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Abstract: The objective of this study is to identify landscape drivers of rare species' distribution, and to
predict their abundancein the Lipetsk Region (Russia). Methods: we input locations of 1,165 nesting sites of
60 bird speciesinto Gl Sand applied fishnet analysiswith acell sizeof 100 km?. For each of the 220 cellsin the
region, we computed the number of nesting sites and 13 landscape metrics using cartographic and remote
sensing data. We explored interrel ation among these variableswith Principal Component Analysis (PCA) and
Geographically Weighted Poisson Regression (GWPR). Results: The PCA grouped landscape metrics into
fivefactors, which explained 84% of thevariability and highlighted the four most significant and independent
variables (mean altitude, number of water bodies, forest cover, and area of settlements) among those tested.
The GWPR model based on these variables explained 68% of variance and simul ated bird species abundance
acrossthecells. Comparison of observed and predicted values per cell highlighted under-surveyed areas and
biodiversity hotspots. Conclusions: We revealed species distribution patterns and their landscape drivers.
Additionally, our findingsidentified target areas of primary conservation attention and provided local wildlife
agencieswith information and toolsfor biodiversity monitoring and conservation planning.

Key words: speciesdistribution modeling, landscape metrics, geographically weighted regression, GWR,
conservation planning, GIS.
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IIporHo3upoBanue pacipoCTPAHEHUA M YUCJIEHHOCTH PeIKUX BUIOB 110
napaMerpam Janamadra (Ha npuMepe aBudaynbl B JIunenkoii 06;1acTn)

.B. Capbrues™, J;k.C. buia?, U.I'. Akocra®, C.A. Kypoaan®
p Yp

Annomauusa. Lens paOboTHI 3aKIII09aIach B IPOrHO3UPOBAHUU YHUCICHHOCTH PEIKHX BHJIOB Ha OCHOBE
nmaHmmadTHEIX (akTopoB MX pacnpocTpaneHus. Memoos:. [IporHozHoe MoJeTMpPOBaHKE BHITIONHEHO Ha MPH-
Mepe BCeX THe3IuXcs BuaoB aBudayHsl B JIunenkoil obnactu, BHeCeHHBIX B KpacHyI0 KHUTY peruoHa.
YeranosneHo 60 Takux BUIOB NTHL, KoopAuHaThl 1165 X rHe3n0BbIX yaacTkoB MbI BHecau B [ IC u npoana-
JIU3UPOBAIIH O peryssipHOit cetH kBajaparoB 10X 10 kM B paMKax vccienyeMoi Tepputopuu. Jiist kaskaoro u3
220 noyueHHBIX KBA/IPATOB BEIUMCIISUIN KOJIMYECTBO THE3/JOBBIX YIACTKOB PEIKHUX BHJIOB, a Takke 13 xapax-
TEpUCTUK JaHamadTa — Ha OCHOBE KapT M JAHHBIX AUCTaHIMOHHOIO 30HIMpOBaHMs. [lonydeHHBIH MaccuB
MepEeMEHHbBIX aHATU3UPOBAIIH C MOMOIIBI0 MeTo/a TaBHbIX KommoHeHT (I'K) u reorpaduuecku B3BemCHHOMH
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ITyacconorckoii perpeccun (I'BITP). Pesyrsmamet. T'K 00beMHIIN HCCIEAYEMBIE TEPEMEHHBIE B IAThH (hak-
TOpPOB, oTpakatomue 84 % mucriepcru, U3 KOTOPBIX BBIIEICHBI HAHOO0JIEe CTATUCTHY €CKH 3HAYUMBIE JIJISI TIPE-
TIPUHSITOrO MOJAEIUPOBAHUS MIPEAUKTOPHI: CPEIHSS BBICOTa MECTHOCTH, KOJTMYECTBO BOJAOEMOB, JIECUCTOCTD U
JIOJIS TIJIOMIA M HACeJIEHHBIX ITyHKTOB Ha KBajpat. [loctpoenHas Ha ux ocHoe I'BIIP, orpasuna 68 % Bapbu-
POBaHHMS JaHHBIX U O3BOJIHJIA CIIPOTHO3UPOBATH YMCICHHOCTh PEJKUX BUIOB IITHIL U1 ci1abo o0cIenoBaH-
HBIX paiioHOB. CpaBHEHHE MPOTHO3HOW U YYTEHHOW YUCICHHOCTH 110 KBapaTaM MO3BOJIMIIO YCTaHOBUTH Tep-
PHUTOPHH BBICOKOH IIPUPOTOOXPAHHON IIEHHOCTH U MEPCIIEKTUBHBIE TEPPUTOPHUH JUTSI AOTIOTHUTEIBHBIX OpPHH-
TOJIOTHYECKHUX 00CJIEI0BAHUN. Bbi600bl: MBI YCTaHOBUIIM (PAKTOPBI pa3MEIeHHsI PEAKUX BUIOB ITHUI] U BhI-
TIOJTHUJTY TIPOCTPAHCTBEHHBIN IIPOTHO3 MX YUCIEHHOCTH i JIumnerkoii obiacty. Pe3yiabrarhl ncciaenoBanus

