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For the first time, the method of bioclimatic modeling was used to determine
the boundaries of the range of occurrence of a potential polemochoral species Avenella
flexuosa (L.) Drejer. The simulation was performed by the method of maximum entropy
(MaxEnt). It is shown that the conditions for the growth of this species are initially
suitable (the probability of finding 0.54 and higher) in the territory of Central Russia.
For comparison, the same bioclimatic modeling approach was applied for
the occurrence data of Carex brizoides L. species, the polemochoral origin of which
is not in doubt. It is shown that its growing places are beyond the limits of the climatic
optimum (the probability of finding 0.08) in the territory of Central Russia.
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broknumaTuyeckoe MogenmMpoBaHue
pacnpocTtpaHenua Avenella flexuosa (L.) Drejer
B CBS3U C €e BO3MOKHbIM

NONEeMOXOPHbBIM MPOUCXOXAEHNEM

Ha Tepputopun LleHTpanbHom Poccum

BrepBble MCNOMb30BaH METOA BUMOKIMMATUUECKOrO MOAENVPOBAHMS ANA onpe-
JeneHns rpaHuL apeana noTeHUManbHoro Buaa-nonemoxopa Avenella flexuosa (L)
Drejer. MogennpoBaHue BbIMOHEHO METOAOM MaKCUMManbHoOM sHTponun (MaxEnt).
[MokazaHo, uto Ha TeppuTopun CpeaHer Poccum ycnosua ana nporspactaHna 3Toro
BMIA V3HAYanbHO Noaxodsllme (BepOATHOCTb HaxoxkaeHna 0,54 1 Bbilwe). [InA cpas-
HeHuA Obin B3AT BUA Carex brizoides L., NONEMOXOPHOE MPOUCXOXAEHVIE KOTOPOro
He Bbl3blBAET COMHEHNIA. [TOKa3aHo, YTO ero MecTa NPom3pacTaHnA Ha TEPPUTOPUN
CpeaHeln Poccum HaxoaAaTca 3a rpaHuUaMn KaMmaTuyeckoro ontuMyma (BepodT-
HOCTb HaxoxaeHua 0,08).

KnioueBble cioBa: pacTeHMA-NONEMOXOPDI, 3aHOCHbIE BMAbI pacTeHnin, MaxEnt,
bronornueckoe paHoobpasme, Bropas Mmposas BonHa
BnaropgapHoctu. Pabota noaaepkaHa rpaHtom POOK 18-04-01206 «AHanm3 coBpemeHHoN

AviHamVKK Gnopbl 3anaaa EBponeiickoi Poccum Ha nprvepe MUrpaumnmn BraoB-noaemMoxo-
POB (PacTeHNI, 3aHECEHHBIX BO BpeEMA BTOPOW MUPOBOW BOVHbI)».
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Introduction

The polemochoral is the type of invasive plants, penetrated to a particular
territory as a result of military actions. For a number of reasons [Shcherbakov
et al., 2013] this topic was not the subject of any noticeable attention
of botanists in Russia. Only recently, thanks to the efforts of A.N. Sennikov
(2012), it attracted the interest of researchers.

Unfortunately, the study of this group of plants is becoming more and
more difficult: over 70 years passed since the Second World War, and
it is very hard to separate the plants included in the Central Russia as a result
of military actions at that time from those who got there earlier (in particular,
as a result of appeared parks and gardens) or later (with seed material, exotic
species, etc.). Moreover, as we move from North to South, this complexity
increases.

The identification of such plants is not so difficult today in the Murmansk
region and Karelia, where the front line ran away from the main roads, and
the area occupied by agricultural land is extremely small. It is applicable
both to species listed by the Wehrmacht and its allies and to the plants listed
by the Red Army. Therefore, the lists of the polemochoral plants are quite
extensive there [Sennikov, 2009, 2012].

On the contrary, identification of the polemochoral plants is much more
complicated in the Russian non-chernozem region. First, there are many manor
parks or their remnants with the Western and Central European plants, many
of which were used in the landscaping in the XIX century. Secondly, many
plants from Southern and South-Eastern Russia, as well as from the Trans-Urals,
came there with seed material and forage in the second half of the XX century.
Therefore, at present, it is almost impossible to separate the species that entered
the non-chernozem region in the post-war period from the drifts associated
with the conduct of military operations by the Red Army. Clarification
of a “polemochore” nature of a species related to maneuvers of the German
troops requires the use of special “filters” [Shcherbakov et al., 2013], a thorough
analytical work, including military nature, good knowledge of the history of that
period, and sometimes just good luck [Reshetnikova, 2014].

