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Abstract
Broom  matorrals are subjected  to extensive burning  in the Pyrenees to improve grazing value, despite being a habitat  of conservation interest in Europe.  Our aim here is to evaluate the impact of such management practices over the long term, and of ﬁre severity over the short  term,  on avifauna.  Bird-habitat stations  were distributed   in  broom  shrublands from  a  few months  to  51 years  after  ﬁre,  at
1400–2100 m a.s.l. Overall, shrub cover was the main habitat  variable affecting the bird  community  composition. The  abundance  trends  of bird  species for  half  a century after ﬁre were varied, but population recovery seemed slower (especially in the Dartford warbler Sylvia undata) than it had been reported  at a lower altitude. Three species of European conservation concern (Alauda arvensis, Lullula arborea and Lanius collurio) showed abundance  peaks at 10–19 years after ﬁre. This time interval showed the highest species richness, abundance  and conservation value, whereas shrub cover continued to increase afterwards. The bird assemblage tended to impoverish with increasing ﬁre severity in the ﬁrst year after a ﬁre. Our results emphasize:  (1) the slow recovery of bird  community  of burnt  mountain shrub- lands; (2) the need for long-term biodiversity assessments to help improve planning of ﬁre intervals at different altitudes; (3) the relevance of reducing ﬁre severity due to its impact on fauna.
Introduction
Land   use  changes  are  a  relevant   component  of  global change in European mountain rangelands.  The Pyrenees, in particular, are affected  by a long-term  trend  of grassland and crop encroachment derived from land abandonment (Garcıa-Ruiz et al., 1996; Poyatos,  Latron  & Llorens, 2003; Lasanta-Martinez, Vicente-Serrano  & Cuadrat-Prats, 2005; Roura-Pascual et al., 2005). This process, probably  together with  climate  change,  is behind  the  current  expansion  of broom,  Cytisus  (purgans)  oromediterraneus,  matorrals (Sanz-Elorza et al., 2003). Broom shrublands are considered a habitat  of community interest in Europe,  whose preserva- tion  requires  the designation  of special areas  of conserva- tion, according to the EU Habitats Directive of 1992. They occur  in  mountain areas  of  southern   Europe  and  house animal taxa of international conservation importance, in- cluding the Pyrenean grey partridge  Perdix perdix hispanien- sis, a vulnerable subspecies that has its highest breeding success in this habitat  (Novoa,  Aebischer & Landry,  2002), and the restricted-range endemic broom  hare Lepus castro- viejoi and rock lizard Iberolacerta galani.
Spreading  over traditional pastures,  the broom,  is how- ever, a poor forage shrub for livestock (Gonzalez-Andres & Ortiz, 1996). Thus, it has traditionally been fought by herdsmen  using  ﬁre  to  improve  grass  cover  and  grazing

value in livestock-raising areas. Range management of high- altitude  shrublands has been extensive in the Eastern  Pyr- enees. The estimated ﬁre frequency in this region has ranged between   5   and   10 years   in   1900–1950  (patchy   ﬁres),
420 years   in   1950–80  (large   ﬁres)   and   7–15 years   in
1980–2010 (mostly patchy  ﬁres; B. Lambert,  pers. comm.). At  present,  hundreds  of  hectares  are  burnt  annually,  on both Spanish and French hillsides, by government agencies. Broom shrublands are usually burnt  in the cold season (November–March) when plant tissues are dry, with ﬁre severity depending on environmental factors and logistics (Lambert   &  Parmain,   1990).  Burnt  shrublands are  then grazed, mostly from June to October.  The broom  is a facultative resprouter, that is it shows germinative and vegetative strategies after ﬁre, with the intensity of both responses  being conditioned  by parent  plant  age (Fernan- dez-Santos et al., 2004) and probably  by ﬁre severity (Malanson  & O’Leary, 1985; Moreno  & Oechel, 1991).

Previous studies suggested that management of broom shrublands with repeated prescribed burning and grazing in the Pyrenees is sustainable  in the middle term. Even inten- sively managed  plots show a stable plant  community  com- position  and  grazing  value  over  10 years  (Rigolot  et  al.,
2002). In accordance  with vegetation,  the grasshopper  and the bird communities of managed habitats are diverse and of high  conservation value  (Puissant  & Prodon, 2002; Pons
et al.,  2003). The  cited studies  were, however,  conducted over a single hillside and a limited time interval.  There is a gap in information on the biodiversity consequences of burning broom shrublands over larger spatial and temporal scales. Even when broadening the scope to other European habitats, such  as  Mediterranean pine  woodlands,   which have received considerable  attention, large-scale studies are scarce. Indeed, extensive use of prescribed burning to reduce understorey  fuel has been shown to have limited effects on the  bird  community  inhabiting  pine  woodlands  (Moreira et al., 2003) in contrast  to a more  severe effect of canopy wildﬁres (Herrando & Brotons, 2002).

