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Abstract

Landscape conversion by humans may have detrimental effects on animal populations inhabiting managed ecosystems, but
human-altered areas may also provide suitable environments for tolerant species. We investigated the spatial ecology of a
highly mobile nocturnal avian species–the red-necked nightjar (Caprimulgus ruficollis)–in two contrastingly managed areas
in Southwestern Spain to provide management recommendations for species having multiple habitat requirements. Based
on habitat use by radiotagged nightjars, we created maps of functional heterogeneity in both areas so that the movements
of breeding individuals could be modeled using least-cost path analyses. In both the natural and the managed area,
nightjars used remnants of native shrublands as nesting sites, while pinewood patches (either newly planted or natural
mature) and roads were selected as roosting and foraging habitats, respectively. Although the fraction of functional habitat
was held relatively constant (60.9% vs. 74.1% in the natural and the managed area, respectively), landscape configuration
changed noticeably. As a result, least-cost routes (summed linear distances) from nest locations to the nearest roost and
foraging sites were three times larger in the natural than in the managed area (mean 6 SE: 1356676 m vs. 439632 m). It
seems likely that the increased proximity of functional habitats in the managed area relative to the natural one is underlying
the significantly higher abundances of nightjars observed therein, where breeders should travel shorter distances to link
together essential resources, thus likely reducing their energy expenditure and mortality risks. Our results suggest that
landscape configuration, but not habitat availability, is responsible for the observed differences between the natural and the
managed area in the abundance and movements of breeding nightjars, although no effect on body condition was detected.
Agricultural landscapes could be moderately managed to preserve small native remnants and to favor the juxtaposition of
functional habitats to benefit those farm species relying on patchy resources.

Citation: Camacho C, Palacios S, Sáez P, Sánchez S, Potti J (2014) Human-Induced Changes in Landscape Configuration Influence Individual Movement Routines:
Lessons from a Versatile, Highly Mobile Species. PLoS ONE 9(8): e104974. doi:10.1371/journal.pone.0104974

Editor: R. Mark Brigham, University of Regina, Canada

Received March 31, 2014; Accepted July 16, 2014; Published August 11, 2014

Copyright: � 2014 Camacho et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. Relevant data are within the paper and
Supporting Information file, and all data are available at: https://digital.csic.es/handle/10261/100445.

Funding: SEO/Birdlife (http://www.seo.org/) provided financial support to acquire the radio transmitters through a research initiation grant to CC. The funders
had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* Email: ccamacho@ebd.csic.es

Introduction

Increasing land-use by humans (e.g. forestry, grazing and

agriculture) in recent decades has resulted in the loss, subdivision

and reduction in size of large natural areas [1,2]. Conversion of

natural and moderately managed lands into intensively managed

landscapes has drastically altered the availability and quality of

animal habitats [1], potentially causing population declines [3–6].

However, not every species responds equally to land transforma-

tion. Landscape management may lead to the appearance of new

environments [1] that may enhance landscape heterogeneity and

thus provide suitable habitats for species tolerant to anthropogenic

alterations [7–11]. In this context, species’ tolerance to anthropo-

genic changes emerges as a key feature influencing their

persistence in agricultural systems [12–14].

In human-dominated areas, landscape management affects

landscape heterogeneity through changes in landscape composi-

tion and configuration (i.e. respectively, the number and

proportion of different cover types and their spatial arrangement)

[14]. Landscape heterogeneity can vary widely, as certain cover

types may be selectively retained while others are lost according to

the criteria of individual land owners, and habitat patches can be

either interspersed or occur in extensive blocks, contiguously or

separated by unsuitable habitat [15]. Even when the fraction of

usable habitat for fauna is held constant, modification of the size

and arrangement of habitat patches can strongly influence the

configurational heterogeneity of a landscape. This would deter-

mine landscape complementation [16], defined as the process by

which proximity of landscape elements enables individuals to link

together critical habitat types (i.e. containing essential resources)

through movement [17]. Many species move across multiple

habitats on a daily basis [18] and the costs of these movements

(e.g. increased energy expenditure and mortality risk) increase with

the time spent moving [19]. As a consequence, human modifica-

tion of landscape structure can influence a variety of ecological

responses, including population density [20] and persistence [13],
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as well as animal movements [21]. In this context, recent studies

have shown that highly mobile organisms can cope to some extent

with 2or even benefit from2 moderate landscape modifications

(e.g. butterflies [22], felids [23], bats [24] and raptors [25]). For

example, open-habitat birds may not always respond to habitat

loss or conversion by showing rapid declines, but instead each

species will respond differently, depending on the availability and

arrangement of spatial resources at the landscape scale [16,26]. It

is well known that shifts from large, highly productive uniform

fields to natural or extensively managed lands can increase habitat

connectivity and enhance biodiversity, and the importance of

habitat mosaics for animal species is widely recognized [20,27,28].

However, specific patterns of landscape management aimed at

promoting biodiversity without reducing agricultural production

remain largely unexplored.