HeOGXOI[I/IMI)I JJII MOHUTOPpHHT A 6Hopa3H006pa3I/m " MpUPOAOOXPAHHOT'O IITTAHUPOBAHUSA B PETMOHC.

Kniouesvie crosa: aBudayna, penxue BUIbI, IPOrHO3 YHCICHHOCTH, MOHUTOPUHT GropazHoobpaswus, [ UC,

reorpa(bnquKH B3BCHICHHAA pErpeCcCus.

bnazooapnocmu: aBTOpbl BBIPAXKAIOT ITyOOKYI0 HPH3HATEIBHOCTh BCEM CIECI[HANUCTAM, OKa3aBIINM
MOMOIIIb B ¢OOpe TaHHBIX O THE30BAaHUHU PEAKUX BUIOB MTHII B JIumerkoii oonactu. MccnenoBaHue BBITOTHEHO
npu ¢prHaHCOBOH nozepkke PODU B pamkax Haydnsx npoektoB Ne 18-35-00532 u Ne 19-45-360005.

INTRODUCTION

Predicting the distribution of species on the basis
of formalized landscape characteristics allow us to
preliminary evaluate the effects of a planned human
activity on the biodiversity of a given area. Such pre-
dictions are especially important in relation to endan-
gered species and have great potential for wildlife con-
servation research, and human impact assessments[3].

By using field observations, GIS-modelling, and
basic statistics for studying patterns of rare avifauna
species distribution in the Lipetsk Region [12, 13],
this paper's authors have provided a solid background
for further predictive research with new techniques.

Geographically Weighted Regressions have been
recently introduced to ecological research in Russia
[14] and applied in a few studies of plant and mam-
mal distribution modding[9, 10, 15]. Zhihai Ma, et al.
has previously shown that richness in bird species in
relation to landcover diversity can be successfully in-
vestigated with spatial Poisson models and particu-
larly with Geographically Weighted Poisson Regres-
sion (GWPR) modds [7].

In this paper we combine GWPR and Principal
Component Analysis (PCA) in order to identify land-
scape drivers of species distribution and predict the
abundance of rare bird species in under-surveyed are-
as of the Lipetsk Region.

MATERIALSAND METHODS

The study area, the Lipetsk Region (Lipetskaya
Oblast), is an agricultural region of approximately
24,000 sg. km, located in forest-steppe of Central
Russia (fig. 1).

We used the class Aves as a mode taxon because
of its high mobility and indicator properties, conser-
vation importance, and sufficient leve of surveying
in the study area. The primary subject of this study is
abundance of 60 nesting bird species enlisted in the

regional Red Data Book [11]. We collected
1,165 records on the nesting sites of those species in
the region (both from the literature and our own ob-
servations) surveyed from 1985 to 2016, and put all
related information into a special geodatabase man-
aged with SpatialLitefor QGIS 2.18 (summary on the
records is provided in table 1) [13].