Avenella flexuosa (L.) Drejer. can be found in the most areas of non-
tropical Eurasia, North Africa, North America, in the highlands of tropical
Africa and Asia and in southern South America. In Europe, it is distributed
geographically from Scandinavia to Gibraltar, except for the forest-steppe
and steppe parts. In the territory of Russia the species is distributed
in the Arctic regions of Europe and Siberia, in the Caucasus, in the North-
Western European part, more rarely found in the far East, in Eastern and
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Western Siberia [Zhukova, 1980]. It is considered as Holarctic-Alpine
species with a very broken distribution [Tsvelev, 1974]. Presumably it could
have originated in the pre-glacial era, and live in post-glacial coniferous and
birch forests.

This type of plant is characterized by the following type of soil: coarse
sandstones, poor acidic soils, gravel, sandy shale, rarely found on clay
soils and completely absent on calcareous soil [Larin et al., 1950]. Most
often, Avenella flexuosa is found on poor, leached sandy loam and sandy
soils of mainland meadows, upper transitional swamps, and pine forests.
It is worth noting that nitrates are almost absent and the level of calcium
carbonate is very low in such soils.

This type of plant prefers a soil with an average level of humidity, such
as forest zone, highlands, forest tundra, etc. Places with a high degree
of moisture can adversely affect it. It calmly reacts to a decrease in the level
of humidity in the soil, can not tolerate long-term drought, which is why
this plant can be found on the slopes and developed peat bogs with a high
probability.

A. flexuosa is also common in cuttings, in high-altitude and continental
meadows where it grows, flowers and fruits during the period of maximum
illumination [Zhukova, 1980]. The meadow has the ability to resist the wind,
so it can safely occupy small-to-medium sized hills, such as tree stumps,
boulders, slopes. Also, these types of habitat contribute to faster development
due to the absence of a forest litter and a blackening. The species is able
to withstand relatively long extremely low temperatures (up to —50°).

We often found 4. flexuosa next to other species introduced by the German
army in the territory of Central Russia [Shcherbakov et al., 2017; Reshetnikova
etal.,2018,2019]. At the same time, after a careful analysis, some of the finds
can be attributed to location of an old manor (https:/plant.depo.msu.ru/
module/itempublic?d=P&openparams=%5Bopen-id%3D140984645%5D).
Thus, we set our goal to find out whether the points of this species found
by us are located within the boundaries of the natural areal or outside of it.

Materials and methods

Georeferenced occurrence data for A. flexuosa were accessed from
the online database GBIF.org: all finds of this species with coordinates,
total 461 617 records (GBIF Occurrence Download https://doi.org/10.15468/
d1.3j9zv0 on 28th October 2019), preserved specimen only, total 4736 records
(GBIF  Occurrence Download https://doi.org/10.15468/dl.ywqlg8
on 28th October 2019). Georeferenced occurrence data for Carex brizoides L.
were accessed from online database GBIF.org: all finds of this species with
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coordinates, total 53 837 records (GBIF Occurrence Download https://doi.
org/10.15468/dl.kyv2wz on 31th October 2019), preserved specimen only,
total 508 records (GBIF Occurrence Download https://doi.org/10.15468/
dl.acq19w on 31th October 2019).

These datasets were used to identify the actual and potential areas
of distribution of Avenella flexuosa. That was done in order to understand
whether this species findings in non-chernozem regions are related to its
possible polemochoral origin or it is rather the natural process of the species
distribution to a new suitable habitats. As a reference we used presence data
of Carex brizoides which is a polemochoral plant without a reasonable doubt
[Sennikov, 2009; Reshetnikova et al., 2019].

We built a model of a probable area distribution using MaxEnt v3.4.1
which is a program for modeling a species distributions from presence-only
records. The approach of modeling used in MaxEnt is based on minimizing
the relative entropy between probability densities of presence data and
environmental characteristics of presence sites in covariate space which
is equivalent to maximizing entropy in geographical space [Elith et al., 2010].
This approach works well when presence-only data is available (no absence
data) and the potential distribution area can be modeled with a limited number
of points of registered species findings.

