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Most farmland birds have declined significantly throughout the world due to agricultural intensification.
Agri-environmental policies could not halt the decline of ground-foraging insectivorous farmland birds
in Europe, indicating a gap in knowledge of species’ ecological requirements. This represents a major
impediment to the development of efficient, evidence-based agri-environmental measures. Using radio-
tracking we studied habitat selection by farmland Hoopoes, a rare terrestrially foraging bird in Central
Europe, and assessed habitat preferences of their main prey (Molecrickets), with the aim to identify
optimal foraging habitat profiles in order to guide farmland management. Hierarchical logistic regression
modelling of habitat descriptors at actual foraging locations vs. random locations within the home ranges
of 13 males showed that the availability of bare ground was the principal determinant of foraging
activity, with an optimum of 60e70% bare ground at patch scale. This ideal habitat configuration, which
facilitates birds’ terrestrial hunting, was found primarily in intensively farmed fruit tree plantations
which dominated the landscape matrix: this habitat offers extensive strips of bare ground due to
systematic removal of ground vegetation along tree rows. In contrast, dense grassland and cropland were
avoided. Another important habitat feature was the availability of nongravelly soil, which enabled
Hoopoes to probe the earth with their long, curved bill in search of underground invertebrates. The role
of Molecrickets, however, appeared secondary to foraging patch selection, suggesting that prey acces-
sibility was per se more important than prey abundance. Creating patches of bare ground within modern
farmland where sufficient supplies of suitable invertebrate prey exist will support Hoopoe populations.

� 2011 Elsevier Masson SAS. All rights reserved.
Agricultural intensification after World War II has provoked
a collapse of biodiversity in many regions of the world, especially in
developed countries (Ehrlich and Pringle, 2008). In Central Europe,
farmland wildlife has undergone a dramatic decline, especially
among species that feed exclusively on invertebrates (Fuller et al.,
1995; Blanco et al., 1998; Donald et al., 2001; Donald et al., 2006;
Britschgi et al., 2006; Brambilla et al., 2010). This has been attrib-
uted mostly to habitat degradation caused by landscape homoge-
nization (Benton et al., 2003), or to diminished food supply due to
massive application of insecticides (Boatman et al., 2004). Habitat
modifications may not only alter food abundance, but also change
its availability, which is defined as abundance modified by
volution, Division of Conser-
rland
rlettaz).

son SAS. All rights reserved.
accessibility. Disentangling these effects is essential in order to
promote efficient conservation and restoration strategies for rare,
declining insectivorous species, for instance through the improve-
ment of farming practices and agri-environment schemes. Aug-
menting food accessibility may merely call for simple adaptive
management measures, whereas increasing food abundance may
require a total change of farming practices. Fine-grained studies of
a species’ ecological niche may not only identify the general envi-
ronmental features essential for its survival, but also enable the
optimal habitat profiles for population conservation and restora-
tion to be described, and even assess food availability (Hildén,1965;
Johnson, 1980; Schaefer and Messier, 1995).

Many birds that inhabit open and semi-open cultivated land-
scapes search for food on the ground, with ground vegetation
structure (vegetation height and cover) dictating food accessibility
(Atkinson et al., 2005; Douglas et al., 2009; Schaub et al., 2010).
Several insectivorous bird species feeding on ground-dwelling
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Table 1
Description of recorded habitat variables with format and description of levels (if
categorical).

Variable Format Levels

Habitat type Categorical Apple tree plantation, pear tree plantation,
other fruit tree plantation, vineyard, grassland,
cropland, unpaved road, road bank, river bank

Vegetation
height

Continuous
(cm)

Bare ground Continuous
(%)

Molecricket
presence

Categorical Yes, no

Soil type Categorical Loamy, sandy, gravelly
Soil hardness Categorical Very loose, loose, medium, hard, very hard
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arthropods can barely survive in today’s intensive farmland owing
to low food abundance, inaccessible food resources, or a combina-
tion of both. To disentangle these effects, foraging patch selection,
as well as food abundance, need to be studied. It has been shown
that a too dense grass sward precludes birds from accessing valu-
able food patches although food does occur in sufficient abundance
(Schaub, 1996; Aschwanden et al., 2005; Douglas et al., 2009;
Weisshaupt et al., 2011; Arlettaz et al., 2011). Since assessments
of actual food availability are unfortunately missing for most
species, the establishment of efficient conservation actions is
considerably hampered.

