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Abstract
1.	 Globally, loss and degradation of open habitats is causing biodiversity loss. 
Conserving important open habitats and the animal species that rely on them will 
require management interventions to reduce tree encroachment and to maintain 
open vegetation. Effectiveness of interventions will depend on knowledge of how 
species respond to the spatial and temporal configuration of treatments. Here, we 
assess short-term (5 years) responses of open habitat birds of conservation concern 
to mosaics of cutting and prescribed burning in a Mediterranean heathland Natura 
2000 Special Area of Conservation (SAC) and Special Protection Area (SPA).

2.	 In the Pratomagno SAC (central Italy), vegetation structural characteristics and open 
habitat birds were surveyed from pre-treatment (only vegetation) to up to 4 years 
post-treatment. Birds were monitored each spring along fixed transects (7 reference, 
19 treatment). First, we compared post-treatment trajectories of vegetation structure 
among treatment types. Then, we built non-linear mixed-effects models to assess 
changes in the abundance of singing individuals of open habitat birds (1) over time in 
treatment and reference areas; and (2) in response to the extent of treated vegetation 
within three age categories (<1 year, 1 year and >1 year since treatment).

3.	 Within 4 years of treatment, shrubby vegetation was regenerating on a 
trajectory towards that of untreated vegetation and reduced tree height was 
reduced. Abundance of the Dartford warbler (Natura 2000 target species) 
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1  |  INTRODUC TION

Open habitats throughout the world are declining in extent and 
condition due to widespread changes in land management and 
agricultural intensification, leading to biodiversity loss (European 
Environment Agency, 2020; Fagúndez, 2013; Jeanneret et al., 2021; 
Pywell et  al., 2011; Stevens et  al., 2017). Tree encroachment into 
open habitats drives changes in vegetation and faunal community 
structure and composition (Donovan et al., 2018; Zakkak et al., 2014), 
displacing specialist species that rely on open or shrubby habitats 
(Sirami et  al.,  2009; White et  al.,  2024). This phenomenon has 
been observed in open habitats across continents: including Africa 
(Sirami et al., 2009), North America (Andersen & Steidl, 2019), South 
America (Furtado et al., 2021) and Australia (Crowley et al., 2025).

In Europe, tree encroachment into open habitats has largely 
been driven by the abandonment of traditional land management 
practices, such as burning, harvesting grass or heather and grazing 
(Ascoli & Bovio, 2010; Webb, 1998). Accordingly, the conservation of 
open habitats, including dry heathlands (Habitat 4030), and the spe-
cies that rely on them is a key objective of the European Union's (EU) 
biodiversity strategy, especially within the Natura 2000 network 
(Olmeda et al., 2020). To achieve this objective, management strate-
gies and practices that limit tree encroachment while promoting re-
generation of heathland vegetation are needed (Ascoli et al., 2013; 
Fogarty et  al., 2020). However, a key knowledge gap remains re-
garding how heathland species assemblages respond to emerging 
management approaches, both globally and in Mediterranean areas 
(Puig-Gironès et al., 2025).

Tree encroachment in heathlands can have cascading effects on 
species assemblages, including birds that depend on open or shrubby 
habitat structure for nesting, foraging and shelter (Puig-Gironès 
et al., 2022; White et al., 2024). Global declines in open habitat birds 
(Rosenberg et al., 2019; White et al., 2024) are also evident in Europe 

(Burns et al., 2021), prompting many species to be designated as pri-
ority species for conservation management (European Commission: 
Directorate-General for Environment & Sundseth, 2015). Best prac-
tices in habitat management, such as mechanical cutting, prescribed 
burning and/or grazing, can play a vital role in maintaining the 
open or shrubby structures required by many open habitat species, 
thereby supporting biodiversity, promoting ecological functionality 
and reducing wildfire risk (Ascoli et al., 2023). However, their effec-
tiveness depends on locally relevant knowledge of how manage-
ment actions influence the occurrence of species through space and 
time (Schmeller, 2008).

In European heathlands, where species have evolved alongside a 
long history of frequent small-scale disturbances, management ap-
proaches that resemble historical disturbance regimes have great 
potential to achieve desirable conservation outcomes for declining 
specialist species (Ascoli et al., 2009; Newton et al., 2009). Spatially 
and temporally staggering disturbances in a mosaic approach should 
help meet the needs of diverse species and maintain resilient bird 
communities through time (Bradstock et al., 2005; Pons, Lambert, 
et al., 2003). Specifically, implementing small-scale disturbances in a 
landscape mosaic approach is hypothesized to help conserve heath-
land communities by controlling tree encroachment and maintain-
ing a diversity of vegetation (habitat) structures, which will enable 
diverse species to persist in the landscape during post-disturbance 
successions (Thompson et al., 2016). For example, species that for-
age in recently disturbed areas (Hawkes et al., 2019) and those that 
prefer an established shrub layer (Chiatante, 2014) should be able to 
coexist in a landscape characterized by a mosaic of spatially discrete 
patches of different post-disturbance stages (Hovick et al., 2015). In 
particular, mechanical cutting and prescribed burning have emerged 
as promising techniques for maintaining open habitats (Ascoli 
et  al., 2013; Cadenas et  al., 2024; Davies et  al., 2016; Fernández 
et al., 2015).

and cirl bunting declined significantly over time in control but not reference 
areas. Total abundance and that of the Dartford warbler, Moltoni's warbler and 
common stonechat declined significantly in response to the extent of vegetation 
<1 year since treatment, but not the extent of older age classes. The woodlark 
(also target species) and cirl bunting showed non-significant positive trends to 
the extent of vegetation >1 year and <1 year since treatment, respectively.

4.	 Synthesis and applications. Initial responses of open habitat birds indicate that me-
chanical cutting and prescribed burning in heathlands can maintain habitat to support 
open habitat bird species when applied in a mosaic approach. Vegetation treatments 
that resemble historic disturbance regimes (spatially and temporally staggered small-
scale interventions) are recommended to regenerate vegetation, reduce tree en-
croachment and provide habitat for declining birds.

K E Y W O R D S
biodiversity conservation, European dry heaths, global change, integrated fire management, 
mastication, open habitat birds, prescribed fire, vegetation management

 13652664, 2026, 2, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.70283 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [02/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  3 of 15RAINSFORD et al.

In other heathland ecosystems around the world (e.g. in Australia 
and South Africa), disturbances such as fire drive rapid and pro-
nounced ecological changes and have been used to manipulate 
vegetation structural dynamics (e.g. through prescribed burning) to 
achieve conservation objectives for birds (Chalmandrier et al., 2013; 
Rainsford et  al., 2022). However, prescribed burning is still a rel-
atively underexplored and sometimes contentious technique in 
Europe, underscoring the need for research into its effects on eco-
system dynamics (Puig-Gironès et  al.,  2025). Understanding how 
mosaics of cutting and prescribed burning can help to conserve 
open habitats and support heathland bird species is a critical step 
towards developing sustainable management practices within the 
EU's Natura 2000 network.

This study was part of the LIFE Granatha project (https://​www.​
lifeg​ranat​ha.​eu/​en/​), an initiative that aimed to enhance conserva-
tion of declining open habitat bird species by regenerating vegeta-
tion and reducing tree encroachment in heathlands in central Italy. 
The study area belongs to the Natura 2000 target habitat 4030, 
‘European dry heaths’, which is characterized by the prevalence of 
tree heather (Erica arborea). The LIFE Granatha project employed 
a mosaic approach to heathland management, incorporating both 
mechanical cutting and prescribed burning to encourage shrub and 
grass persistence while limiting tree encroachment. This strategy 
aimed to create a dynamic, resilient ecosystem that meets the needs 
of open habitat bird species of conservation concern. Here, our pri-
mary objective is to evaluate the initial responses of bird species to 
mosaics of vegetation management interventions. Specifically, we 
aimed to address three main research questions:

1.	 How do cutting and burning treatments affect vegetation 
structural attributes over time?

2.	 How do populations of open habitat bird species fluctuate over 
time in areas subjected to cutting and burning treatments?

3.	 How do spatio-temporal mosaics of cutting and burning influence 
populations of open habitat bird species?

To address these questions, we used empirical data collected 
during field surveys over 5 years and built statistical models to as-
sess, first, the post-treatment dynamics of vegetation structure (an 
indication of habitat structural dynamics) and, subsequently, the 
distribution of open habitat bird species in response to treatment 
mosaics.

2  |  METHODS

2.1  |  Study area

This study was conducted in the Natura 2000 SAC-SPA IT5180011—
‘Pascoli montani e cespuglieti del Pratomagno’ located in Tuscany, 
central-northern Italy, within the Mediterranean biogeographical 
region at an altitudinal range of ~580 to ~1600 m a.s.l. (Figure 1a). 
Average daily temperature in the study area ranges from 14°C in 

the summer to 2.5°C in the winter. Average monthly precipitation 
ranges from 47 mm in July to 152 mm in November (https://​www.​
cfr.​tosca​na.​it).

The focus of the study was ‘European dry heaths—habitat 
type 4030’ in the EU Habitats Directive (European Commission: 
Directorate-General for Environment & Sundseth,  2015), which 
covers ~450 ha within the study area. The heathland vegetation in 
Pratomagno is dominated by heathers (Erica arborea, E. multiflora), 
which form dense formations from lower foothills to submontane 
areas. Within the heathlands, broad-leaved tree species are often 
patchily distributed, creating a heathland/forest mosaic. The con-
servation status of dry heaths within the study area is considered 
‘Unfavourable-Inadequate’ due to pressures from tree encroachment 
leading to transformations from heaths to woodland, especially in 
the most fertile areas (European Commission: Directorate-General 
for Environment & Sundseth, 2015).