To that data, we applied fishnet analysis with
10 km x 10 km cdls that we laid out in the grid of the
European Breeding Birds Atlas [6, 13]. A number of
nesting sites was cal culated for each of the correspond-
ing 220 cdls. Then, terrain characteristics (altitude
maximum, minimum, mean, and range) were obtained
for thecelsusing SRTM data (http://srtm.csi.cgiar.org).
Characteristics of hydrography (number and total area
of bodies of water and lengths of rivers and streams),
vegetation (coverage, number, and perimeters of for-
ests), and human impact (number and total area of
settlements and lengths of roads) were calculated us-
ing vectorized topographical mapsof a 1:100 000 scale.

We explored interrdations among the variables of
landscapes and the rare bird species abundance with
Spearman's rank correlations [13]. To sdect the most
statistically significant and not intercorrelated predic-
tor variables we used the wdll-established PCA based
approach [4, 8]. The set of sdected predictors was
used in the regression analysis. We applied GWPR as
it isone of the most appropriate mode s for count spa-
tial data[1, 2, 5]. Tofit the model and calculate coef-
ficients and performance statistics we used a special-
ised software “GWR4” version 4.0.9 (https://
sgsup.asu.edu/sparc/gwr4).

RESULTSAND DISCUSSION

The Spearman's rank correlation analysis high-
lighted strongly correlated landscape variables: cover
and total perimeter lengths of forests in cells
(r =+0.85), mean and maximum altitude(r =+0.93).
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Survey
level:

High
Medium
Low

No

Fig. 1. Location of the Lipetsk Region and its ornythologycal survey level per 10 km x 10 km cells
[Puc. 1. Pacnionoxenue JIumenkoi 00JIacTH U CTENIEHb €€ OPHUTONOTMYECKOM 00CIIEIOBAHHOCTH 110 PETYIISAPHON CeTH
kBajapatoB 10 x 10 km]

Table 1
List of therarebird speciesin the Lipetsk Region with quantity of reported nesting sites
[Tabnuya 1. Criucox penxux BUOB TUI] JIMTIEIKOH 0OIACTH C YHUCIIOM YYTEHHBIX B PETHOHE THE3MOBBIX YIaCTKOB]

No Scientific name of a species Neﬂlqrtlg Stes
1 2 3
1 | Podicepsruficollis (Pallas, 1764) 9
2 | Podiceps auritus (Linnaues, 1758) 1
3 | Podiceps grisegena (Boddaert, 1783) 3
4 | Botaurus gdlaris (Linnaues, 1758) 58
5 | Ixobrychus minutus (Linnaues, 1766) 50
6 | Egrettaalba (Linnaues, 1758) 4
7 | Ardea purpurea Linnaues, 1766 11
8 | Ciconiaciconia (Linnaues, 1758) 19
9 | Cygnusolor (Gmelin, 1789) 17

10 | AnasstreperaLinnaues, 1758 14

11 | Pandion haliaetus (Linnaues, 1758)

12 | Pernisapivorus (Linnaeus, 1758)

13 | Circus cyaneus (Linnaues, 1766)

14 | Circus macrourus (S.G. Gmelin, 1771)
15 | Buteo rufinus (Cretzschmar, 1827)

16 | Circaetus gallicus (Gmelin, 1788)

17 | Hieraaetus pennatus (Gmelin, 1788)
18 | Aquila clanga Pallas, 1811

19 | Aquila hdiaca Savigny, 1809

20 | Haliaeetusalbicilla (Linnaues, 1758)
21 | Falco cherrug Gray, 1834

22 | Lyrurustetrix (Linnaues, 1758)

23 | Grusgrus (Linnaues, 1758)

24 | Rallus aquaticus Linnaues, 1758

25 | Porzana parva (Scop.)