The Hoopoe Upupa epops is a ground-foraging bird whose pop-
ulations have significantly declined throughout Central Europe
during the last 50 years. Hoopoes provide the ecosystem service of
eating arthropods that are pests in agriculture and forestry (Barbaro
et al., 2008; Arlettaz et al., 2010b). They thus deserve conservation
attention. The main cause of decline has been attributed to habitat
changes after agricultural intensification, which caused losses of
breeding sites due to the removal of old trees rich in cavities, denser
sward in grassland due to increased fertilization, and reduction in
the number of large arthropods resulting from insecticide applica-
tion (Bauer and Berthold, 1997). In the present study we investi-
gated the last two possibilities, as detailed knowledge of micro-
habitat requirements of foraging Hoopoes, and of their main local
prey (Molecrickets Gryllotalpa gryllotalpa; Fournier and Arlettaz,
2001) is still lacking. Schaub et al. (2010) showed that Hoopoes
selected foraging patches characterized by a considerable amount
of bare ground, but it is not sufficiently well known whether this
preference varieswithin different habitat types, how it is affected by
variable vegetation height, or how it is modulated by food abun-
dance. The observation that most Swiss Hoopoes, in the south-
western part of Switzerland (Valais), survive in intensively
cultivated fruit tree plantations subjected to massive application of
pesticides indicates that food abundancemay play a lesser role than
food accessibility. We used radio-tracking to assess which habitat
types and vegetation structures were preferred by foraging
Hoopoes, with a particular emphasis onmicro-habitat features such
as ground vegetation cover. We further examined what were the
habitat associations of Molecrickets, which constitute more than
90% of the diet fed to chicks (Arlettaz et al., 2010a). This approach
enabled us to indirectly assess the relative contribution of food
abundance and food accessibility to Hoopoe’s micro-habitat selec-
tion pattern, with the aim of formulating accurate conservation
recommendations for Hoopoe populations.

1. Methods

1.1. Study area and data sampling

The study was carried out on the flood-plain of the Rhone river
valley between Martigny and Sierre in the Canton of Valais (SW
Switzerland, 46� 140 N, 7� 220 E, 460e520 m asl) in summer 2006.
The plain is used intensively for agricultural purposes, especially for
the cultivation of fruit trees and vineyards, but grassland, crop and
vegetable cultures are also present (Arlettaz, 1984). Except in some
places bordering the Rhone river, tall trees are nowadays scarce and
the availability of natural cavities (hollow trees, holes excavated by
woodpeckers) is therefore very limited. Since 1997, about 700
nestboxes have been installed that serve as the main nesting sites
for local Hoopoes and, within a few years, have resulted in
a dramatic population increase (Arlettaz et al., 2010b).

Breeding adult Hoopoes were mist-netted at their nest-box
entrances. Captured birds were measured, ringed and equipped
with a radio transmitter (Holohil Systems Ldt., model BD-2 P with
activity sensor, 1.4 g, life span of 9 weeks). The transmitters were
fixed using a Rappole harness made of two elastic rubber lashes
placed around the legs (length of open loop: 149 mm; Rappole and
Tipton, 1991; Naef-Deaenzer, 2007).

Only males were radiotracked because they are more active
chick-food providers than females (Arlettaz et al., 2010a). Radio-
tracking began when Hoopoes started feeding their nestlings.
Two people tried to collect as many visual observations of foraging
Hoopoes as possible by homing-in on the birds (Harris et al., 1990).
Only actual foraging activity served as a basis for habitat selection
analysis. Once a ground-walking (i.e. foraging), radio-tagged bird
was located visually, it was tracked with binoculars in order to
precisely pinpoint foraging locations. Foraging locations were
marked in the field with labelled sticks after the bird had left the
foraging patch. The exact time of the sighting, and whether or not
a bird had captured a prey were also recorded. To reduce spatio-
temporal autocorrelation between recorded foraging locations,
we used interval sampling with at least a 10 min time lapse
between two relocations, unless the focal individual had left the
patch in the meantime. After a radio-tracking session, which lasted
about 2 h per individual, habitat characteristics were recorded
within a radius of 1 m around the marked locations. A small radius
was chosen as wewere interested in habitat selection at the scale of
the foraging habitat patch. Recorded habitat variables included
habitat type, vegetation structure (vegetation height, amount of
bare ground), soil structure (soil type and hardness), and the
presence of Molecrickets (Table 1). Molecricket occurrence was
assessed through the presence of their typical galleries dug just
under the soil surface. Molecricket surveys were carried out within
a larger radius (20 m) than for habitat features for maximally
15 min per location unless a Molecricket gallery had already been
found before 15 min.

