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Abstract

This study examines the habitat selection of grey partridge (Perdix perdix) and the effect of habitat type within partridge home
ranges on nest site choice and nest success. Data were collected via radio-tracking in three different areas in the Czech Republic
between 2002 and 2010. Compositional analysis was performed on 12 habitat types and uncultivated habitats (such as ruderals, field
margins and game refuges) were selected the most during the pre-nesting and nesting periods. Grey partridges tended to nest in
uncultivated habitats and avoided nesting in dominant cereal monocultures. We tested six variables that may determine nest site
choice and success. Of these, the study area, proportion of selected habitat and habitat diversity (expressed by the Simpson’s
diversity index) significantly affected nest placement in uncultivated habitats. Despite this, the lowest nest failure rate was observed
in the predominant cereal habitat. Our findings suggest a possible ecological trap for partridges throughout our study areas. Due to
the lack of uncultivated habitats, partridges favoured nesting in habitats with a higher predation risk. Conservation managers should

increase the proportion of uncultivated areas and promote habitat diversity for partridge populations in central Europe.
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Introduction

There has been a strong decline in the abundance of many bird
species within agricultural landscapes since the latter half of
the twentieth century (Siriwardena et al. 1998; Chamberlain
et al. 2000; Donald et al. 2001; Aebischer and Ewald 2010;
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Reif and Vermouzek 2019; Traba and Morales 2019).
Agricultural land dominates the European landscape and is
an important habitat for many species (Robinson and
Sutherland 2002). Chemical usage, agricultural intensification
and changes away from more traditional methods are most
often cited as causes of the decline in population sizes of
farmland species (Newton 2004; Frenzel et al. 2016). One of
the most important impacts of agricultural intensification is
the loss of habitat heterogeneity, which is key for biodiversity
(Benton et al. 2003). This is mainly caused by merging of
smaller fields into larger units, accompanied by the removal
of field margins and other unmanaged patches within agricul-
tural landscapes (Robinson and Sutherland 2002). However,
unmanaged habitats including fallows, ruderals, grass and
shrub patches, are essential for most farmland bird species
(Traba and Morales 2019). The sowing of crop with minimal
variability also contributes to the homogenisation of the land-
scape. With such practices comes a loss of suitable habitats for
foraging, nesting and rearing of young (Benton et al. 2003).
The loss of suitable habitat is known to result in increased
predation pressure on populations of farmland species
(Whittingham and Evans 2004). Working in synergy with
habitat loss, this subsequently results in rapid declines of
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farmland species (Evans 2004). Therefore, the solution lies in
habitat heterogeneity restoration through the support of small
field units with different crop types and increased field edges
with interspersed fallows, ruderals, grass and shrub patches
(Sasaki et al. 2020). Knowledge of habitat selection and re-
quirements of threatened farmland species forms the base of
recommendations for changes in agricultural landscapes
which could slow down or stop population declines.

The grey partridge is a native European species whose
occurrence is associated to agricultural landscapes; however,
the species has experienced one of the largest population de-
clines out of all farmland birds (Kuijper et al. 2009).
Previously, the species occurred in steppe habitats with pref-
erences for continuous grass interspersed with taller and dens-
er cover (e.g. hedgerows and scrubs) providing concealment
and areas used during the breeding season (Cramp and
Simmons 1982). Additionally, field margins and rough grassy
strips are often used for foraging or nesting (Vickery et al.
2004). Novoa et al. (2002) stated that important habitats for
partridges during the breeding season are those with shrub
canopy cover higher than 40%. Pairs that occurred more often
in these habitats in the spring had a higher probability of
successfully rearing a brood. Furthermore, pre-nesting habitat
use may reflect the nesting habitat quality (Novoa et al. 2002).
The importance of dense vegetation is more pronounced in the
nesting period. Vegetation cover provides concealment and
thus limits the predator’s ability to detect the nest and incu-
bating female (Albrecht and Klvana 2004). Partridges have
higher nesting success in areas with more abundant permanent
vegetation which is selected due to increased nesting cover
(Panek 1997). In addition to vegetation density, substrate type
is an important factor for partridge nest site selection.
Partridge nests are often placed in habitats with a high amount
of dead grass and leaf litter (Rands 1988). Partridges use this
material to cover their nests during the laying period (Cramp
and Simmons 1982) but not during incubation (Jenkins 1961;
Cemny et al. 2018). Egg covering is generally perceived as an
effective antipredator strategy (Opermanis 2004; Kreisinger
and Albrecht 2008; Prokop and Trnka 2011) which is impor-
tant especially during the laying period when the nests are left
unattended for longer durations (Lack 1947). During incuba-
tion, the eggs are masked by the cryptically coloured hen who
incubates very firmly and leaves the nest for only very
short time periods (Cerny et al. 2018). During this crucial
period, any excessive movement around the nest could
reveal its position to predators (Skutch 1949; Martin
et al. 2000). Considering that permanent vegetation cover
with dead grass and dry vegetation increases nest success
(Rands 1988; Panek 1997) and dense vegetation provides
better concealment for the nest and the incubating female
(Albrecht and Klvana 2004), it is predicted that nests
placed in uncultivated habitats suffer from lower predation
rates than in cultivated habitats.
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Using telemetry data from three different populations of
grey partridges, we describe the habitat composition in par-
tridge pre-nesting and nesting home ranges and analyse hab-
itat selections in the modern agricultural landscapes of central
Europe. We hypothesised that (1) grey partridges will select
unmanaged habitats rather than cultivated (dominant) areas
and (2) nest success will be higher in unmanaged habitats than
in other areas. From our results, we will make recommenda-
tions for conservation managers focused on halting the decline
of this disappearing game species.

