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Introduction
Comprehensive  knowledge  of  how forest 

structure develops in response to natural dis-
turbances  is  essential  to  evaluate  current 
forest conditions and to promote sustainable 
silviculture and conservation systems in the 
future  (McCarthy  2001).  In  Mediterranean 
montane forests,  disturbances killing or  re-
moving small groups of trees are important 
drivers that create habitat heterogeneity and 
trigger  successional  dynamics  (Dubé  et  al. 
2005,  Linares  & Carreira  2009).  This  pro-

cess may culminate in the replacement of the 
original  dominant  canopy  species  by  indi-
viduals of different tree species at the stand 
scale. In such cases, gap disturbance would 
promotes the coexistence of species with dif-
ferent  resource-use strategies,  dispersal and 
competitive abilities  (Veblen 1992).  Imple-
mentation  and exploitation  of these natural 
succession  processes  in  forest  management 
is a desirable approach for threatened or en-
dangered  tree  species.  Therefore,  detailed 
knowledge of how various tree species esta-

blish within gaps could be an efficient way 
to introduce ecological mechanisms into cur-
rent silvicultural systems (Veblen 1992, Be-
ckage et al. 2000).

The Spanish fir (Abies pinsapo Boiss.) is a 
relict fir species endemic to southern Spain 
and northern Morocco. It has been hypothe-
sized that  A. pinsapo populations remained 
isolated  throughout  the  Quaternary  (Alba- 
Sánchez et al.  2010). Such historical  isola-
tion caused significant morphological, gene-
tic and ecological differentiation from other 
circum-Mediterranean fir species (Martín et 
al.  2010,  Linares 2011).  A. pinsapo forests 
were subjected  to  intense  human use (e.g., 
grazing  and  logging  for  timber,  firewood, 
and charcoal) until the mid-20th century. As a 
result, the current structure and tree species 
composition  of  A.  pinsapo forests  reflect 
their past use and management (Linares et al. 
2010a,  Esteban  et  al.  2010).  Previous  re-
search on A. pinsapo regeneration has main-
ly focused on several reproductive stages of 
the species such as cone and seed production 
as well as seedling abundance (Arista et al. 
1997).  Nevertheless,  there  is  scarce  infor-
mation  on  A. pinsapo seedling and sapling 
abundance as related to gap dynamics.