Our habitat selection analysis is based on a comparison of
habitat characteristics at actual foraging locations vs. random
locations. Minimum convex polygons (MCP) were drawn from
foraging locations in order to delineate individual home ranges.
Within these home ranges, but farther than 10 m from actual
foraging locations, random locations were generated with the
program ArcView (ArcView GIS 3.3, Environmental Systems
Research Institute Inc., California, USA). The number of random
locations within an individual’s home rangemore or less amounted
to the number of actual foraging locations. Habitat features were
mapped similarly at both types of locations.
1.2. Statistical analyses

To evaluate foragingmicro-habitat selection, we compared habitat
variables recorded at actual foraging locations and at random loca-
tions, using a hierarchical logistic regression model (GLMM). Indi-
vidual identity (ring number) was included as a random effect, which



Table 2
Model ranking for habitat selection of 13 Hoopoes using hierarchical logistic
regression models (first analytical step). The model notation shows the fixed effects.
The individual identity (ring number) is included as a random effect in all models. All
models also contain soil type, soil hardness and Molecricket presence as fixed
effects. Further notation: x ¼ interaction; Bare ground2: Bare ground þ (Bare
ground)2 (i.e. linear and quadratic effects). Also shown are the deviance, the number
of estimated parameters (K), DAIC (difference in AIC value in regard to best model),
and the AIC weight. The models are ranked according to the AIC weight.

Model Deviance K DAIC AIC
weight

Bare ground2 x Vegetation height
þ Habitat type

896.57 22 0.00 1.000

Bare ground2 þ Habitat type
þ Vegetation height

924.09 20 23.52 0.000

Bare ground2 þ Habitat type 941.60 19 39.03 0.000
Bare ground x Vegetation height

þ Habitat type
960.32 20 59.75 0.000

Bare ground2 x Vegetation height 988.83 14 76.26 0.000
Bare ground þ Habitat type

þ Vegetation height
981.98 19 79.41 0.000

Bare ground þ Habitat type 999.07 18 94.50 0.000
Bare ground2 þ Vegetation height 1038.65 12 122.08 0.000
Bare ground2 1044.42 11 125.85 0.000
Bare ground x Vegetation height 1100.10 12 138.53 0.000
Bare ground þ Vegetation height 1155.87 11 237.30 0.000
Bare ground 1160.53 10 239.96 0.000
Habitat type þ Vegetation height 1146.00 18 241.43 0.000
Habitat type 1179.02 17 272.45 0.000
Vegetation height 1301.84 10 381.27 0.000
Intercept 1318.56 9 395.99 0.000

Table 3
Model ranking for habitat selection of 13 Hoopoes using hierarchical logistic
regression models (second analytical step). The model notation shows the fixed
effects. The individual identity (ring number) is included as a random effect in all
models. All models also contain the following fixed effects: Bare ground2 x Vege-
tation height þ Habitat type (best model from Table 2), but this is not shown in the
table. Also shown are the deviance, the number of estimated parameters (K), DAIC
(difference in AIC value in regard to best model), and the AIC weight. The models are
ranked according to the AIC weight.

Model Deviance K DAIC AIC weight

Soil type 902.28 17 0.00 0.558
Soil type þ Molecricket presence 901.96 18 1.68 0.241
Soil type þ Soil hardness 897.10 21 2.82 0.136
Soil type þ Soil hardness

þ Molecricket presence
896.57 22 4.29 0.065

Intercept 936.09 15 29.82 0.000
Molecricket presence 934.24 16 29.97 0.000
Soil hardness þ Molecricket

presence
931.94 20 35.66 0.000

Soil hardness 934.19 19 35.91 0.000
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enabled thedataof all individuals tobeanalysedsimultaneously,while
avoiding potential pseudo-replication effects (Gillies et al., 2006).

