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Abstract—Original data on 14 urban floras in the Ural—Volga region have been analyzed to estimate the effect
of the geographic location, topography, climate, size, and age of a city on the species richness of its flora. This
parameter in different cities varied from 288 to 973 species, with the proportion of alien species varying from
21 to 41%. Factors of flora richness were estimated by multiple linear regression using principal component
estimates obtained by factor analysis of 13 city characteristics as predictors. It has been confirmed that the
richness of urban floras depends primarily on the city size, which accounts for greater proportions of variation
in the number of native species (56%), the number of alien species (91%), and the total number of species
(71%). In addition, variation in the number of native species is determined by terrain elevation (22%),
increasing at higher elevations. The proportion of alien species in the urban flora does not depend on the size
of the city and is negatively correlated with terrain elevation.
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Studies on the plant component of urban ecosys-
tems and factors determining the richness and struc-
ture of urban floras are highly relevant in the context
of active urbanization [1, 2] and the necessity to search
for the methods of sustainable urban development
allowing the conservation of biological diversity.

Urban floras are usually richer than the floras of
the surrounding areas [3—6], which is due to the loca-
tion of cities in hotspots of plant species richness from
the time of their founding, as well as to the spatial het-
erogeneity of the urban environment and high enrich-
ment of urban floras with alien species [1, 3, 5, 7-9].
On the other hand, urbanization leads to decrease in
the diversity of native species; stenotopic (forest,
aquatic, and wetland) species are the first to disappear
because of degradation and transformation of habitats
[9—12].

The accumulation of data on urban floras has made
it possible to initiate the search for general explanation
of their richness and structural features. It has been
proven many times that the richness of urban floras is
subject to the fundamental “area—species number”
correlation: as a city grows in size, the number of spe-
cies in its flora increases [1, 7, 13—16]. In addition to
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this basic regularity, the richness of urban floras is
determined by different natural and climatic factors;
however, these correlations are less strict. For
instance, the richness of native species can be nega-
tively correlated with longitude [7], while the average
air temperature, longitude, and latitude can serve as
significant predictors for the richness of alien species
[7, 17]. The proportion of alien species in urban floras
does not depend on the urban size; however, it is neg-
atively correlated with latitude and positively cor-
related with the annual average temperature [7, 18]. In
addition, integrative studies on urban floras in Europe
[7] and North America [17] have shown that the num-
bers of native and alien species in these floras are
determined by different factors. The issue concerning
the contribution to the richness of urban floras from
anthropogenic factors proper, such as the degree of
development of transport communications, has been
discussed repeatedly [1, 15, 19], although this param-
eter strongly depends on the size of a city.

Analysis of 89 urban floras in the Russian Federa-
tion revealed factors that have the most significant
influence on their richness [20]. In particular, the
number of native species in the cities was almost exclu-
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sively determined by the size of the city, while the
number of alien species was also determined by the
level of anthropogenic transformation of regions and
by the age of the city (positively) and climate severity
(negatively). However, the quality of prediction in the
corresponding multiple regression models was not
very high: R? = 0.43—0.58 for different features. This is
possibly due to a wide variability of urban characteris-
tics and differences in approaches to the study of urban
floras used by different researchers.

To gain a deeper insight into the patterns of forma-
tion of the composition of urban floras, it is necessary
to compare the species richness of cities along differ-
ent gradients. We analyzed factors of flora richness in
14 cities located in three natural zones of the Ural—
Volga region, in which, along with the latitudinal gra-
dient, the longitudinal gradient is also pronounced.
All these floras were studied using the same method-
ological approaches and criteria, assuming that the use
of an aligned array of estimates can improve the qual-
ity of interpretation of their characteristics.

The purpose of this study was to assess the influ-
ence of characteristics concerning the geographic
location, topography, climate, size, and age of cities
on the richness of urban floras in the Ural—Volga
region. Two hypotheses were tested: (1) in addition to
the “area—species number” correlation, the richness
of urban floras is determined by climatic and topo-
graphic features; (2) the richness of the native and
alien fractions of urban floras is determined by differ-
ent factors.