The study area consisted of four blocks (total 308 ha)—two refer-
ence blocks that received no treatments and two treatment blocks 
that, each year, were subjected to a mosaic of mechanical cutting 
(i.e. mastication), hand cutting, hand cutting plus pile burning and 
prescribed burning applications (Table  1; Figure  1). The reference 
and treatment areas were selected based on private landowners' 
availability to support the Granatha Life project, the suitability of 
vegetation for broom production (a traditional use of harvested 
heather) and strategic fuel management for fire hazard reduction 
(Ascoli et  al.,  2023). For these reasons, reference and treatment 
areas were not interspersed in a true blocked and balanced design 
(Figure 1), which is a typical constraint faced by investigations into 
real-world management programs, such as the EU LIFE program. The 
reference areas were selected based on having similar characteris-
tics (vegetation type and structure, altitude, topography, climate) as 
the treatment areas.

2.2  |  Description of treatments

Each year from 2018 to 2022, the heathland vegetation was treated 
to achieve three main objectives: (1) to enhance conservation of 
open habitat bird species by reducing tree encroachment and re-
generating heathland vegetation; (2) to harvest heather for broom 
making; and (3) to reduce wildfire hazard through fuel reduction. 
Treatments were implemented by the local land management agency 
according to their protocols and targets and therefore were not ran-
domly or uniformly implemented across the study area. Within the 
Pratomagno region, a total of 172 ha of vegetation was treated over 
the project (noting that not all vegetation within treatment blocks 
was treated and a given area was only treated once during the pe-
riod). Within the area sampled for birds, there was a total of 74 in-
dividual interventions (66× mechanical cutting; 6× prescribed burn; 
1× cut + burn; 1× hand cut). A total of 87.8 ha (29% of the total sam-
pled area) was treated—75.1 ha were treated by mechanical cutting, 
8.5 ha using prescribed burning, 3.0 ha by hand cutting and 6.1.1 ha 
by cut + burn (Table 1; Figure 1d,e). Interventions ranged from 0.1 to 
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5.1 ha (mean = 1.2, standard deviation = 1.1): 0.1–5.1 ha for mechani-
cal cutting and 0.3–6.2 ha for prescribed burn.

2.3  |  Vegetation and bird data collection

2.3.1  |  Vegetation plots

To assess vegetation structural dynamics over time, 108 circular plots 
(surface area: 78.5 m2, radius: 5 m) were established and monitored 
from 2017 to 2022. Plots were distributed across treated and refer-
ence areas, with each plot undergoing at least one pre-treatment and 
one post-treatment survey. However, not all plots were monitored in 
each year (Table  S1). Sampling locations were georeferenced using 

a Trimble Juno GPS with differential correction to achieve a spatial 
accuracy of less than 5 m. Plot centres were physically marked using 
numbered metal tags tied to the nearest heather stump. Within each 
plot, forest structural attributes were recorded, including species, di-
ameter at the root collar and the height of all individual trees. For indi-
viduals of woody species, the number of seedlings and stump or root 
resprouts was recorded. Heather stump counts were also measured 
within each plot. Densities were upscaled by species to stems per hec-
tare. Sampling also included estimates of percent cover of soil surface 
components (rocks and bare soil, deadwood, grass) and the canopy 
cover of trees exceeding 10 cm in height for each quadrant of the cir-
cular plot and then averaged at the plot scale. Two operators (always 
the same throughout the whole study) independently estimated the 
ground cover of each class for each quadrant. The values estimated by 

F I G U R E  1 (a) Location of study area in Italy. (b) Location of blocks within the study area: Light blue = Massanera (reference); 
white = Poggio della Regina (reference); yellow = Cocollo (treated, reference); green = Casacce (treated). (c) Sampling units in the Cocollo 
block: Teal lines indicate sampling unit boundaries, shades of red indicate treatment year, white lines indicate bird survey transects. Arrows 
in top right of all plots point north. (d, e) The cumulative extent of treated vegetation within the bird sampling units over the study period 
(2018–2022) calculated as hectares (d) and percentage of the block (e) for Casacce (yellow) and Cocollo (green). Navy blue lines represent 
the total summed (d) and percentage (e) area treated of both blocks combined.
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the two observers were then averaged to the nearest percent for each 
quadrant and then averaged at the plot scale. Heather (shrub) height 
was measured at five fixed points per plot. Data were processed to 
derive vegetation structure parameters, including species composi-
tion, average plant height and diameter, basal area and tree density 
(Table 2). The topographic variables, slope, aspect and elevation were 
derived from spatial layers in a GIS.

2.3.2  |  Bird surveys

We surveyed birds along 26 fixed transects (7 in reference blocks, 19 in 
treatment blocks, total transect length = 34.9 km) each year during the 
study period (2017–2022). Transect routes were selected a priori using 

desktop GIS to ensure uniform coverage of the heathland study area. 
Paths, tracks and wild pig trails were targeted to facilitate movement 
through the terrain. Transects were surveyed three times per year dur-
ing the breeding season (March to June), with surveys conducted within 
5 h of sunrise under fair weather conditions. Surveys were carried out 
by three surveyors (T.C., G.L., S.C.). Where possible, repeat surveys of 
transects were conducted by each observer, that is no transect was 
surveyed only by a single observer. Additionally, we standardized the 
collection method among observers prior to monitoring by conducting 
multiple surveys prior to the breeding season. During each survey of 
open habitat birds, the location of the point of first detection of each 
individual was recorded on detailed maps (scale 1:1200, with ortho-
photo base). Detections were categorized as either ‘singing’, ‘calling’ or 
‘visual detection’. Transects were first surveyed in 2017/2018 breeding 

TA B L E  1 Overview of the four study blocks, including total block extent, designation as treatment or reference area, types of fuel 
reduction interventions applied, number of interventions conducted and total area treated.

Block name
Total extent 
(ha)

Extent of reference/treatment 
areas (ha) Treatment

Number of 
interventions

Extent of 
treatment (ha)

Massanera 40 Reference (40) None - -

Poggio della Regina 49 Reference (49) None - -

Cocollo 68 Treatment (51), reference (17) Mechanical cutting 11 13.0

Prescribed burn 5 7.7

Hand cut 1 3.0

Hand cut + burn 1 1.1

Casacce 151 Treatment (151) Mechanical cutting 55 62.2

Prescribed burn 1 0.8

TA B L E  2 Variables to describe vegetation structure and composition measured at each 5-m radius plot.

Variable name Unit of measure Variable description PCA

Erica cover % Percentage cover of Erica spp. Y

Tree canopy cover % Percentage cover of tree canopies spp. Y

Ulex cover % Percentage cover of Ulex europaeus Y

Grass cover % Percentage cover of grasses Y

Genista cover % Percentage cover of Genista Y

Fern cover % Percentage cover of ferns Y

Coarse woody debris cover % Percentage cover of coarse woody debris N

Soil and rock cover % Percentage cover of soil and rocks Y

Erica height m Mean height of Erica spp. Y

Genista height m Mean height of Genista N

Tree height m Mean height of tree spp. Y

Prunus spinosa height m Mean height of Prunus spinosa N

Density of Erica sprouts sprouts/ha Density of Erica spp. shoots N

Density of tree sprouts sprouts/ha Density of tree spp. shoots Y

Density of Prunus spinosa sprouts sprouts/ha Density of Prunus spinosa shoots N

DBH cm Average diameter of trees at the root collar Y

Slope % Plot slope N

Aspect °N Plot aspect N

Elevation m a.s.l. Elevation above sea level N

Note: The column named ‘PCA’ indicates the variables that were used in the principal component analysis (see Table S3).
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season, during the pre-treatment phase (interventions began after the 
summer of 2018): in 2017 we surveyed 80 sampling units, in 2018 an-
other 33. No transects were surveyed in both 2017 and 2018. No sur-
veys were conducted during 2020 because of COVID-19 restrictions. 
Note: no permits were required to undertake the field work.

2.4  |  Statistical analysis

2.4.1  |  Vegetation structure and composition

An exploratory pairwise correlation analysis (Kendall's Rank 
Coefficient) on pre-treatment data revealed collinearity within and 
between heathland and tree variables. We used principal component 
analysis (PCA) to reduce collinear variables into new derived com-
ponents that summarized the original tree and heathland variables 
(Quinn & Keough, 2002). The PCA was based on a correlation matrix 
that included both tree and heathland variables measured across 437 
observations, representing the monitored plots (treated and refer-
ence) in the years from 2017 to 2022. PCA scores of the first and 
second components were extracted for each treatment and year 
combination. These two independent components were then used as 
response variables in subsequent ANOVA analyses to test treatment 
differences at each time step (Objective 1). Assumptions of ANOVA 
were tested for the unbalanced experimental design following Quinn 
and Keough (2002), and when ANOVA indicated significant effects, 
planned contrasts were performed.

2.4.2  |  Open habitat birds

To assess initial responses of open habitat bird species to mosaics 
of cutting and burning, we used non-linear mixed-effects models to 
assess changes in species' relative abundance (1) over time in both 
treatment and reference areas and (2) across the treatment areas 
only in response to measures of treatment mosaics.