We defined several candidate models and ranked them
according to their support by the data using Akaike’s Information
Criterion (AIC; Burnham and Anderson, 1998). Because the number
of potential models was large, due to various possible combinations
of explanatory variables, the selection procedure was conducted in
two steps. First, we modelled Hoopoes’ foraging occurrence with
respect to habitat variables describing vegetation types and struc-
ture. We used different combinations of these variables, but
included all soil variables and Molecricket presence data in every
model. In addition, the square of bare ground cover was system-
atically considered in our models in order to account for curvilinear
relationships and to seek optimal habitat profile. Furthermore, we
considered an interaction between vegetation height and amount
of bare ground because the effect of vegetation height is expected
to be more pronounced when ground vegetation cover is dense. In
addition, we ran further models of Hoopoes’ foraging occurrence in
relation to soil variables and Molecricket presence, but included
only the best descriptors of habitat type and vegetation structure,
as retained from the first step of the modelling.

Finally, we used hierarchical logistic regression models (GLMM)
to test whether the presence of Molecrickets at random locations
was influenced by habitat type, soil type, and soil hardness. Hoppoe
identity (ring number) was fitted as a random factor, which helped
to reduce possible spatial dependence of the selected locations.
Model ranking was also based on the AIC values.

All analyses were performed with the statistical package R
(library glmmML; R Development Core Team, 2004). Confidence
intervals for predictions were obtained by non-parametric boot-
strapping (1000 replicates).

2. Results

In total, 14 males were radio-tagged, of which 13 were
successfully tracked while foraging (Appendix 1). For each of these
13 males between 10 and 54 foraging locations were recorded
(average: 42, median: 51), resulting in 546 foraging locations in
total. At 113 locations (21%) we observed prey capture.

Home range size (minimum convex polygon) increased
asymptotically with the number of observations. Because it was not
certain whether the number of foraging locations was sufficient to
obtain a reasonable estimate of home range size, we conducted
a bootstrap analysis in which home range sizes were calculated as
a function of an increasing number of randomly selected locations
among the actual locations of an individual. This enabled us to
estimate by eye that ca. 45 locations per individual were necessary
to obtain a reasonable estimate of home range size (Appendix 2).
Ten out of the 13 Hoopoes fulfilled this criterion. Individual home
ranges of these 10 breeding males varied between 4.4 and 72.2 ha
(mean � SD: 39.6 � 25.4 ha, Appendix 3).

The first modelling step of foraging site selection by Hoopoes in
relation tohabitat type andvegetation structure showed that habitat
type, as well as the interaction between bare ground and vegetation
height, were important (Table 2). All other models performedmuch
worse (Table 2). The secondmodelling step of Hoopoe foraging,with
respect to Molecricket occurrence and soil characteristics, revealed
that soil type, but not soil hardness, was important (Table 3).
Molecrickets appeared only in the second ranked model, which
received only about half the support by the data compared to the
best model (Table 3, evidence ratio: 0.24/0.56 ¼ 0.43).

Based on the best model, we calculated predictions using
bootstrapping. Preferred foraging habitat types were unpaved
roads, road banks, and Rhone river banks, while grassland and
cropland were clearly avoided (Fig. 1). No clear selection was found
for fruit tree plantations and vineyards. Fruit tree plantations were
the dominant habitat at the study area, whilst the highly preferred
habitat types (unpaved road, road and river banks) were rare
(Fig. 1).

Foraging Hoopoes showed a very clear preference for patches
where bare ground amounted to 60e70% (Fig. 2). Locations with
less than about 50% or more than 80% bare ground were much less
likely to be selected by foraging Hoopoes. In addition, Hoopoes
preferred short, rather than long swards, although this effect was
much less pronounced than the effect of bare ground (Fig. 2). The
interaction between bare ground and vegetation height is also
clearly recognizable in Fig. 2: with short swards, Hoopoes tolerated
smaller areas of bare ground. Vegetation height became irrelevant
for foraging when bare ground cover was greater than about 40%.
Gravelly soils were clearly avoided, while there was no clear pref-
erence for either sandy or loamy soils (Fig. 3).



