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In flammable ecosystems, forest dynamics are affected by fire suppression, climate change and changes in land
use that cause the frequency and intensity of fires to diverge from natural fire regimes. Although afforestation
provides new habitats for forest species, fire can reverse its benefits by penalizing forest species. Shorter fire
recurrence may also affect the capacity of original habitats to recover with post-fire salvage logging adding to the
picture and having both direct and indirect effects on birds. To identify the underlying factors driving temporal
variations in forest bird populations after wildfires, we performed counts in 685 transects located in 68 burnt
areas in Catalonia (NE Iberian Peninsula), ranging from one to 11 years post-fire. Among the 20 studied forest
species, 18 related significantly to time since fire and 14 to water deficit. Post-fire bird responses mainly fitted to
non-lineal responses, such as irruptive and inverse-irruptive trends; whereas water deficit matched with the
inclined and bell-shaped trends. Individual site fidelity seems behind the decision of forest birds to stay or leave
after a fire, leading to increase frequency of occurrence immediately after fire but this effect tends to diminish
over time. In terms of the spatial characteristics of burnt areas, the majority of species showed a positive rela-
tionship with fire severity heterogeneity and the density of unburnt patches. On the other hand, salvage logging
negatively affected forest bird diversity. Bird diversity also decreased with the time since fire and in the driest
transects but fire heterogeneity was positive for alpha and beta bird forest diversity. The relationships between
forest birds and the mosaic of burnt and unburnt areas created by wildfires plays a critical role in maintaining
biodiversity in fire-prone ecosystems. Thus, limiting post-fire disturbance (e.g. salvage logging) and promoting
natural regeneration could be an effective strategy that will benefit forest organisms such as birds. Maintaining
unburnt patches and creating a mosaic of burn severity and vegetation will promote habitat heterogeneity and
benefit a diverse range of bird species.

1. Introduction

In flammable ecosystems, variability in burnt areas creates a di-
versity of ecological niches that become available for species that
respond positively to fire. This pyrodiversity is predicted to strongly
shape spatial and temporal patterns of biodiversity in areas affected by
fire (Tingley et al., 2016; Kelly and Brotons, 2017; Pausas and Parr,
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2018). However, the natural processes occurring in forests have been
altered in many regions and the frequency and intensity of fires no
longer correspond to natural fire regimes as a result of fire suppression,
climate change, changes in land use and a combination of all these
factors (Cochrane and Barber, 2009; Pausas and Fernandez-Munoz,
2012; Brotons et al., 2013). Consequently, fuel accumulation, which
refers to the growth of vegetation and the establishment of new forests
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Fig. 1. Site location and sampling design scheme. Spatial distribution (A) of the 68 burnt areas (represented by dark grey points) across Catalonia. Each point
indicates the location of a specific burnt area. Assessment of fire severity (B) using the differenced Normalized Burn Ratio (ANBR) in the Sant Llorenc Savall (15BA)
burnt area (fire of 10/08/2003). The burnt area encompassed 4,619.75 ha, depicted by the black perimeter. The minimum distance from the burnt patches to unburnt

areas (C) along a specific transect within the Sant Lloreng Savall fire zone.

(referred to afforestation), occurs in some forests that lack natural
disturbance. This phenomenon is often associated to an increased like-
lihood of catastrophic fire events (Bowman et al., 2009). Recent surges
in the number of wildfires may also signal weather-induced pyrogeo-
graphical shifts (Jolly et al. 2015) and rainfall has been identified as
major driver of fire recurrence (Beale et al., 2018). Thus, the vegetation
structure and wildfire probability will be influenced by gradients of
geographical dryness (Pinol et al., 1998; Kutiel et al., 2000).
Afforestation favours the development of late successional stages
within landscapes and consequently benefits forest-associated species
(Falcucci et al., 2007; Herrando et al., 2016). Forests are important
habitats for (i) specialist organisms that are well adapted to forest en-
vironments and (ii) generalist species that are able to occupy a variety of
habitats (Brunet et al., 2011). Nevertheless, afforestation can also ho-
mogenize habitats, thereby having a negative impact on open-habitat
species and lead to their progressive isolation and local extinction
(Burrascano et al., 2016; Herrando et al., 2016; Franch et al., 2021). Fire
usually reverses afforestation by penalizing forest species and benefit-
ting early succession open-habitat species (Moreira and Russo, 2007;
Brotons et al., 2008; Puig-Girones et al., 2023c). Shorter fire recurrence
is leading to increased occurrences of young forests types, benefiting
early-successional species (Francos et al., 2016; Puig-Girones et al.,
2017), while posing challenges for forest specialists, which may become
excluded from this type of landscape (Brunet et al., 2011; Naaf and Kolk,
2015). Deviation from the natural fire recurrence pattern may also affect
the capacity of the original habitat structure and composition to recover

(Retana et al., 2002) and the resilience of plant communities (Keeley,
1986; Pausas et al., 2004). Water availability, a limiting factor for plant
succession (Zavala et al., 2000), may indirectly influence the occurrence
of animals such as birds after a wildfire due to their dependence on
vegetation structure (Lopez and Moro, 1997; Puig-Girones et al., 2017;
Puig-Girones et al., 2022).

Salvage logging is a common management practice performed after
wildfires that involves removing dead or damaged trees from burnt areas
(Lindenmayer and Noss, 2006; Pons and Rost, 2017; Thorn et al., 2018).
This additional disturbance can have both direct and indirect effects on
birds depending on species traits, fire severity and the type and intensity
of the salvage logging operations undertaken (Cahall and Hayes, 2009;
Saab et al., 2009; Rost et al., 2013; Georgiev et al., 2020). Consequently,
salvage logging is likely to have a significant impact on bird diversity
and reduce the alpha diversity (the number of species present in each
area and their abundances) by removing habitat features such as snags,
cavities and natural regeneration. It also has the potential to alter the
relative species composition between areas, thereby affecting between-
site diversity (p-diversity) (Cahall and Hayes, 2009; Saab et al., 2009;
Thorn et al., 2020). Additionally, the habitats resulting from fire and
logging may tend to disrupt bird behaviour as birds are known to be
strongly territorial during breeding (Nice, 1941) and exhibit site fidelity
or tenacity, i.e. their tendency to return to known areas for breeding,
nesting and/or foraging (Emlen, 1970; Greenwood, 1980). Thus, after
fires, birds may either abandon the disturbed habitat or remain in it
(Pons et al., 2003), so the presence of a given species will not be directly
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Forest bird species. List of forest bird species censused in the 685 transects located in 68 burnt areas in Catalonia. For each species the scientific and common name, the
abbreviation, its migratory behaviour, the local distribution, the habitat preferences, the number of burnt areas where it is present (from a total of 68) and the number
of transects where it has been found (from a total of 685, censused one to nine years) are shown. The highlighted species have low numbers, making them unsuitable for

individual analyses.