The distribution of suitable habitats of the species was evaluated
by MaxEnt according to the principles of maximum entropy [Phillips
et al.,, 2006; Phillips, Dudik, 2008]. The software can be downloaded
at http://biodiversityinformatics.amnh.org/open_source/maxent/. A detailed
description of the principles and procedures is available online in Russian
https://gis-lab.info/qa/maxent.html.

The parameters selected were: ‘Auto features’, percentage of test sample
= 25%, maximum number of iterations = 50 000, cross-validation procedure,
background at random in the entire study area. We considered the model
runs to be accurate based on AUC statistic value achieved (0.973 for
Avenella flexuosa and 0.988 for Carex brizoides), which represents capability
of a model to distinguish between classes, habitat suitability of geographical
point in our case.

Eleven climactic variables with 30 arc-min resolution from [PCC were
utilized as environmental layers in MaxEnt 3.4.1. [Phillips et al., 2006]:

— diurnal temperature range, annual (dtr6190_ann);
— frost frequency, annual (frs6190_ann);

— precipitation, annual (pre6190_ann);

— precipitation, January (pre6190_I1);

— precipitation, April (pre6190_14);
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— precipitation, July (pre6190_17);

— precipitation, October (pre6190_110);

— mean temperature, annual (tmn6190_ann);

— minimum temperature, annual (tmp6190_ann);
— maximum temperature, annual (tmx6190_ann);
— vapour pressure, annual (vap6190_ann).

The modeling outcome is presented as heat maps which display a probability
of species distribution across the globe. Warmer colors represent better
conditions for a species which can be interpreted as a higher probability
of presence. The colors display the calculated probabilities according
to the scale: warmer colors show areas with better predicted conditions; from
0.69 (yellow) to 0.92 and more (orange and red); green represents conditions
similar to those in which the species was collected on the territory of Central
Russia (~0.5-0.6); blue shades indicate unlikely conditions.

Results and discussion

The relative contribution of environmental variables to the MaxEnt model
was estimated as a result of the modeling process (Table 1). To determine
the percentage of contribution, in each iteration of the training algorithm,
the increase in regularized gain is added to the contribution of the correspon-
ding variable or subtracted from it if the change to the absolute value of lamb-
da is negative. For the permutation importance, for each environmental
variable, in turn, the values of that variable on training presence and background
data are randomly permuted. The model is reevaluated on the permuted
data, and the resulting drop in training AUC is shown in the table,
normalized to percentages. So, the most influential variables (with correction
on the permutation importance) are “mean temperature, annual” (tmn6190_ann)
and “maximum temperature, annual” (tmx6190_ann).

To determine the importance of environmental variables on Avenella
flexuosa potential distribution, another statistical approach was used.
The following picture (Figure 1) shows the results of the jackknife test
of variable importance [Efron, Stein, 1981].

The environmental variable with the highest gain, when used in isolation,
is “mean temperature, annual” (tmn6190_ann), which therefore appears
to have the most useful information by itself. The environmental variable
that decreases the gain the most when it is omitted is “maximum
temperature, annual” (tmx6190_ann), which therefore appears to have
the most information that isn't present in the other variables. These results
on variable importance should be interpreted with caution though since these
variables are correlated.
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Table 1
Analysis of variable contributions for Avenella flexuosa models,
showing: Percent contribution (PC) and Permutation importance (PI),
discussed in the text

Variable Percent contribution Permutation importance
pre6190_11 19.3 2.9
frs6190_ann 18.9 6.7

tmn6190_ann 18.1 42.3
pre6190_110 15.1 7.2
tmx6190_ann 12.9 19.6
pre6190_17 5.4 4.7
tmp6190_ann 4.1 4.5
dtr6190_ann 3 7
pre6190_14 2.6 1
vap6190_ann 0.3 1.5
pre6190_ann 0.2 2.8

Jackknife of regularized training gain for Avenella flexuosa

dtr6190_ann
frs6190_ann
pre6190_ann
pre6190_I1
pre6190_110
pre6190_14
pre6190_17
tmn6190_ann

Environmental variables

tmp6190_ann
tmx6190_ann
vap6190_ann
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Fig. 1. The results of the jackknife test of variable importance
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Fig 2. MaxEnt modeling of Avenella flexuosa (L) Drejer. for datasets
with a different volume:

a - dataset of worldwide distribution (total 461617 records with coordinates);
b - dataset of worldwide distribution by preserved specimen (total 4736 records
with coordinates).