Sampling units
To standardize sampling units for bird analyses, first a buffer area 
around the transects was calculated based on the minimum convex 
polygon that contains 95% of all location data for the target species 
combined. The buffer delineates the extent of the area sampled 
for birds and was determined in QGIS. This sampled area was then 
divided into 3-ha sampling units (31 reference and 62 treated units) 
by overlaying a random 3-ha grid. Shapes of the sampling units were 
not uniform to ensure that as much of the sampled area as possible 
was included. These sampling units served as the replicates for 
the bird analyses—that is explanatory and response variables were 
calculated for each sampling unit.

Explanatory variables
For each sampling unit, we generated a range of variables to represent 
mosaics of treatments, topography, variability in productivity and 

land-use (Table 3). To represent the spatial and temporal influence 
of heathland treatments on birds, specifically, we calculated three 
treatment variables for each sampling unit and year: the extent (% of 
sampling unit) of vegetation treated <1 year (ET_recent in Table 2), 
1 year (ET_1year) and >1 year (ET_2year) prior to the bird survey. To 
calculate these variables, maps of treated areas were generated for 
each study year by manually delineating treated vegetation from 
aerial imagery. Maps were ground-truthed and then adjusted to 
ensure treated areas were accurately delineated. Using these vector 
layers, the area treated within each sampling unit was calculated 
for each year. The type of treatment could not be assessed due to 
insufficient replication—that is the vast majority of treated vegetation 
was by mechanical cutting (Figure 1d,e). Additionally, PCA revealed 
no strong differences in vegetation structure following each type of 
treatment.

Land-use maps were generated by using aerial imagery with 
20 cm resolution (Regione Toscana, 2020) from 2016 and manually 
delineating the following land-use classes: shrubland (including with 
scattered trees or exposed rock), grassland (including with scattered 
trees or exposed rock), forest/woodland and bare rock. This vector 
layer was used to calculate the extent of each land-use type for each 
study year by subtracting the cumulative area treated within each 
land-use class from the pre-treatment land-use map. For instance, a 
sampling unit with 5 ha of shrubland in 2021 that experienced 2 ha 
of cutting in 2022 would be recorded as having 3 ha of shrubland and 
2 ha classified as ‘treated’ in 2022.

Variability in productivity was calculated annually within 
each sampling unit as the standard deviation of the Normalized 
Difference Vegetation Index (NDVI) by using all available 
Sentinel-2 imagery from Google Earth Engine from June to August 
for each year.

The mean elevation, slope, aspect and topographic position index 
(TPI) of each sampling unit were derived from a Digital Elevation 
Model (DEM) with 10 m resolution (Regione Toscana,  1998). 
Topographic variables were generated by using the ‘terra’ package 
in R (Hijmans, 2025).

Response variables
Response variables for all bird models were the relative abundance 
of singing individuals of all species combined and of each individual 
species of open habitat bird. Relative abundance for each species 
was calculated as the maximum number of detected individuals over 
the three survey rounds within each sampling unit per year. Four 
species did not occur in the two reference blocks (Table  S1). For 
these species, analyses were conducted using only data from the 
two treatment blocks. Models were built for individual species that 
occurred in >15% of sampling units each year (n = 7 species).

Models
We assessed the responses of open habitat birds to treatment 
mosaics in four ways. First, we used redundancy analysis (RDA) in 
the ‘vegan’ package in R (Oksanen et al., 2025) to explore the re-
lationships among covariates and response variables to show how 
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    |  7 of 15RAINSFORD et al.

the composition of the bird communities is related to environmen-
tal gradients (Objective 2). The variables included in RDA are listed 
in Table 2. To explore temporal dynamics in these relationships, we 
conducted four separate analyses—two each for both the reference 
and treatment areas, one using data from 2018 (i.e. the first survey 
round, pre-treatment) and another using data from 2022 (i.e. the last 
survey round). Bird survey data from 2017 and 2018 were combined 
as 2018, signifying the first survey year because each sampling unit 
was surveyed in only 1 year (80/93 were surveyed in 2017, 13/93 
were surveyed in 2018).

Second, to test for changes in relative abundance within 
sampling units over the study period (Objective 2), we built a 
Generalized Additive Model (GAM) for each response variable as 
a function of year (2018, 2019, 2021, 2022) and treatment (a cat-
egorical variable with two levels: reference, treatment), with an 
interaction between the two specified. Degrees of freedom of the 
smooth term (k) was set to four to limit overfitting. Data from all 
study years were included in the model (including years in which 
the species was not detected). A categorical variable, ‘site_ID’ was 
included as a random spline to account for repeated measures at 
sites. ‘Block’ (Massanera, Poggio della Regina, Cocollo, Casacce) 
was included as a categorical variable to account for spatial clus-
tering of sites. To account for the potential influence of variable 
transect lengths within each sampling unit, transect length (log10) 

was included as an offset. We also included covariates (Table 3) 
to account for the influence of terrain and topographic gradients 
(i.e. TPI, elevation, rock cover). To select covariates for inclusion in 
models, first, we built a ‘global’ model with all candidate variables 
(Table  3). We then removed all non-significant variables (except 
year) and re-ran the model.

Third, to assess the influence of spatio-temporal mosaics of 
treatments on open habitat bird species within the treatment area 
only (Objective 3), we built a GAM for each response variable as 
a function of three main treatment variables: extent of vegetation 
treated <1 year, 1 year and >1 year prior to the bird survey. To ac-
count for variability in forests and shrub cover among sampling units 
irrespective of treatment, the percentage cover of forest and shru-
bland was both included in each model and transect length (log10) 
was included as an offset. We also included covariates (Table 3) to 
account for the influence of topographic gradients, productivity and 
spatial clustering (block). Site_ID was included as a random spline 
and k was set automatically during model fitting. We aimed to test 
the influence of all three treatment variables; so, to select variables 
to include, we built a model with all candidate variables and then 
removed all non-significant variables and re-ran the final model.

Model 1: Response∼year× treatment+TPI+elevation+rocks

+block+(site_ID), offset= transect length

TA B L E  3 Explanatory variables calculated for each sampling unit.

Variable
Unit of 
measure Variable description

Temporal 
status

ET_recent % Extent of vegetation treated less than 1 year prior to the bird survey Dynamic

ET_1year % Extent of vegetation treated during the year that preceded the bird survey. That is for 
2022 bird surveys, this was the extent of vegetation treated during 2021

Dynamic

ET_2year % Extent of vegetation treated at least 2 years prior to the bird survey. Includes 
vegetation with 2, 3 and 4 years' treatment age

Dynamic

Forest % Extent of forest (broadleaf or conifer) vegetation minus the cumulative area of forest 
treated

Dynamic

Shrubs % Extent of combined shrubland categories (shrubs, shrub_trees, shrubs_rocks) minus the 
cumulative area of shrubland treated

Dynamic

NDVI_SD Decimal 
number

Standard deviation of NDVI across the sampling unit Dynamic

Year Integer Survey year: 2018, 2019, 2021, 2022 Dynamic

Hab.Div Index Spatial diversity of vegetation types calculated for each year Dynamic

Rocks % Extent of bare rock or sparsely vegetated rock Static

Elevation m Average elevation across the spatial unit Static

Slope % Average slope across the spatial unit Static

TPI Index Average Topographic Position Index. TPI > 0 when the location is higher than its 
surroundings (i.e. ridges, hilltops). TPI ≈ 0 when the location is similar to its surroundings 
(i.e. flat areas, mid-slopes). TPI < 0 when the location is lower than its surroundings (i.e. 
valleys, depressions)

Static

Treatment Category Treated or reference areas Static

Site_ID Category Unique site ID (1–93) Static

Block Category Massanera, Poggio della Regina, Cocollo, Casacce Static

Transect_length m Length (m) of transect within each sampling unit Static

Note: The ‘temporal status’ indicates whether the variable was either calculated each year (dynamic) or remained constant cross years (static).
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8 of 15  |     RAINSFORD et al.

All statistical analyses were conducted in the R statistical en-
vironment (R Core Team, 2022). For all models, we used a Poisson 
error distribution. Explanatory variables were assessed for collin-
earity prior to analyses using Pearson's correlation coefficient and 
the ‘PerformanceAnalytics’ package (Peterson & Carl,  2024). All 
GAMs were built using the ‘mgcv’ package (Bates et al., 2015; Wood, 
2017). Unless otherwise stated, all spatial analyses were conducted 
in QGIS.

3  |  RESULTS

3.1  |  Effects of treatments on vegetation 
characteristics

The PCA identified two components that, together, explained 
63.6% of the total variance (Table  S2). Variables representing 
heathland structure were highly correlated (Kendall's correla-
tion >0.77) with the first eigenvector—the cover of shrubs, and 
the height and cover of Erica species were positively correlated, 
while grass cover was negatively correlated. These variables 
contributed only minimally to the second component (Table S3; 
Figure  S1). Tree-related variables (tree canopy cover, average 
tree diameter, cumulative height of tree individuals [tree_ind]) 
contributed significantly to the second eigenvector (Kendall's 
correlation = 0.67). As a result, the first component was inter-
preted as a gradient primarily related to heathland regeneration 

success (PC-heath), while the second component reflected in-
creasing tree encroachment (PC-tree).