Common name Scientific name Abbreviation ~ Migratory Local Habitat Areas where is Transects where is
behaviour distribution preferences present present
Long-tailed tit Aegithalos caudatus L. AEGCAU Sedentary Extend present Forests 31 62
Tree pipit Anthus trivialis L. ANTTRI Migrant Humid areas Open forests 4 6
Short-toed Certhia brachydactyla CERBRA Sedentary Extend present Forests 42 169
treecreeper Brehm
Common wood Columba palumbus L. COLPAL Sedentary Extend present Generalist forest 61 344
pigeon
Common cuckoo Cuculus canorus L. CUCCAN Migrant Extend present Generalist forest 44 176
Great spotted Dendrocopos major L. DENMAJ Sedentary Humid areas Forests 38 141
woodpecker
European robin Erithacus rubecula L. ERIRUB Sedentary Extend present Generalist forest 37 140
European pied Ficedula hypoleuca Pallas ~ FICHYP Migrant Irregular Mature forests 3 4
flycatcher
Common chaffinch Fringilla coelebs L. FRICOE Migrant Extend present Generalist forest 40 224
Eurasian jay Garrulus glandarius L. GARGLA Sedentary Extend present Generalist forest 52 205
Red crossbill Loxia curvirostra L. LOXCUR Sedentary Humid areas Coniferous 4 6
forests
Common Nightingale Luscinia megarhynchos LUSMEG Migrant Extend present Humid forests 58 434
Brehm
Eurasian golden oriole ~ Oriolus oriolus L. ORIORI Migrant Extend present Humid forests 52 208
Coal tit Periparus ater L. PARATE Sedentary Extend present Coniferous 12 17
forests
Eurasian blue tit Cyanistes caeruleus L. PARCAE Sedentary Extend present Forests 39 167
European crested tit Lophophanes cristatus L. PARCRI Sedentary Extend present Coniferous 52 204
forests
Great tit Parus major L. PARMAJ Sedentary Extend present Generalist forest 65 438
Western bonelli’s Phylloscopus bonelli PHYBON Migrant Extend present Generalist forest 49 167
warbler Vieillot
Common chiffchaff Phylloscopus collybita PHYCOL Sedentary Humid areas Humid forests 7 8
Vieillot
Iberian green Picus viridis L. PICVIR Sedentary Extend present Generalist forest 47 108
woodpecker
Common firecrest Regulus ignicapilla REGIGN Sedentary Extend present Forests 18 46
Temminck
Eurasian nuthatch Sitta europaea L. SITEUR Sedentary Humid areas Mature forests 1 3
Eurasian blackcap Sylvia atricapilla L. SYLATR Sedentary Extend present Humid forests 39 153
Garden warbler Sylvia borin Boddaert SYLBOR Migrant Humid areas Humid forests 2 3
Eurasian wren Troglodytes troglodytes L. ~ TROTRO Sedentary Extend present Forests 45 236
Common blackbird Turdus merula L. TURMER Sedentary Extend present Generalist forest 66 541
Song thrush Turdus philomelos Brehm  TURPHI Sedentary Humid areas Forests 10 14

linked to habitat selection patterns and resource distribution alone but
also to behavioural constraints (Prodon, 2021). Consequently, severe
habitat changes may promote dispersal and limit site tenacity, above all
in the case of forest specialists (McNicholl, 1975). However, generalist
species demonstrate a capacity to effectively maintain their territorial
behaviour and site fidelity in burnt areas due to their adaptability to
changing conditions (Brunet et al., 2011).

Climate change and human activities have contributed to the
modification of fire regimes over recent centuries (Brotons et al., 2013).
However, numerous questions regarding how the spatial and temporal
legacy of fire influences biodiversity are still to be addressed (Driscoll
et al., 2010). The landscape mosaics created by wildfires are also little
understood and studied. Consequently, the aim of our study was to
identify the underlying factors that drive the temporal variations
occurring in forest bird populations and communities after wildfires,
with a particular focus on the influence of site characteristics, fire
behaviour, fire-induced habitat changes and salvage logging. To do so,
we conducted 685 transects in 68 burnt areas in Catalonia (NE Iberian
Peninsula), ranging from one to 11 years post-fire. We predicted that the
presence of forest species in recently burnt areas would be characterized
by (1) a higher frequency of forest species occurrence in the first years
after the fire compared to the subsequent years due to site fidelity, (2)
greater occurrence of forest birds in humid areas than in dry areas, since
in humid places favour plant succession and recover will take place
earlier (Zavala et al., 2000; Puig-Girones et al., 2017), and (3) higher

occurrence rates and diversity in areas with low fire severity and high
heterogeneity of post-fire habitats. As well, (4) the presence of unburnt
patches would promote the occurrence and diversity of forest species
and (5) salvage logging practices would reduce forest bird occurrence
and diversity in recently burnt areas. By exploring these factors using a
common framework, we aimed to provide valuable insights into the
management and conservation of post-fire bird communities in Medi-
terranean ecosystems.

2. Material and methods
2.1. Study region

The study was conducted in Catalonia (NE Iberian Peninsula; Fig. 1),
a region of around 32,100 km? with great environmental heterogeneity
due to its sharp climatic and geological gradients. Most of this region
enjoys a Mediterranean climate (Pinol et al., 1998) in which the water
deficit (when the evaporative demand exceeds available soil moisture) is
the main environmental stressor (Stephenson, 1998). Human presence
since prehistoric times has resulted in significant changes in the
composition and distribution of the dominant plant species. Today, the
land cover chiefly consists of forests (31%), evergreen shrublands (29%)
and agricultural land (33%) (Vallecillo et al., 2013). Fire is a major
landscape driver in this region, with about 25% of wildland area having
been burnt since 1975 (Brotons et al., 2013). Furthermore, land
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abandonment has led to extensive woody plant encroachment and more
areas being affected by wildfires in recent years (Duane et al., 2021).
Recent fires ensuing during extreme meteorological conditions pro-
moted by global warming have burnt with unprecedented intensity
(Pausas and Fernandez-Munoz, 2012).

2.2. Sampling design

We studied 68 burnt areas (up to 11 years after fire) throughout
Catalonia ranging in size from 51 to 6,647 ha (Zozaya et al., 2010) and
affected by wildfires between 2000 and 2011. Within each fire perim-
eter, we established 500x200-m transects and surveyed birds once a
year over a period of 1-9 years (Fig. 1). Transects were placed at a
minimum distance of 150 m from each other and at least 50 m from the
edge of the burnt area. However, the majority of transects were >100 m
from the perimeter and in those that were closer to the perimeter (i.e.
50-100 m from the edge) only one end of the transect was affected. In
the unlikely event of birds being seen or heard outside the burnt area,
observers were trained to note these observations accordingly and they
were excluded from analyses (<1%). We conducted 3,048 bird censuses
over the 685 transects, with the number of transects in each area
depending on the size of the burnt area (range: 2-41). Each survey lasted
15 min divided into three five-minute periods and covered about 165 m
in length. Birds were counted if heard or seen and were placed in one of
three distance bands (0-25, 25-50 or 50-100 m). Surveys were con-
ducted once during the breeding season (from 10 May-15 June) in good
weather conditions (i.e. no rain or strong wind) within the first four
hours after sunrise by experienced ornithologists walking at about 2 km
per hour (Bibby et al., 2000). The criteria for the choice of transects and
the sampling protocol are fully explained in Zozaya et al. (2010).