Methods
Study area

Data were collected from three study areas in the
Czech Republic (Fig. 1) during the following years: 2002
(Prague), 2003-2004 (Pisek) and 2009-2010 (Milesin). The
first study area was located on the southwest edge of the cap-
ital city Prague (50° 02’ 25" N, 14° 18’ 48" E; 300-370 m
a.s.l; 5 km?). This suburban area consists mainly of fields,
unmanaged habitats (ruderals, shrubs, field margins, etc.)
and infrastructure with gardens and areas of freshwater (for
details see Supplementary Material Table S1). The partridge
population was the highest density there with more than 70
pairs/km? in weedy patches and 5 pairs/km? in the surround-
ing farmland (Salek et al. 2004). The second study area lies in
South Bohemia, south of the town Pisek (49° 17’ 05" N, 14°
08" 43" E; 360460 m a.s.l.; 19 kmz). This agricultural land-
scape consists of fields, unmanaged habitats, meadows, forest
patches, infrastructure and areas of freshwater. Partridge pop-
ulation density ranged from 2 to 5 pairs/km? in this area (for
details see Salek and Marhoul 2008). The third study area is
located in the region of Vysocina between the villages of
Milesin and Nova Ves (49° 22’ 55" N, 16° 12’ 06" E; 480—
620 m a.s.l.; 17 km?). It is also characterized by agricultural
habitats with a high proportion of arable fields. In addition,
there are forest fragments, meadows, unmanaged areas and
infrastructure, gardens and areas of freshwater. Partridge pop-
ulation density ranged from 2 to 4 pairs/km? in the third study
area (for details, see RymesSova et al. 2013).

Radio tracking

Partridges were caught with mist nets at dusk, with drop-traps
or with a handheld net placed on a long pole at night with two
spot lights to dazzle them (Benitez-Lopéz et al. 2011). In
Milesin, coveys were caught in winter with the help of local
gamekeepers using drop-traps at feeding sites and partridges
were kept in aviaries until the end of winter according to
traditional game management (for details see Rymesova
et al. 2013). Some birds were also caught with a handheld
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Fig. 1 Map of the Czech
Republic with three study areas
and their habitat compositions

net at night in Mile$in (especially unmarked individuals from
pair). All individuals (Prague: 2002 n = 44; Pisek: 2003 n =21
and 2004 n = 17; Milesin: 2009 n =58 and 2010 n = 49) were
equipped with a necklace radio transmitter (TW-4, Biotrack,
UK, weight=6.5 g). We used AR 8000 broadband receivers
(AOR, Japan), IC-R10 (Icom, USA) and SIKA (Biotrack,
UK) and Yagi antenna optimized for 151 MHz suitable for
radio-tracking. Partridges were tracked between two to five
times for a week, and their locations were obtained using
triangulation of the transmitted signal and additional direct
observations (whenever it was safe without disturbing the in-
dividual). Each location was marked whilst in the field on a
satellite image of the study area. Nests were searched from late
April to July. To ease this process, we tracked signals of fe-
males from pairs during the day. If the female was in different
place than the male (more than 10 m) and stayed there for at
least 15 min, we identified this place by triangulation as a
possible nest site. After the female left this location, we care-
fully checked the site. Once the nest was found, we recorded
its location, number of eggs and habitat. We checked each
known nest over 2- to 3-day intervals to determine its fate—
a successful nest (hatching of chicks) or nest failure (predation
of the nest or the nesting female or nest abandonment).