The long-standing interest in how ﬁre severity affects wildlife (Bendell, 1974; Friend,  1993) has only very recently led to quantitative analyses.  An interesting  ﬁnding is that bird species that have been termed as mixed or unclear responders to ﬁre may in fact be responding differently to different  ﬁre severities (Smucker, Hutto  & Steele, 2005). A number  of species would only respond  noticeably  to ﬁre if the disturbance reached a certain level of intensity (Kirkpa- trick,  Conway  &  Jones,  2006;  Koivula   &  Schmiegelow,
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2007; Kotliar,  Kennedy  & Ferree,  2007). However,  all the publications  mentioned  studied  forest ecosystems in North America. To our knowledge, this is the ﬁrst work to address the importance of ﬁre severity to avifauna  in a different ecological and biogeographical context.
Our aim here is to assess the impact on bird diversity and conservation of burning shrublands for range management, focusing on large spatial and temporal scales. An additional goal is to evaluate the possible effects of ﬁre severity on avifauna.  For  this  purpose,  we predicted  that:  (1) on  the scale  of  our  study,  the  structure   of  the  bird  community depends both on spatial and habitat  succession variables; (2) time since ﬁre affects bird species richness, global abundance and conservation value, through  its effects on habitat structure  and on colonization–emigration processes; (3) shortly after a ﬁre, indicators  of impact on birds tend to be more affected by a greater ﬁre severity.
Methods
Study area  and  sampling design
The study area was located in the eastern Catalan  Pyrenees, in France  and Spain, and included seven localities (mostly south-facing   hillsides)  belonging  to  the  municipalities  of Toses, Nahuja, Err, Targasonne, Porta,  Railleu and Sansa, separated  by a maximum distance of 34 km (Fig. 1). A total of 66 stations  (circles of 50 m diameter)  were distributed among the seven localities (six to 17 stations/locality, separated  by at least 250 m), within an altitudinal range of
1420–2055 m  a.s.l.,  and  with  an  average  orientation  of
2131S–SW  (Table  1).  Fieldwork  took  place  in  June,  the main period  of bird song in the Pyrenean  highlands,  from the year 2000 to 2003. Stations were sampled once a year for
1 (21 stations),  2 (4 stations),  3 (14 stations)  or 4 years (27 stations).

Figure  1  Location  of  the  seven  study  hillsides  on  the  Catalan

Pyrenees (France and Spain).

Stations  were distributed  among  broom  shrublands and grasslands with broom.  The broom always accounted for at least 40% of the total shrub cover, the other main ligneous species being Rosa canina, Rosa pimpinellifolia, Juniperus communis, Rubus idaeus and Pinus sylvestris. All these areas are grazed to different extents in summer [from seldom grazed to around  320 livestock unit grazing days (LUGD) ha—1] by calves and horses, one area also by sheep. For each station, we determined  the time since the last ﬁre using information, on
ﬁre perimeters  and characteristics, found  at Service d’Utilite Agricole Montagne Mediterraneenne et Elevage (SUAMME) at  Prades,  France.  We  gave  priority  to  sampling  recently (o1 year) burnt areas, resulting from prescribed burning, that were monitored   for  several  years.  Additional stations,  un- burnt for 4–50 years, were distributed  in the surrounding area. Some of these stations were used in recent-impact  analyses as control sites.
We performed  179 point  censuses lasting 15 min, within
3 h after  sunrise.  Censuses  were conducted  in the  station within  two  count  bands,  25 and  50 m,  which  were  later pooled for this study and in which bird species’ abundance was recorded.  Although  a broader  band  would allow more birds to be recorded we chose a 50 m external radius to make an adequate  correspondence between vegetation,  ﬁre sever- ity measures and bird records, feasible. In addition,  the size (usually  5–30 ha)  and  irregular  shape  of  most  prescribed burnt areas would not allow several large point counts to be included.  Because  of  the  lack  or  the  scarcity  of  trees, visibility  of  birds  was consistently  high  over  all sites.  In order  to minimize bird double counts,  we separated  neigh- bouring  point  counts  by  a  minimum  distance  of  250 m. Similarly, the point counts were always 480 m from the ﬁre perimeter  to reduce  edge effects. Aerial  feeders as well as
Table 1 Description of the seven localities

	
	Toses
	Nahuja
	Err
	Targasonne

	Number of stations
	6
	6
	17
	7

	Altitude (m)
	1703 (1660–1750)
	1525 (1480–1590)
	1847 (1640–2055)
	1850 (1760–1960)

	Orientation (1) Slope (1) Sampling years
	143 (100–205)

22.5 (15–29)

2000–2001–2002–2003
	293 (265–355)

27.9 (21–34)

2000–2001–2002–2003
	252 (190–300)

25.5 (16–37)

2000–2001–2002–2003
	181 (150–235)

21 (19–24)

2001–2002–2003

	Age since-fire categories
	1, 2, 3–4, 419
	1, 2, 3–4, 10-19, 419
	1, 2, 3–4, 5–9, 10–19, 419
	1, 2, 3–4, 5–9, 419

	
	Porta
	Railleu
	
	Sansa

	Number of stations
	8
	12
	10

	Altitude (m)
	1909 (1870–1940)
	1623 (1500–1740)
	1558 (1420–1720)