Many studies on the role of gap formation 
in tree regeneration have been conducted in 
montane or temperate forests (Runkle 1985, 
Degen et al.  2005,  Sapkota & Odén 2009). 
However, little attention has been paid to the 
role of gaps as regeneration foci in Mediter-
ranean conifer forests. Most studies on forest 
gap  regeneration  in  mesic  fir  forests  have 
been  performed  in  continuous  forests  with 
large tree-fall gaps that greatly differ in size 
(Dobrowolska  &  Veblen  2008).  Yet,  few 
studies have addressed how pest-related ca-
nopy  gaps  drive  regeneration  dynamics  in 
Mediterranean  fir  forests.  At the  landscape 
scale,  the natural  disturbance  regime of  A.  
pinsapo forests  in  Spain  is  driven  by fire, 
drought  and  fungal  infection  (Arista  1995, 
Linares & Carreira 2009). In the absence of 
fire or pest outbreaks, the creation of small 
canopy gaps due to senescence and natural 
tree  mortality is  a  common  type  of  distur-
bance in  formerly managed  A.  pinsapo fo-
rests.  The establishment  and survival  of  A. 
pinsapo seedlings  within  and  outside  these 
gaps  is  influenced  by  site  conditions  and 
stand species composition (Arista & Talave-
ra 1994, 1996). The incidence of fungal-re-
lated mortality induced by the root rot fun-
gus Heterobasidion annosum Bref. (Basidio-
myceta,  Corialaceae) and to  a lower extent 
by damage caused by other species (e.g., Ar-
millaria  mellea (Vahl)  P.  Kumm)  has  in-
creased  over  the  last  twenty  years  in  for-
merly managed  A. pinsapo forests (Navarro 
Cerrillo et al. 2003, Sánchez et al. 2007). In 
fact,  significant  differences  in  infection  in-
cidence of  H. annosum have been observed 
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We explored  the  effects  of  tree-fall  gaps  caused  by  Heterobasidion  anno-
sum-induced tree death on the regeneration of the relict  Abies  pinsapo in 
southern Spain. We analyzed the structure and regeneration of A. pinsapo in 
44 circular closed-canopy plots and 11 gaps (mean size 75 m2) located in H. an-
nosum infection foci. We measured adult density, basal area, and height of all 
tree species with a diameter at breast height greater than 7.5 cm and quanti-
fied regeneration abundance. Diameter structures were analyzed using Weibull 
functions. A. pinsapo comprised 49-81% of total adult tree density (358-1418 
trees ha-1) and total basal area (15.70-39.22 m2 ha-1). Density of A. pinsapo ju-
veniles ranged from 129 to 416 individuals ha-1, while that of juveniles of other 
tree species such as  Quercus ilex was much lower.  A. pinsapo saplings and 
seedlings were more abundant within gaps than in closed-canopy sites. A. pin-
sapo regeneration was related to the tree species composition of the stands 
adjacent to gaps.  The main potential species replacing  A. pinsapo in  H. an-
nosum-induced gaps were, in decreasing order of importance, Quercus ilex, Q.  
faginea,  and  Juniperus  oxycedrus.  The current stand structure and gap-in-
filling processes suggest that A. pinsapo regenerates adequately within H. an-
nosum-induced gaps. However, the relative proportion of other coexisting tree 
species within H. annosum-related gaps will increase substantially over time as 
compared with closed-canopy areas.
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between  pure  stands  and  mixed  conifer 
stands  (Swedjemark  &  Stenlid  1995).  A.  
pinsapo  seedlings  and  saplings  seem to be 
very susceptible to H. annosum, although no 
external  differences  between  infected  and 
healthy plants are visible. Moreover, drought 
stress affects the predisposition of  A. pinsa-
po to  H. annosum  infection (Sánchez et al. 
2007).

The  creation  of  gaps  by  H.  annosum-in-
duced tree death may promote the displace-
ment of  A. pinsapo by coexisting dominant 
tree species (Quercus ilex L., Pinus spp., and 
Quercus faginea Lam.). The regeneration of 
A.  pinsapo often  remains  suppressed  as  a 
seedling bank under the closed canopy until 
an opening in the overstory allows seedling 
development (Arista 1995, Arista & Talavera 
1996). For instance,  A. pinsapo regenerates 
well  under  the  canopy of  pine  species  (P. 
pinaster  Aiton,  P. halepensis  Mill.)  but  re-
cruits less successfully under the canopy of 
oak species (Q. faginea, Q. ilex) or in closed 
stands  dominated  by  mature  A.  pinsapo 
trees.  In  addition,  the  micro-environmental 
conditions  of  gaps  seem to  favor  the  esta-
blishment  of  A.  pinsapo  seedlings  since 
seedling  mortality  in  open  areas  (where 
seeds also germinate) is high due to summer 
drought  stress  (Arista  et  al.  1997).  Under-
standing how the regeneration of A. pinsapo 
is  driven  by  H. annosum-related  gaps may 
contribute  to  better  forecast  stand-to-stand 
variation in tree species composition in these 
Mediterranean forests. This type of ecologi-
cal  knowledge  is  necessary for  developing 
new silvicultural  strategies to manage relict 
A. pinsapo forests.

We expected the composition and regene-
ration of mixed stands of A. pinsapo to differ 
between H. annosum-created gaps and adja-
cent closed-canopy stands. We hypothesized 
that gaps and adjacent closed-canopy stands 
would  differ  in  several  variables  related  to 
tree regeneration (i.e., density, structure, and 
composition). Finally, we examined the rela-
tionship  between gap size and regeneration 
abundance  as  well  as  potential  successor 
species (sensu Runkle 1985) within gaps to 
predict future forest composition.