White dots show the presence locations, purple dots show the records which used
for program training. The probability of the species presence is reflected

by logarithmic color scale, see lower right corner. On the inset in the lower left corner,
a yellow rectangle indicates the area of finds in Central Russia.

The results of bioclimatic modeling for Avenella flexuosa are presented
in the figure 2, and for Carex brizoides in the figure 3. It is shown that
the conditions for the growth of Avenella flexuosa are initially suitable
in the territory of Central Russia (the probability of finding 0.54 and higher).
For Carex brizoides it is shown that its growing places are beyond the limits
of the climatic optimum in the same territory (the probability of finding 0.08).
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Fig 3. MaxEnt modeling of Carex brizoides L. for datasets with a different volume:

a - dataset of worldwide distribution (total 53837 records with coordinates);
b - dataset of worldwide distribution by preserved specimen (total 508 records
with coordinates).

White dots show the presence locations, purple dots show the records which used
for program training. The probability of the species presence is reflected

by logarithmic color scale, see lower right corner. On the inset in the lower left corner,
a yellow rectangle indicates the area of finds in Central Russia.

There is a number of indications that currently Avenella flexuosa
can be attributed to progressive species that are expanding their natural
areal [Seregin, 2015]. The same can be attributed to the growth of this
species outside the boundaries of the areal, taken as natural, where it can
be introduced in various ways, including polemochoral. For example,
during the work on the compilation of the floral check-list in the National
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Park “Orlovskoe poles'e”, Avenella flexuosa was fixed only at one point
(https://plant.depo.msu.ru/module/itempublic?d=P&openparams=%5
Bopen-id%3D140984661%5D). In 2001, only one small group grew
on the sandy side of a forest road. In the summer of 2019, we re-examined
this place, and found that not only the roadside, but also the nearby hillfort
of the Verkhneoksky Balts Radovishche (https://orlpolesie.ru/sokhranyat/
unikalnye-ob-ekty/istoriko-kulturnoe-nasledie) covered with A. flexuosa
almost entirely, and the total population area was about 0.5 hectares
(E.O. Korolkova, L.L. Kiseleva, observation). The most dense plants were
located on the top, where regular archaeological excavations were carried
out in the late 2000s. During which the living ground cover was removed,
surfacing the sand from the excavations. All this is in good agreement with
the previously described [Zhukova, 1980] ecological preferences of this
species: poor sandy acidified soils, and also confirms its role as a plant
of the initial stages of succession.

Thus, the conducted bioclimatic modeling confirms that the conditions
for the growth of A. flexuosa are initially suitable (the probability of finding
0.54 and higher) in the territory of Central Russia, including the places
of occurrence with alleged polemochoral origin.

References

Efron B., Stein Ch. The Jackknife Estimate of Variance. The Annals of Statistics.
1981. Vol. 9. No. 3. Pp. 586-596.

Elith J., Phillips S.J., Hastie T. et al. A statistical explanation of MaxEnt fore-
cologists. Diversity and Distributions. 2010. Pp. 1-15.

Larin L.V. et al. Forage plants of hayfields and pastures of the USSR [Kopmo-
BEIe pacTeHust ceHokoco 1 nactoumy CCCP / Jlapun U.B. u ap. M.; JI., 1950-1951.
T. 1-2.]. Moscow; Leningrad, 1950-1951. Vol. 1-2. (In Russ.)

Phillips S., Anderson R., Schapire R. Maximum entropy modeling of species
geographic Distributions. Ecological Modelling. 2006. Vol. 190. Pp. 231-259.

Phillips S.J., Dudik M. Modeling of species distributions with Maxent: New
extensions and a comprehensive evaluation. Ecography. 2008. Vol. 31. Pp. 161-175.

