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Afforestation of agricultural land is increasingly used to deliver environmental benefits, but their effects
on biodiversity remain poorly understood. This paper tests the hypothesis that afforestation changes
predation processes in surrounding farmland, examining how the characteristics and landscape context
of forest plantations affect predator (birds and mammalian carnivores) and key prey (rabbits and hares)
abundances, and bird nest predation rates in Iberian cereal-steppes. Lagomorphs and predators were
surveyed in fallow fields around 50 forest plantations, where predation rates were estimated using arti-
ficial nests set at 0, 100, 200 and 300 m from the forest edge. Recent plantations structurally similar to
sparse (oak) or dense (pine) shrublands were associated with the highest hare and rabbit abundances,
respectively, whereas both species avoided landscapes with high eucalyptus cover. In contrast, mature
eucalyptus plantations showed strong positive effects on typical nest predators such as corvids and car-
nivores. Open farmland fragmentation favoured the abundance of lagomorphs and carnivores. Despite
these effects and the high predation rate on artificial nests (49%), there was neither evidence for increased
predation near plantation edges nor higher predation in fields with more lagomorphs and predators.
However, predation tended to increase with cover by young oak plantations and overall forest plantation
cover, to decrease with eucalyptus cover at both the local and landscape scales, and to peak in landscapes
with intermediate edge densities. These results suggest that afforestation may have strong effects on bird
nest predation rates by changing landscape composition and configuration, rather than by inducing local
increases in predator and prey populations. Nevertheless, increased abundances of generalist predators
associated with forest plantations may still be considered of conservation concern, thus supporting the
recommendation for strongly restricting afforestation in areas important for open grassland birds. Where
this is unavoidable, monitoring should be undertaken to provide early signals for bird population declines
associated with predator increases, eventually triggering conservation action such as predator exclusion
or removal.
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1. Introduction trations of carbon dioxide (Niu and Duiker, 2006). However, fears
have been expressed that afforestation could negatively impact on

Afforestation of former arable land is often used to deliver envi- biodiversity (Caparrés and Jacquemont, 2003; Stoate et al., 2009),

ronmental benefits such as natural habitat restoration (Santos et
al., 2006), reductions in soil erosion and surface runoff (Garcia-
Ruiz et al., 1996), and improvements in water quality (Hansen et
al., 2007). Climate change has further increased the interest for
large scale afforestation, as a tool to reduce atmospheric concen-
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mostly by replacing grassland, cropland and shrubland habitats
of high conservation relevance with forest plantations inhabited
with widespread species (Diaz et al., 1998; Shochat et al., 2001;
Oxbrough et al., 2006). Afforestation also changes the amount and
configuration of open habitats at the landscape scale, and may
result in fragmentation and edge effects outside the area actually
planted with trees (Ries et al., 2004; Ewers and Didham, 2006).
Information to assess such effects is generally lacking (but see
Bieringer and Zulka, 2004; Reino et al., 2009), but is essential to
ensure that afforestation programmes do not adversely impact on
biodiversity.
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One way in which afforestation can affect animal - and par-
ticularly bird—populations is through predation (e.g., Evans, 2004).
Forest plantations may offer refuges for generalist predators, such
as corvids and medium-sized carnivores, that otherwise would be
absent or less abundant in open country, thereby increasing pre-
dation rates in surrounding habitats (Andrén, 1992; Pita et al,,
2009). Also, afforestation may favour key prey such as lagomorphs
(Hulbert et al., 1996), which in turn may increase predator activ-
ity and thus predation rates (Yanes and Suarez, 1996). Predation
increases may also be expected from habitat fragmentation and the
proliferation of edges associated with forest plantations, because
predator abundance and activity is often higher in fragmented land-
scapes and close to habitat edges (Chalfoun et al., 2002). Losses
of nest contents and adults to predators might eventually lead
to population declines of vulnerable species (Yanes and Sudrez,
1996; Fletcher et al., 2010). Non-lethal effects may also be relevant
(Cresswell, 2008), as perceived predation risk may induce individ-
uals to avoid breeding or foraging near wooded edges and in small
patches (Ribic et al., 2009 and references therein), thereby causing
reductions in the amount of usable habitat that are much larger
than the area effectively occupied by forest plantations (Reino et
al., 2009). However, although some species of conservation con-
cern show avoidance of forest edges (Stroud et al., 1990; Reino et
al., 2009), others may show no avoidance or even preference for
this habitat type (Avery, 1989; Reino et al., 2009, 2010). Also, while
many studies have documented increased predation rates at habi-
tat edges (review in Batary and Baldi, 2004), such an effect was not
found by studies focusing specifically on forest plantations (Avery
et al.,, 1989). Further research is needed to better understand the
environmental costs and benefits of afforestation, particularly in
areas occupied by species of conservation concern.

