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Horsetails are a complex taxonomic and systematic group. Therefore, the study of the geographical distribution of these species is
necessary for a better understanding of the phylogeny of this family. We concluded an analysis of the distribution of 5 species of
horsetail of the subgenus Equisetum ( Equisetum, Equisetaceae): E£. arvense L., E. fluviatile L., E. palustre L., E. pratense Ehrh., E.
sylvaticum L. using the maximum entropy method implemented in the MaxEnt program. Modeling was carried out using climate
variables from the WorldClim global climate base. Simulation results show good simulation quality. In 3 out of 5 species, the AUC of
the test sample was in the range of 0.9-1, and in 2 species — 0.8-0.9. In general, for most species, a plausible picture of their
intended distribution has developed. The obtained models suggest that the territory of Russia is favorable enough for the growth of
horsetails. Analysis of the contribution of 14 bioclimatic variables to the distribution of the studied species revealed that the most
important variables are: annual mean temperature, isotermality, temperature seasonality, max temperature of warmest month,
temperature annual range, mean temperature of warmest quarter, mean temperature of driest quarter, mean temperature of
coldest quarter, annual precipitation, precipitation of wettest month, precipitation seasonality, precipitation of driest quarter,
precipitation of warmest quarter, and precipitation of coldest quarter.
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Introduction

The genus Equisetum L. (Equisetaceae) is represented by a small number of living species. According to the currently accepted
pteridophyte systems, it is divided into 2 subgenus Equisetum and Hippochaete (Milde) Baker (Hauke, 1963; 1978), which are
sometimes understood as independent genera Equisetum s.str. and Hippochaete Milde (Farwell, 1916; Rothmaler, 1944). They are
very complex group in terms of taxonomy. Horsetails are widely distributed in temperate latitudes. Studying geographical
distribution of horsetails are important to fully understand biodiversity of the region. Therefore, in the present study we conducted
species distribution modelling analysis on Equisetum species. This paper focuses on subgenus Equisetum and five species that is
commonly found in the area: E. arvense L., E. fluviatile L., E. palustre L., E. pratense Ehrh., E. sylvaticum L.

Materials and methods

The purpose of the SDM is to assess the similarity of conditions in the study area with conditions in places of a known occurrence
(and, in some cases, the absence of this phenomenon). Basically, this method is used to predict the geographical distribution of
species using climate data as distribution factors. The analysis consists of the following steps: 1) places of occurrence of species are
noted; 2) the values of variable ecological predictors (for example, climate) are taken on the studied territories, they can be
obtained from geographic information databases; 3) environmental criteria are used in creating a model for assessing similarities
with the places of findings, or other values, such as the abundance of species; 4) the model is used to predict the distribution of
interest on the scale of the entire area of interest (and, possibly, for the future or past climate) (Hijmans & Elith, 2013). There are a
number of approaches for implementing this method, using the statistical software package R (Hijmans & Elith, 2013), or GIS
(geographic information system) ArcGIS 10.2 and special scripts for it (SDM Toolbox) (Brown, 2014), which facilitate the
preparation of data for analysis, since it is the preparation of the data that takes the main time for the analysis. The data obtained
on the distribution of species reflect an equilibrium relationship to a given environment.

Among the many algorithms for modeling the spatial distribution of species (Broennimann et al., 2007; Guisan & Thuiller, 2007;
Predictive habitat distribution models in ecology, 2000; Guo & Liu, 2010; Stigall, 2012; Stockwell, 1999), the most popular method is
the maximum entropy implemented in the MaxEnt program (Maximum Entropy Species Distribution Modeling) (Elith et al., 2011;
Phillips et al., 2006; Phillips & Dudik, 2008). The initial data for modeling in this case are only the presence of the species
(presence-only data). The principle of this algorithm is as follows: prediction must satisfy all the limitations known to the researcher,
and the desired distribution must have maximum entropy (Phillips et al., 2006). The result of the algorithm is a habitat suitability
model — a map with predicted probabilities of the presence of a species in each raster cell. In the science of vegetation, modeling
the distribution of species, in particular, using MaxEnt, is used to solve environmental problems, identify the distribution of invasive
species and predict their further distribution (Dobrowski et al., 2011; Peterson, 2005; Smith et al., 2008), comparing niches of
hybrids and their parent species (Engler et al., 2013), revealing the distribution parameters of species richness (Cord et al., 2014).
An analysis of the spatial distribution of horsetail species was carried out for the territory of Russia, since the coordinates of the
points of occurrence were obtained for this territory. To carry out the analysis, we took the following steps.
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1. Data collection. To compile the species distribution database, we used data from herbarium samples, various flora, as well as
data from GBIF (Global Biodiversity Information Facility). In the case of determinants and flora, when data on the distribution of the
species are presented in the form of a map, the map was georeferenced in the ArcGIS program and the coordinates of the marked
points were determined in the coordinate system WGS1984. This step is necessary due to the fact that maps from different sources
can have different projections, and accordingly different coordinates. Particular attention was paid to the coordinates of the habitats
of the samples collected by us during the field trips.