MATERIAL AND METHODS

Array of estimates. We analyzed the estimates of
species richness in the floras of 14 cities in the Urals
and Middle Volga region (51°46"—58°02" N, 48°22'—
63°42" E (Table 1). The cities are located in the south-
east of the East European Plain (Dimitrovgrad,
Zhigulevsk, Novoulyanovsk, Sengilei, and Tolyatti),
the Cis-Ural region (Krasnoufimsk, Kumertau,
Meleuz, Salavat, Ishimbay, and Sterlitamak), the
mountain part of the Urals (Yekaterinburg), and the
Trans-Ural region (Kamensk-Uralsky and Turinsk),
in the steppe, forest—steppe, and taiga zones. They
include four small towns with a population of up to
50000), four medium cities (up to 100000), three large
cities (up to 250000), two major cities (up to 1 mil-
lion), and one city with the population of over 1 mil-
lion. The age of the cities varies from 58 to 400 years.

Indices of urban flora richness. We analyzed the
original data on the richness of urban floras that were
partially published [11, 21—25] and supplemented by
our results. The species composition was studied by
the method of route censuses that covered all the main
variants of natural and anthropogenic habitats within
the administrative boundaries of the cities. We used
the unified, consistent approach to estimating the
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indices of urban flora richness: total number of species
(Nota1), the number of species in the native (V) and
alien (N,;.,) fractions, and the proportion of alien spe-
cies (P,.,) (Table 1). The total number of urban flora
species is the aggregate of all vascular plant species
that grow within the administrative boundaries of a
city and pass through their entire life cycle or its initial
part without human involvement. The native fraction
is the group of species that have appeared and grow in
a region independently of human activities. The alien
fraction is the group of species whose appearance in a
region is a result of anthropogenic activity rather than
of processes of natural florogenesis. Alien species
include all species that were accidentally introduced in
cities and those introduced species for which seed or
vegetative reproduction has been revealed or which
have been found outside cultivation sites.

City characteristics. Thirteen city characteristics
were used as predictors for interpreting the richness of
urban floras (Table 1). Geographic location characteris-
tics: (1) latitude, (2) longitude. Climate characteristics:
(3) annual average temperature, (4) annual precipita-
tion, (5) Gorchinsky index of continentality. City age
and size characteristics: (6) size of city area, (7) popu-
lation, (8) population density, (9) age of city (the
number of years since the official year of founding).
Topographic features: (10—12) minimum, maximum,
and mean terrain elevation above sea level; (13) relief
complexity (the difference between the minimum and
maximum terrain elevations). Features (3) and (4) were
determined according to the Climate Data for Cities
Worldwide website [26], features 10—12 were deter-
mined using the Google Maps Find Altitude tool [27],
and features 5 and 13 were calculated.

Data analysis. The strength of correlation between
two variables was estimated using the Pearson correla-
tion coefficient (7). Factor analysis was performed by
the principal component method with the threshold
minimum eigenvalue of components taken as 1. The
influence of several independent variables on the
resultant was estimated using multiple linear regres-
sion without selecting variables. Prior to the analysis,
we found the logarithms of the city area, population,
and population density, and the P,;., feature was arc-
sine transformed.

RESULTS

The main factor of urban flora richness is the city
size. An increase in the number of residents leads to an
increase in the number of native (r=0.82,
P=10.0003) and alien (»=0.93, P<0.0001) species
and, accordingly, the total number of species in the
urban flora (= 0.89, P < 0.0001) (Figs. 1a—1c). The
city area is less closely related to the indices of absolute
richness of urban floras (» = 0.82—0.86, P < 0.0004 in
all cases). The population density is even more poorly
correlated with the richness of urban floras: »=0.58,
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N, native

(b)

Fig. 1. Dependence of the numbers of (a) native species, (b) alien species, (c) all species and (d) of the proportion of alien species
in urban floras on city population size and mean terrain elevation.

P=0.0308 for N 4 ie; ¥=0.79, P=10.0007 for Nj,;
and r=0.67, P=0.0093 for N,,. Therefore, the pop-
ulation size explains the richness of urban floras better
than the other characteristics of the urban size.

We were interested mainly in revealing the second-
ary factors of urban flora richness, additional to the
city size. However, it was found that, along with the
city size, NV, .. Shows a weak correlation only with the
minimum terrain elevation (r = 0.58, P = 0.0282).