	Orientation (1) Slope (1) Sampling years
	222 (190–275)

35 (28–39)
2003
	199 (170–240)

19 (12–25)

2000–2001–2002–2003
	176 (115–260)

30.7 (27–36)

2003

	Age since-fire categories
	1, 419
	1, 2, 3–4, 5–9, 10–19, 419
	1, 3–4, 5–9


Topographical variables are the mean values (range within parentheses) of the stations per locality.

species exclusively seen in ﬂight were excluded from the analyses. Bird species richness, abundance  and conservation value  were  derived  from  every  count.  The  conservation value  was  calculated  following  the  index  of  Pons  et  al. (2003), which takes into account the European conservation status  or SPEC (BirdLife International, 2004) and the log- transformed abundance  of the bird species recorded during the count.
Habitat variables were measured  within the 50 m radius station once bird count had ﬁnished. Habitat variables, measured each year of sampling, were the relative covers of rock, bare ground,  grass, Cy. oromediterraneus, Rosa spp., J. communis, total shrub and trees. Covers were estimated by visual comparison  with a reference diagram  of the relative area (in %) occupied by rock, bare ground and plant layers within  the  station.   We  also  estimated  an  average  shrub height (in cm) for the station.  Altitude  (m a.s.l.), slope (1) and orientation (1) were recorded once at each station.
Patterns of bird community composition
We summarized  the variation  in the bird community  com- position within our dataset by means of two complementary multivariate   analyses.  Species  occurring   less  than   seven times (     4%  occurrence)  were excluded  from  these ana- lyses (Table 2). First, we ran a partial  detrended  correspon- dence analysis (DCA) using a matrix of species abundances on 178 counts (i.e. after excluding one sample for which no bird was detected) and including the seven localities as covariates in order to take into account the spatial structure of the sampling. We retained  sample scores on the ﬁrst axis of this DCA (eigenvalue = 0.33; 11% of explained variance) as a gradient of bird community composition  for further analyses.
The DCA’s ﬁrst axis was long (4.13 standard deviation units), suggesting a long gradient with unimodal species responses (ter Braak & Smilauer, 1998). We therefore used a unimodal    direct    gradient    analysis    (partial    canonical
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Table 2 Bird species observed in more than one point count ordered by decreasing frequency; in bold species analysed in CCA
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Acron.
Freq% 
Abund.
SPEC

	Emberiza cia
	EMCA
	60.9
	156
	3

	Prunella modularis
	PRMO
	60.3
	195
	E

	Saxicola torquatus
	SATO
	38.5
	102
	–

	Carduelis cannabina
	CACN
	37.4
	128
	2

	Turdus merula
	TUME
	26.3
	58
	E

	Lanius collurio
	LACO
	24.0
	51
	3

	Sylvia communis
	SYCO
	22.9
	51
	E

	Serinus serinus
	SESE
	21.2
	44
	E

	Turdus viscivorus
	TUVI
	17.3
	36
	E

	Sylvia undata
	SYUN
	16.8
	43
	2

	Alauda arvensis
	ALAR
	15.1
	31
	3

	Lullula arborea
	LUAR
	14.5
	29
	2

	Emberiza hortulana
	EMHO
	11.2
	21
	2

	Anthus  trivialis
	ANTR
	6.7
	13
	–

	Fringilla coelebs
	FRCO
	6.7
	15
	E

	Parus ater
	PAAT
	6.1
	14
	–

	Emberiza citrinella
	EMCT
	3.9
	9
	E

	Parus cristatus
	PACR
	3.9
	8
	2

	Carduelis chloris
	
	3.4
	6
	E

	Serinus citrinella
	
	3.4
	10
	E

	Alectoris rufa
	
	2.8
	7
	2

	Garrulus glandarius
	
	2.8
	5
	–

	Saxicola rubetra
	
	2.8
	6
	E

	Monticola saxatilis
	
	2.2
	4
	3

	Perdix perdix
	
	1.7
	4
	3

	Regulus regulus
	
	1.7
	4
	E

	Sturnus vulgaris
	
	1.7
	15
	3

	Sylvia borin
	
	1.7
	3
	E

	Dendrocopos major
	
	1.1
	2
	–

	Erithacus rubecula
	
	1.1
	2
	E

	Turdus torquatus
	
	1.1
	2
	E


Acronyms used in Fig. 3 (Acron.), percentage of occurrence (Freq%), total abundance (Abund.) in the 179 point counts and SPEC category (BirdLife International, 2004) are shown  (a hyphen indicates non- SPECs and ‘E’ indicates non-SPECs concentrated in Europe).