The temporal trend in mean component scores differed depend-
ing on the treatment (Figure 2). ANOVA revealed no significant dif-
ferences in pre-treatment (time = 0) mean values among treatment 
groups for either the first [F(4, 175) = 6.87, p = 0.24] or the second 
component (p = 0.09). The first year following treatment highlighted 
a reduction in the tree component, indicative of treatment effec-
tiveness in reducing tree competition in the short-term (Figure S2). 
However, 4 years after treatment application, strong resprouting 
from roots and stumps restored the tree canopy cover (not the 
height), and there were no significant differences in the tree com-
ponent [PC-tree, F(4, 71) = 39.07, p = 0.521] between the treatments 
and the reference. Also, the heathland component regenerated 
markedly after treatment application but significant differences 
with the reference (PC-heath, p < 0.01) were still present 4 years 
after treatment, indicating that the pre-level treatment was not yet 
restored (Figure 2; Figure S2). Prescribed burning displayed a heath-
land recovery rate slightly greater than other treatments (Figure 2), 
resulting in significantly higher scores 4 years after treatment when 
compared to cutting treatments.

3.2  |  Bird responses to treatment mosaics

A total of 3983 detections of singing individuals of 12 open habitat 
bird species were made during the bird surveys. One species listed as 
‘Near Threatened’ on the IUCN Red List, the Dartford warbler (Curruca 
undata), was recorded and seven of the 12 species are described as 
having ‘decreasing’ trends across Europe (BirdLife International, 2021; 

Model 2: Response∼ET_recent+ET_1year+ET_2year+ forest

+shrubs+topography+block+(site_ID), offset= transect length

F I G U R E  2 Mean eigenvalues (±SE) for 
PCA 1 (heathland) and PCA 2 (trees) for 
each heathland treatment (represented 
by shapes) and year since treatment 
(0–4, represented by colours). Grey lines 
indicate temporal trajectories of each 
treatment type.
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    |  9 of 15RAINSFORD et al.

Table S4). The most widespread species recorded were the Moltoni's 
warbler (Curruca subalpina), recorded within 99% of sample units in 
2018, 98% in 2019, 96% in 2021 and 96% in 2022, the Dartford war-
bler, recorded within 60% of sample units in 2018 and 47% in 2022; 
and the Sardinian warbler (Curruca melanocephala), recorded within 
52% of sample units in 2018, 48% in 2021 and 46% in 2022 (Table S4). 

Two rare species, the red-backed shrike (Lanius collurio) and Eurasian 
skylark (Alauda arvensis) were recorded for the first time in 2019 and 
the Eurasian skylark was recorded again in 2021 and 2022.

In both the reference and treatment blocks, negative asso-
ciations between open habitat species and forest cover were 
observed in 2018 and 2022 (Figure  3). Some species showed 

F I G U R E  3 Redundancy analysis of the open habitat bird communities within reference (a, b) and treatment areas (c, d) in 2018 (a, c) and 
2022 (b, d). Arrows are environmental variable vectors. Arrow length indicates the strength of the relationship. Grey text indicates species 
codes. Position of species relative to environmental vectors indicates the level of association—direction indicates correlation, distance 
indicates strength of association. Environmental vectors were generated by extracting the ‘scores’ from the RDA analysis. Species codes: 
CiBu, cirl bunting; CoWh, common whitethroat; CoLi, common linnet; CoSt, common stonechat; DaWa, Dartford warbler; MoWa, Moltoni's 
warbler; RoBu, rock bunting; SaWa, Sardinian warbler; Wood, woodlark.
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10 of 15  |     RAINSFORD et al.

associations with specific habitat attributes such as shrubland 
cover (Sardinian warbler in 2018 treatment areas) or rocks (com-
mon whitethroat in 2018 treatment areas). Warblers (Curruca 
species, for example Dartford warbler, Sardinian warbler) were 
generally associated with shrub-dominated sites, while the wood-
lark was typically associated with more open vegetation with bare 
rock, grass and treated areas.

The relative abundances of seven species with sufficient 
data fluctuated over the study period in both the reference 
and treatment areas (Figure  4); however, compared to the ref-
erence areas, populations in the treatment areas showed more 
positive responses, steeper recoveries or greater stability over 
the study period. Abundance of all species combined declined 
in both the reference and treatment areas over 2 years but 
showed a steeper recovery in the treatment areas (Figure  4a). 
The woodlark showed an increasing trend over time in the treat-
ment areas but did not occur in the reference areas (Figure 4b). 
The Dartford warbler declined significantly in the reference 
areas before a steep recovery in the last 2 years, but remained 
more stable in the treatment areas (Figure  4c). The common 
stonechat showed an increasing trend in treatment areas and a 
declining trend in reference areas (Figure 4d). Moltoni's warbler 

showed a non-significant decline and recovery in the treat-
ment areas, where abundance was greater than in reference 
areas (Figure  4e). Relative abundance of the Sardinian warbler 
(Figure 4f) and common whitethroat (Figure 4g) did not fluctu-
ate significantly over the study period. The cirl bunting declined 
steeply approaching local extirpation by 2022 in the reference 
areas, but abundance remained higher in treatment areas de-
spite an initial slight decline (Figure 4h). Detailed model outputs 
can be found in Table S5.

Total species' abundance (Figure 5a) and that of the Dartford 
warbler (Figure 5c), common stonechat (Figure 5d) and Moltoni's 
warbler (Figure  5e) declined significantly in response to the ex-
tent of vegetation <1 year since treatment. The Sardinian warbler 
showed a declining trend that approached significance (p < 0.01) 
(Figure  5f). The woodlark showed an increasing trend in rela-
tion to the extent of treated vegetation >1 year since treatment 
(Figure 5b). The common whitethroat (Figure 5g) and cirl bunting 
(Figure 5h) did not respond significantly to any measure of treat-
ment extent. However, the woodlark and cirl bunting showed non-
significant positive trends to the extent of vegetation >1 year and 
<1 year since treatment, respectively. Detailed model outputs can 
be found in Table S6.

F I G U R E  4 Bird responses to mosaic burning and cutting over time. Plots show changes in the relative abundance per sampling unit over 
time for all species considered together (a) and seven individual species (b–h). Blue lines represent trends in treatment areas; orange lines 
represent trends in reference areas. Lines are fitted Generalized Additive Models (GAMs). Shaded areas indicate standard errors. p-Values 
are displayed adjacent to the corresponding model. All models included transect length (log10) as an offset.
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    |  11 of 15RAINSFORD et al.

4  |  DISCUSSION

These findings suggest that treating vegetation in Mediterranean 
heathlands by cutting and burning can enhance conservation 
of declining open habitat bird species, but a mosaic approach is 
necessary to support diverse species within landscapes that are 
subject to treatment. Within 4 years of treatment, heathland veg-
etation was regenerating on a trajectory towards that of untreated 
vegetation, characterized by vigorous shrub growth and reduced 
tree height. Open habitat bird populations in the study area fluctu-
ated over the study period; however, fluctuations in the treatment 
areas were positive or minimal for most species when compared 
to reference areas, indicating that the mosaic treatments allowed 
species to find suitable conditions at different times. The spatial 
pattern of treatment mosaics influenced the distribution of open 
habitat bird species within the treatment blocks. For four of these 
species, including the Dartford warbler (target species of the 
Natura 2000 SAC), the extent of recently treated vegetation re-
duced relative abundance, indicating an acute response to the ini-
tial disturbance. However, as the time since treatment increased, 
the influence on bird abundances dissipated, indicating that the 
mosaic of vegetation structures caused by staggering interven-
tions over time helped maintain suitable habitat as regeneration 
continued throughout the period. The woodlark, another priority 

species, by contrast, showed a non-significant positive association 
with the extent of vegetation treated >1 year, potentially indicat-
ing regeneration of preferred habitat for this species. Our find-
ings highlight the necessity of applying vegetation treatments in a 
patchwork to sustain the open habitat bird community over time.

4.1  |  Vegetation structural dynamics

Our results demonstrated that, after 4 years since treatment, 
vegetation plots, regardless of type of treatment, were following 
a trajectory towards that of untreated vegetation. Treatments 
reduced tree height in vegetation plots; however, some tree 
species (mainly Prunus spinosa) resprouted vigorously from roots 
following treatments, resulting in a high density of shoots that 
maintained values for tree canopy cover throughout the study 
period. Rapid resprouting of treated trees highlights the need for 
ongoing management to limit tree growth over time either through 
repeated treatments or combined with selective grazing on the tree 
component (Ascoli et al., 2013; Thompson et al., 2016). Immediately 
following treatment, plots were characterized by high levels of bare 
ground and litter. After 1 year, Erica spp. had begun to resprout. In 
the second year following treatment, vigorous shrub growth resulted 
in increased cover and reduced grass presence. These findings, in 

F I G U R E  5 Influence of cutting and burning mosaics on the relative abundance of open habitat birds. Plots show expected counts of 
singing individuals per metre of transect as a function of the extent of heathland vegetation <1 year (solid lines), 1 year (dashed lines) and 
>1 year (dotted lines) since treatment for all species considered together (a) and seven individual species (b–h). X-axes are the percentage 
of sampling units treated within each time-since-treatment category. Lines are fitted Generalized Additive Models (GAM). Shaded areas 
indicate standard errors. p-Values are approximate significance of the smooth term of significant (p < 0.05) or approaching significant (p < 0.1) 
relationships only. All models included transect length (log10) as an offset.
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12 of 15  |     RAINSFORD et al.

accordance with previous studies, suggest that cutting, mastication 
and prescribed burning can be used alternately to temporarily reduce 
heathland biomass while stimulating regeneration (Fernández 
et  al.,  2015). The patterns of spatial and temporal dynamics of 
treated vegetation are similar to observations recorded previously 
in Mediterranean heathlands (Calvo et  al.,  2012) and define the 
dynamics in habitat structure, which ultimately drive bird responses 
to management mosaics.