Habitat categories

We defined twelve representative habitat categories in the
study areas: cereal, oilseed rape, other crops, fallow fields,
ruderals, meadows, field margins, shrubs, game refuges, for-
ests, gardens and infrastructure. These categories were chosen
on the basis of their management, proportion in the study area,
patch size, vegetation characteristics (height, cover and

Prague
Pisek MileSin

- infrastructure
I forests

[:I cultivated habitats

|:| uncultivated habitats

density) and food supply for grey partridges (Table 1). The
cereal category included wheat, oat, barley and rye. Generally,
this habitat is medium/high in height (up to 1 m) with dense
vegetation usually across large areas. There were no differ-
ences in height between cereal fields with spring and winter
crops during the main nesting period of partridges. Oilseed
rape was placed in a separate category as it creates a habitat
with tall stems (> 1 m) which provide sufficient cover for grey
partridges across large areas. The category ‘other crops’ in-
cluded all other non-dominant heterogeneous habitats in the
study area. These were different from the ‘cereal’ and ‘oilseed
rape’ categories and included beet, maize, strawberries, pota-
toes, pea and poppy. Fallow fields are fields without any ag-
ricultural management in that calendar year. Ruderals includ-
ed grassy habitats, sometimes with scattered small shrubs,
without any human management. In contrast, meadows are
grassy habitats that are mowed several times a year. Fields
with clover were included in the ‘meadows’ category. The
category ‘field margins’ contained grassy habitats of a linear
character often between fields, along the edges and also along
roads. We also defined wild-flower strips as ‘field margins’.
‘Shrubs’ included dense shrubs with grassy undergrowth.
‘Game refuges’ comprised unmanaged small grassy patches
with shrubs and trees up to 1 ha, which are often scattered in
fields or lie along their edges. ‘Forests’ are tree areas larger
than 1 ha. ‘Gardens’ included orchards and small cultivated
patches with vegetables, which are regularly managed by
landowners and have a typical varied composition of crops
and fruit trees. The ‘infrastructure’ category included all
manmade habitats (mainly buildings) and freshwater areas.
These habitats are not suitable for partridges and however
there is a small possibility of birds occurring in them. Nests
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Table 1 Habitat categories sorted

by management, patch area, Habitat Management  Patch area Vegetation Food source

vegetation characteristics (height,

cover, density) and food supply Height (cm)  Cover Density

for the grey partridge
Cereal Cultivated >1 ha 50-100 30-60% Dense Poor
Gardens Cultivated <lha>1ha <50 20-80% Sparse Rich/poor**
Meadows Cultivated <lha>1ha <50/50-100  50-90% Dense Rich/Poor**
Oilseed rape Cultivated >1 ha >100 70-95% Sparse Poor
Other crops Cultivated >1 ha Variable* Variable*  Variable*  Variable*
Fallow fields Uncultivated  >1 ha <50 50-90% Dense Rich
Field margins ~ Uncultivated <1 ha <50 60-95% Dense Rich
Game refuges  Uncultivated <1 ha > 100 40-80% Dense Rich
Ruderals Uncultivated <1 ha/>1ha <50 50-90% Dense Rich
Shrubs Uncultivated <1 ha/>1ha >100 30-80% Sparse Poor
Forests - >1 ha > 100 - Sparse Poor
Infrastructure - - - - - -

*Depends on the type of crop

**Depends on the timing of management (mowing)

of grey partridge were found in eight of twenty two identified
habitat types (Supplementary Material Table S2). The eight
nesting habitats were merged into two categories ‘uncultivat-
ed’ (fallow fields, field margins, game refuges and ruderals)
and ‘cultivated’ habitats (cereal, gardens, meadows and oil-
seed rape) for analysis of nest site choice.

Sample size

We collected data for 97 partridges (Prague: 2002 n=22;
Pisek: 2003 n=11 and 2004 n =9; Milesin: 2009 n =25 and
2010 n=30) and their 66 nests (Prague: 2002 n = 12; Pisek:
2003 n=10 and 2004 n =5; Milesin: 2009 n=19 and 2010
n=20). Only data from individuals with at least 10 locations
(set as the lowest threshold) were used for home range esti-
mation. Individuals with less than 10 fixes (n=2) were ex-
cluded from the habitat selection analysis. We calculated
home range sizes for both the pre-nesting and nesting periods
from individual locations using 75% kernel density estimates
(i.e. KDE, h reference method) in the software ArcView 3.3
(including Home Range Analysis extension). Pre-nesting
home ranges were calculated from the subset of locations,
corresponding to the period from the first day of partridges
pair observations (8th February—10th May, median 18th
March) to one day prior the date when the first egg was laid.
Locations for the computation of nesting home ranges were
chosen in the period from the date the first egg was laid (21st
April-20th July, median 7th May) to the end of the nesting
period (hatching, abandonment or predation of the known nest
or female). We used the date May 1st for all nests that were
found late; this was done when it was not possible to estimate
the exact date when the first egg was laid.

@ Springer

Habitat evaluation

We used R 3.6.1 (R Core Team 2019) for all analyses. First,
we created habitat layers in ArcView 3.3 on the basis of un-
derlying satellite images for each area for each year. Actual
crop composition was updated with collected data from field
surveys. Subsequently, the habitat layers were clipped to the
shape of each home range using the XTools extension and
area sizes of different habitat categories were obtained (m?).
We calculated Jaccard dissimilarity indices to test dissimilar-
ity between study areas and years using the vegdist function
from the ‘vegan’ package in R (Oksanen et al. 2019).