Reshetnikova N.M. The road to German headquarters: The emergence of some
Western European types on the territory of Kaluga region. Invazivnaya biologiya:
sovremennoe sostoyanie i perspektivy: Materialy rabochego soveshchaniya, Moskva,
10-13 sentyabrya 2014 g. Moscow, 2014. Pp. 134-140. (In Russ.) [PemerHuko-
Ba H.M. [lopora B HeMelLKyI0 ITa0-KBapTHPY: MOSIBICHUE HEKOTOPHIX 3aIaJHOEB-
poreickux THIOB Ha Tepputopun Kamyskckoit obmactu // VHBa3uBHas Ouosorwus:
COBPEMEHHOE COCTOSIHHE U IIEPCIIEKTUBBL: MaTepualbl paboyero cosenianus, Mocksa,
1013 centst6pst 2014 r. M., 2014. C. 134-140.]

Reshetnikova N.M., Shcherbakov A.V., Fadeeva [.A. On the flora of “Krasny Bor”,
a unique protected area of the Smolensk region. Vestnik Tverskogo gosudarstvennogo
universiteta. Seriya: Biologiya i ekologiya. 2018. No. 4. Pp. 160-190. (In Russ.)

M3yyeHwne n coxpaHeHve

61ONOrNYeCKoro
pazHoobpa3yis

423



ISSN 2500-2961 Environment and Human: Ecological Studies. 2019. Vol. 9. No. 4

M3yueHne n coxpaHeHmne

61O0rMYecKoro
pa3Hoobpasms

424

Reshetnikova N.M., Shcherbakov A.V., Korolkova E.O. Central European species
in vicinity of Kobelevo village (Kaluga region) as the traces of the Great Patriotic
War. Botanicheskij zhurnal. 2019. Vol. 104. No. 7. Pp. 1122-1134. (In Russ.)

Sennikov A.N. Ado Haae (1934-2008), a prominent Estonian naturalist in Russia,
and his Theory of Wonderglades. Memoranda Soc. Fauna Flora Fennica. 2009.
Vol. 85. Pp. 61-67.

Sennikov A.N. The bitter memory of the earth: plants-paleohori in Eastern
Fennoscandia and Northwestern Russia. Problemy izucheniya adventivnoy
sinantropnoy flory Rossii i sosednih stran: Materialy IV Mezhdunarodnoy nauchnoy
konferentsii (Izhevsk, 4—7 dekabrya 2012 g.). 1zhevsk, 2012. Pp. 182—185. (In Russ.)
[CennuxoB A.H. I'opbkast mamsTh 3eMJIM: pacTeHUs-11aieoxopsl B Bocrounoil ®enHo-
CKaHIIUM U ceBepo-3anane Poccun // IIpoGnemMbl H3ydeHus aJBEeHTUBHON CHHAHTPOII-
HO# opsl Poccun u cocennux crpan: Matepuanst [V MexyHapoaHO#H Hay4HO#M
koH(pepenmu (Moxesck, 47 nexadpst 2012 r.). Mkesck, 2012. C. 182-185.]

Shcherbakov A.V., Kiseleva L.L., Panasenko N.N., Reshetnikova N.M. Plants —
live the traces of group of armies “Centre” in the Russian land. Flora i rastitelnost
Tsentralno-Chernozemnogo regiona — 2013: Materialy mezhregionalnoy nauchnoy
konferentsii (Kursk, 6 aprelya 2013 g.). Kursk, 2013. Pp. 198-202. (In Russ.) [LLep-
o0axoB A.B., Kucenesa JI.JI., Ilanacenko H.H., PemernuxkoBa H.M. Pacrenms —
JKUBBIE CiIebl Ipymisl apmuil «L{enTp» Ha poccuiickoii 3emiie // diiopa 1 pacTuTeNb-
HoCcTh LlenTpansHo-YepHozemHoro pernona — 2013: Matepuanbl MeXperuoHaIbHON
HayuHo# koH(pepenunu (Kypek, 6 anpens 2013 r.). Kypck, 2013. C. 198-202.]

Shcherbakov A.V., Korolkova E.O., Shchepkina E.P. Polemochore plants
in the flora of Spas-Demensky district of Kaluga region. Environment and Human:
Ecological Studies. 2017. No. 2. Pp. 78-93. (In Russ.)