26 | Himantopus himantopus (Linnaues, 1758)
27 | Haematopus ostralegus Linnaeus, 1758
28 | Tringa stagnatilis (Bechstein, 1803)

29 | Xenus cinereus (Giildengtadt, 1775)

30 | Gallinago media (Latham, 1787)

31 | Limosalimosa (Linnaues, 1758)

WA RPN =W [ N B
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Table 1 (continued) [ IIpooonsicenue mabauywr 1]

1 2 3
32 | Larusminutus Pdlas, 1776 6
33 | Chlidoniashybrida (Pdlas, 1811) 13
34 | Sernahirundo Linnaeus, 1758 11
35 | Sernaalbifrons Pdlas, 1764 4
36 | Columba oenas Linnaues, 1758 24
37 | Bubo bubo (Linnaeus, 1758) 1
38 | Asio flammeus (Pontoppidan, 1763) 37
39 | Athene noctua (Scopali, 1769) 6
40 | Glaucidium passerinum (Linnaues, 1758) 1
41 | Srix aluco Linnaues, 1758 35
42 | Caprimulgus europaeus Linnaues, 1758 16
43 | Upupa epops Linnaues, 1758 86
44 | Picuscanus Gmelin, 1788 52
45 | Dryocopus martius (Linnaues, 1758) 71
46 | Dendrocopos medius (Linnaues, 1758) 43
47 | Dendrocopos leucotos (Bechstein, 1803) 42
48 | Calandrella cinerea (Gmelin, 1789) 9
49 | Lullula arborea (Linnaues, 1758) 44
50 | Lanius minor Gmelin, 1788 36
51 | Laniusexcubitor Linnaues, 1758 8
52 | Troglodytes troglodytes (Linnaues, 1758) 14
53 | Locugdlanaevia (Boddaert, 1783) 16
54 | Regulusregulus (Linnaues, 1758) 2
55 | Saxicolatorquata (Linnaues, 1766) 63
56 | Oenantheisabellina (Temminck, 1829) 6
57 | Phoenicurus phoenicurus (Linnaues, 1758) 28
58 | Panurusbiarmicus (Linnaues, 1758) 8
59 | Parusater Linnaues, 1758 15
60 | Emberiza calandra Linnaues, 1758 21

Sum of records in the geodatabase 1165

Such redundant variable couples could lead to multi-
collinearity in regression models and so, to mislead-
ing predictions. Therefore, we left one variable from
each couple. The PCA hedped to justify variable se-
lection and explore landscape drivers of rare species
distribution.

As a result of using PCA with varimax rotation,
the 13 initial variables were grouped into five factors,
which all together explained 84 % of the variability
(Tab. 2). The number of factors was set according to
Kaiser criterion.

Factor 1 explains 27.4% of variance and express-
es terrain conditions in cdls. The highest loadings
(>0.7) in the factor included the parameters of reief,
particularly mean, maximum and range of altitude.
Factor 2 explains 18 % of variance basically support-
ed by parameters of forest coverage: number of frag-
ments, their total area, and lengths of edges. Factor 3
explains 16.2 % of variance and is represented by hu-
man impact parameters astotal area of settlementsand

road density in a cdl. Factors 4 and 5 each explain
about 11% of variance and are represented by a sin-
gle parameter: the river density and number of bodies
of water, respectively. The river density has a tenden-
cy of reduction when the parameter of minimum alti-
tude is increasing across the cdls, so, based on that
metric, Factor 4 is expressing another feature of re-
lief. At the same time, the number of bodies of water
is the premise of Factor 5, which expresses another
aspect of human impact because there are mostly arti-
ficial water bodies (ponds and reservairs) in the re-
gion.

Overdll, the PCA results show that the cdls that
enclose uplands with well-developed drainage (Fac-
tor 1) and have many settlements and roads (Factor 3)
havelow richnessand number of rarebird species. Gen-
erally, the opposite results occurs with a combination
of largeforest fragmentswith long, complex edges (Fac-
tor 2) in broad river valleys with meandering rivers and
aplethora of lakesin a cdl (Factors 4 and 5).
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Table 2

Principal components of environmental variables
[Tabnuya 2. TaBHBIC KOMIIOHEHTHI JTAH/MIA(THRIX TAPAMETPOB]

. Principal components
Variables 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5