2.3. Bird data

Bird species often specialize in particular habitats and are useful as
indicators of habitat structures (Herrando et al., 2016), so studying their
temporal occurrence after a wildfire can provide valuable information
(Puig-Girones and Real, 2022). Here, we selected Mediterranean forest
bird species (Table 1) previously defined as those that occur in mature,
humid or open forests but excluded ecotone, edge or shrubland spe-
cialists (Prodon and Lebreton, 1981; Herrando et al., 2016; Franch et al.,
2021). Additionally, we also refer as forest specialists those bird species
that have a strong preference for forest habitats and are unlikely to be
found outside of those habitats. To measure the relative abundance of
forest birds, we used the frequency of occurrence (number of presences/
number of surveys; range 0-1) per transect. We focused on the frequency
of occurrence of species that inhabit Mediterranean habitats and occur
in at least 12 of the 68 burnt areas studied, and placed into the 100 m
distance bands. Thus, we excluded from individual analyses tree pipit
(Anthus trivialis L.), European pied flycatcher (Ficedula hypoleuca Pallas),
red crossbill (Loxia curvirostra L.), common chiffchaff (Phylloscopus col-
Lybita Vieillot), Eurasian nuthatch (Sitta europaea L.), garden warbler
(Sylvia borin Boddaert) and song thrush (Turdus philomelos Brehm),
seven species that are unlikely to breed in the study area. However, we
included the total (27) forest species in our diversity analyses (Table 1).

2.4. Environmental variables

Environmental variables were recorded at two different scales: in
burnt areas (time since fire and distance to unburnt patches) and in
transects (water deficit, pre-fire forest percentage, fire severity, fire
heterogeneity, unburnt patches density, salvage logging occurrence and
presence of wood debris piles). However, it is important to note that
transects used was at least 100,000 m? (i.e., 10 ha). For example, in a
burned area of 50 ha, approximately 2 to 3 transects were placed,
covering between 40 and 60% of the total burnt area. Therefore, the
environmental variables (mainly pre-fire forest percentage, fire severity
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and fire heterogeneity) will be assimilated to landscape-scale variables
(see below for methodological details). The time since fire (TSF) was
measured as the number of years elapsed since the fire (first spring = 1
and so on) and ranged from 1 to 11. In our study area, fires mainly occur
in summer (June, July, August and September) and sampling was never
carried out in the first six months after the fire, i.e. TSF = 1 means that
7-13 months had elapsed since the fire.

Water deficit (WD), our indicator of aridity (both terms are used
hereafter interchangeably), was calculated for each transect (in
June-May) using data on potential evapotranspiration (PET) and real
evapotranspiration (ETr) taken from the Digital Climate Atlas for the
Iberian Peninsula (Ninyerola et al., 2003), a 180-m resolution digital
elevation model based on data from meteorological stations (one sta-
tion/64 km?2). We used the equation established by Thornthwaite
(Thornthwaite, 1948; Black, 2007): WD = PET — ETr that gave values of
between —137.9 and 538.3 mm for our transects, although in our ana-
lyses we set all negative values to 0 mm. We replaced negative values by
zeros to mitigate outliers, given the limited number of transects with
values less than 0 (2% of the total).

Using QGIS we drew a 100-m buffer around the transect path (Fig. 1)
to extract the percentage cover of pre-fire CORINE forest habitats: Agro-
forestry areas, Broad-leaved forest, Coniferous forest and Mixed forest.
These habitat categories were determined using the CORINE land cover
dataset, specifically the maps available before the occurrence of each 68
fires (Biittner et al., 2021). For each burnt area, the CORINE map that
was temporally closest to the fire event was used to ensure that the data
coincided as closely possible to the pre-fire habitats. To assess the
severity and heterogeneity of a wildfire within each 100-m buffer
around the transect path, we used the transect buffer and Landsat-based
(Loveland and Dwyer, 2012) normalized burn ratio (NBR) approach,
which is widely used in fire research (Key and Benson, 2006). Specif-
ically, we calculated the mean of the differenced normalized burn ratio
(dNBR) per transect to evaluate severity, and measured the difference
between pre-fire NBR values from Landsat images (24.85+33.14 days
before fire) and post-fire (20.53+28.50 days after fire) NBR values for
vegetation conditions (Veraverbeke et al., 2010). In addition, we used
the standard deviation of dNBR to assess the spatial heterogeneity of fire
effects within each 100-m buffer around the transect path. This variable
allowed us to quantify the variability in fire severity, with high standard
deviation values indicating greater variability and low values suggesting
more consistent severity (Puig-Girones et al., 2023a).

To assess the effect of unburnt vegetation patches within burnt areas
on forest birds we followed a step-by-step process. First, unburnt areas of
>625 m? (corresponding to 25x25-m pixels) were selected within the
burnt areas. We assumed that such patches would be sufficiently large
area to regularly attract forests birds (Watson et al., 2012a). To identify
unburnt patches, we used normalised burn ratio (ANBR) values, where
individual pixels with dNBR values less than —251 were considered as
unburnt patches. Subsequently, for each transect, we established a series
of points, spaced 10 m apart, along the entire length of the transect. To
calculate distances, we determined the minimum distance from each of
these points to the nearest unburnt patch or to the burnt area perimeter,
selecting the closest of the two options (Fig. 1). Lastly, for each transect,
the mean minimum distance and its standard deviation were calculated.

Finally, to assess the effects of the unburnt patches density, salvage
logging and wooden debris piles within the wildfire area, ordinal vari-
ables were calculated at both the start and end of each transect. Unburnt
patch density values ranged from 0 (completely burnt) to 2 (high pres-
ence of unburnt patches) for each sampling station. Similarly, salvage
logging values ranged from 0 (completely unlogged) to 2 (completely
logged), and the presence of woody debris piles was assessed with values
ranging from O (absent) to 2 (abundant) at each sampling station. Cu-
mulative values of each variable were obtained by summing the scores
of the two sampling stations per transect, resulting in a scale of 0 to 4.
Consequently, unburnt or lightly burnt patches, which can serve as
habitat islands, were scored from O (the entire transect area was
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completely burnt) to 4 (numerous unburnt patches throughout the
transect area). Salvage logging was scored from 0 (no logging activity) to
4 (complete logging of the area). Lastly, the presence of piles of wooden
debris was recorded from O (absent) to 4 (abundant). It is noteworthy
that logging can lead to woody debris piles, however, salvage logging
and woody debris presence are not necessarily correlated. Salvage log-
ging covers a wide range of actions, from complete tree removal for
chipping to the forming debris piles for erosion control. Woody debris
amounts can greatly differ based on the logging approach.