4.2  |  Bird responses to treatment mosaics

Habitat preferences of bird species help explain observed re-
sponses to management interventions (Rainsford et  al.,  2021). 
For example, the woodlark is known to prefer early-to-mid post-
disturbance successional stages in other Mediterranean areas 
(Pons & Clavero, 2010; Puig-Gironès et al., 2022) as well as in the 
Pratomagno region (Campedelli et  al., 2016). This species exploits 
mosaics of open habitats by foraging on the ground, avoiding areas 
of high tree and shrub cover. In contrast, the Dartford warbler, 
Moltoni's warbler, Sardinian warbler and common stonechat depend 
on a well-developed shrub layer (Chiatante, 2014; Tellini Florenzano 
& Lapini, 1999), which takes several years to develop following dis-
turbance in heathlands (Pons et  al., 2012). Typically, the Dartford 
warbler abandons a severely disturbed shrubland and recolonizes 
after 2–4 years (Pons et  al.,  2012) once shrub cover at 0.25–1 m 
height has developed. Peaks in abundance at around 4–9 years have 
been recorded previously (Pons et al., 2012), although this process 
is influenced by the rate of vegetation regeneration and site climate 
(Pons & Clavero, 2010; Puig-Gironès et  al., 2017). Finally, species 
that show more general habitat associations tended not to respond 
significantly to treatment mosaics. For example, the common white-
throat (Szymański & Antczak,  2013) and cirl bunting (Brambilla 
et al., 2008), which did not respond significantly to treatment mosa-
ics, prefer structurally diverse habitats that include shrubs and grass. 
Knowledge of how species respond to post-disturbance habitat dy-
namics is critical for assessing how management interventions will 
shape ecological communities over time and space (Puig-Gironès 
et  al., 2025). For open habitat bird species in heathland habitats, 
maintaining patches of heathland at various post-treatment ages will 
likely lead to the best conservation outcomes.

Further, spatial and temporal components of disturbance regimes 
are important to consider for management of birds and other fauna 
in disturbance-prone environments (Kelly et  al.,  2018; Rainsford 
et  al., 2023), especially in areas where there is a history of vege-
tation management through disturbance (Fuhlendorf et  al., 2012). 
Here, we show how mosaics of cutting and prescribed burning that 
resemble the historical disturbance regime can help maintain popu-
lations of open habitat species in the short term. A mosaic approach 
enables vegetation succession to be staggered across the landscape, 
maintaining suitable habitat for a range of species over space and 
time. Comparisons with previous studies highlight the benefits of 
mosaics for open habitat birds. For instance, the Dartford warbler 

in Catalonia was observed to remain in an area after intervention as 
long as some shrub cover was retained (Pons, Henry, et al., 2003). 
This was supported by anecdotal observations during the current 
study of Dartford warbler individuals remaining in treated areas 
where there were shrubs. Research on tree removal in open habitats 
has also shown that retaining undisturbed habitat in the surrounding 
landscape during treatments can help reduce short-term displace-
ment of wildlife in early phases of treatment (Thompson et al., 2016).

4.3  |  Implications and limitations

Managing wildfire risk through vegetation treatments is a key goal 
of local land management agencies in southern Europe (Ascoli 
et al., 2023). However, altered fire regimes, exacerbated by climate 
change, are intensifying fire weather and extending fire seasons, 
making ecosystems increasingly vulnerable to wildfire impacts 
(Berchtold et al., 2025). In this context, the rapid recovery of vegeta-
tion structure after treatment means that fuel reductions are often 
short-lived, requiring frequent reapplications of treatments. These 
challenges call for adaptive and integrated strategies such as vegeta-
tion treatments that mimic historical disturbance regimes integrated 
with, for example, livestock grazing. By maintaining a heterogene-
ous landscape and implementing a temporal rotation of treatments, 
this approach can support the persistence of multiple species with 
contrasting habitat requirements while sustaining fire risk reduction 
efforts over the long term (Oliveras Menor et al., 2025).

Three key aspects must be considered when interpreting the 
findings. First, treatments were implemented by the local land man-
agement agency according to their management targets, goals and 
protocols. As such, the timing, extent and placement of treatments 
were at the discretion of the practitioners and under the influence 
of prevailing weather conditions. This meant that the study de-
sign was not completely balanced; that is, treatment and reference 
areas were not interspersed randomly but rather located as discrete 
blocks. However, not all vegetation within the treatment blocks 
was treated, and so, we could analyse the influence of treatments 
as spatio-temporal mosaics as the extent of vegetation treated at 
different points in time. Second, lack of data for some species of 
conservation concern (e.g. tawny pipit) prevented statistical analy-
ses. For these species, we recommend continued monitoring. Third, 
imperfect detection of birds could have influenced the estimates of 
relative abundance as detection probability was not explicitly ac-
counted for in the models. However, by using a buffer area to stan-
dardize sampling units, detection bias should be evenly distributed 
among treatments and we expect its influence on the main findings 
to be low.

5  |  CONCLUSIONS

Mosaics of cutting and burning treatments in Mediterranean heath-
lands can regenerate habitats for a range of open habitat bird 
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    |  13 of 15RAINSFORD et al.

species by reducing tree canopy cover and stimulating shrubland 
growth. Individual species responded differently to spatio-temporal 
measures of treatment intensity, highlighting the need for a mo-
saic approach to heathland management that maintains a variety 
of habitat structures across the landscape that can support diverse 
species. Ongoing management of heathlands is recommended to en-
sure tree encroachment is reduced over time and open habitats are 
maintained. New arrivals of rare species (e.g. the red-backed shrike, 
Eurasian skylark) are encouraging and warrant ongoing monitoring 
to determine the long-term benefits of management interventions. 
Initial responses of open habitat birds indicate short-term benefits, 
suggesting this approach to heathland management could benefit 
species in regions throughout the world and help to support habitat 
restoration, specifically in the Natura 2000 network.

AUTHOR CONTRIBUTIONS
Frederick W. Rainsford: Conceptualization; data curation and analysis; 
investigation; methodology; supervision; validation; visualization; 
writing—original draft; review and editing. Davide Ascoli: 
Conceptualization; funding acquisition; project administration; 
data curation and analysis; investigation; resources; supervision; 
validation; visualization; writing—original draft; review and editing. 
Tommaso Campedelli and Guglielmo Londi: Conceptualization; 
funding acquisition; project administration; data collection and 
curation; investigation; resources; supervision. Marcello Miozzo, 
Luca Tonarelli, Chiara Milanese and Nico Betti: Conceptualization; 
funding acquisition; project administration. Simonetta Cutini 
and Guido Tellini Florenzano: Conceptualization; data collection 
and curation; investigation; supervision. Pere Pons and Roger 
Puig-Gironès: Supervision; writing—original draft; writing—
review and editing. Roberta Berretti: Conceptualization; data 
collection and curation; investigation; methodology; supervision; 
validation; writing—review and editing. Renzo Motta: Investigation; 
supervision; writing—review and editing. Luca Musio, Jose V. Moris, 
Gian Luca Spadoni, Cinzia Passamani: Data curation; investigation; 
methodology; writing—review and editing. Alessia Bono and Davide 
Vecchio: data curation; writing—review and editing.

ACKNOWLEDG EMENTS
D.A., R.B., R.M., T.C., M.M., L.T., C.M., G.L., S.C. and G.T.F. work was 
supported by the Life Program of the European Commission, project 
Granatha – GRowing AviaN in Apennine's Tuscany HeathlAnds, 
LIFE15 NAT/IT/000837. R.P.-G., G.L.S., L.M. and P.P. work was 
supported by EU Marie Skłodowska-Curie Action awarded to FIRE-
ADAPT project no. 101086416 and by EU Horizon2020 grant no. 
101036926 to the TREEADS project.

CONFLIC T OF INTERE S T S TATEMENT
The authors have no conflicts of interest to declare.

DATA AVAIL ABILIT Y S TATEMENT
Data available from the Dryad Digital Repository, https://​doi.​org/​10.​
5061/​dryad.​7h44j​1085 (Rainsford et al., 2026).