Fig. 1. Boxplot of the probability of occurrence of foraging Hoopoes in different habitat types with respect to the proportional availability of these habitat types in individual home
ranges (closed dots). The estimations are based on the best model (Table 3) and calculated for sandy soil at an average amount of bare ground and vegetation height. Occurrence
probabilities lower than 0.53 (broken line) indicate avoidance, probabilities larger than 0.53 indicate preference. Pl. ¼ plantation of a fruit type.
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Modelling Molecricket occurrence at the randomly selected
points within the Hoopoe home ranges showed that occurrence
was affected by habitat type and soil hardness, but less so by soil
type (Table 4). Molecricket occurrence was very high in all fruit tree
plantations, medium in vineyards and cropland, and very low in
grassland (Fig. 4). Molecricket presence was also low in unpaved
roads, road and river banks, but the precision of these estimates
was very low. Molecricket occurrence was similar in very loose to
medium soils, but then declined with increasing soil hardness
(Fig. 4).
Fig. 2. Occurrence probability of Hoopoes in apple tree plantations with sandy soil in
relation to the amount of bare ground and vegetation height. The estimations are
based on the best model (Table 3). The vertical lines show the 95% confidence intervals.
3. Discussion

Although this study took place during one year and included
only 13 males, we are confident that our results reflect habitat
selection patterns of Hoopoes in the study area. We have been
studying Hoopoes there since the late 1990s and the year of the
present radio-tracking study was not unusual in any respect, with
Fig. 3. Boxplot of the probability of occurrence of foraging Hoopoes in relation to
different soil types. The estimations are based on the best model (Table 3) and
calculated for vineyards at an average amount of bare ground and vegetation height.
Occurrence probabilities lower than 0.53 (broken line) indicate avoidance, probabili-
ties larger than 0.53 indicate preference.



Table 4
Model ranking for the presence of Molecrickets using hierarchical logistic regression
models at 484 randomly selected locations. The model notation shows the fixed
effects, while the random effect individual is included in all models but not shown.
Also shown are the deviance, the number of estimated parameters (K), DAIC
(difference in AIC value in regard to best model), and the AIC weight. The models are
ranked according to the AIC weight.

Model Deviance K DAIC AIC weight

Soil hardness þ Habitat 322.29 14 0.00 0.653
Soil type þ Soil hardness

þ Habitat
319.79 16 1.50 0.308

Habitat 336.90 10 6.61 0.024
Soil type þ Habitat 333.75 12 7.47 0.016
Soil type þ Soil hardness 538.46 8 204.17 0.000
Soil hardness 550.26 6 211.97 0.000
Soil type 587.99 4 245.70 0.000
Intercept 607.01 2 260.72 0.000
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radio-tagged individuals showing no apparent marginal behaviour.
We also believe that the foraging patterns evidenced in this study
apply to several Central European populations e many of which,
like ours, rely on molecrickets as their staple diet (studies cited in
Fournier and Arlettaz, 2001) e if not beyond this geographic area
(Barbaro et al., 2008).

Our study illustrates that the typical foraging locations of
Hoopoes are characterized by a sparse ground vegetation cover,
a short vegetation, and a fine-grained, non-stony soil. Unpaved
roads, as well as road banks and river banks, although rare in the
study area, were the preferred foraging habitat types. In contrast,
densely vegetated habitats such as grassland were avoided. Yet, as
Fig. 4. Boxplot of the occurrence probabilities of Molecrickets in relation to habitat
type (upper plot) and soil hardness (lower plot). The estimations are based on the best
model (Table 4). Pl. ¼ plantation of a fruit type.
the preferred habitat types only cover small areas they are unlikely
to be the habitat types where Hoopoes capture most prey items. By
contrast, fruit tree plantations dominate the landscape matrix and
this habitat type was used according to its availability by foraging
Hoopoes. It is thus likely that Hoopoes collect the largest amount of
prey in fruit tree plantations, which is corroborated by numerous
field observations. As such, this habitat type is of prime importance
for the presence of Hoopoes in our study area.