The Red-necked Nightjar (Caprimulgus ruficollis; henceforth

nightjar) is a long-distance migrant that inhabits dry warm regions

in northern Africa and southwestern Europe [29]. Nightjars are

associated with open natural and agricultural areas, but use

different complementary habitats to fulfil their life-history

requirements (see results). From dusk to dawn, nightjars use bare

open areas for hunting flying insects because such habitats

facilitate prey and predator detection [30] and may provide some

thermal benefits [31,32]. However, nightjars have different habitat

requirements for nesting and roosting, and adults typically

commute from nesting areas in open shrublands or cropland

[33] to daylight roosts in shaded woodlands. Nesting, roosting and

foraging habitats are quite different and therefore usually located

some distance apart, producing a scenario where the potential

costs of commuting may be readily detectable [34]. Nightjars’ use

of distinctly different habitat types both within managed and

unaltered environments therefore provides a good opportunity to

investigate the effects of human-induced changes to habitats on the

extent and nature of bird movement [35].

We used information from radio-tagged nightjars to assess the

spatial responses to landscape transformation by birds breeding in

two highly contrasting environments (man-made patchy vs.
natural clumped distribution) as a result of unequal land protection

policies (managed private property vs. highly protected area).

Specifically, we hypothesized: (1) that structural differences

following landscape transformation would force nightjars in the

managed area to alter habitat selection patterns relative to those

inhabiting the unaltered area; (2) that changes in the availability

and the spatial arrangement of functional habitats in the managed

area would influence the length of daily movements by nightjars to

meet habitat requirements; and (3) that increased daily travel

distances would negatively affect the body condition of breeding

individuals. To test these predictions, we analysed nightjars’

selection of nesting, foraging and roosting habitats in both areas

and quantified the extent to which habitat availability and

configuration affect landscape use and daily movements, as well

as the body condition of breeding individuals. Finally, we aimed to

identify the implications of landscape changes for the conservation

of species with multiple habitat requirements to provide manage-

ment guidelines.

Methods

Ethics Statement
This research was licensed by the Andalusian Authority for

Wildlife Protection (permit numbers: 4358/1064/MDCG and

762/MDCG). This research required that birds were subjected to

minimal disturbance (collection of biometric data and radio-

transmitters’ attachment) and birds were not released until we

assessed their welfare. This study did not involve protected,

threatened or endangered species and was carried out according to

national and international guidelines. The Ethics Committee on

Animal Experimentation from Doñana Biological Station2CSIC

approved the animal handling procedures (ref. 1/1988_2).

Study system
The study was conducted from March to November 2011 and

2012 in Doñana National Park and nearby areas (southwestern

Spain). Based on preliminary observations from August to

November 2009 and 2010, we selected two close (10 km) but

highly contrasting plots in terms of disturbance and protection

regime to assess patterns of habitat use by nightjars: the Doñana

Biological Reserve (37u09N, 6u309W), a natural area within the

protected core of the Doñana National Park, and a managed

property (37u89N, 6u349W), neighboring the northwestern border

of the National Park. The natural area is characterized by

heterogeneous plant communities that include large expanses of

Mediterranean shrublands dominated by Halimium halimifolium,
Ulex spp. and Erica spp. with scattered patches of Juniperus
phoenicea and Pinus pinea. The managed area is mostly

characterized by regularly-shaped blocks of habitat that include

small, undisturbed remnants of Mediterranean shrublands, cattle-

grazed pastures, extensively managed pinewood patches, and

intensively managed plantations of orange trees. In contrast to the

natural area, where human access and activities are highly

restricted, the managed site has no protection status and resource

exploitation (i.e. agriculture, forest tree crops, cattle raising and

hunting) are common activities.

General field procedures
We conducted weekly transect counts of road–sitting nightjars

by driving a vehicle at a constant speed of 30 km/h, beginning 12

2 h after dusk (see [32] for details). Nightjars were captured along

roads using a LED torch and a hand-held net [36]. Capture–

mark–recapture (CMR) models show that the fraction of the whole

population sampled during the systematic vehicle transects along

roads is similarly high in both study areas (73% and 78% of all the

individuals in the managed and the natural area, respectively,

x2
1 = 0.20, P = 0.68; authors’ unpubl. data). Therefore, we are

confident that our estimates were not biased by the sampling

procedure. All individuals were uniquely marked with numbered

metal rings, sexed according to the pale spots on flight feathers,

and aged as either yearling or older following [37]. Birds were

weighed (60.1 g) and we measured keel length (60.01 mm), a

reliable predictor of skeletal size [38]. We used body mass and keel

length to assess body condition (i.e. body mass, controlling for size)

and body size, respectively. Palpation of the abdomen (scored as

full, L, K, J or empty) [30] provided an estimate of the amount

of food contained, and subcutaneous fat stores were visually

ranked from 0 (no visible fat) to 4 (belly covered with fat) following

a standardized scale modified from [39].

Radiotracking
During the 2011 and 2012 breeding seasons (i.e. May-August)

[40], we fitted thirteen adult nightjars with conventional radio

transmitters (PIP3– Biotrack Ltd UK; ,2% of body mass) glued

onto the central tail feathers (Table 1). We used data on timing of

breeding [40] to ascertain the tagging dates and only tagged gravid

females or adult individuals of either sex showing an active brood

patch to ensure that their habitat requirements were comparable

[41,42].