Compositional analysis

We used the compana function with a randomisation test and
1000 repetitions from the ‘adehabitatHS’ package (Calenge
2006) for habitat compositional analysis (Aebischer and
Robertson 1992; Aebischer et al. 1993; Kenward 2001) for
the pre-nesting and nesting home ranges separately.
Compositional analysis was performed for each study area
separately as habitat availability differed between years in
the Pisek and Milesin study areas. We used two methods of
compositional analysis to identify selected habitats: (1) per-
centage of each habitat within the home range classed as ‘used
sites’ and percentage of habitats for the whole study area as
‘available sites” (HRxAR) or (2) percentage of locations in the
different habitats within the home range as ‘used sites’ and
percentage of habitat areas in the home range as ‘available
sites” (LxHR). We replaced all zero value habitat categories
in an individual home range with the value 0.001 following
recommendations of Aebischer et al. (1993). The habitat
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categories ‘other crops’ and ‘forests’ were excluded in the
Pisck study area for the pre-nesting home ranges (LxHR type)
due to their absence in both the ‘used’ and ‘available’ sites.

Nest habitat selection

A \* test for association was used to test if the number of nest
locations (a) in the most selected and other habitats (sum of
other habitat types cases), (b) in the dominant and other hab-
itats, and (c) in cultivated and uncultivated habitats differed
from the expected frequencies in each of three study areas.
The expected frequencies were calculated from areas of
known nesting habitats in the whole study area. At first, an
area percentage of each habitat was computed from the subset
of habitat types used for nesting. The number of identified
nests in the study area (N) was then compared with area per-
centages of known nesting habitats to obtain expected
frequencies.

We used the glm function from the ‘stats’ package (R Core
Team 2019) to test which predictor variables affect nest site
choice. These were coded as nest locations in cultivated or
uncultivated habitats. The following predictors were used:
(1) proportion of selected habitat (HRXAR method) in the
pre-nesting home ranges, (2) proportion of dominant habitat
in the pre-nesting home ranges, (3) Simpson’s diversity indi-
ces for habitat types in each pre-nesting home range, (4)
month of laying of the first egg (April, May, June or July),
(5) nest order (the first clutch or second replacement clutch)
and (6) study area (Prague, Pisek and Mile$in). Proportions of
selected and dominant habitats in each home range during the
pre-nesting period were used as partridges choose the nest site
in this period, whereas in the nesting period, the first egg has
already been laid. The proportion of selected habitats was
logarithmically transformed (In x+ 1) to obtain a normal
distribution.

Nesting success

We used the g/mer function from the ‘/me4’ package for gen-
eralized mixed-effect modelling (Bates et al. 2015) to test our
second hypothesis: which studied parameters influence nest
success? These were subsequently coded as the successful
hatching of at least one chick or alternative nest failure (aban-
donment, predation or destruction). The following predictors
were used: (1) nest location in the selected habitat (resulted
from HRXAR method in all following cases), (2) nest location
in the dominant habitat, (3) nest location in cultivated habitats,
(4) month when the first egg was laid, (5) nest order, (6)
proportion of the selected habitat in each nesting home range,
(7) proportion of the dominant habitat in the nesting home
range and (8) Simpson’s diversity indices for habitats in
nesting home ranges. We included study areas as random
effects in the model. We calculated daily nest failure rate

(dnfr) according to Mayfield (1975) for comparison of nesting
success.

Results

The proportion of habitats differed between study areas, home
ranges and locations (Fig. 2). Cereal was dominant in all study
areas—Prague 38.9%, Pisek 38.0% in 2003 and 41.3% in
2004, Milesin 54.1% in 2009 and 54.9% in 2010. Prague
had the largest proportion of uncultivated habitats (field mar-
gins, ruderals and shrubs; 24.2%) being almost two times
more frequent than in Pisek (fallow fields, field margins, game
refuges and ruderals; 13.6% in 2003 and 12.2% in 2004) and
four times more frequent than in MileSin (field margins and
game refuges; 6.0% for both years). These differences were
confirmed by the Jaccard dissimilarity index values. The sub-
urban study area in Prague is the most different from the other
two areas (78.4% dissimilarity from Pisek and 85% dissimi-
larity from Milesin). Conversely, the Jaccard dissimilarity in-
dex between Pisek and Milesin was 36.5%. Dissimilarity be-
tween years in Pisek was 7.2% and 9.7% in Milesin. Cereal
was also the most commonly represented habitat in partridge
home ranges (Fig. 3) and locations (Fig. 4) with an exception
in Prague during the pre-nesting period when partridge loca-
tions mostly occurred in ruderals.