Material and methods

Study area
The study sites were located in  Sierra de 

las Nieves Natural Park (Malaga, Andalusia, 
Spain: 36° 43’ N, 4° 58’ W). The area con-
sists of a long, northbound ridge ranging in 
elevation from 1126 to 1562 m. a.s.l. where 
A.  pinsapo  mainly occurs  in  wet  or  mesic 
sites. These forests are subjected to water de-
ficit from June to September, a typical fea-
ture of Mediterranean climate. Average an-
nual  precipitation  in  the  area  is  1089  mm 
and  mean  annual  temperature  is  11.6  °C. 
Soils  are  predominantly  calcareous  brown. 

Most formerly pure  A. pinsapo forests were 
converted by long-term human use to mixed 
forests  with  evergreen  and  deciduous  oak 
species  (Q.  ilex and  Q.  faginea,  respec-
tively),  also  including  natural  and  planted 
pine  species  (P.  halepensis,  P.  pinaster). 
Evidence of direct pest damage on A. pinsa-
po included bark beetle attack by Cryphalus  
numidicus Eichhoff (Coleoptera, Scolytidae) 
and  fungal  infection  by  H. annosum,  crea-
ting all the sampled gaps.

Field sampling
In the selected stand, we located all canopy 

gaps showing signs of recent disturbance due 
to  damage by root  rot  fungus  H. annosum 
(i.e.,  broken stems with fungal  damage, af-
fected  stumps,  fungal  bodies).  In  January 
2009, after a preliminary reconnaissance of 
the study area, eleven A. pinsapo gaps were 
selected  based  on  forest  inventories  de-
veloped  in  1999  by  the  regional  Environ-
ment  Department  of  Andalusia  (Navarro 
Cerrillo et al. 2003). Gaps were selected ac-
cording to the following criteria: (1) homo-
geneous soil and slope conditions within the 
gap; and (2) availability of information about 
the  year  of  gap  creation:  we selected  gaps 
created  between  1995  and  1999.  Although 
gap age was not accurately determined, rela-
tive age was estimated based on the condi-
tion of decaying logs and snags and previous 
inventory  data.  The  center  of  the  gap  was 
marked as the point of intersection of its two 
dominant  axes,  and the area was estimated 
by measuring its long and short axes and as-
suming an elliptical shape. Gap size ranged 
from 502 to 1359 m2 and mean size was 673 
m2. We established eleven northward-orien-
ted sampling plots, one within each gap ac-
cording  to  gap  surface  (plots  had  variable 
radii). To compare species, structure, and re-
generation densities in gaps vs. closed-cano-
py sites,  forty-four  additional  circular  plots 
were  randomly  established  at  least  100  m 
apart from the closest gap border following 
N-S-E-W directions.  Each  plot  outside  the 
gap had an area of 706.86 m2. We measured 
tree  diameter  at  breast  height  (dbh)  and 
height  (using  a  hypsometer)  and  identified 
the tree species of all individuals with dbh ≥ 
2.5 cm located within gaps and closed-cano-
py plots.  A. pinsapo individuals were grou-
ped into four size classes according to their 
dbh and height:  adults  (dbh ≥ 7.5 cm); ju-
veniles  (7.5  cm > dbh ≥ 2.5 cm); saplings 
(dbh < 2.5 cm); and seedlings (height < 1.3 
m).  No  differences  were  detected  between 
gaps  and  adjacent  closed-canopy stands  in 
altitude, slope, orientation or soil type, sup-
porting the assumption of site homogeneity. 
Spatial  autocorrelations  and  the  combined 
effects  of  pairs  of  gaps  and  closed-canopy 
plots  were avoided  by maintaining  a  mini-
mum distance of 100  m between gaps and 
neighboring closed-canopy stands.

Diameter structure analyses
We  grouped  A.  pinsapo,  Q.  ilex,  Q.  fa-

ginea,  J.  oxycedrus Sibth.  &  Sm.,  and  J.  
phoenicea L.  into 5-cm dbh classes, avera-
ged densities across sampling plots, and ge-
nerated diameter frequency distributions for 
each species at  each site.  To quantitatively 
compare population size structures, we fitted 
two-parameter Weibull functions (Kangas & 
Maltamo 2000)  using the SAS JMPTM stati-
stical package and the maximum likelihood 
method.