Different indices of urban flora richness increase
from small towns to big cities approximately to the
same extent: N, increases from 190—220 to 620—

RUSSIAN JOURNAL OF ECOLOGY Vol 49

660 species, i.e., by a factor of 2.8—3.5; N, increases
from 100—130 to 300—310 species, i.e., by a factor of
2.3-3.1; and N, increases from 290—370 to 920—
970 species, i.e., by a factor of 2.5—3.3. Therefore, the
P, index is not related to the urban size (see Fig. 1d;
r=-0.16, P = 0.5752 for the population size) and var-
ies from 21 to 41%, being, on average, 32%. Analysis of
pairwise coefficients of correlation between the city
characteristics and P, suggests that the degree of adven-
tization can be related (but weakly) to only two character-
istics: annual precipitation (r=0.59, P= 0.0250) and
minimum elevation above sea level (r = —0.57,
P=10.0342).

No.3 2018
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Table 2. Structure of correlations between city characteristics
Factor loads*
Characteristics
of cities and regions principal component 1: | principal component 2: | principal component 3: | principal component 4:
“city size” “latitude” “terrain elevation” “relief complexity”

(1) Latitude —0.076 0.934 0.187 —0.177
(2) Longitude 0.022 0.429 0.629 —0.590
(3) Average annual 0.281 —0.571 —0.666 0.160
temperature
(4) Yearly amount 0.231 0.787 ~0.160 0.314
of precipitation
(5) Continentality —0.309 —0.750 0.316 —0.150
(6) City area 0.823 —0.053 0.392 0.091
(7) Population 0.954 0.004 0.217 —0.049
(8) Population density 0.864 0.097 —0.134 —0.259
(9) City age —0.130 0.831 —0.078 —0.297
Elevation a.s.1.:

(10) minimum 0.228 —0.077 0.874 —0.154

(11) maximum 0.116 —0.085 0.932 0.252

(12) average 0.170 —0.068 0.936 0.128
(13) Elevation difference —0.212 —0.028 0.250 0.862
Proportion of explained 0.21 0.25 0.29 0.12
variance

* Varimax-rotation was used.

Explaining the properties of urban flora based a
limited number of predictors selected by analyzing
pairwise correlation coefficients is an unjustified sim-
plification. Many geographic, climatic, and other
characteristics of cities are interdependent, since they
may correlate with each other or causally determine
each other. Therefore, the contribution of different
predictors to the determination of urban flora proper-
ties can be correctly revealed only by simultaneously
taking into account the contributions of all or, at least,
several key urban characteristics. To this end, we used
factor analysis and then calculated multiple regression
using principal component estimates as predictors.

At the outset, we investigated the structure of cor-
relations between the variables using the principal
component analysis (Table 2). We distinguished four
principal components that were orthogonal to each
other and together explained 87% of the variance of
initial features. The first component included three
characteristics of the city size with the highest contri-
bution from the population size variable. The second
principal component is formed by the geographic lat-
itude, annual precipitation, city size (positive indices)
and the Gorchinsky index of continentality (negative
index). Taking into account the highest contribution
of the geographic latitude, it is most convenient to
designate this component as “latitude” and interpret it
as an integrated geographic factor that provides a gen-

RUSSIAN JOURNAL OF ECOLOGY Vol.49 No.3

eralized description of changes in different conditions
along the latitudinal gradient. The third component is
formed by three topographic characteristics: the min-
imum, maximum, and mean terrain elevations (all
positive). The fourth principal component is easily
interpreted as a characteristic of relief complexity.

Multiple regression based on the estimates of the
four principal components makes it possible to explain
75—91% of variation in the NV, e, Nyjien ANd Ny indi-
ces and 47% of variation in the P, index (Table 3).
The following predictors are significant: city size (the
contribution to the total explained variance is approx-
imately 68%) and terrain elevation (26%) for N,,ve;
city size alone for N, (97%); city size (80%) and ter-
rain elevation (17%) for N,,,; terrain elevation alone
for P, (59%). Since N, 4. and, accordingly, N,
increase with an increase in the terrain elevation, P,
decreases in this case.