2. Bioclimatic variables were downloaded from wordlclim.org (Table 1). They are most often used in such studies. A total of 19
bioclimatic variables were loaded. Bioclimatic variables have a resolution of 30 seconds, which is 1 km? near the equator. Then, we
reduced the highly correlated climate variables, since using them in the model can contribute to the overfitting of the model. To do
this, using the SDM Toolbox, we analyzed the correlation of climatic variables that will be used to build the model. At the output,
this tool provides a matrix of distances at which bioclimatic variables are indicated and the correlation coefficient between them.
Bioclimatic variables with a correlation coefficient greater than 0.7 were not used to build a further model.

Table 1. Bioclimate variables. Highly correlated variables with k <0.7 are highlighted by bold.

Code Description

BIO1 Annual Mean Temperature

BIO2 Mean Diurnal Range (Mean of monthly (max temp - min temp))
BIO3 Isothermality (B102/BI107) (* 100)

BIO4 Temperature Seasonality (standard deviation x100)
BIO5 Max Temperature of Warmest Month

BIO6 Min Temperature of Coldest Month

BIO7 Temperature Annual Range (BIO5-BI06)

BIOS8 Mean Temperature of Wettest Quarter

BIO9 Mean Temperature of Driest Quarter

BIO10 Mean Temperature of Warmest Quarter

BIO11 Mean Temperature of Coldest Quarter

BIO12 Annual Precipitation

BIO13 Precipitation of Wettest Month

BIO14 Precipitation of Driest Month

BIO15 Precipitation Seasonality (Coefficient of Variation)
BIO16 Precipitation of Wettest Quarter

BIO17 Precipitation of Driest Quarter

BIO18 Precipitation of Warmest Quarter

BIO19 Precipitation of Coldest Quarter

Next, climate heterogeneity of the studied region was analyzed. This is one of the steps for spatial rarification of data. To analyze
the climate heterogeneity, the Principal Component Analysis was used, which is implemented in the SDM Toolbox. The method of
principal components extracts the principal ones from all climatic variables and then for each raster point calculates the value to
which a certain color is assigned. The first component accounts for 87.7% of the variability, the second 10.2%, the third 2%.

In order for the model to produce data that corresponds with real distribution, most SDM methods require the input of data from
spatially independent collection points. The elimination of spatial clusters of occurances is essential for calibrating and evaluating the
model. If points of occurrence are presented more often in a certain territory (for example, roadsides or neighborhoods of cities),
the model shows more suitable environmental conditions in these places (this reduces the model’s ability to predict spatially
independent data) and the model’s characteristics may be overestimated (Boria et al., 2014; Hijmans, 2012; Veloz, 2009). The tools
included in the SDM Toolbox allow users to spatially thin out their data at several levels depending on habitat, topographic
heterogeneity or climate heterogeneity. For example, habitats can be filtered out for 5 km?, 10 km? and 30 km? in areas with high,
medium and low environmental heterogeneity, respectively. This filtering method is especially useful for studies with a limited
number of points of occurrence points and can maximize the number of spatially independent observations. In our case, we filtered
out the presence points at a distance of 25 km? in the case of areas with a similar climate, and 5 km? in cases with areas with a
heterogeneous climate. Then we created a file for background points. It selects the background points and the density of the
background sample.

Background points (and similar pseudo-absence points) are intended to be compared with presence data and help differentiate
environmental conditions under which species can potentially grow. Typically, background points are selected within a large
rectangular area where habitats often exist that are ecologically suitable but not yet colonized. When background points are
selected in these habitats, this increases omission errors (false positives). As a result, the “best” model tends to be overly favorable
and shows those habitats on the map where the species may not grow (Barbet-Massin et al., 2012).