correspondence analysis (CCA), with Hill’s scaling) to relate the variation  of bird community structure  to environmental variables,  using localities as covariates.  The environmental matrix  used  in  the  partial   CCA  included  seven  habitat variables that could be measured each year (shrub height, covers  of rock,  bare  ground,  grass,  shrub,  Juniperus  and Rosa  and   trees,  percentage   covers  being  arcsine  trans- formed) in addition to the log-transformed age since the last ﬁre. The environmental variables  were then  selected using manual forward selection, which tests the signiﬁcance of the variables  with  Monte  Carlo  permutation in  Canoco  (ter Braak & Smilauer, 1998). The signiﬁcance of the CCA was also evaluated using Monte Carlo permutation tests.
Habitat structure and  time since-fire effects on bird conservation
To explore the effects of time since last ﬁre on the bird assemblage, samples were classiﬁed into six time since-ﬁre intervals: ﬁrst year after ﬁre (n = 38), second year (n = 24), third  and fourth  year (n = 42), ﬁfth to ninth  year (n = 24),

10th–19th  year (n = 17) and 20th–51st year (n = 34). These intervals were used to generate species-speciﬁc time since-ﬁre curves of abundance. Additionally, species richness, abun- dance, conservation value and community composition (samples   scores  along   DCA-axis   1)  were  correlated   to shrub  cover (due to its main effect on the bird community as demonstrated by the CCA), separately for each time interval.
We then analysed the effects of time since ﬁre and shrub cover on bird richness, abundance, conservation value and community  composition, as well as the  inﬂuence  of time since ﬁre on shrub  cover,  using the global  dataset  of 179 bird-habitat samples  (1–4 years/station). To  this  end,  we used linear mixed models (LMM, i.e. with a normal error structure  and identity link function). The relationships between each response/explicative variable pair were ana- lysed using a second-order polynomial  regression approach (i.e. including the quadratic term of the explicative variable to consider possible unimodal relationships), using station, nested within locality, as a random factor to control for possible site-based differences. Whenever the quadratic term lacked   an   important  effect   on   the   response   variable (P40.1), it was deleted from the analysis.
Short-term impact of fire severity on avifauna
We selected 26 stations  burnt  3–8 months  before  the sam- pling,  which  had  an  adequate  paired  control  station.  We used two types of controls.  When possible (eight instances), we used the same station  sampled the spring before the ﬁre. If not available (18 instances), we used a nearby unburnt station  (separated  by at least 250 m and sampled  the same year as the burnt  station),  providing it had a similar vegeta- tion type and disturbance history as the burnt  area, before the last ﬁre occurred.

We measured three variables of ﬁre severity: (1) the area burnt,   being  the  percentage   of  the  50 m  radius   station blackened by ﬁre; (2) the shrub cover loss, deﬁned as the percentage  of shrub  cover  affected  by ﬁre relative  to  the control cover; (3) branch  diameter, obtained  as the mean diameter of the distal part of 40 burnt  broom  branches measured according to a modiﬁcation of the method found in Moreno  & Oechel (1989). These authors  showed that the mean burnt branch diameter in the shrub Adenostoma fasciculatum was positively related to two measures of ﬁre intensity: the maximum air temperature at ground level reached   during   ﬁre  and   the  water   evaporation  due  to heating.  We  randomly   chose  four  broom  stems  inside  a
20 m diameter  circle in the centre of the station.  For  each stem, the diameters of the upper 10 remaining branches was recorded at 5 mm from the distal end of each branch  with a vernier calliper. We used a principal component analysis to summarize the information of the three variables of ﬁre severity, because they were positively correlated  (minimum r = 0.59, out of the three possible pairwise correlations). The sample scores on the ﬁrst principal component (PC1) gener- ated a new variable  (hereafter  referred  to as ‘ﬁre severity’) that accounted for 78% of the variation  present in the three- variable original dataset. The positive end of the PC1 was related  to  thick  burnt  branches  (high  ﬁre severity) and  a large percentage  of the area  burnt.  The negative  end was related to small losses in shrub cover due to ﬁre.
Finally,  we explored  the possible effects of ﬁre severity with  four  bird  response  variables.  The  variations   in  the number of bird species, abundance, conservation value and community  composition  (scores of samples  on  the  DCA- axis 1) were measured  as the difference between each pair (burnt minus control station ﬁgures) divided by the ﬁgure of the control  station.  This proportion can be positive, nega- tive or zero, reﬂecting ﬁre impact. For each of the four bird response variables, we built multiple regression models with a  normal   error   distribution  using  ﬁre  severity  and  the control  ﬁgure of each bird variable as independent  predic- tors (i.e. two independent  variables per model). We did not use any variable selection procedure  for the construction of these models, running full models in all cases.
Results
Patterns of bird community composition
A total  of 47 bird  species were detected  in the 179 points counts,  six of them being aerial feeders or species detected only in ﬂight. Eighteen species that occurred in at least seven samples were analysed  with partial  CCA. The relationship between  the  bird  species  and  the  set  of  environmental variables was signiﬁcant both  for the ﬁrst axis of the CCA (Monte  Carlo permutations test, F-ratio = 9.49, P = 0.005) and  for all canonical  axes (F-ratio = 4.05, P = 0.005). The covariates of locality explained 12.0% [100 x (3.568–3.140)/
3.568] of the total variance of the species data (Table 3). The eight environmental variables initially included in the CCA were reduced to ﬁve using the forward  selection procedure
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Table 3 Summary of partial canonical correspondence analysis of bird abundance from 178 counts with environmental variables (age log- transformed and percentage covers arcsine-transformed) and locality covariates