The preference of foraging Hoopoes for patches of bare soil is
most probably attributable to enhanced access to their main
ground-dwelling prey, because Molecricket presence did not
appear in the best model for foraging patch selection. Thus, acces-
sibility of prey may play a more important role than its presence.
Schaub et al. (2010) and Barbaro et al. (2008) also provided evidence
that Hoopoe foraging patches are characterized by spare vegetation,
and similar conclusions concerning the importance of bare ground
for foraging has been obtained for a range of insectivorous birds that
search for their food on the ground (Perkins et al., 2000; Moorcroft
et al., 2002; Atkinson et al., 2004; Devereux et al., 2006; Donald and
Morris, 2005; Menz et al., 2009; Coudrain et al., 2010; Martinez
et al., 2010; Weisshaupt et al., 2011; Arlettaz et al., 2011). The
presence of bare ground thus appears as an important, common
habitat feature for ground-foraging insectivorous farmland birds
(Schaub et al., 2010). However, another aspect not investigated here
might also explain the observed habitat selection pattern: Hoopoes
may prefer to forage in bare and short grass habitats because this
increases anti-predator vigilance (Schaub et al., 2010). We believe,
however, that this situation does not apply in the study area.
Farmland in the Rhone valley is too intensive to harbour pop-
ulations of diurnal predators; the only local predator likely to prey
on foraging Hoopoes is the Sparrowhawk Accipiter nisus. Though it
frequently breeds on the woody slopes adjacent to the plain occu-
pied by Hoopoes, it rarely visits nearby farmland during the
breeding season.

Our model projections showed that an ideal foraging habitat
profile consisted of 50e80% (optimumw60e70%) of bare ground at
the scale of a foraging patch. The vegetation configuration found
along roads and rivers, as well as within fruit tree plantations, is
close to that ideal habitat profile. In fruit tree plantations, for
instance, due to the short distance between tree rows, the removal
of ground vegetation at trunk base leaves about 30e60% of a parcel
area bare most of the time (Fig. 5). In addition, the permanently
vegetated strips between the tree rows are regularly mulched by
farmers, which further enhances suitable conditions, since
Hoopoes also show a preference for short grass, with a higher
tolerance towards an absence of bare soil the shorter the grass.
However, the presence of short grass is secondary compared to the
availability of bare ground. This finding differs from the conclusion
reached by Atkinson et al. (2005) that grass stalk shortness is the
principal determinant of habitat selection in terrestrially feeding
British songbirds. However, the wet climatic conditions in the UK,
with its lush grass vegetation, are far from offering suitable
breeding conditions to species with population strongholds in the
Mediterranean, such as the Hoopoe. The avoidance of cropland,
a habitat with extensive bare soil, may be explained by a low
density of Molecrickets and of other large underground inverte-
brates. Ploughing destroys the gallery systems of Molecrickets. In
addition, insufficient vegetation cover and lack of invertebrate
biomass deprive Molecrickets of their principal food sources such
as plant roots and earthworms (Baur et al., 2006). It thus seems that
cropland in Central Europe may offer the only alternative habitat to
(mostly) Mediterranean birds requesting bare ground if their main
diet is epigeous, i.e. if prey is not living deep in the soil and can thus
simply be picked up from the soil surface. The Stone curlew (Bur-
hinus oedicnemus) in England is a good example (Green et al., 2000).



Fig. 5. Typical configuration of fruit tree plantations on the plain of the Rhone in
Central Valais (SW Switzerland). Ground vegetation has been removed around the tree
trunks (application of herbicides) to avoid competition for water between trees and
ground vegetation. This provides accessible foraging patches for Hoopoes.

Details of the 14 Hoopoe males radio-tagged in Central Valais in 2006, with indi-
vidual ring code, tagging time period, home range size (minimum convex polygon)
and number of recorded visual locations.

Ring
number

Radio-tagging
period

Home range
size (ha)

Number of
visual locations

H 85153a 3e11 May e 11
H 80195 9e22 May 44.98 54
H 86134a 10e14 May e 10
H 90056 10e24 May 11.45 54
H 96003 16e28 May 52.71 52
H 95737 23 May e 2 June 72.24 51
H 90278b 25e28 May e 0
H 86180 31 May e 8 June 4.35 51
H 90278 30 June e 6 July 62.67 50
H 90112 6e12 July 23.61 48
H 95623a 7 July e 12
H 86129 14e19 July 19.19 51
H 90270 19e27 July 30.59 50
H 95417 21e26 July 74.24 52

a No estimate of home range size due to insufficient data (see Methods).
b This individual disappeared after tagging, but was later found again at

a replacement brood although not radiotracked then.
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Hoopoes preferred to forage in sandy and loamy soils, but
avoided gravelly soils, although soil hardness per se did not appear
in the best model. The latter exclusion may be due to the situation
that soil type, with its three gradations, already sufficiently char-
acterizes Hoopoe’s preference for a given substrate, masking the
effect of the more subtle gradient of soil hardness. Hoopoes use
their long curved bills to systematically probe the upper soil layers
in search of mostly underground invertebrates. This foraging tactic
requires relatively soft, penetrable soil substrates, as described for
Common snipes (Gallinago gallinago, Green, 1988). The same holds
for Molecrickets which need soft and medium soils in order to dig
their underground galleries.