We tracked radiotagged individuals every other night for 1–2 h

sessions using a 3-element Yagi-antenna connected either to an
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ICOM IC-R20 (http://www.icom.co.jp) or a SIKA (Biotrack Ltd,

UK) portable receiver. Tracking sessions did not begin until at

least 24 h after tagging and were scheduled to collect data

throughout the complete night period for each individual.

Individuals were tracked beyond the nesting period, until feeding

associations between adults and young finished (range 43–73 days;

see [40]), even when the minimum number of fixes required for an

accurate estimation of home range size (2469 (SD) fixes) had been

attained. Intermittently, nightjars were followed continuously from

adjacent habitat types with two portable receivers being simulta-

neously used for 4–8 h periods to assess their movement routes

through the landscape matrix. The effective range of transmitter

signals was 4002600 m and the mean accuracy of fixes was

x = 35617 (SD) m (range = 11–52), calculated after a biangulation

of individuals. Foraging birds sometimes remained in the same

location up to 30 min, so we only recorded new fixes after at least

1 h passed or birds had moved beyond the minimum accuracy of

fixes (52 m) to minimize sample clustering [43]. Fixes were

determined either by biangulation with the software LOAS (ESS,

LLC.) or through direct sighting of individuals on roads. We

recorded in situ the location of birds encountered on roads with a

Garmin GPS 60 (2–4 m accuracy) at .1 h intervals to avoid bias

due to relocating birds disturbed by the observer [44]. We

recorded the location of nests and roosts during diurnal tracking

sessions [45].

Landscape mapping and habitat selection
To assess the functional landscape heterogeneity for nightjars,

we used the procedure described in [14]. First, we created a map

of different cover types (i.e. structural heterogeneity) present in the

managed and the natural area (2059 and 4857 has, respectively)

and determined the spatial resources required by nightjars (see

below). Next, we grouped together sets of patches containing the

same resource type to create a landscape map of functional

habitats from which measures of compositional and configura-

tional heterogeneity can be extracted.

To map structural landscape heterogeneity, we superimposed a

high-resolution (0.5 m) vegetation map (www.juntadeandalucia.es/

medioambiente/rediam) over an ortho-photograph at the same

resolution (www.juntadeandalucia.es/institutodeestadisticaycartog

rafia) using the ArcGIS 10 software (ESRI 2010). Data from the

ortho-photograph were ground-truthed to refine with subsequent

digitalization. A total of 205 different land cover types were grouped

into 10 cover typologies according to vegetation composition (either

natural or managed) and human activity levels (Table S1).

To map functional landscape heterogeneity, we grouped cover

typologies according to the habitat selection patterns of nightjars.

For this purpose, we first calculated individual home range areas

(see ‘statistical analyses’) and superimposed them over the

structural map using the ArcGIS 10 software. Then, we compared

the observed locations of individuals having a particular behavior

(nesting, roosting or foraging) to habitat availability (surface)

within individual home ranges [46]. The map of functionally

different cover types consisted of four main habitat categories: (1)

breeding habitat, considered as that covered by open shrublands;

(2) roosting habitat, including pinewood forests (both natural

mature and newly planted patches); (3) foraging habitat, including

paved and gravel roads (both areas) as the main foraging sites, and

sandy paths (only in the natural area) and orange tree plantations

(only in the managed area) as secondarily used foraging sites; (4)

non-usable habitat, mapped as a single cover type that includes all

the environments in which no directionality of selection was

detected (Table S1). At a final step, we used this map to calculate

the fraction of usable habitat within each study plot and to assess

interspersion of critical habitat types.

Effect of landscape configuration on nightjar movements
To assess the extent to which landscape configuration influences

the movement needs of nightjars, we quantified interspersion of

functional habitats in both study sites using Morans index [47,48]

as calculated in ArcGIS 10, and then modelled the daily

movement needs of nightjars (i.e. summed distances from

Table 1. Tracking parameters for the 13 radiotagged individuals.

Individual Sex Area Year Tracking effort (No. sessions) Tracking period (days) No. fixes

270 Female Managed 2011 23 64 50

270a* Male Managed 2012 4 6 11

538 Female Managed 2012 21 73 64

705 Female Managed 2012 18 55 60

798 Male Managed 2012 16 49 55

894 Male Managed 2012 12 50 45

950b* Female Managed 2011 3 14 3

621 Male Managed 2011 29 53 59

342 Female Natural 2011 25 65 47

680c Male Natural 2012 13 30 46

734 Female Natural 2012 18 43 54

933 Female Natural 2011 13 57 45

981 Male Natural 2012 18 43 53

Individual tracking code, sex, area, year, tracking effort (number of sessions), tracking period (days) and total number of fixes are shown.
aTransmitter (re-utilized) failed after $8 days but was still on the bird when recaptured 74 days later.
bNo signal was received in the following 50 days in a 1000 m radius from the capture location.
cNo nest was found, hence being excluded from further analyses.
*Excluded from further analyses as the number of fixes was insufficient to represent a complete home range.
doi:10.1371/journal.pone.0104974.t001
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simulated nests to the nearest roosting and foraging habitats)