3. Launch of MaxEnt (Version 3.3.3 €) (Phillips & Dudik, 2008) to create a distribution model. Each model was built in 20 replicates;
during the simulation, the initial sample was randomly divided into training (75%) and test (25%) sets (repeated sampling method -
subsample) (Phillips & Dudik, 2008).

The quality of the obtained models was studied both statistically and on the basis of expert ideas about the distribution of species in
nature. For statistical evaluation, the AUC indicator (area under receiver operating characteristic (ROC) curve), a non-parametric
hierarchical tool used to assess the predictive ability of the chosen model (Fielding & Bell, 1997). From the results obtained during
the simulation, the best AUC calculated for the training and test data sets was selected according to the minimum standard
deviation (Warren & Seifert, 2011).

According to the AUC indicator, modeling quality is usually divided into 5 categories (Swets, 1988): 0.9-1 = “excellent”, 0.8-0.9 =
“good”, 0.7-0.8 = “satisfactory”, 0.6-0.7 = “bad”, <0.6 - “very bad” (modeling failed).

When building the model, 10 percentile thresholds was also considered, which allows to cut off points that are in the area in which
the probability of finding the species is below 10%.

The contribution of environmental factors in the creation of the model was evaluated by the importance for permutation test
(Phillips et al., 2006; Phillips & Dudik, 2008).
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Results

Species distribution modelling results show good model quality. In 3 out of 5 species, the AUC of the training sample was in the
range of 0.9-1, and in 2 species — 0.8-0.9. For the test sample, 3 species had excellent AUC, and 2 species had good AUC. In
general, for most species, a plausible picture of their intended distribution has developed. To analyze the contribution of climate
variables, let us dwell on the modeled distribution of species in more detail.

Subgenus Equisetum. E. arvense (Figure 1) demonstrated a model with one of the lowest AUC values among all other species.
AUC for this species was 0.869 with a standard deviation of 0.012. Many researchers note that species with wide ecological
amplitudes show worse modeling results (Guisan et al., 2007; Moran-Orddnez et al., 2012; Stockwell & Peterson, 2002). For £
arvense, the following climate variables are most important (indicated in order of greatest contribution to model building): bio5 -
maximum temperature of the warmest month, bio7 - temperature annual range, bio3 - isothermality, biol5 - precipitation
seasonality and biol3 - precipitation of wettest month. Such a distribution of climatic variables suggests that air temperature is
more important for this species than precipitation and humidity. However, variables 4 and 5 are responsible for the amount of
precipitation during the season, which indicates the need for precipitation throughout the growing season. The resulting picture
corresponds to environmental ideas about this species. The most suitable habitats for £. arvense were found in the boreal zone of
Eurasia, especially in the central and northern parts of European Russia, in the south of Western and Central Siberia. Judging by the
resulting model, £ arvense has a very wide ecological amplitude and can occupy a variety of ecological niches.

equisetum_arvense
Il 0.0000-0.1704
[ 0.1704 - 0.3408
[ 0.2408 - 0.5111
[ o.5111 -0.6815

Figure 1. Map of £. arvense distribution model, obtained by method of maximum enthropy in MaxEnt. Visualised in DivaGIS.
Warmer colours indicate more suitable habitats.

E. fluviatile (Figure 2). AUC for this species showed excellent modelling quality. The AUC value for this species is 0.921 with a
standard deviation of 0.020. For E. fluviatile, the following climate variables are most important (indicated in order of greatest
contribution to model building): bio7 - temperature annual range, biol - annual mean temperature, biol8 - precipitation of warmest
quarter, bio3 - isothermality and bio10 - mean temperature the warmest quarter. Such a distribution of climatic variables suggests
that temperature throughout the year is of greater importance for this species; variables 3 and 5 are responsible for the amount of
precipitation during the warmest quarter, which indicates the need for precipitation during the growing season. The resulting picture
corresponds to environmental ideas about this species. The most suitable habitats for £ fluviatile were found in the northern part of
European Russia. In Western Siberia and the Urals, less suitable growing conditions for this species. Within Siberia, the most
suitable conditions for this species are observed in Altai.