Axes                                    1           2           3           4           Sum
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Eigenvalues                            0.17      0.09      0.036    0.024 3.568
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Figure 2 Biplots of the first two axes of the canonical correspondence
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analysis showing species (abbreviated as in Table 2) and environmen- tal variables (Table 3). The inset square shows samples projected on

the same biplot.
(arcsine-transformed percentage  covers of rock, shrub,  Ju- niperus and Rosa and tree, and log-transformed age since the last ﬁre). The ﬁve selected variables explained an additional
9.6% (100 x 0.341/3.568) of the total variance of the species data (Table 3), with shrub cover explaining 44% of this variance,  tree cover 26.4%  and  age since ﬁre 11.7%.  The ﬁrst two axes together  accounted  for 76% of the explained variation  in the species–environment  relationship.  The ﬁrst axis was negatively correlated  to the shrub  cover, the age since ﬁre  and  the  tree  cover.  The  second  axis  showed  a positive correlation with tree cover and a negative correla- tion  with  shrub   cover  and  cover  of  Rosa  spp.  and  J. communis (Fig.  2). The  ordination of bird  species on  the biplot of the ﬁrst two axes is in good accordance  with their ecology. Forest  species, such as Parus  ater, Parus  cristatus, Fringilla  coelebs and  Anthus trivialis,  occurring  in  shrub- lands with scattered  trees, were associated  with tree cover. Shrub-dwelling Sylvia undata, Sylvia communis and Prunella modularis were associated  with shrub  cover and  age since ﬁre. Open-habitat Emberiza hortulana, Lullula arborea, Carduelis cannabina, Emberiza citrinella and Alauda arvensis were mainly associated with rock cover and with low values of  shrub  cover.  The  habitat   generalists  and  the  species relying on ecotones  Saxicola  torquatus,  Emberiza cia, Ser- inus serinus, Turdus  viscivorus, Turdus  merula and  Lanius collurio were found closest to the origin.
Habitat structure and  time since-fire effects on bird conservation
The speciﬁc bird abundance  trends with time since ﬁre were diverse (Fig. 3), including  rather  monotonic  increases (e.g.

P. modularis), sharp long-term increases (e.g. Sy. undata), unimodal  responses (e.g. Sa. torquatus or An. trivialis), monotonic  decreases (e.g. E. cia) and  patterns  difﬁcult to relate to postﬁre succession (e.g. F. coelebs). Shrub cover showed a constant  increase along postﬁre succession despite potential  senescence of plants and the effects of grazing. Although  bird species richness, overall abundance  and conservation value also showed increasing trends along postﬁre  succession, they reached  a peak  at the 10–19-year time interval, decreasing thereafter  (Fig. 4).
Shrub   cover  increased   monotonically  with  increasing time since ﬁre according to the LMMs (Table 4), supporting the   temporal   trend   shown   in  Fig.   4.  Time   since  ﬁre and shrub cover signiﬁcantly affected the four bird commu- nity variables. Bird species richness showed unimodal relationships with  both  time  since  ﬁre  and  shrub  cover, as  shown  by  the  negative  slopes  of  the  quadratic  terms (Table  4).  Bird  abundance   and  conservation  value  also showed a unimodal  response to shrub cover, although  their relationship  with time since ﬁre was linear. Bird community composition (DCA scores) tended to increase linearly with shrub  cover but  the quadratic term  was signiﬁcant  in the model using time since ﬁre. This latter relationship  had a positive  slope  and   thus   could  not   be  interpreted  as  a unimodal  response.  Indeed,  when the quadratic term  was not included in the model, DCA scores showed a strong positive   linear   response   to   time   since  ﬁre   (b = 0.356; Po0.001).
The bird  species richness, overall abundance, conserva- tion value and community  composition  of individual  sam- ples grouped  into  time since-ﬁre intervals  were related  to shrub  cover. The ﬁrst three variables  showed a signiﬁcant
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Figure 4 Variation of habitat and bird commu- nity variables with  increasing time since fire. The value shown  are marginal means ( ± SE) estimated from a linear mixed model using time since-fire categories as a fixed factor while controlling for the effect  of localities (random

factor). Shrub cover is arcsine transformed.
Table 4 Summary of linear mixed models (LMM) analysing the influence of time since fire (fire age) and its quadratic term on shrub cover, bird richness, abundance, conservation value and community composition from 179 bird-habitat samples and using station, nested within locality, as a

random factor
Shrub cover
Species richness
Abundance
Conservation value
Community composition
	
	b
	P
	
	b
	P
	
	
	b
	
	P
	
	b
	
	P
	
	b
	P
	

	Fire age
	22.94
	o0.001
	
	2.798
	
	0.001
	
	
	2.729
	o0.001
	
	
	2.018
	o0.001
	
	—0.221
	
	0.388

	Fire age2
	–
	(0.3)
	