through least-cost analyses [49], assuming that (1) breeding

individuals flew at minimum on a daily basis, the straight route

from nests to the nearest roost and foraging site [18]; and (2) that

movement distances in patchy landscapes typically match the

linear distances between habitat patches to minimize movement

costs [21]. Nest locations (hereafter, nests) were simulated with the

tool ‘create random points’ in ArcGIS 10 by randomly spreading

nests at a minimum distance of 50 m [33] among the patches of

breeding habitat that we had previously defined in analyses of

habitat selection in both study areas [50]. Numbers of nests

simulated in both plots (n = 60) matched the estimated breeding

density (i.e. maximum number of different females with a brood

patch recorded throughout a complete breeding season) in the less

densely populated plot (i.e. the natural area; authors’ unpubl. data

further validated with CMR models).

Statistical analyses
All statistical analyses were done using R 2.14.0 (http://www.r-

project.org). We calculated individual home range areas using

bivariate normal kernel functions [51], using the function

‘kernelUD’ in the package ‘adehabitatHR’ [52]. In contrast to

the MCP method, which simply calculates the area bounded by

the outermost locations, kernel analyses provide a probability

density function estimating the likelihood of an animal being

present within a two-dimensional plane, so that potential bias due

to unusual, large movements can be avoided [45]. The smoothing

parameter (h) controlling the bandwidth of the kernel function was

set at 200 after successive exploratory trials [52–54]. To analyze

patterns of habitat selection we compared the observed locations

in each cover type to those expected under random habitat choice

using Chi-square tests and then calculated the 95% confidence

intervals for the proportion of locations within respective land

cover types following [55]. A land cover type was considered to be

selected (or avoided) by nightjars when the observed proportion of

locations was below (or above) the confidence limits [44].

A visual inspection of the land cover maps suggested that the

linear nest-to-roost and nest-to-foraging site distances correlate

differently with habitat clumping (Fig. 1 and 2). To test this, we

calculated bootstrap correlations (nest-to-roost and nest-to-forag-

ing site distances; 10,000 replacements) and then tested for

differences between correlations using the function paired.r in the

package ‘psych’ [56]. To quantify differences in the daily

movement needs of nightjars between the two plots, we used a

General Linear Model (GLM; Poisson errors, log link function),

including the summed Euclidean distances between functionally

different habitats (i.e. nest-to-roost+nest-to-foraging site distances)

as the response variable and the study area as a fixed effect.

To assess whether body condition is affected by landscape

configuration, we fitted a General Linear Mixed Model (GLMM;

normal errors and identity link function) including body mass as

the response variable and keel length as a covariate to control for

body-size-dependent variation in body mass. Fat stores and

stomach volume were included as covariates in the model and

sex was entered as a fixed effect. Year and individual identity were

included as random effects to account for repeated measures of the

same individuals and annual heterogeneity. Gravid females (,5%)

and potential migrants, considered as those recorded exclusively

beyond 20 August [40] were omitted from the analysis. The

GLMM was fitted using the function lmer in the package ‘lme4’

[57]. To achieve P-values, we fitted the model using Maximum

Likelihood [58]. P-values for the individual effects were based on

Markov Chain Monte Carlo (MCMC) sampling (10,000 iterations)

and derived using the function pvals.fnc in the package

‘languageR’ [59].

To test for differences in bird abundance between both study

areas, nightjar numbers were standardized to birds/km and

compared using the Wilcoxon signed-rank test (T). Weeks in

which values of nightjar abundance were zero in both plots were

Figure 1. Schematic view of the predicted least-cost move-
ments of breeding individuals in contrastingly managed
landscapes. Nesting (orange), roosting (green) and foraging (yellow)
habitats are shown. 1a. Breeding habitat patches are arranged regularly
as small-sized blocks and a close juxtaposition of functional habitats
exists. As a result, distances from nests (black dots) to foraging sites
(blue lines) are expected to increase with nest-to-roost distances (red
lines). 1b. Functional habitats are clumped as comparatively large-sized
blocks. As a result, distances from nests to foraging sites are expected
to increase as distances between nests to roosts decrease. Note that,
despite the fraction of functional habitat is held constant in both areas,
mean distances between nests and the other two habitat types are
longer in 2b than in 2a.
doi:10.1371/journal.pone.0104974.g001
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omitted from the analysis. To increase the data set of bird

measurements and nocturnal counts, data from 200922010 were

also included in this analysis. All tests were two-tailed.

Results

Habitat selection patterns and functional heterogeneity
Altogether, we obtained 592 locations from 13 different

nightjars during 53 sessions of radiotracking activity (Table 1).

However, usable data were available for only 10 of the 13 birds

due to insufficient numbers of fixes for two birds and the failure to

locate the nest of one additional bird (possibly loss due to

predation on eggs or chicks shortly after tagging; Table 1).