Equisetum_fluviatile
Il 0.0000-0.1812
[ 0.1812-0.2824
[] 0.3824-0.5438
B 0.5435 - 0.7248
Il 0.7248 - 1.0000

Figure 2. Map of £ fuviatile distribution model, obtained by method of maximum enthropy in MaxEnt. Visualised in DivaGIS.
Warmer colours indicate more suitable habitats.
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E. palustre (Figure 3). AUC for this species was excellent and amounted to 0.929 with a standard deviation of 0.015. For £ palustre,
the most important climatic variables are (indicated in the order of contribution to the model): biol - annual mean temperature,
biol8 - precipitation of warmest quarter, bio3 - isothermality, biol2 - annual precipitation and biol7 - precipitation of driest quarter.
Such a distribution of climatic variables suggests that the annual mean temperature in the growing area is important for this specie.
The remaining variables are responsible for the amount of precipitation per quarter and the mean annual precipitation, which
indicates a significant dependence of this species on precipitation and humidity. The resulting picture corresponds to environmental
ideas about this species. The distribution map of £. palustre was very close to that of £ fluviatile. This was probably due to the fact
that these two species have similar environmental requirements for growing conditions. The most suitable habitats for £. palustre
were found in the central and even northern parts of European Russia. Outside the Urals, the most favorable conditions are formed
in the extreme south-west of Western Siberia and Altai; somewhat less favorable conditions are found in the mountains of Southern
Siberia. The limiting factor, in all likelihood, is temperature for him, since he is not in the high latitudes of Siberia. The method did
not show the suitability of the conditions of the central and southern parts of European Russia due to the insufficient number of
points from this territory.

W 0.0000-0.1773
B 0.1773 - 0.3547
[] 0.3547 - 0.5320
[ 0.5320 - 0.7094
Il 0.7034 - 1.0000

Figure 3. Map of E. palustre distribution model, obtained by method of maximum enthropy in MaxEnt. Visualised in DivaGIS.
Warmer colours indicate more suitable habitats.

E. pratense (Figure 4). AUC for this species showed the smallest value of all modeled species was 0.823 with a standard deviation of
0.025. But according to the conditional classification of models, it can still be attributed to good ones. E. pratense, like E. arvense,
has high ecological plasticity, which is possible and is the reason for less successful modeling. For E. pratense, the most important
climatic variables are (indicated in the order of contribution to the model): bio9 — mean temperature of driest quarter, biol - annual
mean temperature, biol2 - annual precipitation, biol9 — precipitation of coldest quarter and biol7 - precipitation of the driest
quarter. The first two climatic variables indicate that temperature plays the most important role for this specie. The total amount of
precipitation and the amount of precipitation in the driest and coldest months is of no small importance, since this species often
grows not on the banks of rivers or streams, where there is a lot of soil moisture, but in forests and meadows. The resulting model
corresponds to the geographical and environmental ideas about the distribution of this species. The most favorable conditions for
him turned out to be in Altai, in the region of the southern tip of Lake Baikal and in the south of the Far East, and somewhat less
favorable in the Urals and in Southern Siberia.

equisetum_pratense &
W 0.0000-0.1821

Figure 4. Map of £ pratense distribution model, obtained by method of maximum enthropy in MaxEnt. Visualised in DivaGIS.
Warmer colours indicate more suitable habitats.

E. sylvaticum. The AUC for this species was 0.905 (excellent) with a standard deviation of 0.029. For E. sylvaticum, the most
important climatic variables are (indicated in the order of contribution to the model): bio3 - isothermality, bio1l8 - precipitation of
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warmest quarter, bio4 - temperature seasonality, biol — mean annual temperature, bio7 - temperature annual range. The
distribution of this species is mainly due to climatic and temperature variables and, to a lesser extent, the effect of precipitation. The
resulting model corresponds to the geographical and environmental ideas about the distribution of this species. The most suitable
places for growth for it are the Southern and Middle Urals, and Altai, the Urals and Trans-Urals, and the southern part of Western
and Central Siberia are somewhat less suitable.

Conclusion

For most species of horsetail, the territory of Russia is quite favorable for growth, as evidenced by the model of distribution of
species obtained by the method of maximum entropy. An analysis of the contribution of 14 bioclimatic variables to the distribution
of the studied species revealed that the most important variables are: annual mean temperature, isotermality, temperature
seasonality, max temperature of warmest month, temperature annual range, mean temperature of warmest quarter, mean
temperature of driest quarter, mean temperature of coldest quarter, annual precipitation, precipitation of wettest month,
precipitation seasonality, precipitation of driest quarter, precipitation of warmest quarter, precipitation of coldest quarter.
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