2.5. Data analyses

We used an information-theoretical approach to examine the re-
lationships between the 20 individual forest bird species, the a-diversity
and p-diversity (response variables) and predictor variables. Forest bird
richness was used as the diversity measure, whereby the a-diversity was
the number of species per transect/year, the p-diversity was calculated
using a modified Whittaker (1972) equation: p-diversity = 1/(y-di-
versity/a-diversity) — 1), where the y-diversity was the total number of
forest bird species recorded in a sampling burnt area/year. The Whit-
taker index has proven to be the most robust index for measuring
replacement between communities (Magurran, 1988). Our modified
equation of Whittaker’s, directly measuring species compositional dif-
ferences between sites through a reciprocal transformation, enhances
the interpretability and positive scaling of the results. To allow valid
comparisons of the adjusted p-diversity values by having a variety of
y-diversity for each site and year, we implemented a standardization
procedure. This standardization was performed immediately after
calculating the site- and year-specific f-diversity. In particular, we
standardized the p-diversity values using the formula: (B-diversity/
y-diversity)*10. This method approach addresses the variations and
different levels of y-diversity observed across sites and years. By dividing
B-diversity by y-diversity, we obtain a ratio that quantifies the extent to
which local diversity (a-diversity) diverges from total regional diversity
(y-diversity). Importantly, this standardization procedure maintains the
relative relationships between p-diversity values among sites while

Table 2
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fitting them to a consistent scale from O to 10. The intention of stan-
dardizing p-diversity values is to ensure their comparability. Thus, this
adjustment allows for effective comparisons between sites and years
using the same numerical scale. All diversity variables were calculated
for the entire pool of forest bird species; two subsets of species based on
migratory behaviour were analysed, sedentary or migrant (Table 1), by
calculating their a-diversity and p-diversity.

We used generalized additive mixed models (GAMMs) to evaluate
the role of the variables such as area and fire characteristics related to
post-fire habitat suitability on the occurrence of forest bird species.
GAMMs are a powerful regression analysis tool that employs smoothed
splines fitted to the explanatory variables rather than the original values
of the variables (Wood, 2017). First, the time since fire and water deficit
were included as smoothed explanatory variables, and the pre-fire forest
percentage, fire severity and fire heterogeneity were included as linear
term explanatory variables. The mixture of non-linear (smoothed) and
linear (unsmoothed) predictors was in the interest of maintaining
simplicity of the model results interpretation, as well as reducing the risk
of overfitting, based on prior knowledge and exploration of the data (see
for example Puig-Girones et al., 2017; Puig-Girones et al., 2022). The
GAMMs had different error structures due to the origin of the data: the
20-individual forest bird occurrence models had a binomial error
structure and log link function; a-diversity (species richness) models
used Poisson error structures and log link functions; and the p-diversity
models had a Gaussian error structure. For a-diversity models, over-
dispersion was assessed and no excessive variability beyond Poisson
distribution was found. For fB-diversity models, despite standardized
values, the distribution closely approximated Gaussian distribution,
supported by exploratory analysis and data distribution evaluation. We
included transects nested within the burnt area as a random factor to
control for possible site-based differences. To enable better comparisons
between species and reduce differences in detectability, we used the
frequency of occurrence (0-1) of species in censuses instead of relative
abundance. In order to meet assumptions, the pre-fire forest percentage
was arcsin transformed, while fire severity, fire heterogeneity and dis-
tances were transformed using base 10 logarithm. Finally, the model-

Effect of environmental variables on forest bird species and community. Summary of generalized additive mixed models (GAMMs) showing the variables related to
post-fire habitat suitability used to analyse the occurrence and diversity of the forest bird species in 68 burnt areas in Catalonia affected by wildfires between 2000 and
2011. Models include parameter coefficient and standard error (+SE), and only display the coefficient sign (+or -) for non-significant variables. The effective degrees
of freedom (edf) are shown for significant smoothed variables (time since fire and water deficit).

Common name Scientific name Intercept Pre-fire forest percentage Fire severity Fire heterogeneity Time since fire Water deficit
Long-tailed tit Aegithalos caudatus ©) ) - +) 3.58

Short-toed treecreeper Certhia brachydactyla =) 0.93+0.19 —3.36 £ 0.91 2.47+0.72 2.54 1.00
Common wood pigeon Columba palumbus +) +) —2.36 + 0.56 1.41+0.43 1.06 1.00
Common cuckoo Cuculus canorus —6.43 + 3.03 +) +) 1.17+0.60 5.67

Great spotted woodpecker Dendrocopos major (@) (+) (@) (+) 1.74 2.07
European robin Erithacus rubecula -) +) —2.53 + 1.06 3.15+0.84 4.57 1.00
Common chaffinch Fringilla coelebs —6.34 + 3.37 0.99+0.17 =) 1.284+0.65 4.45 1.00
Eurasian jay Garrulus glandarius =) 0.36+0.15 ) €3] 2.21 2.31
Common Nightingale Luscinia megarhynchos +) ) -1.78 £ 0.73 1.45+0.51 6.57 1.00
Eurasian golden oriole Oriolus oriolus +) 0.41+0.18 —-1.70 + 0.74 +) 1.00

Coal tit Periparus ater - +) ) -

Eurasian blue tit Cyanistes caeruleus (@) 0.58+0.17 (@) 1.85+0.66 1.85 1.00
European crested tit Lophophanes cristatus —5.62 + 2.90 0.42+0.18 (@] 2.69+0.63 3.04

Great tit Parus major ()] 0.47+0.11 ()] 0.87+0.38 5.91 1.00
Western bonelli’s warbler Phylloscopus bonelli +) 0.62+0.22 —4.54 4+ 0.97 3.84+0.83 2.25 1.00
Iberian green woodpecker Picus viridis -) +) -) +) 2.02

Common firecrest Regulus ignicapilla ) (+) (+) (+) 1.00
Eurasian blackcap Sylvia atricapilla (S 0.39+0.21 —1.97 + 0.98 2.224+0.70 4.01 1.00
Eurasian wren Troglodytes troglodytes —9.97 £+ 4.00 +) +) 2.47+0.82 4.17 2.41
Common blackbird Turdus merula -) +) -) 0.93+0.37 3.86 1.24
Alpha diversity +) 0.20+0.05 —0.85 £ 0.22 0.86+0.16 6.07 2.22
Beta diversity (€3] ) (O] 0.67+0.23 1.59 5.60
Resident species +) 0.23+0.051 —0.78 +£ 0.23 0.89+0.17 4.84 2.28
Resident beta diversity +) +) - 0.49+0.17 5.92
Migrant species +) 0.13+0.06 —1.19 +£ 0.26 0.70+0.19 5.82 1.00
Migrant beta diversity (+) ) - +) 1.00 1.00
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Fig. 2. Marginal effects of forest bird species occurrence over time. The influence of time since fire on forest bird species occurrence. Trend lines and shaded
standard errors (95 % confidence intervals) were obtained from GAMM model estimates. Green species correspond to large trans-saharian migrants bird on the

study area.

predicted post-fire and water deficit responses of birds were classified
into categories following Watson et al. (2012).

Secondly, to examine the importance of the spatial characteristics
across both burnt and transect scales for the forest bird community, we
used generalized linear mixed models (GLMMs). The explanatory vari-
ables included the size of the burnt area, the distance to the nearest
unburnt area, the standard deviation of the distance to the nearest un-
burnt area, and the transect-scale density of unburnt patches. Lastly, we
used GLMMs to assess the effects of post-fire treatments on the forest
bird community, with the occurrence of salvage logging and the pres-
ence of piles of wood debris as explanatory variables. For all GLMM
analyses, we included the Poisson error structure for a-diversity (species
richness) models, while p-diversity models were performed with a
Gaussian error structure and log link functions. Moreover, we con-
structed binomial error structure models for each of the 20-forest spe-
cies. To account for possible variability, transects nested within the
burnt area were considered as a random factor.