Nightjar activity was dependent on land cover types (Table 2).

In both the natural and the managed area, all focal individuals

placed their nests within open shrublands (n = 10 nests), while

roosting nightjars (except for females incubating or brooding

recently-hatched chicks) were only recorded within pinewood

patches during daylight (n = 142 daytime fixes). Cover-type

dependence also extended to the foraging behavior, and gravel

and paved roads were strongly selected as the main foraging

habitat, except for one female (#734) for which road use was only

anecdotally recorded (Table 2 and Table S1). Despite the

remarkably small surface (,1%) covered by roads, 31% of

foraging locations in both areas were on road.

Native open shrublands were the main land cover type in the

natural area (47.5% of total surface), whereas the managed area

was mainly covered by pinewood plantations (54.3% vs. 14% of

native remnants) as a result of landscape conversion by humans.

Nonetheless, the fraction of usable habitat for nightjars at the

landscape scale in the natural area (60.9%) was not significantly

different from that in the managed site (74.1%; x2
1 = 3.2,

P = 0.07). In contrast, landscape configuration of both plots was

markedly different: functional habitats were clustered in the

natural area (Morans I = 0.09, Z-score = 3.22, P,0.01) and

randomly distributed in the managed area (Morans I = 0.10, Z-

score = 0.61, P = 0.54; Fig. 2a).

Effect of landscape configuration on nightjar movements
and abundance

Except for females incubating or brooding recently-hatched

chicks, which remained in the nest during daylight, breeding

nightjars moved daily from nests to (usually the nearest) roosts and

foraging sites. The simultaneous use of two different receivers

located in adjacent habitat types allowed us to determine that, at

least for continuously monitored individuals, actual movements

between functionally different habitats were typically direct flights.

Estimated least-cost movements (mean 6 SE) from nests to the

nearest roost and foraging sites in the natural area (478641 m and

878662 m, respectively) were three times longer than those in the

managed area (157618 m and 282621 m, respectively; GLMs

with Poisson errors testing separately for differences between both

study sites in nest-to-roost and nest-to-foraging site distances; both

P,0.0001). Our analyses of the observed least-cost movements by

the focal individuals yielded similar results (data not shown;

permutation t-tests, both P,0.0001), suggesting that habitat

clumping in the natural area leads to breeding nightjars

performing longer trips to fulfil daily habitat requirements than

in the managed area (Fig. 3). As expected after visual inspection of

the land cover maps (Fig. 1), distances from nests to the nearest

foraging sites were positively correlated with distances to the

nearest roost in the managed area (rbs = 0.38; 95% CI: 0.17, 0.58),

whereas no such trend was observed in the natural area (rbs = 0.06;

95% CI: 20.17, 0.29; test of difference between two independent

correlations: Z = 1.88, P = 0.06).

Nightjar abundance was consistently higher in the managed

than in the natural area (Wilcoxon signed-rank test with continuity

correction: T = 2475, P,0.0001, n = 74 paired counts; Fig. 4),

where bird occurrence also reached the highest time-point values

(2.9 vs. 2.2 birds/km in the managed and the natural area,

respectively). However, the body condition of breeders did not

differ between areas (n = 328 measurements of 193 individuals;

estimate 6 SE body mass = 0.7361.08, PMCMC = 0.75, after

controlling for the significant effect of body size, sex, fat and

stomach volume, all PMCMC ,0.01).

Discussion

Our results indicate that Red-necked Nightjars have multiple

habitat requirements during the breeding season irrespective of the

degree of land management. In both the natural and the managed

area, radiotagged individuals used open shrublands as nesting sites

and pinewood patches as daytime roosts, while roads were selected

as the main foraging habitat. Breeding individuals moved on a

daily basis from nests to foraging sites and daylight roosts but, as a

Figure 2. Spatial configuration of functional habitats for nightjars in the natural (clumped) and the managed area (random). 2a.
Results from the Morans I index. Sections of the natural (2b) and the managed area (2c) maps illustrating these differences in landscape
configuration are also shown.
doi:10.1371/journal.pone.0104974.g002
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consequence of habitat clumping, nightjars in the natural area

travelled longer distances than those in the managed area.

In the Doñana region, changing land-use policies during the last

30 years have led to intensification of land use, and differences in

structural landscape heterogeneity now exist between natural

ecosystems and the managed, non-protected areas [60,61]).

However, these differences have not translated into marked

dissimilarities in the functional landscape heterogeneity for

nightjars, primarily because of the species’ ability to exploit both

newly created environments and former natural habitats to obtain

essential resources. From this, we predict that nightjars should be

more resilient to changes in the landscape than other avian species

with more rigid habitat requirements [13], and the use of certain

man-made structures to complete their life cycles could enable

them, and likely other species as well, to eventually benefit from

changes in land use [24,25,62].

Our occasional recording of complete flights between adjacent

habitat types indicates that nightjar daily trips to obtain necessary

resources appear to be straight, although exact movement routes

could not be observed in most cases. Movement paths between

different habitat types tend to be direct when animals move

through low resource cover types to minimize the time spent there

[21]. Accordingly, and under the assumption that breeding

individuals use straight movement paths between their nearest

Table 2. Patterns of habitat selection by red-necked nightjars.