The Iberian cereal-steppes are among the highest value land-
scapes for grassland bird conservation in Europe (Bota et al., 2005).
Afforestation of this landscape has increased over the past decades,
following a long-term trend of rural depopulation and agricultural
abandonment (Van Doorn and Bakker, 2007), and increased grant
aiding for afforestation of marginal agricultural land (Stoate et al.,
2009). These forest plantations have negative impacts by excluding
species of conservation concern associated with open pastures and
dry cereal cropland (Diaz et al., 1998; Bota et al., 2005). Negative
effects also extend beyond forest boundaries, because at least some
grassland birds strongly avoid forest edges (Reino et al., 2009) and
occur at much reduced densities in fragmented landscapes (Brotons
et al., 2005; Moreira et al., 2005; Morgado et al., 2010). Previous
studies suggested that avoidance of forested habitats may, at least
in part, be shaped by predation risk, particularly during the breed-
ing season (Reino et al.,2009; Morgado et al.,2010), because woody
habitats may increase both predator abundances (Pita et al., 2009)
and nest predation rates (Pescador and Peris, 2001). Furthermore,
ground-nesting birds suffer high nest predation rates (Yanes and
Suarez, 1995), and so increased densities of generalist predators
may result in decreased body condition of breeding birds (Suarez
et al., 2005a,b), and even population declines (Yanes and Sudrez,
1996). Despite this, studies have yet to show a link between for-
est plantations, predator and prey abundances, and nest predation
rates.

This study investigates how forest plantations affect preda-
tor assemblages and bird nest predation rates in cereal-steppe
landscapes with different amounts and configuration of open
and forested habitats. The effects of forest plantations on lago-
morphs were also analysed, because previous studies showed a link
between their abundance and bird nest predation rates in Mediter-
ranean shrubsteppes (Yanes and Suarez, 1996). Specifically, the
study tested the following predictions: (i) lagomorph and predator
abundances increase with both cover by forest plantations and frag-
mentation of open habitats; (ii) bird nest predation rates are higher

near forest plantation edges and are positively related to forest
plantation cover and fragmentation of open habitats; (iii) bird nest
predation rates increase with the abundance of lagomorphs and
nest predators associated with forest plantations and fragmented
landscapes.

2. Methods
2.1. Study area

The study was conducted in Southern Portugal, mostly within
the Special Protection Area (SPA) of Castro Verde, designated
under European Directive 79/409/EEC to protect grassland birds.
The climate is Mediterranean, with hot summers (averaging
24°C [16-32°C] in July), mild winters (9°C [5-14°C] in Jan-
uary), and >75% of annual rainfall (500-600 mm) concentrated
in October-March. The landscape is flat or gently undulating
(100-300ma.s.l.) and dominated by an agricultural mosaic of
cereal, fallow and ploughed fields, created by rotational dry cereal
cultivation. Until recently, tree cover was largely restricted to some
eucalyptus (Eucalyptus sp.) plantations (usually 40-60 years old)
and open holm oak (Quercus rotundifolia) woodlands grazed by live-
stock. Afforestation with umbrella pines (Pinus pinea) and holm and
cork oaks (Quercus suber) has increased since the early 1990s due to
EU subsidies, mainly in the periphery of the SPA. Details of the study
area are reported elsewhere (Delgado and Moreira, 2000; Moreira
et al.,, 2005; Reino et al., 2009, 2010).

2.2. Study design

Predator surveys and predation experiments were carried
out on fallow fields adjacent to forest plantations of varying
sizes (<1.0ha to >100 ha), embedded in landscapes with variable
amounts of forested habitats (<1.0% to >50%), based primarily on
300-m transects perpendicular to the forest edge (Reino et al,,
2009). The study focused on fallow fields, because they are partic-
ularly important for grassland birds (Delgado and Moreira, 2000;
Reino et al., 2010), and to reduce variation among sites unrelated
to forest and landscape features (Reino et al., 2009). Sampling sites
were selected according to Reino et al. (2009), involving the iden-
tification of all forest plantations from land cover maps (http://
www.igeo.pt/IGEO/portugues/produtos/inf_cartografica.htm) and
systematic field surveys. Each forest patch was defined as a dis-
crete tree plantation surrounded by open farmland habitats, and it
was selected if it was adjacent to a fallow field at least 600 m long
and 300 m wide, to allow sampling open habitats at distances up to
300 m from the nearest forest edge. A few patches with sparse tree
cover and trees in poor condition were discarded from selection
because they corresponded to abandoned plantations, and so their
use together with plantations under regular forest management
could be a potential source of bias. The selection procedure yielded
50 forest plantations, spanning a wide range of plantation types,
ages and sizes (Table 1). Only the largest fallow field was sampled
per forest patch and the mean nearest distance between sampled
fields was 2218 + 1291 m SD (658-6338 m), to reduce problems of
pseudo-replication and spatial autocorrelation, while maintaining
a sufficiently large sample size.