Multicollinearity diagnostics and variability assessments (outliers:
unusual influential data points; Zuur et al. (2010)) were performed
before modelling by quantifying generalized variance-inflation factors
(GVIF[1/(2 df)]) for each fixed factor (Fox and Monette, 1992), where
GVIF values <2.5 (arbitrary threshold) suggested collinearity. Multi-
collinearity diagnostics were performed for unsmoothed variables;

however, no collinearities were found. All analyses were performed with
R software (R Development Core Team, 2017) and the gamm4 (Wood
and Scheipl, 2014), Ime4 (Bates et al., 2015), car (Fox and Weisberg,
2011) and MuMIn (Barton, 2016) packages. Finally, the model-predicted
post-fire responses of birds were classified into categories following
Watson et al. (2012b).

3. Results
3.1. Forest bird occurrence

During the study, a total of 7,471 detections of the selected 27 forest
bird species were recorded in the 68 burnt areas, which individually
held 2-23 forest species (mean = 13.5 species/burnt area). Individual
transects harboured 0-18 forest bird species (mean = 6.2 species/tran-
sect). The most common species (occurring in >25 % of locations) were,
in descending order, common blackbird (Turdus merula L.), great tit
(Parus major L.), common wood pigeon (Columba palumbus L.), common
nightingale (Luscinia megarhynchos Brehm), Eurasian jay (Garrulus
glandarius L.), Eurasian golden oriole (Oriolus oriolus L.) and European
crested tit (Lophophanes cristatus L.), of which five are sedentary and two
migrant species (Table 1). The six species with the highest frequency of
occurrence accounted for 61% of the total detections: common blackbird



R. Puig-Girones et al.

Forest Ecology and Management 549 (2023) 121439

0.044 0.15 0
— T 0.10 002
0.021 024
0.05 0.014
0.1
0.0
01 ong-tailed tit ort-toed treecreeper ommon wood pigeon 0.0 ommon cuckoo
00 Long-tailed t Sh d P 00 C d pigi C k
egithalos caudatus) erthia brachydactyla) olumba palumbus) uculus canorus)
(Aegithalc d. Certhia brachydactyl. Columba palumb: Cucul,
T T T T T T T T T T T
v
Q 0104 0.157 European robin 02 Common chaffinch 010
8 0.101 (Erithacus rubecula) 02 (Fringilla coelebs)
:: 0.054 " 0.054
0.057]
0.1
= 004 004
8 Great spotted woodpecker ’ 00 Eurasian jay
o (Dendrocopos major) : (Garrulus glandarius)
S
© Common Nightingale o5 3 Coal tit
8‘- 054 \ (Luscinia megarhynchos) ? 0051 (Periparus ater)
0.1
0.10
8 0254
54 0.0 —
g-q 004 005 Eurasian golden oriole 001 Eurasian blue tit
8 ' . ' 00, (0n;olus orio[usl) | . | (G yznlistes caerulelus)
S
% European crested tit 041
= o (Lophophanes cristatus) 034 0107 0061
oy O X
£ a 02 0.05-
‘.J; 0104 - —— o014 004 0.044
(D) 004 Great tit Western bonelli's warbler oz Iberian green woodpecker
s 0.08 4 (Parus major) (Phylloscopus bonelli) ' (Picus viridis)
T T T T T T T T T : : s
N 0.10 05
005 02 — 05
0,054 i
01 04
i B 00 54
o Common firecrest Eurasian blackcap 007 Eurasian wren o2 Common blackbird
(Regulus ignicapilla) (Sylvia atricapilla) (Troglodytes troglodytes) 024 (Turdus merula)
0 200 400 0 200 400 0 200 400 0 200 400

Water deficit

Fig. 3. Marginal effects of forest bird species occurrence over water deficit. The influence of the gradient of water deficit on the distribution of forest bird
species occurrence. Trend line and shaded standard error (95 % confidence intervals) were obtained from GAMM model estimates. Green species correspond to large

trans-saharian migrants bird on the study area.

with 1177 detections, common nightingale with 1031, great tit with
852, common wood pigeon with 604, Eurasian wren (Troglodytes trog-
lodytes L.) with 508 and common chaffinch (Fringilla coelebs L.) with 401
detections.

3.2. Patterns of forest bird species in response to fires

In the 68 burnt areas analysed, our Generalized Additive Mixed
Models (GAMMs) revealed significant associations between environ-
mental variables and the presence of forest bird species (Table 2). Spe-
cifically, 18 out of the 20 forest bird species examined showed
significant relationships with time since fire, and fourteen were signif-
icantly related to the water deficit. The forest bird community exhibited
various post-fire responses (Watson et al., 2012b), including primarily
irruptive (7 species) and inverse-irruptive (5) trends related to time
since fire (Fig. 2), as well as incline (8 species) and bell-shaped (7) were
the most frequent trends associated with water deficit (Fig. 3). There-
fore, in general, most forest bird species tended to decrease their fre-
quency of occurrence from the first to the sixth year after fire. However,
migratory species dis not exhibit substantial changes in the first years,
but tended to increase their occurrence from the sixth year onwards.
Regarding water deficit, the occurrence of almost all species decreased
when the transect was more arid, being this trend relevant from 300 mm
onwards. On the other hand, seven out of 20 forest bird species analysed

had a negative relationship with fire severity (Table 2). Lastly, thirteen
species were significantly positively related to fire heterogeneity
(Fig. S1), while nine were positively related to the pre-fire percentage of
forest.

Furthermore, spatial characteristics of the burnt areas significantly
affected forest bird populations (Table 3). Specifically, five out the 20
forest bird species exhibited negative relationships with burnt area size,
while seven were negatively affected by large distances to unburnt
patches. Additionally, our Generalized Linear Mixed Models (GLMMs)
showed that the unburnt patch density had a significantly positive
relationship with 17 species (Fig. 4), while salvage logging was related
to 12 species, with nine of them displaying a negative association
(Fig. S2). Lastly, the presence of piles of wood debris was related with
nine forest bird species, six of which exhibited a positive relationship
(Table 4).

3.3. Forest bird diversity responses to wildfires

Diversity models showed similar relationships to those found for the
individual species (Table 2). All diversity parameters for forest birds,
sedentary forest birds and migrant forest birds — with the exception of
the p-diversity of resident species — decreased with time since fire but
then increased again after about seven years post-fire in an inverted-bell
trend (Fig. 5). Similarly, all forest bird diversity variables decreased with
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Effect of spatial characteristics of the burnt areas on forest bird species and community. Summary of generalized linear mixed models (GLMMs) used to analyse the
occurrence and diversity of the forest bird species in 68 burnt areas in Catalonia affected by wildfires between 2000 and 2011. Models include parameter coefficient
and standard error (+SE), and only display the coefficient sign (4-or -) for non-significant variables.