ORCID
Frederick W. Rainsford   https://orcid.org/0000-0002-2316-9197 
Guglielmo Londi   https://orcid.org/0009-0007-6283-3998 
José V. Moris   https://orcid.org/0000-0003-0241-7910 
Gian Luca Spadoni   https://orcid.org/0000-0001-6083-6051 
Alessia Bono   https://orcid.org/0009-0005-0919-4395 
Davide Vecchio   https://orcid.org/0009-0007-3905-0952 
Roger Puig-Gironès   https://orcid.org/0000-0002-4692-8192 
Pere Pons   https://orcid.org/0000-0002-2196-5544 
Davide Ascoli   https://orcid.org/0000-0002-2671-5122 

R E FE R E N C E S
Andersen, E. M., & Steidl, R. J. (2019). Woody plant encroachment restruc-

tures bird communities in semiarid grasslands. Biological Conservation, 
240, 108276. https://​doi.​org/​10.​1016/j.​biocon.​2019.​108276

Ascoli, D., Beghin, R., Ceccato, R., Gorlier, A., Lombardi, G., Lonati, M., 
Marzano, R., Bovio, G., & Cavallero, A. (2009). Developing an 
adaptive management approach to prescribed burning: A long-
term heathland conservation experiment in north-west Italy. 
International Journal of Wildland Fire, 18(6), 727–735. https://​doi.​
org/​10.​1071/​WF07114

Ascoli, D., & Bovio, G. (2010). Tree encroachment dynamics in heath-
lands of north-west Italy: The fire regime hypothesis. iForest 
- Biogeosciences and Forestry, 3(5), 137–143. https://​doi.​org/​10.​
3832/​ifor0​548-​003

Ascoli, D., Lonati, M., Marzano, R., Bovio, G., Cavallero, A., & Lombardi, 
G. (2013). Prescribed burning and browsing to control tree en-
croachment in southern European heathlands. Forest Ecology and 
Management, 289, 69–77. https://​doi.​org/​10.​1016/j.​foreco.​2012.​
09.​041

Ascoli, D., Plana, E., Oggioni, S. D., Tomao, A., Colonico, M., Corona, P., 
Giannino, F., Moreno, M., Xanthopoulos, G., Kaoukis, K., Athanasiou, 
M., Colaço, M. C., Rego, F., Sequeira, A. C., Acácio, V., Serra, M., & 
Barbati, A. (2023). Fire-smart solutions for sustainable wildfire risk 
prevention: Bottom-up initiatives meet top-down policies under 
EU green deal. International Journal of Disaster Risk Reduction, 92, 
103715. https://​doi.​org/​10.​1016/j.​ijdrr.​2023.​103715

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software, 
67(1), 1–48. https://​doi.​org/​10.​18637/​​jss.​v067.​i01

Berchtold, C., Petersen, K., Kaskara, M., Pettinari, M. L., Vinders, J., 
Schlierkamp, J., Kalapodis, N., Sakkas, G., Brunet, P., Soldatos, J., 
Lazarou, A., Casciano, D., Chandramouli, K., Deubelli, T., Scolobig, 
A., Silva, H., Plana, E., & Garofalo, M. (2025). Towards wildfire risk 
reduction goals and targets for Europe – Opportunities and chal-
lenges. Climate Risk Management, 50, 100744. https://​doi.​org/​10.​
1016/j.​crm.​2025.​100744

BirdLife International. (2021). European red list of birds. Publications 
Office of the European Union.

Bradstock, R. A., Bedward, M., Gill, A. M., & Cohn, J. S. (2005). Which 
mosaic? A landscape ecological approach for evaluating interac-
tions between fire regimes, habitat and animals. Wildlife Research, 
32(5), 409–423. https://​doi.​org/​10.​1071/​WR02114

Brambilla, M., Guidali, F., & Negri, I. (2008). The importance of an agri-
cultural mosaic for cirl buntings Emberiza cirlus in Italy. Ibis, 150(3), 
628–632. https://​doi.​org/​10.​1111/j.​1474-​919X.​2008.​00822.​x

Burns, F., Eaton, M. A., Burfield, I. J., Klvanova, A., Silarova, E., Staneva, 
A., & Gregory, R. D. (2021). Abundance decline in the avifauna of 
the European Union reveals cross-continental similarities in biodi-
versity change. Ecology and Evolution, 11, 16647–16660.

Cadenas, R. M., Castedo-Dorado, F., & Valbuena, L. (2024). Medium-
term comparative effects of prescribed burning and mechanical 

 13652664, 2026, 2, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.70283 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [02/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.5061/dryad.7h44j1085
https://doi.org/10.5061/dryad.7h44j1085
https://orcid.org/0000-0002-2316-9197
https://orcid.org/0000-0002-2316-9197
https://orcid.org/0009-0007-6283-3998
https://orcid.org/0009-0007-6283-3998
https://orcid.org/0000-0003-0241-7910
https://orcid.org/0000-0003-0241-7910
https://orcid.org/0000-0001-6083-6051
https://orcid.org/0000-0001-6083-6051
https://orcid.org/0009-0005-0919-4395
https://orcid.org/0009-0005-0919-4395
https://orcid.org/0009-0007-3905-0952
https://orcid.org/0009-0007-3905-0952
https://orcid.org/0000-0002-4692-8192
https://orcid.org/0000-0002-4692-8192
https://orcid.org/0000-0002-2196-5544
https://orcid.org/0000-0002-2196-5544
https://orcid.org/0000-0002-2671-5122
https://orcid.org/0000-0002-2671-5122
https://doi.org/10.1016/j.biocon.2019.108276
https://doi.org/10.1071/WF07114
https://doi.org/10.1071/WF07114
https://doi.org/10.3832/ifor0548-003
https://doi.org/10.3832/ifor0548-003
https://doi.org/10.1016/j.foreco.2012.09.041
https://doi.org/10.1016/j.foreco.2012.09.041
https://doi.org/10.1016/j.ijdrr.2023.103715
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.crm.2025.100744
https://doi.org/10.1016/j.crm.2025.100744
https://doi.org/10.1071/WR02114
https://doi.org/10.1111/j.1474-919X.2008.00822.x


14 of 15  |     RAINSFORD et al.

shredding on soil characteristics in heathland and shrubland hab-
itats: Insights from a protected natural area. Fire, 7(5), 160. https://​
doi.​org/​10.​3390/​fire7​050160

Calvo, L., Tárrega, R., & Luis, E. (2012). Changes of species richness in 
heathland communities over 15 years following disturbances. 
International Journal of Forestry Research, 2012(1), 547120.

Campedelli, T., Londi, G., Miniati, G., Cutini, S., & Florenzano, G. T. (2016). 
Recovering mountain Mediterranean grasslands for breeding birds: 
Ecology and population status shape species responses to manage-
ment. Biodiversity and Conservation, 25(9), 1695–1710. https://​doi.​
org/​10.​1007/​s1053​1-​016-​1150-​6

Chalmandrier, L., Midgley, G. F., Barnard, P., & Sirami, C. (2013). Effects of 
time since fire on birds in a plant diversity hotspot. Acta Oecologica, 
49, 99–106. https://​doi.​org/​10.​1016/j.​actao.​2013.​03.​008

Chiatante, G. (2014). Habitat selection of Dartford warbler Sylvia undata 
on Elba Island (Tuscan Archipelago, Italy). Bird Study, 61(3), 438–
443. https://​doi.​org/​10.​1080/​00063​657.​2014.​936354

Crowley, G. M., Shephard, S., Murphy, S. A., & Garnett, S. T. (2025). 
Woody plant encroachment drives the decline of a grassland bird: 
The fate of golden-shouldered parrot (Psephotellus chrysopterygius) 
nests. PLoS One, 20(7), e0327543. https://​doi.​org/​10.​1371/​journ​al.​
pone.​0327543

Davies, G. M., Kettridge, N., Stoof, C. R., Gray, A., Ascoli, D., Fernandes, 
P. M., Marrs, R., Allen, K. A., Doerr, S. H., Clay, G. D., McMorrow, 
J., & Vandvik, V. (2016). The role of fire in UK peatland and moor-
land management: The need for informed, unbiased debate. 
Philosophical Transactions of the Royal Society, B: Biological Sciences, 
371(1696), 20150342. https://​doi.​org/​10.​1098/​rstb.​2015.​0342

Donovan, V. M., Burnett, J. L., Bielski, C. H., Birgé, H. E., Bevans, R., 
Twidwell, D., & Allen, C. R. (2018). Social–ecological landscape 
patterns predict woody encroachment from native tree plantings 
in a temperate grassland. Ecology and Evolution, 8(19), 9624–9632. 
https://​doi.​org/​10.​1002/​ece3.​4340

European Commission: Directorate-General for Environment, & Sundseth, 
K. (2015). The EU birds and habitats directives – For nature and people in 
Europe. Publications Office. https://​doi.​org/​10.​2779/​49288​. https://​
natur​e-​art17.​eionet.​europa.​eu/​artic​le17/​habit​at/​summa​ry/​

European Environment Agency. (2020). State of nature in the EU. Results 
from reporting under the nature directives 2013–2018. Technical re-
port no 10/2020. European Environment Agency, Copenhagen.

Fagúndez, J. (2013). Heathlands confronting global change: Drivers of 
biodiversity loss from past to future scenarios. Annals of Botany, 
111(2), 151–172. https://​doi.​org/​10.​1093/​aob/​mcs257

Fernández, C., Vega, J. A., & Fonturbel, T. (2015). Does shrub recov-
ery differ after prescribed burning, clearing and mastication in a 
Spanish heathland? Plant Ecology, 216(3), 429–437. https://​doi.​org/​
10.​1007/​s1125​8-​015-​0447-​y

Fogarty, D. T., Roberts, C. P., Uden, D. R., Donovan, V. M., Allen, C. R., 
Naugle, D. E., Jones, M. O., Allred, B. W., & Twidwell, D. (2020). 
Woody plant encroachment and the sustainability of priority con-
servation areas. Sustainability (Switzerland), 12(20), 1–15. https://​
doi.​org/​10.​3390/​su122​08321​

Fuhlendorf, S., Engle, D., Elmore, R., Limb, R., & Bidwel, T. (2012). 
Conservation of pattern and process: Developing and alterna-
tive paradigm of rangeland management. Rangeland Ecology & 
Management, 65(6), 579–589.