Individual Area
Selected nesting
habitat

Selected roosting
habitat

Selected foraging
habitat

Avoided foraging
habitat

Model P-
value

270 Managed Open shrublands Pinewood patches Roads Pinewood patches 0.056

538 Managed Open shrublands Pinewood patches Roads Pinewood patches, open shrublands ,0.001

621 Managed Open shrublands Pinewood patches Roads Open shrublands 0.026

705 Managed Open shrublands Pinewood patches Roads, orange tree crops Pinewood patches 0.002

798 Managed Open shrublands Pinewood patches Roads Pinewood patches, open shrublands 0.001

894 Managed Open shrublands Pinewood patches Orange tree crops None 0.526

342 Natural Open shrublands Pinewood patches Roads Open shrublands 0.012

734 Natural Open shrublands Pinewood patches Roads, sandy paths None 0.115

933 Natural Open shrublands Pinewood patches Roads Open shrublands, other sites ,0.001

981 Natural Open shrublands Pinewood patches Roads None 0.022

Nesting, roosting and foraging habitats of radio-tagged individuals breeding in the managed and the natural area are shown. Directionality of selection is summarized
from Table S1.
doi:10.1371/journal.pone.0104974.t002

Figure 3. Distribution histograms for the modeled movements needs of nightjars breeding in both study areas. Movement needs of a
breeding pair reflect the summed distances from each nest to the nearest roosting and foraging habitats.
doi:10.1371/journal.pone.0104974.g003
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roost and foraging sites to nests (i.e. least-cost movement), daily

movement needs of nightjars appear to be larger in the natural

area than in the managed site. Extensive blocks of unsuitable

habitat in the natural area might force most breeders to make

comparatively longer trips (0.522 km) between their nests and

either their nearest roost or foraging sites. In contrast, the closer

juxtaposition of functional habitats for nightjars in the managed

property enabled individuals to fly shorter distances (,0.5 km) to

access critical habitat types. Accordingly, differences in landscape

configuration (i.e. unequal size and interspersion of habitat

patches), but not in landscape composition (i.e. similar fraction

of functional habitats), appears to be underlying the observed

differences in the movement ecology of nightjars.

Red-necked nightjars are highly mobile and rather tolerant to

anthropogenic alterations and hence able to exploit patchily-

distributed resources from contrasting environments. The in-

creased proximity of foraging and breeding sites in the managed

area apparently allows these birds to link together functionally

different habitats, likely reducing energy expenditure and mortal-

ity risk [19,21] leading to a higher density in the managed

property [63,64]. The differences we have found in nightjar

numbers between the managed property and the undisturbed

natural area as a result of human-caused changes in landscape

configuration agree with previous studies showing the positive

influence of functional connectivity on animal abundance

[20,62,65] and support the emerging view that some species

may respond differently to land-use intensification and somehow

benefit from moderate habitat disturbance [9,24,25]. The high

nightjar abundance in the managed area might actually represent

a positive response to configurational landscape heterogeneity

through increased landscape complementation [14,16]. However,

caution is required when interpreting these results because (1) our

sample size is actually limited to one of each type of study area,

thus limiting our power of inference, (2) land cover use within the

landscape matrix is based on least-cost model predictions of

movement and (3) functional habitats are defined from a restricted

(but we think representative; see Table S1) sample of individuals.

Following [17], we assume that a ‘chessboard’ landscape should

increase landscape complementation by facilitating movement

among equal amounts of different, non-substitutable habitats.

However, although results from combined habitat selection

analyses and movement simulations are suggestive, the indirect

assessment of daily bird trips does not rule out other possibilities.

For example, nightjars might not perform linear trips [49] or

either could use particular foraging or roosting sites, but not the

nearest ones. Moreover, the distance and frequency of foraging

trips might be uneven between areas [11]. Consequently, the

strongest supporting evidence should be gathered by quantifying

complete individual trips to obtain data on actual movement paths

and movement risks in the two landscape contexts [21]. In our

study this was not feasible due to a mass restriction on the data

logger device.

Contrary to our expectations, there was no statistically

detectable effect of landscape configuration on the body condition

of breeding individuals. A possible explanation is that peaks of

aerial insect abundance recorded in the natural (but not in the

managed) area during the main breeding season of nightjars

(authors’ unpublished data) might counteract the energy costs of

increased movement needs therein and thus be masking the

potential effect that habitat clumping could have on the body

condition of breeding nightjars. A second, non-exclusive hypoth-

esis is that, whereas a close juxtaposition of different usable

Figure 4. Seasonal variation (mean ± SE) in the abundance of nightjars (birds/km). Estimated values for the managed and the natural area
between 2009 and 2012 are shown by half month (I, first half; II, second half).
doi:10.1371/journal.pone.0104974.g004
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habitats is probably crucial to enable non-flying and less mobile

animals to access essential resources, the presence of large blocks

of unsuitable habitat may not have an obvious impact on highly

mobile species [18]. If the latter hypothesis is true, then the

apparently high mobility and plasticity in habitat use of nightjars

might allow them to cope with or even benefit from human-

induced changes in landscape composition and configuration

while keeping body condition unaltered, thus increasing their

chance of persistence in moderately disturbed environments

[2,66].