The results of the compositional analysis showed that grey
partridges did not use habitats randomly according to their
proportions within study areas or home ranges (Table 2).
They mostly selected unmanaged habitats such as field mar-
gins, ruderals and game refuges. However, there were excep-
tions for selections described by LxHR in Prague where the
most selected were other crops during the pre-nesting period
and gardens during the nesting period (Table 2). Partridges
avoided habitats such as infrastructure and forests.

A total of 66 nests were located in eight habitat types—
field margins (n =21), ruderals (n = 15), game refuges (n =4),
fallow fields (n=2), cereal (n = 8), meadows (n=7), oilseed
rape (n=5) and gardens (n=4). We analysed habitat propor-
tions separately for each study area but combined data across
years. This was done due to the low dissimilarity in habitat
proportions between years for the same areas and no change in
proportions of either the most selected nesting habitats or
dominant habitat between years. Results of the  test showed
that the nests were located more often in selected habitats
(field margins, ruderals or game refuges) than in all other
habitats combined in all of the study areas. Nest location prob-
ability in selected habitats was more than two times higher in
Prague (x*=8.631, df=1, p=0.003), five times higher in
Pisek (X2 =13.280, df=1, p<0.001) and nine times higher
in Milesin (X2 =124.030, df=1, p <0.001) than expected fre-
quencies. However, partridges avoided the dominant habitat
when choosing nest sites. Nests were placed in dominant
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Fig. 2 Mean proportions of
habitats in each study area.
Legend: whole study area (black
bars), pre-nesting home ranges
(dark grey full bars), pre-nesting
locations (light grey full bars),
nesting home ranges (dark grey
hatched bars), nesting locations
(light grey hatched bars); CE—
cereal, FM—field margins, GA—
gardens, IN—infrastructure,
OR—oilseed rape, OC—other
crops, FO—forests, GR—game
refuges, ME—meadows, RU—
ruderals, FF—fallow fields, SH—
shrubs

Fig. 3 Proportions of habitats in
grey partridge home ranges
during the pre-nesting (Prague:
n=21,Pisek: n =14, Milesin: n =
51) and nesting periods (Prague:
n =26, Pisek: n =23, Milesin: n =
59). Legend: CE—cereal, FM—
field margins, GA—gardens,
IN—infrastructure, OR—oilseed
rape, OC—other crops, FO—
forests, GR—game refuges,
ME—meadows, RU—ruderals,
FF—fallow fields, SH—shrubs.
Median with 25% and 75%
quantiles (boxes) and 1.5 times
interquartile range (whiskers) are
indicated

@ Springer
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Fig. 4 Proportions of grey
partridge locations in habitats
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habitats four times less often in Prague (x*=13.813, df=1,
p<0.001) and Pisek (x*=13.335, df=1, p<0.001), and
more than six times less often in Milesin (y* = 58.293, df=
1, p<0.001) than would be on the basis of expected frequen-
cies. In 63.6% of cases, nests were located in uncultivated
areas and 36.4% of cases in cultivated areas. Nests were pref-
erably located in uncultivated habitats (fallow fields, field
margins, game refuges and ruderals) in all three study areas
(Prague: x> =11.329, df=1, p<0.001; Pisek: y* =43.406,
df=1, p<0.001; Milesin: x*=101.360, df=1, p < 0.001).

We found that the proportion of selected habitats in pre-
nesting home ranges, Simpson’s diversity indices for habitats
in each pre-nesting home range and the study area were sig-
nificant predictors of nest site locations within cultivated and
uncultivated habitats (Table 3). Nests were more often located
in uncultivated habitats when the proportion of selected hab-
itats in the pre-nesting home range was higher (Fig. 5). There
was also higher habitat diversity in partridge home ranges
(lower value of Simpson’s diversity index) indicating that
nests will be more frequently located in uncultivated habitats
(Fig. 6). Uncultivated habitats were most often used as nest
sites in the Pisek study area, whereas cultivated habitats were
most often used as nest sites in Milesin (Fig. 7).

Nineteen out of 66 nests successfully hatched chicks (i.e.
29%; four nests in Prague, five in Pisek and 10 in MileSin).

Predation was the cause of nest failure in 37 cases (n =17 for
predation of clutch, n =13 for predation of female and n="7
for predation of both clutch and female; for details see
Supplementary Material Table S2). Predation mostly occurred
in uncultivated habitats (n =27) with the highest number of
cases in field margins (n=16). From the remaining nests,
three were destroyed by mowing, three were abandoned by
the female and four nests had an unknown cause of failure.
Nest location in the dominant habitat was the only significant
predictor of nest success (Table 4). Nests located in the dom-
inant habitat had more than twice lower failure rate than nests
located in other remaining habitat categories (Fig. 8).