Statistical analyses
Prior  to  the  statistical  analysis,  we  exa-

mined normal distribution of data and homo-
geneity of variances using the Kolmogorov-
Smirnov  and  Levene  tests,  respectively. 
When departure  from normality was detec-
ted,  a  log-transformation  of  data  was  ap-
plied.  The  parameters  analyzed  were  tree 
density (trees ha-1), basal area (m2 ha-1), basal 
area of dead trees (m2 ha-1), quadratic mean 
diameter for all individuals  with dbh ≥ 2.5 
cm, and regeneration (trees ha-1 and saplings 
and seedlings with dbh < 2.5 cm for all spe-
cies). 

Once  fitting  to  a  normal  distribution  and 
homogeneity of variances had been verified 
for  all  the  variables  analyzed,  a  simple 
paired t-Student test was applied in order to 
test for possible differences in structural va-
riables and regeneration between gap and ad-
jacent  closed-canopy plots.  A probability < 
0.05 was accepted as statistical  support  for 
rejecting the null hypothesis (Zas 1999). We 
determined  the  relationships  between  the 
densities of juveniles, saplings and seedlings 
of the most abundant species in H. annosum-
created gaps and those of conspecific adults 
in adjacent closed canopy sites by calculat-
ing  the  Spearman’s  correlation  coefficients 
(α = 0.05 - Zas 1999). Relationships between 
the structural and regeneration variables and 
gap size were assessed in a similar way. All 
the statistical analyses were carried out using 
the  software  package  SPSS  ver.  15  (SPSS 
Inc., Chicago, USA).

Results

Stand structure
Average density of trees with dbh ≥ 7.5 cm 

in  closed-canopy sites was 1749 trees  ha-1. 
Such  sites  were  dominated  by  A.  pinsapo,  
which comprised 81.2 % of their total den-
sity, followed by P. halepensis (14.2 %), and 
J. oxycedrus (4.0 % - Tab. 1). In gaps, mean 
density was 723 trees ha-1. Again, A. pinsapo 
was dominant (49 %). Other significant tree 
species in gaps were P. halepensis (26.6 %), 
J. oxycedrus  (17.2 %), Q. ilex  (3.7 %), and 
Q. faginea (2.2 %).

As expected, the mean basal area of A. pin-
sapo (range: 15.7-39.2 m2 ha-1) was signifi-
cantly higher (F= 15.768; P < 0.001) in clo-
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sed-canopy sites than in gaps (Tab. 1). The 
basal area of standing dead trees and fallen 
dead trees averaged 6.4 m2 ha-1 in gaps and 
2.0 m2 ha-1 in closed-canopy areas, showing 
significant  differences  (F  =  14.521;  P  < 
0.001). In gaps, the quadratic mean diameter 
of  A.  pinsapo  was  11.6  cm,  significantly 
smaller  than  in  closed-canopy  sites  (F= 
7.135; P = 0.010), as it was also the case for 
Q. faginea  (F=  34.639;  P  < 0.001).  How-
ever, other species showed the opposite pat-
tern,  with  significantly  higher  quadratic 
mean  diameters  within  than  outside  gaps. 
This was the case of Q. ilex (F= 23.575; P < 
0.001)  and  J.  oxycedrus  (F=  22.886;  P < 
0.001).  We found  differences  in  the  mean 
height  of  trees  located  within  gaps  and  in 
closed-canopy sites in all tree species except 
Q. faginea.  Several tree species showed si-
gnificantly  lower  height  when  growing  in 
closed-canopy  sites  than  within  gaps  (J.  
phoenicea, F = 15.780; P < 0.001; J. oxyce-
drus, F =  56.877;  P  < 0.001;  Q. ilex, F =  
23.575; P < 0.001; see Tab. 1).