Common name Scientific name Intercept Distance to unburn patches  Distance standard deviation ~ Burt area size ~ Unburnt patches density
Long-tailed tit Aegithalos caudatus =) =) =) (@] 0.68+0.10
Short-toed treecreeper Certhia brachydactyla ) ) +) —1.05+0.47  0.55+0.07
Common wood pigeon Columba palumbus ) —0.79 + 0.20 ) -0.62+0.29  0.27+0.05
Common cuckoo Cuculus canorus - - - ()] )

Great spotted woodpecker Dendrocopos major =) =) +) =) 0.26+0.08
European robin Erithacus rubecula ) ) ) ) 0.6340.09
Common chaffinch Fringilla coelebs -) -) -) +) 0.25+0.07
Eurasian jay Garrulus glandarius +) -) =) —0.86 £+ 0.31 0.12+0.06
Common Nightingale Luscinia megarhynchos  (-) —0.48 & 0.21 +) +) 0.24+0.05
Eurasian golden oriole Oriolus oriolus ()] -0.61 + 0.27 +) -) 0.144+0.07
Coal tit Periparus ater ) (@) ()] - ")
Eurasian blue tit Cyanistes caeruleus -390+159 () (+) +) 0.30+0.08
European crested tit Lophophanes cristatus +) —0.58 + 0.29 +) —1.11 £ 0.38  0.45+0.07
Great tit Parus major =) =) =) =) 0.28+0.05
Western bonelli’s warbler ~ Phylloscopus bonelli +) —1.14 + 0.34 —0.93 £ 0.48 (C] 0.621+0.08
Iberian green woodpecker  Picus viridis +) - ) -1.06 £0.33  (+)
Common firecrest Regulus ignicapilla —4.53 +2.34 —-1.23 + 0.67 +) -) 0.50+0.15
Eurasian blackcap Sylvia atricapilla —2.90 +£1.51 —0.98 + 0.32 +) () 0.41+0.08
Eurasian wren Troglodytes troglodytes ~ —4.71 +1.85  (+) - ) 0.50+0.08
Common blackbird Turdus merula +) (&S] ) ()] 0.274+0.04
Alpha diversity 1.944+0.43 —0.29 + 0.07 -) -) 0.15+0.01
Beta diversity 6.56+0.73 ()] ()] —1.92 +0.28 0.18+0.03
Resident species 1.77+0.44 —0.25 £+ 0.08 =) —-0.35+0.17 0.17+0.01
Resident beta diversity 4.40+0.62 -) (6] —1.28 £ 0.24 0.12+0.02
Migrant species (&) —0.31 + 0.09 “H - 0.17+0.02
Migrant beta diversity 0.5440.15 ) -H —0.16 £+ 0.06 0.01+0.006

greater water deficit, with the exception of the f-diversity that increased
in drier regions, where the gamma diversity is lower and high values of
B-diversity can be easily attained. Fire severity negatively affected
a-diversity and migrant species, while the pre-fire percentage of forest
positively influenced a-diversity and resident species. Complementarily,
fire heterogeneity showed positive relationships with all forest diversity
parameters, being non-significant only for migrant p-diversity (Table 2).

Regarding spatial effects, the distance to unburnt areas negatively
affected a-diversity and resident and migrant species (Table 3). On the
other hand, the size of the burnt areas was negatively related to forest
bird species diversity. Moreover, more unburnt patches were positive for
all diversity parameters (Fig. 5).

Lastly, our data analyses showed moderate effects for post-fire
management on forest bird diversity (Table 4). Salvage logging
showed a significant and negative effect on a-diversity and resident
species richness (Fig. 5). It is important to note that these results relate to
diversity regardless of species identity as most individual species are
clearly negatively affected by logging (Fig. S2). On the other hand, the
more piles of wood debris there were, the greater the resident species
richness but lower the migrant species richness (Fig. 5). Although the
three p-diversity variables (all forest birds, residents and migrants) did
not show any significant relationship with salvage logging and piles of
wood debris, the overriding trend seems to indicate negative effects on
pB-diversity (Table 4).

4. Discussion

Overall, our results show that the heterogeneity in resource redis-
tribution occurring within burnt habitats rather than fire per se are the
main drivers behind the observed patterns of forest bird redistribution
post-fire (Fahrig et al., 2011). Time since fire is an important factor to
explain the occurrence rate of individual forest bird species and their
overall diversity in recently burnt Mediterranean areas. Moreover, water
deficit, fire heterogeneity, the density of unburnt patches and salvage
logging all played a critical role in shaping the overall patterns of forest
bird redistribution, which thus underscores their importance in the post-
fire occurrence of forest bird populations and diversity.

4.1. Temporal occurrence of forest species: Site fidelity and aridity effects

Site fidelity can influence the decision of forest birds to stay or leave
after a fire (Prodon and Lebreton, 1981; Pons et al., 2003). Among other
factors, birds with high site fidelity — i.e. those more familiar with the
area — are more likely to stay and search for necessary resources, while
those with low tenacity are more likely to leave and seek suitable hab-
itats elsewhere (Schlossberg, 2009; Piper, 2011). Our results show faster
recovery in three of the four migrant forest birds (Common cuckoo,
Nightingale, Eurasian golden oriole). Additionally, certain forest
specialist species, such as the long-tailed tit, crested tit, and great
spotted woodpecker, were underrepresented in our dataset. Some forest
specialists may not thrive in relatively young forests (Brunet et al., 2011;
Naaf and Kolk, 2015), which are the most frequent in our study area
before fires, potentially resulting in their absence immediately after the
fire event.

Birds that occupy ephemeral habitats may have lower site fidelity
than birds found in more stable habitats like forests (Jones et al., 2007).
Thus, site fidelity initially contributes to a higher post-fire presence of
forest species (Prodon and Lebreton, 1981; Pons et al., 2003). However,
our results indicate a clear reduction in forest bird occurrence 1-6 years
after fires, which could be due to the depletion of resources and loss of
suitable habitat structure (Franklin et al., 2022). This reduction may also
be linked to the fact that adults are frequently faithful to breeding sites,
while yearlings tend to disperse away from their natal sites (Schlossberg,
2009). Nine years after the fire, certain recovery is observed, especially
among a small number of species, both generalist and migratory. This
period is significantly longer than the lifespan of most small passerines
(Klimkiewicz et al., 1983) suggesting that the observed recovery in-
volves the influx of new individuals, as well as some input from the
survivors’ offspring, rather than relying solely on the survival of resident
birds. Our model results, which indicate an increase in both species
richness and p-diversity, i.e., fostering shifts in species diversity among
sites, support this inference over the nine years following the fire. Thus,
immediate site fidelity may promote the recovery of forest bird pop-
ulations if a significant number of forest birds exhibit site fidelity, which
means that they are more likely to remain in burnt areas than abandon