2.3. Explanatory variables

Analyses were based on sixteen variables reflecting forest and
landscape characteristics (Table 1). In addition, we used two vari-
ables coding the X (Northing) and Y (Easting) Cartesian coordinates
of sampling sites to account for unmeasured spatially structured
factors, thereby explicitly dealing with eventual spatial trends in
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Table 1

Description and summary statistics of variables used to examine the influence of habitat conditions on lagomorph and predator abundance, and nest predation rates in

southern Portugal (April-July 2005).

Variable (unit) Description Transformation Mean SD Range

Forest plantation attributes

Eucalyptus plantations Binary variable coding eucalyptus plantations - 0.2 0.4 0-1

Pine plantations Binary variable coding umbrella pine plantations - 0.3 0.5 0-1

Oak plantations Binary variable coding cork and holm oak plantations - 0.5 0.5 0-1

Plantation age (years) Age of forest plantation Logarithmic 144 13.6 1-60

Plantation area (ha) Area of forest plantation Logarithmic 45.6 34.1 0.7-123.3

Edge contrast

Tree density (trees/m) Density of trees at the border between forest plantations and farmland Logarithmic 0.3 0.2 0-0.8
fields

Tree height (m) Mean tree height at the border between forest plantations and farmland Logarithmic 3.7 4.5 0-17.3
fields

Farmland trees Binary variable coding the presence of isolated trees in adjacent - 0.3 0.5 0-1
(<300 m) farmland

Landscape context

Eucalyptus plantations cover (%) Proportion of area within 1-km radius with eucalyptus plantations Angular 3.0 5.5 0-23.6

Pine plantations cover (%) Proportion of area within 1-km radius with pine plantations Angular 7.0 10.2 0-39.4

Oak plantations cover (%) Proportion of area within 1-km radius with oak plantations Angular 12.6 124 0-36.1

Total forest plantations cover (%) Proportion of area within 1-km radius with forest plantations Angular 22.5 11.8 0.4-51.9

Open holm oak woodlands cover (%) Proportion of area within 1-km radius with open holm oak woodlands Angular 7.7 11.1 0-45.7

Mean patch size (ha) Mean size of forest patches Logarithmic 134.3 88.1 7.7-304.1

Edge density (km/km?) Density of forest edges Logarithmic 4.0 1.1 1.1-7.8

Patch shape complexity Area Weighed Mean Shape Index (AWMSI) Logarithmic 2.2 0.6 1.3-4.1

the response variables unrelated to forest and landscape variables
(Legendre and Legendre, 1998).

Forest plantations were characterized according to variables
coding the dominant tree species and the age and area of the planta-
tion, whereas edge contrast (sensu Ries et al., 2004) between forest
and adjacent open fields was estimated from the height and den-
sity of trees at forest boundaries, assuming that taller and denser
plantations corresponded to higher edge contrasts. These variables
were computed from digital photographs taken at known distances
(usually 70-90 m), perpendicularly to the forest edge. Presence of
trees in the agricultural matrix was taken as an indicator of softer
forest-farmland transitions. Landscape composition and fragmen-
tation metrics were estimated within 1-km radius circles of each
sampling point located at the forest edge, from digital land cover
maps prepared using aerial photography and field surveys. Frag-
mentation was estimated from the mean size, edge density and
shape complexity (AWMSI) of open arable patches, computed using
the Patch Analyst extension for ArcView (Rempel and Carr, 2003;
see Reino et al., 2009, for details).

2.4. Predator surveys

Potential avian nest predators such as egrets, storks, most birds
of prey, and corvids were surveyed at fields adjacent to forest plan-
tations, simultaneously with overall bird counts (Reino et al., 2009)
and bird nest predation experiments. In each field, point-transect
surveys were conducted twice (April and May 2005), with 10-min
counts at 0, 100, 200 and 300 m from the forest edge, following
standard procedures (Bibby et al., 2000; Reino et al., 2009). Two
additional counts were made in May 2005 along the same 300-
m transects, during visits to set and check the bird nest predation
experiment (see below). During each visit, the initial position and
subsequent movements of all avian predators using the field and
the forest plantation edges were mapped, and the minimum num-
ber of individuals of each species was estimated, with care taken
to avoid double-counts. The mean count of each species across the
four visits was then used to derive indices of predator activity at
each field. Combining data across counts was necessary to increase
sample sizes for a diverse array of avian predators, thereby provid-
ing areasonable estimate of variation in relative abundance of avian
predators among fields. To reduce potential shortcomings due to

variation in bird detectability, each set of visits to all fields was con-
centrated in about one week and counts were always made by the
same two experienced ornithologists (LR and RM), thereby avoiding
biases due to differences in observer efficiency and weather condi-
tions (e.g., Beja et al., 2009). Bias associated with differences in bird
detectability due to variation in habitat conditions were considered
unlikely, because bird counts were always made in open farmland
fields without any significant obstacles, and so visibility was very
good and observation conditions were consistent across sites.