Furtado, L. O., Felicio, G. R., Lemos, P. R., Christianini, A. V., Martins, M., 
& Carmignotto, A. P. (2021). Winners and losers: How woody en-
croachment is changing the small mammal community structure in 
a neotropical savanna. Frontiers in Ecology and Evolution, 9, 774744. 
https://​doi.​org/​10.​3389/​fevo.​2021.​774744

Hawkes, R. W., Smart, J., Brown, A., Jones, H., & Dolman, P. M. (2019). 
Experimental evidence that ground-disturbance benefits woodlark 
Lullula arborea. Ibis, 161(2), 447–452. https://​doi.​org/​10.​1111/​ibi.​12696​

Hijmans, R. (2025). terra: Spatial data analysis. R package version 1.8-41. 
https://​github.​com/​rspat​ial/​terra​

Hovick, T. J., Elmore, R. D., Fuhlendorf, S. D., Engle, D. M., & Hamilton, R. 
G. (2015). Spatial heterogeneity increases diversity and stability in 
grassland bird communities. Ecological Applications, 25(3), 662–672. 
https://​doi.​org/​10.​1890/​14-​1067.​1 PMID: 26214912.

Jeanneret, P., Lüscher, G., Schneider, M. K., Pointereau, P., Arndorfer, M., 
Bailey, D., Balázs, K., Báldi, A., Choisis, J.-P., Dennis, P., Diaz, M., 
Eiter, S., Elek, Z., Fjellstad, W., Frank, T., Friedel, J. K., Geijzendorffer, 
I. R., Gillingham, P., Gomiero, T., … Herzog, F. (2021). An increase in 
food production in Europe could dramatically affect farmland bio-
diversity. Communications Earth & Environment, 2(1), 183. https://​
doi.​org/​10.​1038/​s4324​7-​021-​00256​-​x

Kelly, L. T., Brotons, L., Giljohann, K. M., McCarthy, M. A., Pausas, J. G., & 
Smith, A. L. (2018). Bridging the divide: Integrating animal and plant 
paradigms to secure the future of biodiversity in fire-prone ecosys-
tems. Fire, 1(2), 29. https://​doi.​org/​10.​3390/​fire1​020029

Newton, A. C., Stewart, G. B., Myers, G., Diaz, A., Lake, S., Bullock, J. 
M., & Pullin, A. S. (2009). Impacts of grazing on lowland heathland 
in north-west Europe. Biological Conservation, 142(5), 935–947. 
https://​doi.​org/​10.​1016/j.​biocon.​2008.​10.​018

Oksanen, J., Simpson, G., Blanchet, F., Kindt, R., Legendre, P., Minchin, 
P., O'Hara, R., Solymos, P., Stevens, M., Szoecs, E., Wagner, H., 
Barbour, M., Bedward, M., Bolker, B., Borcard, D., Borman, T., 
Carvalho, G., Chirico, M., De Caceres, M., … Weedon, J. (2025). 
vegan: Community ecology package. R package version 2.7-0. https://​
github.​com/​vegan​devs/​vegan​

Oliveras Menor, I., Prat-Guitart, N., Spadoni, G. L., Hsu, A., Fernandes, 
P. M., Puig-Gironès, R., Ascoli, D., Bilbao, B. A., Bacciu, V., Brotons, 
L., Carmenta, R., de-Miguel, S., Gonçalves, L. G., Humphrey, G., 
Ibarnegaray, V., Jones, M. W., Machado, M. S., Millan, A., de Morais 
Falleiro, R., … Armenteras Pascual, D. (2025). Integrated fire man-
agement as an adaptation and mitigation strategy to altered fire 
regimes. Communications Earth & Environment, 6, 202. https://​doi.​
org/​10.​1038/​s4324​7-​025-​02165​-​9

Olmeda, C., Šefferová, V., Underwood, E., Millan, L., Gil, T., & Naumann, 
S. (2020). EU action plan to maintain and restore to favourable conser-
vation status the habitat type 4030 European dry heaths. European 
Commission.

Peterson, B. G., & Carl, P. (2024). PerformanceAnalytics: Econometric tools 
for performance and risk analysis. R package version 2.0.8-1. https://​
github.​com/​brave​rock/​perfo​rmanc​eanal​ytics​

Pons, P., & Clavero, M. (2010). Bird responses to fire severity and time since 
fire in managed mountain rangelands. Animal Conservation, 13(3), 
294–305. https://​doi.​org/​10.​1111/j.​1469-​1795.​2009.​00337.​x

Pons, P., Clavero, M., Bas, J. M., & Prodon, R. (2012). Time-window of 
occurrence and vegetation cover preferences of Dartford and 
Sardinian Warblers after fire. Journal of Ornithology, 153(3), 921–
930. https://​doi.​org/​10.​1007/​s1033​6-​012-​0822-​6

Pons, P., Henry, P. Y., Gargallo, G., Prodon, R., & Lebreton, J. D. (2003). 
Local survival after fire in Mediterranean shrublands: Combining 
capture-recapture data over several bird species. Population 
Ecology, 45, 187–196.

Pons, P., Lambert, B., Rigolot, E., & Prodon, R. (2003). The effects of 
grassland management using fire on habitat occupancy and conser-
vation of birds in a mosaic landscape. Biodiversity and Conservation, 
12, 1843–1860.

Puig-Gironès, P., Palmero-Iniesta, M., Fernandes, P. M., Oliveras Menor, 
I., Ascoli, D., Kelly, L., Charles-Dominique, T., Regos, A., Harrison, 
S. P., Armenteras, D., Brotons, L., de-Miguel, S., Spadoni, G. L., 
Carmenta, R., Machado, M., Cardil, A., Santos, X., Erdozain, M., 
Canaleta, C., … Pons, P. (2025). The use of fire to preserve biodiver-
sity under novel fire regimes. Philosophical Transactions of the Royal 
Society, B: Biological Sciences, 380, 20230449. https://​doi.​org/​10.​
1098/​rstb.​2023.​0449

Puig-Gironès, R., Brotons, L., & Pons, P. (2017). Aridity influences the 
recovery of vegetation and shrubland birds after wildfire. PLoS One, 
12(3), e0173599. https://​doi.​org/​10.​1371/​journ​al.​pone.​0173599

 13652664, 2026, 2, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.70283 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [02/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3390/fire7050160
https://doi.org/10.3390/fire7050160
https://doi.org/10.1007/s10531-016-1150-6
https://doi.org/10.1007/s10531-016-1150-6
https://doi.org/10.1016/j.actao.2013.03.008
https://doi.org/10.1080/00063657.2014.936354
https://doi.org/10.1371/journal.pone.0327543
https://doi.org/10.1371/journal.pone.0327543
https://doi.org/10.1098/rstb.2015.0342
https://doi.org/10.1002/ece3.4340
https://doi.org/10.2779/49288
https://nature-art17.eionet.europa.eu/article17/habitat/summary/
https://nature-art17.eionet.europa.eu/article17/habitat/summary/
https://doi.org/10.1093/aob/mcs257
https://doi.org/10.1007/s11258-015-0447-y
https://doi.org/10.1007/s11258-015-0447-y
https://doi.org/10.3390/su12208321
https://doi.org/10.3390/su12208321
https://doi.org/10.3389/fevo.2021.774744
https://doi.org/10.1111/ibi.12696
https://github.com/rspatial/terra
https://doi.org/10.1890/14-1067.1
https://doi.org/10.1038/s43247-021-00256-x
https://doi.org/10.1038/s43247-021-00256-x
https://doi.org/10.3390/fire1020029
https://doi.org/10.1016/j.biocon.2008.10.018
https://github.com/vegandevs/vegan
https://github.com/vegandevs/vegan
https://doi.org/10.1038/s43247-025-02165-9
https://doi.org/10.1038/s43247-025-02165-9
https://github.com/braverock/performanceanalytics
https://github.com/braverock/performanceanalytics
https://doi.org/10.1111/j.1469-1795.2009.00337.x
https://doi.org/10.1007/s10336-012-0822-6
https://doi.org/10.1098/rstb.2023.0449
https://doi.org/10.1098/rstb.2023.0449
https://doi.org/10.1371/journal.pone.0173599


    |  15 of 15RAINSFORD et al.