Discussion

Although the three study areas differed in their habitat com-
position, they demonstrate the conditions of typical agricul-
tural landscapes in the Czech Republic well, where large cul-
tivated areas dominate and contain a minimum of unmanaged
grassy patches which provide perennial cover for grey par-
tridges. Since similar landscape structures are also described
from other Central European countries (Panek 1992; Kaiser
1998; Tworek 2002; Wiibbenhorst and Leuschner 2006;
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Table 2 Habitat category ranks from the compositional analyses:
HRxAR—comparison of proportional habitat use within home ranges
(75% KDE) with the proportion of total available habitats in three study
sites Prague, Pisek and Milesin; LxHR—comparison of proportional
habitat use according to individual locations with proportions of

habitats in partridge home ranges (75% KDE). Values are ordered from
the least selected to the most selected habitat 0—7, resp. 0—10 or 0-8. The
first three most selected categories in each column are marked with
different colours from the most selected (dark grey) to the less selected
(light grey)

Prague

pre-nesting
(n=21)

nesting
(n=26)

pre-nesting
(n=14)

Pisek Milesin

nesting
(n=23)

pre-nesting
(n=51)

nesting
(n=59)

HRxAR LxHR HRxAR LxHR HRxAR LxHR HRxAR LxHR HRxAR LxHR HRxAR LxHR

cereal 6 5 6 5 9 6 9 8 7 3 7 4
fallow fields - - - - -
field margins 5 2 4 2 5
forests - - - - 2
game refuges - - - - 6 3 5 2 4 - 4 -
gardens 1 4 2 - 5 1 4 1 2 4 1 6
infrastructure 3 0 0 0 7 0 8 0 6 0 6 0
meadows - - - - 3 4 2 4 3 6 2 7
other crops 2 - 3 4 1 - 3 7 1 1 3 1
oilseed rape 4 3 5 6 2 7 1 9 5 5 5 3
ruderals - 6 - 3 8 5 7 3 - - - -
shrubs 0 1 1 1 - - - - - - - -
lambda (A) 0.175 0.275 0.120 0.194  <0.001  0.017 0.032 0.118 0.262 0.117 0.229 0.200
probability 0.001 0.005 0.001 0.001  <0.001  0.002 0.001 0.001 0.001 0.001 0.001 0.001
®

Ronnenberg et al. 2016; etc.), our findings can be generalized
to the agricultural landscape across Central Europe.

When comparing the habitat composition between the
three different study areas, we clearly showed the importance
of uncultivated habitats for grey partridge occurrence within
the modern agricultural landscapes of Central Europe.
Uncultivated habitats, especially field margins, ruderals and
game refuges, were the most selected habitats. Selections for
unmanaged habitats by grey partridge have been described in
previous studies (e.g. Meriggi et al. 1991; Salek et al. 2004;
Buner et al. 2005; Rantanen et al. 2010), but there are some
exceptions when partridges selected crops rather than unman-
aged habitats (Bro et al. 2000a; Rantanen et al. 2010). We
report similar results whereby cereal was the second most
selected habitat in all study areas. It is possible that taller
cereal crops provide better cover during the nesting period,
as suggested by Bro et al. (2000a), and seem to provide better
protection against predators (Whittingham and Evans 2004).
However, our data showed that selections for cereal habitats
were found not only for the nesting period but also for the pre-
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nesting period when vegetation was still low. It can therefore
be assumed that the increased selection for cereal will be
caused by other factors than solely vegetation cover.

Using both methods of compositional analysis we provide
a comprehensive picture of habitat selections in the grey par-
tridge. We analysed the selection of home ranges within the
study areas (HRxAR) and also habitat utilisation on the basis
of individual locations within home ranges (LxHR; Aebischer
and Robertson 1992). Comparing these methods, we found
that cereal was the second highest selected habitat in partridge
home ranges (HRXAR), but when comparing cereal rank in
the second habitat utilisation analysis, using partridge loca-
tions, we found selection to be much lower. Similarly, a study
on reintroduced partridges in the UK showed differences be-
tween HRXAR and LxHR methods, whereby crops were the
most selected habitat using HRXAR and margins were the
most selected using LxHR methods in spring (Rantanen
et al. 2010). Based on this, we suggest that cereal could be
selected by chance due to its dominance and wide availability
across our study areas. Partridges could be forced to use
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Table 3 Results from the generalized linear model with logit link
function analysing the effect of several variables on the nest placement
of the grey partridge in cultivated or uncultivated habitats. Predictors are
the following: (1) proportion of selected habitat (HRxAR) in the pre-
nesting home range, (2) proportion of dominant habitat in the pre-
nesting home range, (3) Simpson’s diversity index for habitat types in
each pre-nesting home range, (4) month when the first egg was laid
(April, May, June and July), (5) nest order (the first clutch or the
second replacement clutch) and (6) study area (Prague, Pisek and
Milesin). In variables month, order of nest and study area, the treatment
contrasts are shown between April (reference level) and other months,
between the first nests (reference level) and the second replacement nests
and between Milesin (reference level) and the other study areas.
Significant variables (p < 0.05) are highlighted in italics