Rabbits (Oryctolagus cuniculus), hares (Lepus granatensis) and
mammalian carnivores were surveyed on a single occasion (20 June
to 9 July), within 300-m radius circles centred on the bird point
count located at the forest edge. Each site was thoroughly searched
for lagomorph and carnivore faeces and footprints during 1.5 h, fol-
lowing standard procedures used in similar habitats (Beja et al.,
2009; Pita et al., 2009). The relative abundance of each species at
each site was estimated from the number of signs recorded per
hour. All sites were surveyed by the same experienced observer
(FC) on a short period, to avoid biases in detection rates due to
variation in observer efficiency or changes in weather conditions
(Beja et al., 2009; Pita et al., 2009). Although surveys based on field
signs have been the subject of some criticism, this approach is gen-
erally considered valid based on strong evidence indicating a good
fit between carnivore field signs and population density or activity
(Barea-Azcén et al., 2007 and references therein).

2.5. Bird nest predation experiment

Artificial nests were used to estimate variation in bird nest
predation rates within and among fallow fields. For comparative
purposes, artificial nests are useful substitutes of real nests, because
they ensure flexibility in experimental design and large sample
sizes, though they cannot be assumed to provide reliable estimates
of survival rates of real nests (Andrén, 1992; Batary and Baldi, 2004;
Pedersen et al., 2009). At each field, artificial nests were placed
along a 300-m transect at 0, 100, 200 and 300 m from the forest
edge (n=200 nests). These distances and sample sizes were com-
parable to that of other studies demonstrating edge effects on nest
predation rates (Batary and Baldi, 2004). Each artificial nest was a
simple depression on the soil, where two quail (Coturnix sp.) eggs
were placed. Nests were set by a single researcher (RM) wearing
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latex gloves and rubber boots, to avoid potential bias due to vari-
ation in nest placement criteria, and to reduce problems due to
transfer of human scent (Whelan et al., 1994). Artificial nests were
set out in 2-6 May, encompassing the incubation period of many
ground-nesting birds, and checked after 15 days, which was compa-
rable to the typical incubation period of grassland passerines (Yanes
and Suarez, 1997). Each nest was checked only once to reduce
observer effects and to preserve nest concealment (Major, 1990).
A nest was classified as predated if eggs were missing or damaged,
except when there was evidence of ploughing or livestock tram-
pling, in which case they were not considered exposed to predation
and were excluded from analysis. Trampling was assessed from the
presence of hoof marks and smashed eggs with no signs of predator
consumption.

2.6. Statistical analysis

Prior to statistical analysis, skewed variables were transformed
to approach normality and to reduce the influence of a few large
values, using the angular transformation for proportional data and
the logarithmic transformation for continuous variables (Table 1).
APrincipal Component Analysis (PCA) of habitat variables was used
toinvestigate multicollinearity and to describe dominant landscape
gradients (Legendre and Legendre, 1998). A varimax normalized
rotation was applied to the set of principal components with eigen-
values >1, to obtain simpler and more interpretable ecological
gradients (Legendre and Legendre, 1998).

Relations between response and explanatory variables were
investigated with regression on principal components (Legendre
and Legendre, 1998) based on Generalized Linear Models (GLM)
of the Gaussian family (McCullagh and Nelder, 1989). This method
described the relationships between response variables and gra-
dients extracted from the PCA of forest, landscape, and spatial
variables, thereby accounting explicitly for multicollinearity prob-
lems (Legendre and Legendre, 1998). Modelling was based on the
Information Theoretic Approach (ITA) (Burnham and Anderson,
2002), using the Akaike Information Criteria adjusted for small
samples (AICc) as a measure of information loss of each candidate
model, with the best fitting model having the lowest AICc and con-
sequently the highest Akaike weight (w;) (Burnham and Anderson,
2002). Candidate models were built considering all possible sub-
sets of predictor variables, including also the square-power of each
principal component to account for eventual unimodal responses
to landscape gradients (e.g., Pita et al.,, 2009). The probability
that a variable is included in the best approximating models,
given the set of variables considered, was estimated by sum-
ming the w; of all candidate models where the variable was
included (Burnham and Anderson, 2002). Multimodel Inference
(MI) was used to assess the shape and magnitude of the effects
of predictors on the response variables, which is based on an
estimated weighted average across all models, based on Akaike
weights (Burnham and Anderson, 2002). Unconditional standard
errors were used to evaluate the precision of model average esti-
mates using a 95% confidence interval. Estimates whose confidence
limits included zero were viewed as having equivocal meaning
(Burnham and Anderson, 2002). Although testing all possible mod-
els is not the best strategy in model selection, this approach
is often used when there is not enough a priori information to
build a small set of plausible candidate models (e.g., Whittingham
et al., 2005). To reduce the possibility of finding spurious mod-
els, the analysis was based on the dominant landscape gradients
derived through PCA from an initial large set of variables. In every
case, scatterplots and regression diagnostics were used to inspect
the shape of the fitted curves and to check for problems result-
ing from outliers and influential points (Legendre and Legendre,
1998).