Altitude range (m) 0.794 0.385 -0.162 -0.291 -0.209
Maximum altitude (m.a.s.l.) 0.976 0.082 0.068 -0.024 -0.011
Mean altitude (m.a.s.l.) 0.939 -0.109 0.181 0.143 0.123
Minimum altitude (m.a.s.l.) 0.527 -0.453 0.375 0.409 0.306
Number of forest patches 0.406 0.718 -0.014 -0.165 0.272
Forest coverage (%) -0.424 0.667 0.109 0.145 -0.225
Forest edges (m/sg.km) 0.081 0.961 0.009 0.031 0.086
Number of settlements 0.473 0.016 0.051 -0.385 0.598
Number of bodies of water -0.118 0.124 -0.173 0.036 0.856
Area of bodies of water (%) -0.465 0.257 -0.428 0.356 0.119
Area of settlements (%) -0.137 -0.074 -0.872 -0.084 0.184
Road density (km/sg.km) -0.002 0.017 -0.951 0.130 -0.020
River density (m/sg.km) -0.004 -0.007 0.084 -0.917 0.060

Proportion of variance (%) 274 18.0 16.2 11.3 11.0

Cumulative proportion (%) 274 45.4 61.6 72.9 83.9

In order to build regression models of rare bird
species distribution across the cells, we reduced the
number of parameters by selecting a single one from
each factor. We selected the most correlated parame-
ter with the dependent variable (abundance of therare
bird species nests) among the ones with the highest
loadings (>0.6]) in each factor. The selected parame-
ters were used as a set of independent variables (pre-
dictors) in regression modelling. During the model
fitting, we left only the predictors with significant
coefficients (p<0.05). Thus, the following four pre-
dictors were used in modelling the quantity of rare
bird nesting sites across the cdls: mean altitude in
meters above sea level (X1), quantity of water bodies
(X2), percentage of forest coverage (X3), and percent-
age of settlements area (X4).

The following global equation of Poisson regres-
sion for the study region to predict the quantity of rare
bird nesting sites in a cell resulted from the mode
fitting:

Y= e(5.94270.026* X1+0.009* X2+0.008* X3—-0.026* X4)
i)

where X1,... X4 arethe af orementioned predictors and
eis Euler's number. The coefficients are significant at
p<0.01. The modd explaines 57 % of variance, but it
does not count spatial nonstationarity in the relation-
ships between species abundance and environmental
determinants. The model residuals express spatial
autocorrdation (Moran's Index is 0.16, p=0.001).

GWPR takes into account the spatial nonsta-
tionarity issue. It does not provide a global eguation,
but local ones for each cdl. The benefits of such ap-
proach are well established [1, 2, 5]. Using the same
dataset, we fit local GWPR models with the adaptive
Gausian kernel and the Golden section bandwidth
search [5]. The coeffecients of eguations were calcu-
lated on the training sample of 82 of the most sur-
veyed cdls (fig. 1, “high” and “medium” survey lev-
€ls), and then were interpolated for the remaining
138 cdls of the study region using the default method
of GWRA4. Statistics on the resulting local coeficients
across the study area are summarised in Table 3.

The resulting GWPR modd explained up to 68 %
of variance and performed better than the global Pois-
son model according to the Bayesian Information Cri-
terion (BIC), the corrected Akaike Information Crite-
rion (AlICc), Residual Mean Square (RMS), and Pear-
son correlation (r) between observed and predicted
values (Table 4). The model residuals distribution
showed significantly lower spatial autocorrelation, as
well (Moran's|1=0.07, p=0.001).

Further calculation of the dependent variables for
each cdl revealed the general layout of rare bird nest-
ing sites distribution in the Lipetsk region (fig. 2, A).