Factor Estimate SE df Deviance p
Intercept 3.010 2.777
Selected 1.466 0.659 1 68.010 0.013
Dominant -0.018 0.018 1 62.933 0.290
Simpson —06.581 3.689 1 66.162 0.037
Month
May —0.378 0.855
June 0.170 1.648 3 62.186 0.946
July 0.089 1.837
Order
second -1.122 1.190 1 62.755 0.332
Area
Pisek 1.751 0.966 2 68.259 0.040
Prague —1.323 1.492
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Fig. 5 Logistic model of relationships between the estimated probability
that nests are located in uncultivated habitats (habitat type=1) and
proportion of selected habitats in pre-nesting home ranges (75% KDE)
with 95% confidence interval (grey colour)

cereals due to their most selected habitats are surrounded with
cereal monocultures.

Comparing selections between the HRXAR and LxHR
methods also showed that partridges often occurred near in-
frastructure especially in Pisek and MileSin. Whilst infrastruc-
ture was one of the most selected habitat using the HRXAR
method, it was strongly avoided using the LxHR method. This
could be explained (1) by a dense network of roads and tracks
which may interfere with home ranges, (2) as a side effect of
high selection for field margins which often lie next to the
roads or (3) by the shift of partridges closer to human settle-
ments. Harmange et al. (2019) showed the same trend in hab-
itat selection by partridges, when selection increased for hu-
man infrastructure, especially for roads and tracks. Areas close
to roads also have a higher probability of nest placement
(Reitz et al. 2002). However, taking into account the results
from Prague, where the most selected habitat was ruderal and
the least selected habitat was infrastructure, it is more probable
that selection for infrastructure is a side effect of selection for
field margins.

We have shown that the grey partridge tends to place nests
in the most selected habitats (field margins, ruderals or game
refuges) and avoided nesting in the dominant habitat (cereal).
A study from 1960s recorded similar results when 88% of
partridge nests were placed in unmanaged or extensively
grazed habitats (Bouchner and FiSer 1967). Furthermore,
Blank et al. (1967) found the highest nest density in incom-
plete hedges and grass tracks representing typical uncultivated
habitats. Bro et al. (2000a) found that partridges mostly

14 o o 0 0 0000 P O® OGN ® @O O
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Simpson’s diversity index

Fig. 6 Logistic model of relationships between the estimated probability
that nests are located in uncultivated habitats (habitat type=1) and
Simpson’s diversity index values in pre-nesting home ranges (75%
KDE) with 95% confidence interval (grey colour)
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Fig. 7 Comparison of the proportion of nests located in uncultivated
habitats (grey) and cultivated habitats (white) in Prague (n=12), Pisek
(n=15) and Milesin (n =39)

Prague MileSin

selected cereal and linear habitat features as nest sites.
However, the nests located in the cereals were in most cases
within 20 m from the field edge (Bro et al. 2000a), thus sug-
gesting partridges still nested near the edge and close to

Table 4 Results of the generalized linear mixed-effects model with
logit link function analysing the effect of several variables on nest
success in grey partridge (hatching of at least one chick/nest failure).
Predictors: (1) nest location in the selected habitat (resulted from
HRxAR method in all following cases), (2) nest location in the
dominant habitat, (3) nest location in cultivated habitats, (4) month
when the first egg was laid, (5) nest order, (6) proportion of the selected
habitat in the nesting home range, (7) proportion of the dominant habitat
in nesting home ranges and (8) Simpson’s diversity index for habitats in
nesting home ranges. For the variables: habitat, month and order, the
treatment contrasts are shown between cultivated (reference level) and
uncultivated habitats, between April (reference level) and other months,
and between the first nests (reference level) and the second replacement
nests. Significant variables (p < 0.05) are highlighted in italics

Factor Estimate SE af X P
Intercept —3.407  1.959

Nest in selected -0.717 0807 1 0.793 0.373
Nest in dominant 2.844 1.302 1 5622 0.018
Proportion of selected in HR 0.008 0.020 1 0.181 0.671
Proportion of dominant in HR 0.004 0.014 1 0.092 0.762
Simpson 1.199 2225 1 0299 0.584
Habitat

Uncultivated 1.507  1.065 1 2239 0.135
Month

May 0329 0915

June 0.039 1466 3 0.537 0911
July 1.038  1.764

Order

Second 0.655 1.073 1 037 0.543
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Fig. 8 Daily nest failure rate (=SE) of nests located in the dominant
habitat (cereal; n = 8 nests) and other habitats (n = 58 nests)

uncultivated linear habitats. Generally, there was an increased
tendency of nest placement in cereal and cultivated habitats,
likely caused by the lack of more selected (attractive) habitats
compared to areas in Germany and Poland (Wiibbenhorst and
Leuschner 2006). This hypothesis is supported by our findings
that the effort to place the nest in uncultivated habitats in-
creases with the increasing area of the selected habitats (field
margins, ruderals or game refuges) in pre-nesting home
ranges. Also, a study on the red-legged partridge (Alectoris
rufa) from Spain showed that cereal was the most common
nesting habitat, even though it was not preferred by partridges
overall (Casas and Vifiuela 2010).

