3 45 ........................ 0 03 ....................... O 875 ...................

Slte ....................................................... 3 ............................... 1 061 ......................... 8 513757 ....................... 0 28 ...................... 0 837 ...................

Year ...................................................... 3 ............................ 2 3837 ......................... 6 522167 ..................... HOO ...................... 0 006 ...................

. S I te X year ........................................... 7 ............................... 1 7 . 0 3 ................... 1 0 2100 ................... 2 44 ....................... 6 97 ...................... 0 0001 ..................

Notes: Here and in Table 4: df — degree of freedom; MS effect — mean square; df error - df error degree of freedom of unexplained random error; MS error —
mean square of the error; F - criterion of Fisher; p - statistical significance.

Table 4. Effect of factors plastic variability, year and site of sampling on fluctuation variability

Source df effect MS effect df error MS error F p

Trait 1 1 0.002 7.170 0.001 1.996 0.200

Trait 2 1 0.012 193.963 0.001 12.333 0.001

Trait 3 1 0.002 832.745 0.001 2.143 0.144

Trait 4 1 0.001 817.463 0.001 0.643 0.423

Trait 5 1 0.004 251.019 0.001 4.337 0.038

Site 3 0.003 7.382 0.004 0.627 0.619

Year 3 0.001 7.634 0.004 0.324 0.808

Site X year 8 0.003 1092.000 0.001 4.195 0.0001

a b - :

Il >0.09 T P Bl >0.25
[ <0.09 T ) e [1<0.22
[ <0.08 : bt N S SO B <0.17
[1<0.07 R I RN B <0.12
[1<0.06
[ <0.05
B <0.04
[ <0.03

N

Fig. 3. Profile of the dependency of FA value (a) and plastic variability, PL (b) on the year and site of sampling.
In the tab: gradient profile FA and PL.
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another type, for example, the weak fluctuation variability of
trait No. 2 was compensated for by its high plastic variability.

In our opinion, asynchronous growth and competition for
light in conditions of high solar activity in 2014-2016, com-
pared with an anomalous summer of 2017, led to an increase
in FA due to destabilization of the growth mechanisms and
regulation of gene expression, which contributed to a decrease
in developmental stability in the State Humanitarian Technol-
ogy University area.

Evaluation of the components of the variance of plastic
variability showed that the effect of the “year” was 26.2 % of
the total dispersion, and the interaction of the factors “year”
and “site” was 5.1 %.

The dispersion of fluctuating asymmetry was explained by
a small fraction of the dispersion (about 2 %), which included
the variance of the PL factors and “year x site”.

We associated the increase in FA and the decrease in de-
velopmental stability in the State Humanitarian Technology
University area in 2016: a) with a high level of intensity of the
flow of vehicles, especially in spring and summer, b) with a
high level of groundwater in that part of the city and c) with in-
creased hydrolytic acidity soil. According to unpublished data,
in the soil samples from Davidovo and “British Petroleum”
petrol stations this indicator was 3.1-3.8 mg % eq[H"]. In the
area of SHTU, the hydrolytic acidity index was significantly
higher, 5.7 mg x eq[H"].

Environmental plasticity appears to be a highly hetero-
geneous type of variability, which depended on the year of
sampling leaves. An abnormally wet year (the precipitation
rate was over three times that in 2015) rather favorably
affected the stability of the development of small-leaved
linden populations in the decrease of the level fluctuating
asymmetry.

It is known that the term “ecological plasticity” explains
rather adaptive processes and characterizes the increased
variability. The term “ecological canalization”, as an attribute
of development homeostasis, has the meaning of stabilizing
phenotypic variability (Debat, David, 2001). Such a dialectical
opposition seems to us to be a source of microadaptation of
the small-leaved lime tree. In our case, first of all — to the
climatic conditions. The nature of the unexplained share of
the developmental stability variance remains unclear, as stated
by many authors (Houle, 2003; Sultan, 2003; Lajus, Alekseev,
2004; Scheiner, 2014; Tuci et al., 2018). The results of studies
conducted in 2004-2007 showed an increased fluctuating
asymmetry in the area of the Karbolit on the fourth trait
(distance between the bases of the first and second veins of
the 15t order), which indicates a high functional variability
of traits exhibiting developmental stability (Baranov, 2014).

Conclusion

The fluctuating asymmetry, associated by negative cor-
relation with the size of the trait, manifested itself as an
ontogenetic form of variability and depended on local and
climatic factors.

The authors believe that long-term phenogenetic monitoring
of natural populations using a set of additional environmental
factors and bilaterally symmetrical features will allow a more
complete analysis of the quantitative components of plastic
and fluctuation variability.

SKOJIOTMYECKAA N MONYNALUMNOHHAA TEHETUKA / ECOLOGICAL AND POPULATION GENETICS

2019
23-4

COI'Ipﬂ)KeHHOCTb ABYX BUWAOB ¢eHOTI/II'II/IHeCKOI7I
MN3MEHYMBOCTM UMbl MENKOSIMCTHOWN

References

Baranov S.G. Use of morphogeometric method for study fluctuat-
ing asymmetry in leaves 7ilia cordata under industrial pollution.
Adv. Environ. Biol. 2014;8(7):2391-2398.