Factors influencing bird nest predation rates were also exam-
ined using ITA and Multimodel Inference. The analysis started by
modelling variation in predation probability in relation to edge,
using generalized linear mixed-effects model (GLMM), with a bino-
mial error distribution and a logit-link function, thereby accounting
for the potential lack of independence among nests located in each
transect (Pinheiro and Bates, 2000; Zuur et al., 2009). In this design,
we used a binary response variable coding whether the nest was
predated or not, while the distance to edge was the fixed effect and
the individual transects were treated as random effects (Reino et
al., 2009). In a second set of analyses, variation in the proportion
of nests predated in each field was related to landscape gradients
and species abundances, using GLM with binomial error distribu-
tions and a logit-link function (McCullagh and Nelder, 1989). As
nests trampled by cattle or destroyed by agricultural works were
removed from analysis, the number of nests used to compute bird
nest predation rate varied among fields. To solve this problem, the
actual number of nests exposed to predation in each field was used
as a weighing factor (Zuur et al., 2009). The analysis of predator
influences on predation rates was restricted to the most abundant
potential egg and chick predators.

3. Results
3.1. Forest plantation and landscape patterns

The PCA of forest and landscape variables identified six dom-
inant ecological gradients (eigenvalues>1), together accounting
for 81.9% of variance in the original data (Table 2). The varimax
rotation revealed a major gradient (PC1) largely reflecting contrast-
ing fields adjacent to oak plantations, which tended to be young,
large and located in landscapes with greater overall cover by forest
plantations, with fields adjacent to small, old and tall eucalyptus
plantations. The type of forest plantation was also expressed in a
secondary gradient contrasting oak and pine stands (PC2), the latter
showing higher tree density.

The third ecological gradient (PC3) was the only showing a
strong spatial component, reflecting the increase in overall land-
scape cover by eucalyptus plantations, which were most prevalent
to the north-west of the study area. The fourth and fifth rotated PCA
axes were largely related to landscape fragmentation. PC4 repre-
sented primarily the concurrent increase of edge density and shape
complexity of open arable patches, whereas PC5 largely reflected
variation in the mean size of open arable patches. PC6 represented
the presence of farmland trees, which were more prevalent in land-
scapes with greater cover of open holm oak woodlands.

3.2. Lagomorphs and predators

The assemblage of potential predators of bird eggs and nestlings
included 12 avian and eight carnivore species (Supplementary
Table S1). The white stork (Ciconia ciconia) was the avian preda-
tor recorded most frequently (76% of fields) and in larger numbers
(0.78 £1.24 [SD] birds per field per visit). Birds of prey were fre-
quently observed (96%; 1.32 +1.45), but only Montagu’s harriers
(Circus pygargus), kestrels (Falco tinnunculus/naumanni), black kites
(Milvus migrans) and common buzzards (Buteo buteo) occurred in
>25% of fields. Corvids were the avian predators recorded least
frequently (60%) and in lower numbers (0.66 +0.99), with ravens
(Corvus corax), carrion crows (Corvus corone) and azure-winged
magpies (Cyanopica cyanus) occurring in only 25-40% of fields.

Carnivore signs recorded most often and in larger numbers were
from foxes (Vulpes vulpes) (48%; 0.61+1.09 signs per field) and
domestic dogs (38%; 0.48 +1.03 signs per field), while signs from
the remaining six species were scarce and occurred in <10% of fields.
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Table 2
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Loadings of habitat variables on the first five axes extracted by a PCA, after a varimax normalized rotation, and the proportion of variance accounted for by each axis. For

clarity, only loadings with absolute values greater than 0.50 were listed.

Habitat variables PC1 PC2 PC3 PC4 PC5 PC6
Eucalyptus plantations -0.88

Pine plantations 0.81

Oak plantations 0.61 -0.67

Plantation age -0.76

Plantation area 0.80

Tree density 0.70

Tree height -0.89

Farmland trees 0.88
Eucalyptus plantations cover 0.76

Pine plantations cover 0.84

Oak plantations cover 0.60 —0.54

Total forest plantations cover 0.79

Open holm oak woodlands cover 0.71
Mean Patch Size 0.86

Edge Density 0.86

Patch shape complexity 0.95

Northings 0.85

Eastings —0.68

Percentage of total variance 253 16.1 11.6 10.0 9.7 9.1

All fields yielded lagomorph signs, though those of hares (98%;
6.76 +£7.02) were far more widespread and abundant than those
of rabbits (72%; 2.59+4.21).