Implications for conservation and management
guidelines

Conservation of unaltered habitats within natural reserves is

commonly considered of major importance for enhancing species

diversity in fragmented landscapes but, as shown here and recently

by e.g. [24,25,62], human-dominated areas may also have great

conservation value for at least some bird communities. Despite the

risks of using least-cost path analysis for land management

decisions lacking detailed data on actual movement paths in the

landscape [21], our results support the view that moderately

disturbed and fragmented habitats might become valuable

sustainers for the red-necked nightjar as well as for other species

tolerant to human alterations [25,62]. Consistent with recent

investigations on other related (e.g. raptors) [11] and unrelated

(e.g. bats) [24] highly mobile species, our results suggest that (1)

high plasticity in habitat choice might increase the chances of

species persistence in human-dominated areas [2,66]; and (2)

agricultural landscapes maintaining functional habitats in a

mosaic-like arrangement would facilitate bird access to high-

quality spatial resources [62]. Therefore, we conclude that (1)

ideally, any effort to establish wide-range systems of functional

nature reserves should fully engage the private property sector in

order to include key landscapes outside protected areas [67]; (2)

some undisturbed remnants of native vegetation should be left to

favor open–habitat bird species [16,26]; (3) the juxtaposition of

native remnants and human-made structures devoid of vegetation

(e.g. trails or roads), coupled with moderately managed forests or

pastures would benefit those species relying on multiple, patchy

resources in agricultural landscapes.

Supporting Information

Table S1 Patterns of foraging habitat selection by
radio-tagged red-necked nightjars breeding in the
managed (MNG) and the natural (NAT) area.
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13. Tella JL, Vögeli M, Serrano D, Carrete M (2005) Current status of the

threatened Dupont’s lark in Spain: overestimation, decline, and extinction of

local populations. Oryx 39: 90294.

14. Fahrig L, Baudry J, Brotons L, Burel FG, Crist TO, et al. (2011) Functional
landscape heterogeneity and animal biodiversity in agricultural landscapes. Ecol

Lett 14: 1012112.

15. Owen-Smith N (2004) Functional heterogeneity in resources within landscapes
and herbivore population dynamics. Landscape Ecol 19: 761–771.

16. Brotons L, Wolff A, Paulus G, Martin JL (2005) Effect of adjacent agricultural

habitat on the distribution of passerines in natural grasslands. Biol Conserv 124:
407–414.

17. Dunning JB, Danielson BJ, Pulliam HR (1992) Ecological processes that affect

populations in complex landscapes. Oikos 65: 169–75.

18. Law BS, Dickman CR (1998) The use of habitat mosaics by terrestrial vertebrate

fauna: implications for conservation and management. Biodivers Conserv 7:
323–333.

19. Baker MB, Rao S (2004) Incremental costs and benefits shape natal dispersal:

theory and example with Hemilepistus reaumuri. Ecology 85: 103921051.

20. Pope SE, Fahrig L, Merriam HG (2000) Landscape complementation and

metapopulation effects on leopard frog populations. Ecology 81: 2498–2508.

21. Fahrig L (2007) Non-optimal animal movement in human-altered landscapes.
Funct Ecol 21: 1003–1015.

22. Scalercio S, Pizzolotto R, Brandmayr P (2007) Multi-scale analysis of butterfly

diversity in a Mediterranean mountain landscape: mapping and evaluation of
community vulnerability. Biodivers Conserv 16: 346323479.

23. Lozano J, Virgós E, Malo AF, Huertas DL, Casanovas JG (2003) Importance of
scrub–pastureland mosaics for wild-living cats occurrence in a Mediterranean

area: implications for the conservation of the wildcat (Felis silvestris). Biodivers

Conserv 12: 9212935.

24. Lentini PE, Gibbons P, Fischer J, Law B, Hanspach J, et al. (2012) Bats in a

farming landscape benefit from linear remnants and unimproved pastures. PloS

ONE 7: e48201.

25. Cardador L, Carrete M, Manosa S (2011) Can intensive agricultural landscapes

favour raptor species? The Marsh harrier in north–eastern Spain. Anim Conserv

14: 382–390.

26. Vallecillo SL, Brotons L, Herrando S (2008) Assessing the response of open–

habitat bird species to landscape changes in Mediterranean mosaics. Biodivers

Conserv 17: 103–119.

27. Short J, Turner B (1994) A test of the vegetation mosaic hypothesis: a hypothesis

to explain the decline and extinction of Australian mammals. Conserv Biol 8:

439–449.

Bird Movement in Human-Altered Areas

PLOS ONE | www.plosone.org 8 August 2014 | Volume 9 | Issue 8 | e104974



28. Crook DA, Robertson AI, King AJ, Humphries P (2001) The influence of spatial

scale and habitat arrangement on diel patterns of habitat use by two lowland
river fishes. Oecologia 129: 525–533.