Nest site choice is one of the most important aspects
affecting nest success (Ricklefs 1969). Nesting habitats
can increase nest success primarily by providing cover from
predators (Albrecht and Klvaia 2004). Predation is the most
common cause of partridge nest failure (Bro et al. 2000b).
However, predation rates may vary between regions in re-
spect to other factors such as gamekeeping practices
(Jenkins 1961). Nesting success may be improved by pred-
ator control (Tapper et al. 1996), but there must be some
aspects taken into account: (1) costs of predation control;
(2) limited area where it is sustainable to carry out regular
predator control; (3) short-term efficiency, as free space is
quickly occupied by new individuals (Kuijper et al. 2009)
and (4) targeted persecution of apex predators often leads to
an increase of mesopredators (Evans 2004) which also have
a significant negative impact via nest destruction (Bro et al.
2000b). In addition, predation rate is mostly related to hab-
itat composition (Evans 2004). Therefore, recent studies
suggest that improving agricultural practices could be more
effective than predator control (Casas and Vifiuela 2010;
Knauer et al. 2010). It is advisable to try to identify the
aspects needed for successful nesting and to support them
using appropriate management techniques.
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Our results do not directly show the effect of nest place-
ment in selected habitats in regard to nest survival as we
hypothesised. However, we found significant positive effects
between nest placement in the dominant habitat and hatching
success of at least one chick from the nest. Nests placed in the
dominant habitat (cereal) had lower daily nest failure rates
than nests located in other habitats. Bro et al. (2000b) achieved
a similar result where nest survival was highest in cereal hab-
itats. However, cereal is simultaneously the most selected
nesting habitat in North-Central France, where the study took
place (Bro et al. 2000a). On the contrary, partridges avoided
nesting in cereal habitats in our study areas. Placing nests in
cereal seems to be ‘the best of a bad situation” within the
modern agricultural landscape which lacks sufficient areas
of unmanaged habitats. When we consider that there are a
low proportion of selected habitats and uncultivated habitats
in agricultural landscapes in general, this finding leads us to
presume that selected habitats act as an ecological trap (Battin
2004). Rantanen et al. (2010) came to a similar conclusion
when studying reintroduced grey partridges that the use of
crops had positive effects whereas use of field margins had a
negative effect on survival of adult birds. A convincing expla-
nation can be that the selected habitats are often also selected
by predators, which find more food here than elsewhere. A
low proportion of uncultivated habitats results in a higher
density of predators and prey in small isolated areas (Bro
et al. 2004). In addition, uncultivated habitats are mostly on
the edge of other habitats and the edge effect increases nest
predation rates (Evans 2004). It is better for prey to occur in
more represented habitats where detectability of prey by pred-
ators is lower due to larger and more homogeneous habitats.

However, aside from the lower predation risk, nests in ce-
real monocultures are also at risk from agricultural machinery
(Jenkins 1961; Casas and Vinuela 2010). Incidents of nest
failure were also observed in our study areas whereby two
incubating hens were killed during the mowing of meadows
(Rymesova et al. 2012). With the advancing breeding season,
modern agricultural practices are an increasing threat to the
success of partridge nests. Replacement clutches later in sea-
son suffered more from harvesting during July than the first
clutches in France (Bro et al. 2000b). In addition to the direct
destruction of nests by machinery, the effect of disturbances
caused by humans resulting in nest abandonment is also im-
portant (Jenkins 1961). It is clear that a higher frequency of
disturbances can be expected in managed areas compared to
unmanaged habitats. With these findings we could, despite
our results, hypothesise that increasing areas of unmanaged
habitats in agricultural landscape could reduce predation risk
of nests placed there. Therefore, it would be more convenient
for grey partridges to place nests in uncultivated habitats with-
in heterogeneous landscapes.

Heterogeneous landscapes dominated by small-sized fields
and higher proportion of uncultivated habitats play an

important role for the grey partridge (Salek et al. 2004;
Joannon et al. 2008). These two habitat features improve sur-
vival of partridges (Kaiser 1998) and also increase nest suc-
cess (Casas and Vifuela 2010) which is the key factor for
stability of grey partridge populations (Potts 1986; Bro et al.
2000c; Aebischer and Ewald 2004).
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