DISCUSSION

We were able to obtain regression dependences that
provide a good explanation to the richness of urban floras

on the basis of city characteristics (Rjdj =75-91%). The
percentages of explainable variance that we obtained

for the same urban flora indices using the same meth-
ods were 40—65% for 65 European cities [7] and 49—

2018
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Table 3. Results of calculation of multiple regressions describing the dependence of indices of urban flora richness on prin-

cipal component estimates

Principal component
c[tf;?;(?[efrliosi?c (1) “city size” (2) “latitude” (3) “terrain elevation” |(4) “relief complexity” Rgdj
§ pR? § pR? § pR? p pR?
Npative 0.746*** 0.56 —0.215 0.05 0.465** 0.22 —0.077 0.01 0.75
Nlien 0.953%*x* 0.91 0.069 0.00 0.124 0.02 0.110 0.01 0.91
Niotal 0.841*** 0.71 —0.140 0.02 0.385%* 0.15 —0.025 0.00 0.82
Picn 0.003 0.00 0.413 0.17 —0.614* 0.38 0.295 0.09 0.47

Designations: [3, standardized partial regression coefficient; Rfdj, the coefficient of determination adjusted for the number of parame-

ters; pRz, the proportion of variance explained by variable associated with predictor. Levels of significance of B-coefficients: *P < 0.05,

P <0.001, ***P < 0.001.

58% for 89 Russian cities [20]. Therefore, the use of a
geographically and methodically aligned data array
makes it possible to improve the quality of interpreta-
tion of urban flora indices. The contributions of pre-
dictors “latitude” and “relief complexity” to the inter-
pretation of urban flora indices are small and can be
neglected. Therefore, all interpretations can be
reduced to the analysis of one- or two-parameter
dependences shown in Fig. 1.

It is quite expectable that features Ny, Npative> and
N,jien are most significantly determined by the urban
size: the growth in the species richness with increase in
the study area is a universal regularity that holds for
both natural floras and anthropogenically trans-
formed areas [1, 7, 13—16, 28—30]. Factors contribut-
ing to the formation of high plant diversity in the cities
include preservation of sites with natural communi-
ties, as well as an intensive introduction of alien spe-
cies and a high patchiness of habitats providing for the
coexistence of ecologically dissimilar species [7, 9, 13,
16, 18, 31, 32].

We revealed no correlation between the indices of
urban flora richness and climatic (temperature and
precipitation) and geographic (latitude and longitude)
characteristics. This is possibly due to a relatively small
size of the study region (extending for 5 degrees of lat-
itude and 15 degrees of longitude) and, accordingly, a
narrow range of conditions. A limited influence of cli-
mate was observed for the cities of Central Europe
located along the transect extending for 1000 km from
oceanic to continental areas [ 18, 31], although in other
studies the number of native and alien species in urban
floras were found to correlate with average air tem-
perature and with longitude and latitude [7, 17].

Landscape characteristics are an important factor
of biological diversity [29, 33]. In our case, their influ-
ence is manifested in an increase of N, ;. and Ny
with rise in the terrain elevation in the west—east
direction within the study region (from the Volga
region to the Urals). This may reflect the known regu-
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larity that floristic diversity is higher in the mountain
regions [29, 33]. The average elevations actually
increase from the flatland cities of the Volga region to
the Ural cities, although to different degrees: 68—
180 m a.s.l. for Ulyanovsk and Samara oblasts; 97—
309 m a.s.l. for Bashkortostan and Sverdlovsk oblast.
However, the degree of anthropogenic transformation
of ecosystems in the region also decreases in this direc-
tion, i.e., from the west to the east. For instance, this
follows from decrease in population density (from 34—
60 ind./km? in Ulyanovsk and Samara oblasts to 22—
28 ind./km? in Bashkortostan and Sverdlovsk oblast)
and the proportion of built-up area (from 2.0—2.8% to
1.3—1.4%, respectively) in the same direction [34].
Therefore, it appears impossible to reliably differenti-
ate between the contributions of orographic features,
the history of ecosystem development in the region, and
the degree of their anthropogenic disturbance in explain-
ing the structure of urban floras based on our data array.
Nevertheless, since the increase in V,,;,. with rise in ele-
vation is more distinct than the decrease in N, it
appears more probable that it is topographic features,
rather than anthropogenic effects, that have a greater
effect on the structure of urban floras.

We did not reveal any relationship between the ter-
rain elevation and the richness of alien species. However,
a negative correlation between these parameters was
shown for European cities. Presumably, this relationship
is indirect and is due to the fact that major cities with a
great number of alien species are located mainly in low-
land areas, while small towns with a low number of alien
species are mainly in the mountains [3, 7, 31].