	—0.999
	
	0.054
	
	
	–
	(0.76)
	
	
	–
	(0.16)
	
	0.43
	
	0.015

	Shrub cover
	–
	–
	
	0.207
	o0.001
	
	0.319
	o0.001
	
	0.24
	0.001
	
	0.021
	o0.001

	Shrub cover2
	–
	–
	
	—0.002
	0.008
	
	—0.003
	0.019
	
	—0.002
	0.056
	
	–
	(0.46)


The influence of shrub cover was similarly analysed on the four bird community variables. Slope (b) and P-values (P) are shown for each relationship. Unimportant  (P40.1)  quadratic terms  were  excluded from  the models, and P-values of  the removed terms  are shown  in parentheses.

positive correlation with the percentage  of shrub  cover the ﬁrst year after ﬁre (Fig. 5). These relationships were strong (r = 0.69 for  species richness  r = 0.60 for  abundance   and r = 0.53  for  conservation  value).  Among   the  other   15 combinations of age since-ﬁre intervals  and bird variables, only  the  abundance   at  3–4 years  and  5–9 years  showed  a weak signiﬁcant  correlation with shrub  cover. In contrast, bird community composition, measured as sample scores on the ﬁrst axis of the DCA, showed a signiﬁcant correlation in four out of the six time intervals analysed. The highest correlations   were  obtained   in  the  second  year  after  ﬁre (r = 0.69) and at 10–19 years (r = 0.59). When all data were

pooled (Fig. 5, bottom), bird species richness, overall abundance  and conservation value showed a quadratic relationship  with shrub cover, with intermediate  maximums, whereas  bird  community   composition   increased  linearly with increasing shrub cover.
Short-term impact of fire severity on avifauna
Out of 26 paired burnt-control stations, 18 decreased versus four increased their number of species the ﬁrst year after ﬁre,
19 decreased versus three increased their abundance  and 19
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Figure  6 Relationships between  fire severity and four variables of fire impact on the bird community. On the abscissa are sample scores on the first axis of the principal component analysis summarizing three variables of fire severity. On the ordinates of three graphs are the increases, either positive or negative, in the conservation value, number of species and abundance in the first year following a fire with respect to paired controls. The bottom right graph shows the variation between burnt and control stations in sample scores on the first axis of the partial detrended correspondence analysis including 178 samples, 18 bird species

and six covariates of spatial location.

decreased  versus seven increased  their  conservation value. The effect of ﬁre severity on the four bird response variables was signiﬁcant  in the multiple regression model, after con- trolling  for the value of the response  variables  in controls (t-tests   on  ﬁre  severity’s  b;  species  richness   P = 0.001; abundance   P = 0.004;  conservation  value  P = 0.007  and bird  community   composition   P = 0.04).  The  largest  de- creases in the four bird response variables were associated with the highest ﬁre severity (Fig. 6). Mild ﬁres or patchy burnt areas, on the station scale, resulted in an unsubstantial reduction in shrub cover and an insigniﬁcant or a positive variation  of the four bird response variables. In contrast, intense and extensive ﬁres were related to large reductions in shrub cover and bird variables.
Discussion
Methodological considerations
Sampling design is fundamental in studies aimed at evaluat- ing the  effects of natural  disturbances  on  animal  popula- tions.   The   lack   of   randomization  in   the   selection   of treatments and replicates and pseudoreplication, for example when replicate samples are not spatially independent, are the major problems affecting the location of study sites (Wiens & Parker,  1995). Analyses have to take into account  possible differences among study areas due to different geology, topography, microclimate,  etc. and to avoid pseudoreplica- tion. We did this by including the locality as a covariate  in CCA  and  DCA  and  station,   nested  within  locality,  as  a random  factor  in LMM  (Crawley, 2002). Other  sources of noise may affect the sampling  design if there  is interest  in analysing temporal trends. An uneven distribution of succes- sional stages among locations would confound  the effects of succession  with  spatial   differences.   This  is  one  of  the strengths  of our sampling design because most study areas