R. Puig-Girones et al.

Forest Ecology and Management 549 (2023) 121439

Long-tailed tit Short-toed treecreeper Common wood pigeon 0154 Common cuckoo
0099 (Aegithalos caudatus) (Certhia brachydactyla) 0.4 (Columba palumbus) (Cuculus canorus)
024
0.06 ] R
031 010
0.03 4 0.14 024
001 T T T T T T T T T 0.1 T T T T T 0.054 T T T T T
v
Q Great spotted woodpecker 020 European robin 0301 Common chaffinch Eurasian jay
8 0159 (Dendrocopos major) o151 (Erithacus rubecula) 025 (Fringilla coelebs) 0154 (Garrulus glandarius)
t 0104 020
5 0.10 ot 0104
34 154
8 0.05 1 0.054 0.10
Sl
© Common Nightingale 0201 Eurasian golden oriole 003 Coal tit i i
~ g g g Eurasian blue tit
8*- 0509 (Luscinia megarhynchos) (Oriolus oriolus) o (Periparus ater) P 0157 (Cyanistes caeruleus)
045 < 024
& 5 0154 0124
QO 0401
N 001
g_‘ 0.35 0.101 009
o 0.30 4 ool = .
H T T T T T T T T T T T T T T : T T T T T
S
7)) - 5 =
o] LEuzope:n crest(?d tit s PzGreat nt‘ s W(;;t]er; bone].l.l'; warlkl)ller . Tberian green woodpecker
;‘:1 (Lophophanes cristatus) (Parus major) (Phylloscopus bonelli) (Picus viridis)
* 0.2
;Q 041 0.2 0.06 4
7
0531 ] _
8 0.1 o1 0044 _—
o T . T . — 021, . T . T . T . T
0,064 Common firecrest Eurasian blackcap Eurasian wren Common blackbird
(Regulus ignicapilla) 0157 (Sylvia atricapilla) 0504 (Troglodytes troglodytes) 061 (Turdus merula)
0.04 1 0251 05
0.10
0.02 0207 04
0.05- 0151
034
0 1 2 3 4 0 1 2 3 0 1 2 3 4 0 1 2 3 4

Unburnt patches density

Fig. 4. Marginal effects of forest bird species occurrence over unburnt patches density. The influence of the unburnt patches density on the distribution of
forest bird species occurrence. Trend line and shaded standard error (95 % confidence intervals) were obtained from GLMM model estimates. Lines without shaded
areas indicate non-significant relationships. Green species correspond to large trans-saharian migrants bird on the study area.

them in search of unburnt habitat. This may reduce the immediate fire
impact on forest bird communities and facilitate the recolonization of
burnt areas by certain bird species. However, this may confound man-
agers’ perceptions if they only observe the biodiversity in the first few
years after fires. Tenacity increases the diversity of birds in recently
burnt area because forest specialist are added to open-habitat colonizers
(Prodon and Lebreton, 1981). Nevertheless, this effect has a limited
duration, between one and six years after the fire, as shown by our re-
sults for species richness and f-diversity, which tends to decrease be-
tween one and six years after fire. Thus, understanding the role of site
fidelity in the post-fire recovery of bird populations is important for
developing effective management and conservation strategies that will
promote the resilience of forest bird communities to disturbances.
Establishing cause and effect is challenging due to the limitations of
our data. The absence of pre-fire data makes it difficult to differentiate
between site fidelity or immigration, an interesting debate about start-
ing points for recovery after wildfire (see for example (Santos et al.,
2009; Hale et al., 2022; Puig-Girones and Pons, 2023). However,
focusing on forest birds between 1 and 11 years post-fire offers a unique
opportunity to explore this issue. Our results showed an initial decline in
the occurrence of many forest birds, forest species richness and p-di-
versity. Meanwhile, the frequency of open-habitat birds increased in the
same 68 burnt areas from surrounding areas (Puig-Girones et al., 2022).

Therefore, if immigrant forest birds drove recovery, populations would
be expected to remain stable or grow from the first year, indicating that
site fidelity plays an important role in the temporal trends of most
studied forest bird species, as other authors have found (Pons et al.,
2003; Prodon, 2021). Along these lines, it is important to emphasise
that, although site tenacity may play a significant role, it is just the
behavioural reason. For birds to remain in an area after fire, thereby
ensuring survival and reproduction, a consistent availability of resources
(food and shelter) and manageable risks of mortality (e.g. predation) are
essential. Therefore, besides site tenacity, what the habitat can offer and
the post-fire biota are equally important factors. Consequently, post-fire
bird trends are influenced by both behavioural and ecological elements,
as suggested by our results for the environmental variables. For
example, salvage logging has a negative impact on both overall forest
bird diversity and individual species. This underscores the importance of
standing trees— even burnt ones — for the persistence of tree-dependent
species.

Forest birds were more frequent along humid than dry transects,
which has important implications in the context of climate change and
increasing fires. Understanding the relationship between water avail-
ability and forest bird distribution is crucial for conservation efforts as
fires are becoming more frequent and extensive in many regions (Hagger
et al., 2019; Roberts et al., 2021). However, our study shows that even
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Table 4

Effect of post-fire treatments on open-habitat bird community. Summary of
generalized linear mixed models (GLMMs) used to analyse the forest bird di-
versity in 68 burnt areas in Catalonia affected by wildfires between 2000 and
2011. Models include parameter coefficient and standard error (+SE), and only
display the coefficient sign (+-or -) for non-significant variables.

Common name Scientific name Intercept Salvage Piles of
logging wood
debris
Long-tailed tit Aegithalos —7.86 + —0.48 + (®)]
caudatus 0.59 0.18
Short-toed Certhia -3.17 £ —0.39 + 0.26+0.10
treecreeper brachydactyla 0.33 0.07
Common wood Columba —1.40 £ -) (O]
pigeon palumbus 0.18
Common cuckoo Cuculus canorus —2.86 + ) —0.24 +
0.23 0.11
Great spotted Dendrocopos —3.34 + —0.24 &+ +)
woodpecker major 0.33 0.07
European robin Erithacus —-3.90 + —-0.33 + (+)
rubecula 0.40 0.08
Common Fringilla coelebs —-3.11 & —0.50 & 0.2540.09
chaffinch 0.41 0.07
Eurasian jay Garrulus —2.47 + +) 0.24+0.07
glandarius 0.18
Common Luscinia -1.18 + 0.12 + —0.24 +
Nightingale megarhynchos 0.22 0.04 0.07
Eurasian golden Oriolus oriolus -2.73 + (] +)
oriole 0.19
Coal tit Periparus ater —12.08 + —0.06 + —-1.99 +
0.003 0.002 0.003
Eurasian blue tit Cyanistes —3.40 £ —0.29 + 0.18+0.09
caeruleus 0.33 0.07
European Lophophanes —2.52 + -0.32 + +)
crested tit cristatus 0.24 0.07
Great tit Parus major -0.93 + -0.16 + [CD)]
0.14 0.04
Western Phylloscopus -3.30 + -0.23 + -)
bonelli’s bonelli 0.30 0.08
warbler
Iberian green Picus viridis -3.41 £+ -) (O]
woodpecker 0.25
Common Regulus -9.38 + 0.10 0.01
firecrest ignicapilla 0.002 +0.002 +0.001
Eurasian Sylvia atricapilla -3.58 + +) 0.22+0.09
blackcap 0.30
Eurasian wren Troglodytes —3.38 &+ +) (+)
troglodytes 0.39
Common Turdus merula —0.34 + (O] +)
blackbird 0.14
Alpha diversity 0.84+0.09 —0.07 + +)
0.01
Beta diversity 1.594+0.19 -) )
Resident species 0.57+0.10 -0.11 + 0.06+0.02
0.01
Resident beta diversity 1.04+0.15 =) (+)
Migrant species —0.66 + (€3] —0.07 +
0.11 0.03
Migrant beta diversity 0.18+0.03 =) =)

humid areas can still experience declines in forest bird diversity and
occurrence following a fire, which suggests that water availability is not
the only factor at play in post-fire recovery. The slow recovery of
vegetation after fires, associated with droughts, can further exacerbate
the problem by reducing suitable habitat for these species (Arnan et al.,
2007; Puig-Girones et al., 2017). The ever-increasing frequency and
extent of fires is a further challenge to forest bird populations in drier
regions.