Comparison of the predicted (fig. 2, A) and initia-
ly observed (fig. 2, B) quantities of nesting sites across
al cdls highlights the important differences (fig. 2.
A-B). Cdls with positive residuals depict mostly un-
dersurveyed areas with a high probability of expect-
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Table 3
Descriptive statistics of the local coefficients of GWPR model
[Tabnuya 3. OnucatesnpHas CTATHCTHKA TSI JTOKaTbHBIX K03 ¢uientos ['BIIP]
: Coeficient
Variable Minimum | Maximum | Mean (SD)

Intercept -0.138 9.531 6.109 (1.248)

X1 (mean dtitude, m.as.l.) -0.048 -0.001 -0.026 (0.007)

X2 (quantity of water bodies) -0.009 0.049 0.010 (0.010)

X3 (forest cover, %) -0.083 0.052 0.011 (0.016)

X4 (area of settelments, %) -0.139 0.121 -0.035 (0.034)
Table 4

Performance statistics of the applied regression models
[Tabnuya 4. CraTucTHueckre OIEHKH KauecTBa PErPECCHOHHBIX MOJEeH]

Criteria Regr ession model
Global Poisson | GWPR
Explained variance, % 56.7 67.8

AlCc 375.6 320.1

BIC 387.8 364.4

RMS 6.993 6.048
Pearson’'sr 0.766 0.832
Moran's| 0.164 0.069

ing therewoul d be more nesting sites than thosefound.
The negative residuals, on the other hand, may indi-
cate areas with unique combinations of environmen-
tal parameters missed in the mode but preferable for
these rare species. In both cases, high residual values
represent the areas of primary field research and con-
servation importance (fig. 2, A-B).

The produced spatial prediction correlates highly
with the factual data and corresponds to theoretical
views on rare species distribution in theregion. Thus,
the distribution map reflects general shapes of land-
scape regions: the Central Russian Upland is in the
west of the study area and the Oka-Don Lowland isin
the east. For the latter, a higher richness and abun-
dance of rare bird species is reported [12, 13]. The
natural border between the landscape regions is the
Voronezh river valley. It encompasses cdls with the
highest scores of rare bird species richness (up to 24
of 60) and an abundance of their nesting sites (up to
58 per cdl) in the study region. Biodiversity hotspots
are also presented in other big river valleys of the re-
gion due to the refugium effect. Notably, watersheds
have been almost completely deprived of their zonal
steppe species due to the complete cultivation of those
flat areas.

CONCLUSIONS

We conducted spatial modeling on the abundance
of the 60 nesting bird species registered in the Red

List of the Lipetsk Region of Russia. The applied
methodology based on GIS, PCA, and GWPR provid-
ed us with statistically significant modelling results.
Our findings revealed distribution patterns of rare
avifauna in the region. In general, broad river valley
landscapes with numerous lakes and large, intricate
forests enrich diversity and abundance of the focus
species. In turn, flat uplands occupied by agricultural,
human settlements and roads have predictably fewer
rare birds. For species distribution modelling across
100 km? cells (a grid conventionally used for regional
bird atlases), mean atitude, number of water bodies,
forest coverage, and total area of settlements turned
out to be the most significant landscape variables
among those tested. With these predictors, our GWPR
mode explained 68% of the variance and enabled the
prediction of rare bird species abundance across
220 cdls of the region. Comparison of observed and
predicted values of the abundance showed that cells
with high differences indicate areas of conservation
interests.

This study not only provides local wildlife agen-
cies with information for biodiversity monitoring and
conservation planning, but also has methodological
value as it represents one of the first applications of
GWPR modding in Russian biogeography. The test-
ed prediction technique let us foresee the species' dis-
tribution shift in response to deforestation, urban
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Fig. 2. Digtribution of rare bird species nesting sitesin the Lipetsk Region (quantity of the nesting sitesis shown with
the panchrom ramp): A: predicted distribution (modelled by GWPR); B: distribution of theinitial observation records;
A-B: difference between the modelled and observed values
[Puc. 2. Pa3melieHne THE3IOBBIX YIACTKOB PEKUX BUIOB NTHUIL B JIumenkoit o0macty (Iikana oTpaxkaer Yrucio
yJ4aCTKOB Ha KBajpar): A — Teoperndeckoe pacnpeneienre (moxens I'BIIP); B — pacnpenenenue paHee BHISBIECHHBIX
rue3n; A-B — pasHuiia MeX/Iy IPOrHO3HBIMU U (PAKTHIECKUMH JTaHHBIMU]

sprawl, and other scenarios of futurelandscape chang-
es and thus is applicable to human impact assessment
projects.
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