Puig-Gironès, R., Brotons, L., & Pons, P. (2022). Aridity, fire severity and 
proximity of populations affect the temporal responses of open-
habitat birds to wildfires. Biological Conservation, 272, 109661. 
https://​doi.​org/​10.​1016/j.​biocon.​2022.​109661

Pywell, R. F., Meek, W. R., Webb, N. R., Putwain, P. D., & Bullock, J. M. 
(2011). Long-term heathland restoration on former grassland: The 
results of a 17-year experiment. Biological Conservation, 144(5), 
1602–1609. https://​doi.​org/​10.​1016/j.​biocon.​2011.​02.​010

Quinn, G. P., & Keough, M. J. (2002). Experimental design and data analysis 
for biologists. Cambridge University Press. https://​doi.​org/​10.​1017/​
CBO97​80511​806384

R Core Team. (2022). R: A language and environment for statistical computing. 
R Foundation for Statistical Computing. https://​www.​R-​proje​ct.​org/​

Rainsford, F. W., Campedelli, T., Londi, G., Miozzo, M., Cutini, S., Tellini 
Florenzano, G., Milanese, C., Betti, N., Tonarelli, L., Berretti, R., 
Musio, L., Moris, J. V., Spadoni, G. L., Bono, A., Passamani, C., 
Vecchio, D., Motta, R., Puig-Gironès, R., Pons, P., & Ascoli, D. 
(2026). Data from: Restoring Mediterranean heathlands for declining 
birds: Initial responses to mosaic cutting and burning in the Natura 
2000 LIFE program. Dryad Digital Repository. https://​doi.​org/​10.​
5061/​dryad.​7h44j​1085

Rainsford, F. W., Giljohann, K. M., Bennett, A. F., Clarke, M. F., MacHunter, 
J., Senior, K., Sitters, H., Watson, S., & Kelly, L. T. (2023). Ecosystem 
type and species' traits help explain bird responses to spatial pat-
terns of fire. Fire Ecology, 19(1). https://​doi.​org/​10.​1186/​s4240​8-​
023-​00221​-​3

Rainsford, F. W., Kelly, L. T., Leonard, S. W. J., & Bennett, A. F. (2021). 
How does prescribed fire shape bird and plant communities in a 
temperate dry forest ecosystem? Ecological Applications, 31(4), 
e02308. https://​doi.​org/​10.​1002/​eap.​2308

Rainsford, F. W., Kelly, L. T., Leonard, S. W. J., & Bennett, A. F. (2022). Fire 
and functional traits: Using functional groups of birds and plants 
to guide management in a fire-prone, heathy woodland ecosys-
tem. Diversity and Distributions, 28(3), 372–385. https://​doi.​org/​10.​
1111/​ddi.​13278​

Regione Toscana. (1998). Digital elevation model – Modello Digitale del 
Terreno Orograficohttps. https://​www502.​regio​ne.​tosca​na.​it/​geosc​
opio/​carto​teca.​html

Regione Toscana. (2020). Aerial imagery. Ortofoto 20 cm. Consorzio TeA. 
https://​www502.​regio​ne.​tosca​na.​it/​ows-​ofc/​com.​rt.​wms.​RTmap/​​
wms?​map-​owsof​c&​&​

Rosenberg, K. V., Dokter, A. M., Blancher, P. J., Sauer, J. R., Smith, A. C., 
Smith, P. A., Stanton, J. C., Panjabi, A., Helft, L., Parr, M., & Marra, 
P. P. (2019). Decline of the North American avifauna. Science, 
366(6461), 120–124. https://​doi.​org/​10.​1126/​scien​ce.​aaw1313

Schmeller, D. S. (2008). European species and habitat monitoring: Where 
are we now? Biodiversity and Conservation, 17(14), 3321–3326. 
https://​doi.​org/​10.​1007/​s1053​1-​008-​9514-​1

Sirami, C., Seymour, C., Midgley, G., & Barnard, P. (2009). The impact 
of shrub encroachment on savanna bird diversity from local to re-
gional scale. Diversity and Distributions, 15(6), 948–957. https://​doi.​
org/​10.​1111/j.​1472-​4642.​2009.​00612.​x

Stevens, N., Lehmann, C. E. R., Murphy, B. P., & Durigan, G. (2017). 
Savanna woody encroachment is widespread across three conti-
nents. Global Change Biology, 23(1), 235–244. https://​doi.​org/​10.​
1111/​gcb.​13409​

Szymański, P., & Antczak, M. (2013). Structural heterogeneity of linear 
habitats positively affects Barred Warbler Sylvia nisoria, Common 
Whitethroat Sylvia communis and Lesser Whitethroat Sylvia curruca 
in farmland of Western Poland. Bird Study, 60(4), 484–490. https://​
doi.​org/​10.​1080/​00063​657.​2013.​840555

Tellini Florenzano, G., & Lapini, L. (1999). Distribution and habitat of the 
Dartford Warbler Sylvia undata in the Eastern Tuscany. Avocetta, 
23(2), 32–36.

Thompson, S. J., Arnold, T. W., Fieberg, J., Granfors, D. A., Vacek, S., & 
Palaia, N. (2016). Grassland birds demonstrate delayed response to 
large-scale tree removal in central North America. Journal of Applied 
Ecology, 53(1), 284–294. https://​doi.​org/​10.​1111/​1365-​2664.​12554​

Webb, N. R. (1998). The traditional management of European heath-
lands. Journal of Applied Ecology, 35(6), 987–990. https://​doi.​org/​10.​
1111/j.​1365-​2664.​1998.​tb000​20.​x

White, J. D. M., Stevens, N., Fisher, J. T., & Reynolds, C. (2024). Woody 
plant encroachment drives population declines in 20% of common 
open ecosystem bird species. Global Change Biology, 30(6), e17340. 
https://​doi.​org/​10.​1111/​gcb.​17340​

Wood, S. (2017). Generalized additive models: An introduction with R (2nd 
ed.). Chapman and Hall/CRC.

Zakkak, S., Kakalis, E., Radović, A., Halley, J. M., & Kati, V. (2014). The 
impact of forest encroachment after agricultural land abandon-
ment on passerine bird communities: The case of Greece. Journal 
for Nature Conservation, 22(2), 157–165. https://​doi.​org/​10.​1016/j.​
jnc.​2013.​11.​001

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table  S1. Summary of vegetation monitoring plots including the 
treatment applied, the number of years it was surveyed, the number 
of plots that were surveyed each year and the total number of plots 
for each treatment.
Table S2. Output variables from principal component analysis (PCA), 
for each principal component score extracted.
Table S3. Variables used in plot-level vegetation analysis, as defined 
from the first three principal component scores obtained through 
principal component analysis (PCA).
Table S4. Open-habitat bird species recorded during surveys.
Table S5. Generalized Additive Models relating changes in the relative 
abundance of open-habitat species over time (year) to treatment and 
reference areas.
Table  S6. Generalized Additive Models relating the relative 
abundance of open-habitat bird species to treatment mosaics.
Figure S1. Biplot from principal component analysis (PCA) showing 
the first two principal components.
Figure S2. Boxplots from analysis of variance (ANOVA) on the first 
principal component indicative of heathland dynamics (left column) and 
on the second component indicative of tree dynamics (right column).

How to cite this article: Rainsford, F. W., Campedelli, T., 
Londi, G., Miozzo, M., Cutini, S., Florenzano, G. T., Milanese, 
C., Betti, N., Tonarelli, L., Berretti, R., Musio, L., Moris, J. V., 
Spadoni, G. L., Bono, A., Passamani, C., Vecchio, D., Motta, 
R., Puig-Gironès, R., Pons, P., & Ascoli, D. (2026). Restoring 
Mediterranean heathlands for declining birds: Initial 
responses to mosaic cutting and prescribed burning in the 
Natura 2000 LIFE program. Journal of Applied Ecology, 63, 
e70283. https://doi.org/10.1111/1365-2664.70283

 13652664, 2026, 2, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.70283 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [02/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.biocon.2022.109661
https://doi.org/10.1016/j.biocon.2011.02.010
https://doi.org/10.1017/CBO9780511806384
https://doi.org/10.1017/CBO9780511806384
https://www.r-project.org/
https://doi.org/10.5061/dryad.7h44j1085
https://doi.org/10.5061/dryad.7h44j1085
https://doi.org/10.1186/s42408-023-00221-3
https://doi.org/10.1186/s42408-023-00221-3
https://doi.org/10.1002/eap.2308
https://doi.org/10.1111/ddi.13278
https://doi.org/10.1111/ddi.13278
https://www502.regione.toscana.it/geoscopio/cartoteca.html
https://www502.regione.toscana.it/geoscopio/cartoteca.html
https://www502.regione.toscana.it/ows-ofc/com.rt.wms.RTmap/wms?map-owsofc&&
https://www502.regione.toscana.it/ows-ofc/com.rt.wms.RTmap/wms?map-owsofc&&
https://doi.org/10.1126/science.aaw1313
https://doi.org/10.1007/s10531-008-9514-1
https://doi.org/10.1111/j.1472-4642.2009.00612.x
https://doi.org/10.1111/j.1472-4642.2009.00612.x
https://doi.org/10.1111/gcb.13409
https://doi.org/10.1111/gcb.13409
https://doi.org/10.1080/00063657.2013.840555
https://doi.org/10.1080/00063657.2013.840555
https://doi.org/10.1111/1365-2664.12554
https://doi.org/10.1111/j.1365-2664.1998.tb00020.x
https://doi.org/10.1111/j.1365-2664.1998.tb00020.x
https://doi.org/10.1111/gcb.17340
https://doi.org/10.1016/j.jnc.2013.11.001
https://doi.org/10.1016/j.jnc.2013.11.001
https://doi.org/10.1111/1365-2664.70283

	Restoring Mediterranean heathlands for declining birds: Initial responses to mosaic cutting and prescribed burning in the Natura 2000 LIFE program
	Abstract
	1  |  INTRODUCTION
	2  |  METHODS
	2.1  |  Study area
	2.2  |  Description of treatments
	2.3  |  Vegetation and bird data collection
	2.3.1  |  Vegetation plots
	2.3.2  |  Bird surveys

	2.4  |  Statistical analysis
	2.4.1  |  Vegetation structure and composition
	2.4.2  |  Open habitat birds
	Sampling units
	Explanatory variables
	Response variables
	Models



	3  |  RESULTS
	3.1  |  Effects of treatments on vegetation characteristics
	3.2  |  Bird responses to treatment mosaics

	4  |  DISCUSSION
	4.1  |  Vegetation structural dynamics
	4.2  |  Bird responses to treatment mosaics
	4.3  |  Implications and limitations

	5  |  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