included most time since-ﬁre intervals. Moreover,  our focus on recently  burnt  areas  meant  that  data  were not  lumped across the ﬁrst few years after ﬁre, but over the long term. We should  thus  avoid  missing important differences in species richness and  abundance that  occur only brieﬂy after  a ﬁre (Prodon,  Fons & Athias-Binche, 1987; Smucker et al., 2005). The modest size of prescribed burning operations and the aim  of  obtaining   detailed  measures  of  ﬁre  severity  and habitat  structure  constrained the census area to a radius of
50 m. The positive consequence  of counting  birds  in open habitats  over a reduced  area (7850 m2) is that  detectability differences among sites are minimal (Valentine et al., 2007). We therefore expected to obtain directly comparable  counts using this method.  The negative side is that  most  samples recorded   few  species  and  individuals.   The  low  efﬁcient counts resulted not only from the reduced area sampled but
also  from  the  modest  bird  density  in  the  landscape  we studied (unpubl.  data).  Fortunately, the stochastic effects derived from this ‘noise’ did not seriously affect the perfor- mance  of  CCA  (Palmer,  1993). In  our  initial  dataset  of species samples, there was a vast majority of zeros, but after deleting 23 species (56% of the total) occurring in less than seven samples, the number of zeros decreased to 49.8%. The partial  CCA was signiﬁcant  and  produced  a good  ordina- tion of the species along the environment gradients,  reach- ing high species–environment correlations for the ﬁrst two axes.  On  the  other  hand,   bird  communities   were  fairly constant  within localities from year to year in the absence of ﬁre and our results appear  to be consistent,  both  in the analysis of postﬁre temporal  patterns  and in the assessment of the immediate impact of ﬁre severity on birds.
Time since fire and  fire severity effects
Analysing speciﬁc abundance  trends after a ﬁre is a common procedure   to  evaluate  species’ response  to  disturbances.
Although  we found a broad  spectrum of speciﬁc postﬁre responses, most of them were towards increasing abundance with time. Among  other  factors,  the responses  depend  on the extent to which the changes in open ground,  shrub and tree cover along succession meet the habitat  requirements of bird  species (Fig. 2). However,  habitat  structure  does not only depend  on time since ﬁre but also on the disturbance severity, the former  habitat  and  the environmental condi- tions promoting regeneration  (Prodon  et al., 1987; Smucker et al., 2005). At 1800 m in the Pyrenees, the mean  annual temperature is 9 1C  colder and  grazing  pressure  is usually higher  than  at sea level on the same latitude.  As a result, plant  postﬁre  regeneration   is slow  in  highlands  (Rigolot et al., 2002), possibly delaying the response of the avifauna. Ten out of the 18 species analysed also occur regularly at a low altitude  in the region (Estrada  et al., 2004). However, long-term post-disturbance studies are still lacking for most of these species. Two species with an unfavourable conser- vation status in Europe  seemed to respond  slower to ﬁre in our study area than  in low-altitude  habitats. The Dartford warbler Sy. undata reaches a peak in abundance  at 4–6 years after ﬁre in siliceous low-altitude habitats  (Pons et al., 2008) and around  10 years in calcareous habitats  (Herrando et al.,
2001), in contrast  to the maximum after 20 years or more we found in the Pyrenees. The woodlark  Lu. arborea maximum abundances  are  reached  the  ﬁrst  year  after  ﬁre  at  low altitudes,  disappearing after  4 years (Prodon  et al., 1987). However,  it  occurs  all  along  half  a  century  of  postﬁre succession in the Pyrenees. For  the blackbird  T. merula, a species of less concern,  48 years are necessary to reach  a maximum  postﬁre  abundance, both  in low (Prodon  et al.,
1987) and in high altitudes (this study).
Our results show that species richness, abundance  and conservation value are low early after ﬁre. All three commu- nity variables  were positively correlated  to shrub  cover in the ﬁrst year after ﬁre (Fig. 5), indicating  that  shrubs are a limiting resource in the breeding season following the pre- scribed  burning.   From   2 years  after  ﬁre  onwards,   these relationships were unclear. In contrast, the bird community composition  responded  to shrub  cover variation, irrespec- tive of the time elapsed since ﬁre. In coincidence with other mountain areas  (Laiolo  et al., 2004), the  bird  assemblage was    richest    in    the    mid-successional    shrubland.   At
10–19 years  after  ﬁre,  shrubs  are  found  mostly  in  small patches, totalling around 40–50% cover, interspersed with patches  of  grassland.   Largest  patches  of  broom  contain roses or juniper over 3 m tall as well as small grass clearings, adding spatial heterogeneity. It is most likely that the patchiness  in the vegetation  provides enough singing posts, shrub cover for nesting and food resources (Swengel, 2001) for many species, thus allowing ecologically distant  birds to coexist (Pons & Wendenburg, 2005; Fuhlendorf et al., 2006). In contrast, Pons et al. (2003) found that broom shrublands burnt   every  2–7 years  had  the  highest  bird  conservation value.  The  design  differences  between  both  studies  could help  to  explain  this  divergence,  since  Pons  et  al.  (2003) studied a single hillside at a lower altitude  and with milder ﬁres on average.