Soil softness played an important role for Molecrickets, with
softer soils showing a higher probability of occurrence of Molec-
ricket galleries. Soil moisture, which is likely to increase soil soft-
ness, may also have played a role in habitat selection, but this study
did not quantify it. Further work is necessary to see whether the
presence of a permanent ground water table, typical of alluvial
plains, may enhance soil surface moisture, indirectly benefitting
Molecrickets. It may be claimed that ourmodel does not account for
detection probability of Molecricket galleries, which is likely to vary
with respect to ground vegetation cover. We believe, however, that
the intensive search for galleries within a small area (circle of 20 m
radius) greatly reduced the risk of missing them. In actual fact, the
occurrence pattern of Molecrickets provides further support to the
prey accessibility hypothesis, because Hoopoes forage extensively
on habitat patches characterized by hard soils such as unpaved
roads, which cannot harbour Molecrickets. Along unpaved roads,
Hoopoes may have foraged for alternative prey (e.g. caterpillars,
Fournier and Arlettaz, 2001; Arlettaz et al., 2010a) or benefitted
from Molecrickets spilling over from adjacent fields, but our field
observations provided no information on this point.

Our results have implications for the conservation of this species
that provides a valuable ecosystem service by eating Molecrickets
which are considered a pest in market vegetable production
(Arlettaz et al., 2010b). It may well be that the absence of Hoopoes
in today’s modern farmland of Central Europe is caused more by
unfavourable micro-habitat structure, especially dense ground
vegetation cover affecting prey accessibility, than by prey abun-
dance itself. The intensification of farming practices has generally
led to extensive areas with a much denser ground vegetation cover
than in the past, which may have contributed to the decline of
terrestrial insectivorous birds such as the Hoopoe. If so, measures to
encourage open ground vegetation cover could prove a simple,
beneficial management option to support many ground-foraging
farmland birds (Schaub et al., 2010). In the case of Hoopoes, we
suggest the creation of patches of bare ground in areas of Central
Europe known to harbour good Molecricket populations, or other
large underground invertebrates. Providing that the necessary
habitat complementation, such as trees with cavities or nestboxes
is available nearby (Barbaro et al., 2008), Hoopoes may readily react
to these simple habitat management measures. The optimal
farmland matrix for applying these measures probably consists of
orchards, fruit tree plantations, vineyards and/or semi-open
grassland, where patches of bare ground can be created. Our
optimal thresholds for bare ground cover (60e70%) at the foraging
patch scale may provide the necessary guidance for conservation
and restoration action plans, although a smaller amount of bare
ground is certainly sufficient at the level of the whole territory. The
required structure can be achieved either through a moderate
application of herbicides (conventional or biologically controlled
production) or through a mechanical removal of grass (organic
production). It is paradoxical that Hoopoe survival in commercial
fruit tree plantations may depend on the combination of both
relaxed management practices that provide good conditions for the
survival of their main underground prey (Molecrickets) and
chemical or mechanical reduction of the grass cover in order to
provide access to crucial prey. The removal of the grass cover on
a large proportion of the ground surface would further guarantee
the existence of heterogeneous, patchy habitats for many other
endangered terrestrial insectivorous birds (e.g. Weisshaupt et al.,
2011; Arlettaz et al., 2011), if not other flora and fauna inhabiting
farmland.
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Appendix 2. Home range size in relation to the number of
available locations for each individual. 80 bootstrap replications
were performed for each chosen number of locations.
Appendix 3. Example of the home range of Hoopoe male H
95417, which had the largest home range in our study. The nest-
box A 114 is indicated by a star. Black line: minimum convex
polygon; black dots: foraging locations; white dots: random
locations; light circles: buffer zone of 20 m radius around the
foraging locations.
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