3.3. Predator responses to forest plantations

Variation in the abundance of the most widespread predators
(>25% of fields) appeared to be markedly influenced by gradients
extracted from PCA (Table 3), though the shape and strength of
such effects varied strongly among species (Supplementary Tables
S2 and 3; Supplementary Figures S1-6). Variation in landscape
cover by eucalyptus plantations reflected in PC3 had the most
consistent effects on predator abundances, with selection prob-
abilities showing a very strong support (0.97-1.0) for a marked
positive effect of eucalyptus plantations on the overall abundance
of corvids and carnivores, and on that of raven, carrion crow and
domestic dog, and a marked negative effect on the abundance
of both hares and rabbits. Foxes showed a unimodal response to

Table 3

this landscape gradient, but this effect was only moderately sup-
ported.

The effect of eucalyptus plantations was also reflected on PC1,
with moderate to strong support (0.71-1.0) for fields sampled close
to small and old eucalyptus stands showing higher overall abun-
dance of corvids and carnivores, and that of azure-winged magpie,
red fox, domestic dog and rabbit. Hares also showed a strong
response to PC1, with a tendency for higher abundances recorded
in fields sampled close to recent and large oak stands, in landscapes
with higher oak and overall forest plantation cover. A similar ten-
dency was found for the overall abundance of birds of prey and that
of kestrels, but this was only moderately supported (0.72-0.76).

The gradient contrasting oak and pine plantations (PC2) also
showed some influence on species abundances, with some support
for bird of prey, kestrel and hare abundances increasing with cover
by oak plantations, whereas black kites and rabbits increased with
pine plantations (Table 3). White storks and black kites tended to
decline with increasing edge density (PC4), whereas the opposite

Summary results of information-theoretic model selection for the effects of ecological gradients extracted from a PCA of habitat variables (PCn) on species abundances
and nest predation rates. For each response variable, the table provides the proportion of explained variance (R?) of the average model, and the selection probabilities and
directions of association with ecological gradients: (+) positive, (—) negative, (N) unimodal, and (U) U-shaped. For clarity directions of association are given for selection

probabilities >0.70. See Supplementary Material for details.

R? PC1 PC2 PC3 PC4 PC5 PC6
Birds
White stork 0.20 0.40 0.57 0.38 0.85 =) 0.46 0.58
Birds of prey 0.25 0.72 (+) 0.78 (=) 0.44 0.41 0.51 0.42
Black Kite 0.15 0.40 0.73 (+ 0.39 0.70 (=) 0.48 0.47
Montagu’s harrier 0.20 0.55 0.44 0.43 0.90 (+)? 0.79 (+)? 0.40
Common buzzard 0.11 0.39 0.62 0.51 0.52 0.40 0.58
Kestrels 0.33 0.76 (+) 0.91 (=) 0.54 0.48 0.60 0.58
Corvids 0.47 0.95 (=) 0.39 1.00 (+)2 0.62 0.62 0.74 (n)
Raven 0.27 0.38 0.41 0.99 (+) 0.44 0.45 0.62
Carrion crow 0.41 0.38 0.44 1.00 (+)2b 0.49 0.69 0.56
Azure-winged magpie 0.48 1.00 (=2 0.59 0.47 0.67 0.38 0.76 (+)
Mammals
Carnivores 0.44 1.00 (=) 0.37 0.99 (+)? 0.40 0.78 (n) 0.41
Red fox 0.16 0.88 (=) 0.38 0.71 (n) 0.38 0.56 0.39
Domestic dog 0.26 0.71 (=) 0.51 0.98 (+)2 0.57 0.42 0.46
Lagomorphs 0.55 0.61 0.41 1.00 (-2 0.74 (n) 0.80 (-2 0.39
Rabbit 0.39 0.76 (=) 0.95 (+)2 0.97 (=) 0.39 0.94 (-2 0.63
Hare 0.58 0.99 (+)2 0.91 )2 1.00 =) 0.49 0.85 (n)b 0.52
Predation
Nest-predation rate 0.25 0.67 0.42 0.75 (=) 0.97 (n)b 0.40 0.61

2 95% confidence intervals of regression coefficients of the linear component (X) do not intersect zero.
b 95% confidence intervals of regression coefficients of the square-power (X?) do not intersect zero.



1364 L. Reino et al. / Forest Ecology and Management 260 (2010) 1359-1366

was found for Montagu’s harriers (Table 3). Lagomorphs showed
a moderately supported unimodal response to the edge density
gradient (Table 3). The effect of open farmland patch size (PC5)
was moderately to strongly supported (0.78-0.94), with a nega-
tive response by total lagomorph and rabbit abundances, while the
opposite was found for Montagu’s harriers (Table 3). Finally, there
was moderate support for azure-winged magpies increasing with
the presence of farmland trees and landscape cover by open holm
oak woodlands (PC6), while the overall corvid abundance showed
a unimodal response to this gradient (Table 3).