Moreover, the results indicate that time since ﬁre may have effects on  the  bird  community  that  are  complementary to those of shrub cover. We suggest that these effects may be due to multiple time lags. Firstly,  time lags may affect coloniza- tion of burnt  areas due to the uneven location and extent of population sources (Brotons, Pons & Herrando, 2005). Time lags may indeed be due to delayed habitat  changes, such as the fall of scattered dead pines several years after a ﬁre or the opening  of  unburnt patches  by  the  passage  of  herds.  In contrast,  a common source of postﬁre time lag in birds, that is site tenacity, seems less relevant than in other studies (Bendell, 1974; Moreira  et al., 2003) because species richness and abundance were the lowest in the ﬁrst year after ﬁre.
This study is the ﬁrst to analyse the short-term impact  of ﬁre severity on birds inhabiting  shrublands. We have shown that the maximum number of species, abundance and con- servation  value tend  to occur  in stations  with a high shrub cover, in which ﬁres will be correspondingly more intense. Severe ﬁres locally burnt most of the aboveground vegetation with stems thinner than 4 mm diameter, the remaining stumps being o1 m tall. This structure  is inadequate for shrub-dwell- ing birds,  which disappear  in the ﬁrst year after  ﬁre or are forced to forage and nest in nearby unburnt areas. In contrast, mild ﬁres leave dense burnt  cover and unburnt patches of shrubland and grassland  that  birds can use readily. Stations with the densest cover were indeed affected by the strongest changes  in  bird  species  composition,   as  inferred   by  the negative  variation  in the DCA  scores (Fig. 6), and  overall, the bird assemblage in the ﬁrst year after ﬁre tended to impoverish  with  increasing  ﬁre  severity.  This  result  is  in contrast  to those of forest studies that  mostly found positive associations  between the abundance of bird species and increasing burn severity (Kirkpatrick et al., 2006; Koivula  & Schmiegelow, 2007; Kotliar  et al., 2007; Dickson et al., 2009). The  difference  is  nevertheless  not   surprising   because,  in contrast to shrubland, the vertical structure remaining shortly after a severe ﬁre is signiﬁcant in forests.
Management implications and  future directions
In  the  Pyrenees,  at  1400–2100 m  a.s.l.,  broom  matorrals found  10–19 years after ﬁre, concentrate most bird species, highest abundance  and increased conservation value. How- ever, a ﬁre return interval of 4–10 years is the most common in intensively managed  hillsides (B. Lambert,  pers. comm.) because it allows a high pastoral value to be maintained (Rigolot et al., 2002) while avoiding excessive shrub cover. If such a short ﬁre recurrence is applied, it is important to set patchy mild ﬁres (easily conducted thanks to the low fuel accumulation), thus preserving some shrub cover. The resulting ﬁne-grained  mosaic would be less detrimental  for most  animal  taxa,  including  insects  (Swengel, 2001) and birds (Moreira et al., 2001; Pons et al., 2003), than extensive and severe burns.  When ﬁre occurs at an interval  of more than  a decade, shrubland becomes a dense thicket because livestock  seldom  grazes  on  broom,  rose  or  juniper (Gonzalez-Andres   &  Ortiz,   1996).  In   close  matorrals,
however, the concern for ﬁre management is fuel continuity and development. Managers may shift burning dates to wait for  wet and  non-windy  conditions  and  apply  highly  con- trolled burning techniques. After a wet period, the water content  of plant  tissues is high  and  burning  can  be con- ducted at a lower intensity than  under dry conditions.  It is, however, important not to burn from April onwards  in highlands,  to protect  animals with early activity and repro- duction.  In addition,  burning  teams can limit the spread of the ﬁre front  if relaying on heterogeneities  (roads  or path- ways,  snow  cover  under  shadowed  places  or  previously burnt area). A short ﬁre spread reduces burning severity, detrimental, as shown, for the bird community  in the short term.
There are seven species of European conservation  concern that  commonly  occur in the middle term (10–19 years) after ﬁre, including three having a maximum abundance in this interval  (Fig. 3). Among the seven species, Al. arvensis, Lu. arborea,  La.  collurio, Ca.  cannabina  and  E.  hortulana  are mainly affected by agricultural intensiﬁcation  across Europe (Tucker  & Heath,  1994). By contrast,  Sy. undata  is mostly affected  by afforestation (Estrada  et al., 2004), although  it can ﬁnd adequate  shrubland within the mosaic of managed patches.  Since the studied  landscape  continues  to be exten- sively grazed by livestock, its avifauna  does not seem to face most of the problems affecting rural plains. At a broad scale, most of the Pyrenees contain  a traditionally managed  land- scape not  widespread  on a European scale. The traditional extensive use of this landscape is a value to be preserved in the face of economic globalization.  One of the multiple reasons for  its  conservation   would  be  its  role  as  a  reservoir  for farmland bird populations occurring in southern  Europe.
Our results underline the importance of long-term studies to assess the impact of ecosystem management. This is even more  important in ecosystems  under  a cold climate (high altitudes  or  latitudes)  in which  the  recovery  after  distur- bance is slow. For this purpose,  it is possible to use a combination  of  synchronic   and   diachronic   approaches, more feasible than diachronic only and more robust to confounding spatial and temporal  variability than synchro- nic approaches (Prodon  & Pons, 1993). Rigolot et al. (2002) estimated  that  it took  25–30 years to recover a well-devel- oped  broom  matorral at  1600 m a.s.l. after  a ﬁre. Studies extending over the short term after a ﬁre can therefore miss species occurring and processes taking place more than a decade after the ﬁre. The long-lasting ecological effect of ﬁre on high-altitude ecosystems, suggested by our results, merits detailed   studies.   Such  studies,   using  plant   and   animal indicator  groups,  should be addressed  towards  guidance of the use of ﬁre as a management tool at different altitudes.
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