4.2. The effects of spatial characteristics of the burnt landscape on forest
bird occurrence

Our findings show that low fire severity and high heterogeneity
facilitate the presence of forest birds and thus suggest that a mosaic of

10
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burnt and unburnt areas could be beneficial for maintaining bird pop-
ulations and diversity, as occurs in the case of Australian mammals (Chia
et al.,, 2016) and American squirrels (Doumas and Koprowski, 2012).
The presence and persistence of forest birds in burnt areas are greatly
influenced by the spatial characteristics of the burnt landscape, which
includes factors such as the shorter distance to suitable unburnt patches
and the density of unburnt patches in burnt areas as biological legacies
(Watson et al., 2012a). Unburnt patches play a critical role in main-
taining biodiversity in fire-prone ecosystems by serving as refuges for
species affected by fire or post-fire conditions and by providing impor-
tant resources for post-fire recovery and recolonization. They also offer
habitat heterogeneity, which can enhance ecosystem resilience to future
disturbances. Our study highlights that the spatial variation in fire
severity associated with wildfires (ranging from unburnt to severely
burnt stands) makes an important contribution to the post-fire occur-
rence of species. The attraction of birds to nearby unburned areas, the
density of unburned patches and the heterogeneity of fire severity
strongly indicate that post-fire distribution of forest birds is primarily
shaped by modifications in critical resources required by these species.
This finding supports the idea that resource redistribution, rather than
spatial patterns, is the primary driver of forest bird distributions in burnt
areas (Fahrig et al., 2011). This pivotal finding highlights the need for
further comprehensive research to unravel the underlying factors
influencing post-fire diversity and the necessity for strategic manage-
ment approaches to conserve biodiversity in fire-prone ecosystems.

4.3. Detrimental effects of conventional salvage logging

Salvage logging is a common practice after forest fires (Thorn et al.,
2018) but it can have detrimental effects on forest birds. Our results
suggest that traditional salvage logging has a negative impact on 10 of
the 20 forest bird species analysed, above all on resident species, and
forest bird diversity. Although salvage logging can provide economic
benefits, it can also lead to a fall in the biological legacies that are crucial
for maintaining biodiversity in post-fire landscapes (Elmqvist et al.,
2002; DellaSala et al., 2006). Salvage logging can also transform the
habitat of the burnt area by removing perches or reducing vegetation
cover. For example, woodpeckers can be affected by salvage logging due
to the reduction in the amount of available dead wood, snags and living
trees (Rost et al., 2013). The non-significant effects of salvage logging on
eight species need explanations. Some species may possess ecological
traits that make them less vulnerable to salvage logging such as adaptive
behaviours, flexible feeding, or broad habitat preferences. Furthermore,
these species less dependent on specific microhabitats or resources un-
derscore the importance of trait-based responses and reveal ecological
complexities in salvage logging outcomes. Our analyses also indicate
that the presence of piles of wood debris is related to an increase in
resident species richness, suggesting that the negative effects of salvage
logging may be mitigated to some extent by leaving piles of wood debris,
which can provide important habitat for certain species (Rost et al.,
2010; Puig-Girones et al., 2020). However, more research is needed to
identify effective strategies for managing post-fire landscapes that can
balance out ecological and economic considerations and explore alter-
native approaches prioritizing ecosystem recovery and resilience.

4.4. Management implications and remarks

The findings of this study have substantial implications for the
management and conservation of forest bird species in post-fire envi-
ronments. Identified key factors behind early, post fire bird dynamics
include water deficit, fire heterogeneity, the density and proximity of
unburnt patches, i.e. resource redistribution and preservation. As a
result, several management strategies can be derived from the evidence
gathered in our study.

One potential management strategy to promote the occurrence and
diversity of forest species is preserve unburnt patches and maintain a
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variety of vegetation structures within recently burnt areas. This can
provide important refuges (Watson et al., 2012a) for forest species and
help to maintain biodiversity in post-fire landscapes. Traditional post-
fire salvage logging can negatively affect populations and diversity by
altering habitat structure. Therefore, exploring alternative logging
practices that minimize these impacts and promote the recovery of forest
populations is essential (Pons et al. 2020). Thus, reducing post-fire
logging disturbance and promoting the natural regeneration of vegeta-
tion can be highly effective. This includes minimizing salvage logging
and carefully planning logging operations within the burnt area. Addi-
tionally, maintaining unburnt patches within burnt areas can create a
mosaic of varying burn severities and vegetation types, enhancing
habitat heterogeneity, landscape-scale connectivity and benefiting a
diverse range of bird species with different habitat preferences. If
salvage logging is conducted, the logging and transit of heavy machinery
should be avoided in unburnt areas and across streams, and wood debris
should be piled up to encourage vegetation recovery and act as shelter
for fauna (Mauri and Pons, 2019).

Another relevant consideration is the impact of climate change on
forest bird populations. As the timing and availability of resources such
as water and food are altered, it is important to monitor bird populations
to ensure their long-term survival. This may involve promoting land-
scape habitat heterogeneity and reducing the impact of fire on pop-
ulations. Consequently, in the face of increasing fire severity and
frequency, managers may strive for mosaic maintenance since mature
forests and open areas are known to relate to lower fire severity. These

11

mosaic will also contribute to the promotion of a variety of forest canopy
and understory types that will encourage diverse bird populations (and
those of other biota) (Puig-Girones et al., 2022; Puig-Girones et al.,
2023b). However, as fires intensify and become more frequent, the
effectiveness of maintaining a mosaic of forest types may decrease.
Although the mosaic may not be able to stop some fires driven by
extreme conditions, in most cases this spatial mosaic design will hinder
the fire’s propagation and, more importantly, facilitate suppression
strategies. Continuous monitoring of the effectiveness of these man-
agement strategies is critical for understanding their impact on forest
bird populations and overall biodiversity, and management approaches
must be adapted over time to achieve conservation goals effectively
(Puig-Girones and Real, 2022).

In addition to these management recommendations, it is essential to
acknowledge that wildfires are a natural part of ecosystems in both
Mediterranean and worldwide contexts (Pausas and Verdu, 2005). Fire
determines habitat structure, food availability and spatial mosaics with
different regeneration stages, ultimately contributing to greater
ecological diversity. However, severe and large fire events associated to
emerging fire regimes can lead to sudden changes in communities
(Rodrigo et al., 2004), or large scale soil loss (de Luis et al., 2005). Rising
water deficit due to temperature increases (Pinol et al., 1998) further
affects both vegetation and fauna after wildfires (Arnan et al., 2007;
Puig-Girones et al., 2017; Puig-Girones et al., 2022). Therefore, effective
post-fire management and conservation strategies must consider the
complex interplay of factors, including fire suppression, climate change,
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and salvage logging practices.

To address these interconnected issues, a multifaceted approach
taking into account the impacts of fire, climate change, and human in-
terventions is needed. Understanding how environmental gradients
affect post-fire processes, especially in susceptible areas near the
extreme of these gradients is crucial. This knowledge can improve the
management of burnt forests and guide interventions based on the
specific environmental and climatic preferences of target species.
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