3.4. Bird nest predation rates

Alarge proportion of nests set in fields adjacent to forest planta-
tions (n=200) were destroyed or predated (58%). Discounting the
nests trampled by cattle (13%) or destroyed by agricultural works
(4.5%), predation rate on nests effectively exposed to predators
was 49%. Contrary to the initial predictions of higher predation
near edges, there was a small tendency for predation rates actually
increasing away from forest plantations, but the model including
this effect (AIC=233.74) did not perform better than the corre-
sponding null model (AIC=231.74).

Landscape composition and configuration around forest planta-
tions appeared to affect bird nest predation rates (Supplementary
Tables S2 and S3; Supplementary Figures S7 and S8). The strongest
response was found in relation to the edge density gradient
reflected in PC4, with nest predation rates peaking in landscapes
with intermediate densities of edge habitats (Table 3). Also, there
was a moderately supported tendency for predation rates to decline
with increasing cover by eucalyptus plantations (PC3) and, to a
lesser extent, to increase in fields adjacent to oak stands embed-
ded in landscapes with greater overall cover by forest plantations
(PC1) (Table 3).

No consistent relationships were found between predator abun-
dances and bird nest predation rates, either when considering
individual species or groups of species (Supplementary Table S4,
Supplementary Figures S7 and S8). Only in the case of domestic dogs
there was a moderately supported influence on bird nest predation
rates, though predation declined with increasing dog abundance
(Supplementary Figure S6).

4. Discussion
4.1. Forest plantations, lagomorphs and predator assemblages

This study supported the view that forest plantations influence
predator and prey abundances in surrounding farmland, includ-
ing that of generalist nest predators such as corvids and carnivores
(Batary and Baldi, 2004), though effects varied strongly among
species and they seemed to be influenced by forest character-
istics and landscape context. These relationships were evident
even without considering vegetation structure and prey availabil-
ity within forest plantations, which might explain further variation
in species abundances (Gehring and Swihart, 2003).

Forest plantations affected predators probably by offering
refuges that otherwise would be absent or less abundant in open
country. For instance, corvids often nest in tall trees (Alonso et al.,
1991; Santos et al., 2006), while feeding in adjacent open farmland
(Andrén, 1992; McCollin, 1998), which may justify their strong pos-
itive association with eucalyptus plantations and, to a lesser extent,
open holm oak woodlands. Eucalyptus plantations also appeared to
have a positive effect on carnivores, probably because they are lit-
tle disturbed by human activities and thus provide secure shelter
in landscapes otherwise subject to periodic agricultural operations
(Gehring and Swihart, 2003; Baker and Harris, 2006; Pita et al.,

2009). Increasing cover by eucalyptus plantations, however, may
ultimately have a negative effect on carnivores, as suggested by
the decline in fox abundance in landscapes dominated by this exotic
tree, where lagomorphs and other prey tend to be scarce (e.g., Palma
et al., 2006; this study).

Rabbits were positively associated with young pine planta-
tions, probably because they were structurally similar to dense
Mediterranean shrublands where they can find cover from preda-
tors (Calvete et al., 2004; Beja et al., 2007). In general, rabbits in
Mediterranean farmland are favoured by mosaics of shrubland and
herbaceous patches (Calvete et al., 2004), which may justify their
lower abundance in landscapes with either large farmland patches
or high cover by mature eucalyptus plantations. In contrast to rab-
bits, hares were mostly associated with young oak plantations and
with landscapes with intermediate size of open farmland patches,
though they were also negatively affected by high eucalyptus cover.
Oak stands probably provided shelter to hares, because they were
very sparse and had a tall and dense herbaceous layer that was
largely absent from surrounding farmland (Calzada and Martinez,
1994). Taken together, these results suggest that afforestation may
favour lagomorphs in the early stages of development, though
these effects may become negative once forests mature (Hulbert
et al,, 1996). However, high lagomorph abundance around recent
plantations appeared to have little influence on predators, as only
black kites were associated with young pine plantations, probably
reflecting the importance of rabbits in their diet (Vifiuela and Veiga,
1992). Birds of prey were most abundant near oak plantations, but
this was mostly due to variation in the abundance of kestrels, which
do not feed on lagomorphs.

This study also suggested that predators were affected by the
amount and configuration of open farmland patches, underlining
the key role of processes operating at the landscape scale on local
species abundances (e.g., Chalfoun et al., 2002). The overall abun-
dance of carnivores peaked in landscapes with intermediate size
of open farmland patches, probably because they are favoured by
mosaic landscapes providing a combination of secure shelter in
woody habitats and food resources at habitat edges and in adjacent
open land (Mangas et al., 2008; Matos et al., 2009; Pita et al., 2009).
In contrast, Montagu’s harriers were most abundant in large farm-
land patches, though they were also favoured by increasing edge
density, probably because these conditions provided a combina-
tion of suitable nesting and foraging habitats (Arroyo et al., 2002).
White storks and black kites appeared to be negatively influenced
by increasing edge density but reasons for this are unclear, as none
of these species seems to avoid edges of any type (e.g., Meunier
et al., 2000; Johst et al., 2001). Understanding such relationships
would require more detailed information on prey availability across
the landscape, which was unfeasible in this study given the diverse
array of predators analysed.