29. Cleere N (2010) Nightjars, Potoos, Frogmouths, Oilbird and Owlet–nightjars of

the World. Old basing: WILDGuides.
30. Jackson HD (2003) A review of foraging and feeding behavior, and associated

anatomical adaptations in Afrotropical nightjars. Ostrich 74: 187–204.
31. Poulin RG, Todd LD, Brigham RM (1999) Male common nighthawk use of

gravel roads at night. Prairie Naturalist 30: 85–90.

32. Camacho C (2013) Behavioural thermoregulation in man-made habitats: surface
choice and mortality risk in Red-necked Nightjars. Bird Study 60: 124–130.

33. Aragonés J, Recuerda P, Arias de Reyna L (2001) Loose nesting aggregation in
the Red–necked Nightjar Caprimulgus ruficollis. Ardeola 48: 11–18.

34. Masse RJ, Tefft BC, Amador JA, McWilliams SR (2013) Why woodcock
commute: testing the foraging-benefit and predation-risk hypotheses. Behav Ecol

24: 134821355.

35. Morris DW (1995) Habitat selection in mosaics. In: Hanson L, Fahring L,
Merriam G, editors. Mosaic landscapes and ecological processes. Chapman and

Hall, London. 110–135.
36. Jackson HD (1984) Finding and trapping Nightjars. Bokmakierie 36: 86–89.

37. Forero MG, Tella JL, Garcı́a L (1995) Age related evolution of sexual

dimorphism in the Red–necked Nightjar Caprimulgus ruficollis. J Ornithol 136:
447–451.

38. Senar JC, Pascual J (1997) Keel, and tarsus length may provide a good predictor
of avian body size. Ardea 85: 269–274.

39. Pettersson J, Hasselquist D (1985) Fat deposition and migration capacity of
robins Erithacus rubecula and goldcrests Regulus regulus at Ottenby, Sweden.

Ring Migr 6: 66–76.

40. Camacho C (2013) Tropical phenology in temperate regions: extended breeding
season in a long–distance migrant. Condor 115: 8302837.

41. Pagen RW, Thompson III FR, Burhans DE (2000) Breeding and post–breeding
habitat use by forest migrant songbirds in the Missouri Ozarks. Condor 102:

738–747.

42. Vitz AC, Rodewald AD (2007) Vegetative and fruit resources as determinants of
habitat use by mature–forest birds during the postbreeding period. Auk 124:

494–507.
43. De Solla SR, Bonduriansky R, Brooks RJ (1999) Eliminating autocorrelation

reduces biological relevance of home range estimates. J Anim Ecol 68: 221–234.
44. Sierro A, Arlettaz R, Naef–Daenzer B, Strebel S, Zbinden N (2001) Habitat use

and foraging ecology of the Nightjar Caprimulgus europaeus in the Swiss Alps:

towards a conservation scheme. Biol Conserv 98: 325–331.
45. Doucette LI (2010) Home range and territoriality of Australian owlet-nightjars

Aegotheles cristatus in diverse habitats. J. Ornithol. 151: 673–685.
46. Aebischer NJ, Robertson PA, Kenward RE (1993) Compositional analysis of

habitat use from animal radiotracking data. Ecology 74: 1313–1325.

47. Moran PAP (1950) Notes on continuous stochastic phenomena. Biometrika 37:
17223.

48. Zhang T, Lin G (2007) A decomposition of Morans I for clustering detection.
Comp Stat Data Analysis 51: 612326137.

49. Stevenson CD, Ferryman M, Nevin OT, Ramsey AD, Bailey S, et al. (2013)

Using GPS telemetry to validate least-cost modeling of gray squirrel (Sciurus
carolinensis) movement within a fragmented landscape. Ecol Evol 3: 23502

2361.

50. Brown AF, Stillman RA (1998) The return of the Merlin to the south Pennines.
Bird Study 45: 293–301.

51. Worton BJ (1989) Kernel methods for estimating the utilization distribution in
home-range studies. Ecology 70: 164–168.

52. Calenge C (2006) The package ‘adehabitat’ for the R software: A tool for the

analysis of space and habitat use by animals. Ecol Modell 197: 516–519.
53. Silverman B (1986) Density estimation for statistics and data analysis. Chapman

and Hall, London.
54. Wand M, Jones M (1995) Kernel smoothing. Chapman and Hall, London.

55. Agresti A, Coull BA (1998) Approximate is better than ‘exact’ for interval
estimation of binomial proportions. Am Statistician 52: 119–126.

56. Revelle W (2014) Package ‘psych’. R Package Version 1.4.2.3.

57. Bates D, Maechler M, Bolker B (2011) lme4: Linear Mixed-effects Models using
S4 Classes. R Package Version 0.999375–42.

58. Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, et al. (2009)
Generalized linear mixed models: a practical guide for ecology and evolution.

TREE 24: 127–135.

59. Baayen RH (2011) languageR: Data Sets and Functions with ‘Analyzing
Linguistic Data: A Practical Introduction to Statistics’. R Package Version 1.4.
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