When verifying the hypothesis of correlation
between topographic features and characteristics of
urban flora, we used a parameter such as relief com-
plexity, in addition to terrain elevation [33]. At the
same time, we assumed that the elevation difference
can characterize the degree of environmental hetero-
geneity, i.e., the degree of habitat diversity in a city. In
other words, a high elevation difference may be cor-

No. 3 2018



FACTORS OF RICHNESS

related with an increase in plant species richness.
However, contrary to these expectations, the relief
complexity had no effect on the richness of urban
floras.

On the whole, our first working hypothesis was, in
part, confirmed: in addition to the city size, the num-
ber of native species in urban floras is also dependent
on the terrain elevation. The second hypothesis,
according to which the richness of native and alien
species in cities is determined by different factors, was
also confirmed. Although the leading determinant for
both N, v and Ny, is the city size, a significant addi-
tional factor, namely, terrain elevation has a signifi-
cant effect on N, (Fig. 1a), while the N,;., does not
depend on this factor. It should also be noted that the
richness in alien species depends on the city size more
significantly than other urban flora indices.

The P,;., index varies in a qualitatively different
way than the indices of absolute richness of urban
floras: first, the general level of its determinability is
markedly lower than that of N ives Najiens @a0d Nygrars
second, P,;., does not depend on the city size and
decreases with rise in terrain elevation. The negative
correlation between the terrain elevation and the pro-
portion of alien species can be interpreted as follows:
the richness of native species is higher in Ural cities
with a mountain relief than in the cities of the flatland
Volga region (certainly, with effects associated with the
urban size being eliminated). Therefore, the proportion
of alien species in urban floras decreases against the
background of general increase in terrain elevation. The
explanation of the dynamics of P, primarily by varia-
tion in the number of native rather than alien species is
consistent with the fact that the proportion of variation
that is not explained by the factor of city size factor is sig-
nificantly higher for NV, . than for N,

In other regions, the P,;,, index is also not cor-
related with the city size [7] but shows a positive cor-
relation with the total level of anthropogenic transfor-
mation of ecosystems in the region to which the city
belongs [35]. The absence of P, correlation with the
city size, its positive correlation with the degree of
anthropogenic transformation of the region and city
age, and a negative relation with climate continentality
were revealed during analysis of 89 urban floras in
Russia [20].

CONCLUSIONS

The richness of urban floras in the Ural—Volga
region is determined primarily by the city size: this
factor explains 56% of variation in the number of
native species and 91% of variation in the number of
alien species. The influence of landscape properties,
particularly terrain elevation, on the richness of urban
floras has been revealed for the first time, with this
factor having an effect on the number of native rather
than alien species. Therefore, (1) the formation of the
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native and alien components of urban floras depends
in part on different factors, and (2) a natural factor
(the terrain elevation in our case) has a significant
influence on the richness of the native component of
urban flora. This means that natural mechanisms of
biodiversity formation continue to function in the cities.
Logically, their role as determinants of species richness is
more important for the derivative of regional flora rather
for the alien component, for which no additional factors
except city size were revealed. The high degree of correla-
tion between alien species richness and the size of city
area or population size confirms the leading role of direct
anthropogenic mechanisms in the dispersal of this plant
group. Additional efforts are required for obtaining a
more complete picture of the composition and relative
importance of these mechanisms for florogenesis in
urbanized areas.

Our results confirm that the proportion of alien
species in urban floras is determined in a principally
different way than parameters of their absolute rich-
ness. In the urban floras of the Ural—Volga region, the
proportion of alien species becomes smaller with the
general increase in terrain elevation from the west to
the east, i.e., from cities on the East European Plain,
in regions with a significant anthropogenic transfor-
mation of ecosystems, to cities in less densely popu-
lated and less transformed regions of the Urals. On the
whole, however, geographic variation in the richness
of urban floras is low in the Ural—Volga region, where
climatic conditions are relatively uniform and the type
of agriculture and history of economic development
are generally similar. This variation is apparently man-
ifested more clearly in regions with a more contrasting
gradient of conditions, where its analysis would be
more convincing. Nevertheless, the results of this
study show that the use of a geographically and meth-
odologically aligned data array provided a good expla-
nation for changes in the richness of urban floras and
made it possible to confirm our working hypotheses.
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