4.2. Bird nest predation

Contrary to our predictions, predation on artificial bird nests
did not increase near forest plantation edges or in areas with
high abundance of lagomorphs and putative nest predators. How-
ever, predation rates were strongly affected by landscape context,
tending to increase with cover by young oak plantations and over-
all forest plantation cover, to decrease with cover by eucalyptus
plantations at both the local and landscape scales, and to peak in
landscapes with intermediate edge densities.

The lack of local edge effects and the negative association
between predation rates and eucalyptus cover might be considered
surprising, because some common nest predators such as carni-
vores and corvids were strongly associated with forest plantations,
particularly with eucalyptus stands. However, this agrees with the
lack of relationships observed between nest predation rates and
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predator abundances. Furthermore, lack of edge effects have been
reported elsewhere in grassland habitats (Batary and Baldi, 2004;
Renfrew et al., 2005), probably reflecting the range of foraging
behaviour of edge predators and the presence of resident grassland
predators (Ribic et al., 2009). This may also be the case in southern
Portugal, as for instance foxes may move widely and forage in a
range of open habitats (Gehring and Swihart, 2003), thereby adding
to predation potentially caused by predominantly grassland preda-
tors such as white storks and Montagu’s harriers. The observed
patterns may also reflect the operation of predators not analysed
in this study, including snakes, rats (Rattus spp.) and hedgehogs
(Erinaceus europeaus) (Batary and Baldi, 2004; Weatherhead and
Blouin-Demers, 2004), or even cattle (Nack and Ribic, 2005). Pre-
dation by small mammals was unlikely, because they are generally
unable to swallow or break quail eggs (Maier and DeGraaf, 2000).

Despite the lack of local edge effects, there seemed to be a
marked influence of landscape context on predation rates, support-
ing the hypothesis that bird nest predation may depend more on
landscape composition and configuration than on the edge per se
or on local predator abundances (Donovan et al., 1997; Chalfoun et
al., 2002; Batary and Baldi, 2004). This may be because predation
of bird nests is largely incidental, occurring opportunistically when
predators are looking for other prey (Vickery et al., 1992). In these
circumstances, bird nest predation may be less influenced by preda-
tor abundance than by its foraging behaviour (Vickery et al., 1992),
which may change with the abundance of different prey types
(Yanes and Suérez, 1996) and landscape characteristics (Seymour
et al., 2004). Therefore, to understand further the relationships
between afforestation and nest predation rates, information should
be obtained on the actual species involved in predation events,
and how their abundance and foraging behaviour vary in relation
to landscape characteristics and prey availability. These studies
should also focus on real nests, because they may be more appropri-
ate than artificial nests to estimate the consequences of predation
on bird populations (Batary and Baldi, 2004).

4.3. Management implications

This study revealed that forest plantations may offer refuges to
generalist predators such as corvids and carnivores, as well as to
key prey species such rabbits and hares, which have been asso-
ciated elsewhere to population declines of ground-nesting birds
(Yanes and Suarez, 1996; Fletcher et al., 2010). Besides increas-
ing bird mortality rates, the mere presence of these predators may
have non-lethal effects (Cresswell, 2008), eventually contribut-
ing to reduced usage of fields around forest plantations by at
least some species (Reino et al., 2009). These observations suggest
that afforestation programs may have major impacts on farm-
land biodiversity (Reino et al., 2009; Stoate et al., 2009), which
may be particularly negative in Iberian cereal-steppes inhabited
by ground-nesting birds threatened at the European level, such as
the great bustard (Otis tarda) and the little bustard (Tetrax tetrax),
potentially vulnerable to increased predation (Bota et al., 2005).
However, this study also showed that the relationships between
forest plantations and predation rates may be intricate, which
makes it difficult to develop general management prescriptions for
reducing its eventual impacts, as these may need to be tailored to
meet local ecological conditions.

Our findings supported the recommendation of strongly
restricting afforestation in important areas for open grassland birds
(Diaz et al., 1998; Reino et al., 2009). Where afforestation has
already occurred or new plantations cannot be avoided due to
social or economic constraints, efforts should be made to moni-
tor ground-nesting bird populations and nest predation in adjacent
open habitats, thereby providing early signals for population
declines associated with increased predation rates or non-lethal

effects. If necessary, additional conservation action should then
be taken, including for instance the fencing of plantation bound-
aries to restrict movements of terrestrial predators (e.g., Maslo and
Lockwood, 2009) or even predator removal (e.g., Fletcher et al.,
2010).
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