Baranov S.G., Zykov LE., Fedorova L.V. Studying Tilia cordata
Mill. intraspecific variation on the basis of leaf bilateral asymme-
try. Vestnik Tomskogo Gosudarstvennogo Universiteta. Biologi-
ya = Tomsk State University Journal. Biology. 2015;2(30):134-
145. DOI 10.17223/19988591/30/9. (in Russian)

Bruschi P., Grossoni P., Bussotti F. Within-and among-tree variation
in leaf morphology of Quercus petraea (Matt.) Liebl. natural popu-
lations. Trees. 2003;17(2):164-172. DOI 10.4236/0je.2013.34033.

Debat V., David P. Mapping phenotypes: canalization, plasticity and
developmental stability. Trends Ecol. Evol. 2001;16(10):555-
561. DOI 10.1016/S0169-5347(01)02266-2.

Houle D. A simple model of the relationship between asymmetry
and developmental stability. J. Evol. Biol. 2000;13(4):720-730.
DOI 10.1046/j.1420-9101.2000.00195..x.

Klingenberg C.P. A developmental perspective on developmental
instability: theory, models and mechanisms. Ed. M. Polak. De-
velopmental Instability: Causes and Consequences. New York:
Oxford University Press, 2003;14-34. DOI 10.1371/journal.
pone.0081824.

Klingenberg C.P. Size, shape, and form: concepts of allometry in
geometric morphometrics. Dev. Genes Evol. 2016;226(3):113-
137. DOIT 10.1007/s00427-016-0539-2.

Lajus D.L., Alekseev V.R. Phenotypic variation and developmental
instability of life-history traits: a theory and a case study on with-
in-population variation of resting eggs formation in Daphnia. J.
Limnol. 2004;63(Suppl. 1):37-44. DOI 10.4081/jlimnol.2004.
s1.37.

Lens L.U., Van Dongen S., Kark S., Matthysen E. Fluctuating
asymmetry as an indicator of fitness: can we bridge the gap
between studies? Biol. Rev. 2002;77(1):27-38. DOI 10.1017/
S1464793101005796.

Palmer A.R., Strobeck C.H. Fluctuating asymmetry analyses revis-
ited. Ed. M. Polak. Developmental Instability: Causes and Con-
sequences. New York: Oxford University Press, 2003;279-319.
DOI 10.1371/journal.pone.0034689/S1464793101005796.

Scheiner S.M. The genetics of phenotypic plasticity. XIII. Interac-
tions with developmental instability. Ecol. Evol. 2014;4(8):1347-
1360. DOT 10.1002/ece3.1039.

Sultan S.E. Phenotypic plasticity in plants: a case study in ecological
development. Evol. Dev. 2003;5(1):25-33. DOI 10.1046/j.1525-
142X.2003.03005.x.

Tikhodeev O.N. Classification of variability forms based on phe-
notype determining factors: Traditional views and their re-
vision. Ekologicheskaya Genetika = Ecological Genetics.
2013;11(3):79-92. DOI 10.17816/ecogen11379-92. (in Russian)

Tonsor S.J., Elnaccash T.W., Scheiner S.M. Developmental instabi-
lity is genetically correlated with phenotypic plasticity, con-
straining heritability, and fitness. Evolution. 2013;67(10):2923-
2935. DOI 10.1111/evo.12175.

Tuci¢ B., Budecevi¢ S., Manitasevic¢ Jovanovi¢ S., Vuleta A., Klin-
genberg C.P. Phenotypic plasticity in response to environmental
heterogeneity contributes to fluctuating asymmetry in plants:
first empirical evidence. J. Evol. Biol. 2018;31(2):197-210. DOI
10.1111/jeb. 13207.

501



S.G. Baranov, L.E. Zykov Conjugacy of two types of phenotypic
D.D. Kuznetsova variability of small-leaved linden

Venancio H., Estevao A.-S., Jean C.S. Leaf phenotypic variation  Zykov LE., Fedorova L.V., Baranov S.G. Assessment of the

and developmental instability in relation to different light re- biological value of the level of variability of the parameters of

gimes. Acta Bot. Bras. 2016;30(2):296-303. DOI 10.1590/0102- leaf blades of small-leaved linden (7ilia cordata Mill.) in the city

33062016abb0081. of Orekhovo-Zuyevo and the Orekhovo-Zuyevo region. Vestnik
Zakharov V.M., Chubinishvili A.T. Monitoring of Environmental Moskovskogo Gosudarstvennogo Oblastnogo Universiteta. Seri-

Health in Protected Natural Territories. Moscow: Center for the ya Estestvennye Nauki = Bulletin of the Moscow State Regional

Environmental Policy of Russia, 2001. (in Russian) University. Ser. Natural Sciences. 2015;1:15-21. (in Russian)
ORCID ID

S.G. Baranov orcid.org/0000-0002-7778-4689
I.E. Zykov orcid.org/0000-0002-6027-3700
D.D. Kuznetsova orcid.org/0000-0001-7422-8751

Acknowledgements. The authors are grateful to everyone who assisted in the collection and preparation of herbarium material.
Conflict of interest. The authors declare no conflict of interest.
Received May 8, 2018. Revised April 9, 2019. Accepted April 9, 2019.

502 BaBunoBckuii xXypHan reHeTuku n cenekuum / Vavilov Journal of Genetics and Breeding - 201923 -4