Seregin A. 7807a. Avenella flexuosa (L.) Drej. Schaedae ad Herbarium Florae
Rossicae et civitatum collimitanearum, ab Instituto Botanico Academiae Scientiarum
Rossicae editum. T. 30. Fasc. 154-157 (Ne 7651-7850). G.Yu. Konechnaya (ed.).
St. Petersburg, 2015. Pp. 97-98. (In Russ.)

Tsvelev N.N. Poaceae (Graminea). Flora evropeyskoy chasti SSSR. Leningrad,
1974. Vol. 1. Pp. 117-368. (In Russ.) [I[seneB H.H. Poaceae (Graminea) // ®ropa
esponeiickoit vactu CCCP. JL., 1974. T. 1. C. 117-368.]

Zhukova L.A. Wavy hair-grass (Deschampsia flexuosa). Biologicheskaya flora
Moskovskoy oblasti. Moscow, 1980. Vol. 5. Pp. 46-57. (In Russ.) [XKykosa JL.A.
Jlyrosuk wm3Bmimcteiit // buonormueckast ¢opa MockoBckoit obmacti. M., 1980.
C.46-57.]

CraTtba nocTynuna B pegaxkumio 25.11.2019, npuHaTa K ny6nukaumm 21.12.2019
The article was received on 25.11.2019, accepted for publication 21.12.2019



CoumanbHo-3Kkonornyeckie texHonornn. 2019. 7. 9. N2 4

About the authors / CeefieHst 06 aBTOpax

Ekaterina O. Korolkova — PhD in Biology; Associate Professor at the Department
of Botany of the Institute of Biology and Chemistry, Moscow Pedagogical State
University; Associate Professor at the Department of Cell Biology of the Faculty
of Biology and Biotechnologies, National Research University Higher School
of Economics, Moscow, Russia

KopoabkoBa Exarepuna OJieroBHa — KaHauIaT OMOIOTHYECKUX HAYK; JOLECHT
kadenpsl 0otanuku VHCTHTYTa OMOJIOTHH U XUMHUH, MOCKOBCKHIA Meaarornueckuit
rOCY/IapCTBEHHBIN YHUBEPCUTET; JOLEHT KadeIphl KISTOYHOH Ouosnorun daxyibre-
Ta Omonornn M OmoTexHojorny, HaroHaIbHEIH NCCIEN0BATEIbCKIH YHUBEPCUTET
«BrIcIIas mKoja 3KOHOMUKHY, T. MOCKBa

ORCID: https://orcid.org/0000-0002-1343-3492
E-mail: korol-k@mail.ru

Yaroslav E. Vasilkov — undergraduate at the Department of Botany of the Institute
of Biology and Chemistry, Moscow Pedagogical State University

Bacuiabkos SIpocias EBrenneBud — Maructpant kadeaps! 6oranuku MHcTHTyTA
Ouosornu U XuMHH, MOCKOBCKHII TTeAarorn4ecKuii rocy1apCTBEHHBIN YHUBEPCUTET

E-mail: yahapmi@googlemail.com

3aABNEeHHbIV BKNaJ aBTOPOB

E.O. KoponbpkoBa — oO1miee pyKOBOACTBO HAIIPABICHUEM HCCIICAOBAHMUSA, IUIAHH-
pOBaHHUE HCCIIEIOBAHMUS, BHIOOP MOJENBHBIX BHJIOB, y4acTHE B IOJrOTOBKE TEKCTa
CTaThu

S1.E. BacuiabunkoB — MOCTPOCHHE OMOKIMMATHYECKUX MOJENeH, HHTepIpeTanys
MOJTyYESHHBIX JJAaHHBIX, Y4aCTHE B IIOATOTOBKE TEKCTA CTaTbU

Contribution of the authors

E.O. Korolkova — general direction of the research, planning of the research,
selection of model species, participation in the preparation of the text of the article

Ya.E. Vasilkov — bioclimatic modeling, results interpretation, participation
in the preparation of the text of the article

Bce aBTOpbI NpounTany n 0fo6PYNIN OKOHYATENbHbIV BapUAHT PyKOMMUCK
All authors have read and approved the final manuscript

7]
=
T
[}
T
8
§6s
-1
=
O ©
v g Q
3
v OO
J B T
>0 m
NS ®©
o O

425