Diameter (dbh ≥ 2.5 cm) distributions va-
ried between site types but tended to be re-
gular  among diameter classes (Fig.  1).  The 

shape of the size-class Weibull  distribution 
showed  significant  differences  between  an 
exponential  distribution  in  gaps  (c=1.0; 
P<0.001)  and a positively skewed Weibull 
distribution in closed-canopy sites (c=1.56). 
The exponential distributions were the result 
of a peak in abundance in the smallest and 
intermediate size classes, and a rapid decline 
in  the number of individuals  in  larger  size 
classes (Fig.  1).  This indicates  that  A. pin-
sapo regeneration within gaps was abundant. 
The  number  of  small  diameter  trees  (dbh 
between 2.5-7.5 cm) was up to  three times 
greater in  gaps than in  closed-canopy sites 
(Fig. 1, Tab. 1). In both site types, few large 
trees (dbh ≥ 40 cm) existed;  the remaining 
species  had  relatively low density and dia-
meter, and distributions were generally left-
skewed (c>2.90) on average and dominated 
by a large number of small  diameter trees, 
suggesting an active regeneration  of coexi-
sting tree species (Fig. 1, Tab. 1).

Regeneration abundance
Density of A. pinsapo  juveniles was signi-

ficantly higher in gaps (416 trees ha-1) than 
in  closed-canopy stands  (F =  10.633;  P  < 

0.001 -  Tab. 1). Density of  A. pinsapo  sap-
lings and seedlings also differed significantly 
(P<0.001)  between  sites  types.  More  spe-
cifically, density of A. pinsapo saplings was 
over  three  times  greater  within  gaps  than 
elsewhere (Tab. 1).

Density of Q. ilex juveniles ranged from 97 
to 86 trees ha-1. It was significantly higher in 
gaps (F = 10.963; P = 0.002) than in closed-
canopy sites. Moreover, the highest numbers 
of saplings and seedlings of this species oc-
curred in stands with the lowest density of 
A. pinsapo adults. A clear influence of gaps 
on tree regeneration was observed in  Q. fa-
ginea,  which was only present in gaps (Tab.
1). Significant differences between site types 
in the average numbers of recruits were also 
found in Juniperus species (Tab. 1).

Relationship between gap size and  
forest structure and regeneration

A  significant  positive  correlation  was 
found between gap size and the density and 
basal area of A. pinsapo, Q. faginea, and Q. 
ilex (Tab. 2). In addition,  gap area was ne-
gatively  correlated  with  the  average  basal 
area of P. halepensis  and Juniperus species, 
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Tab. 1 - Structural parameters of Abies pinsapo populations in closed-canopy sites and Heterobasidion annosum-created gaps. Reported va-
lues are means (standard error in brackets). Significant differences between these two sites types (after t-test) are indicated. (*): P ≤ 0.05; 
(**): P ≤ 0.01; (ns): not significant. 
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Abies pinsapo 19.88*
(0.89)

6.54 ns

(0.16)
39.22 ns

(1.87)
2.03**

(1.87)
1418**

(32.16)
129**

(6.21)
317**

(9.21)
1816**

(43.56)
Pinus halepensis 20.23 ns
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6.49 ns
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(12.87)

216
(23.69)
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although the latter correlation was not signi-
ficant.  By  contrast,  their  regeneration  was 
not related to gap size.

Potential successors
Significant  correlations  were  found  bet-

ween: (1) density of juveniles, saplings, and 
seedlings  of  A.  pinsapo,  P.  halepensis and 
Q. ilex; and (2) abundance of such species in 
surrounding  closed-canopy  sites  (Tab.  3). 
The highest coefficients were found for seed-
lings of these three species. In gaps, the main 
potential  successor  was  A.  pinsapo,  repre-
senting 50% of the total density of recruits. 
However,  Q.  ilex  and  J.  oxycedrus were 
other potential successors that occurred more 
frequently within  gaps  than  expected  com-
pared  to  their  abundance  within  closed-ca-
nopy stands.
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Fig. 1 - Frequencies of trees grouped accor-
ding to their diameters at breast height (dbh, 
5-cm classes) for the different species sampled 
and corresponding Weibull distributions (so-
lid lines) for gaps and closed-canopy sites in 
an A. pinsapo forest. Fitting parametrs (R-
squared) and Weibull shape statistics (b, c) 
are also indicated. Where fittting was not pos-
sible, densities of each class are shown.

Tab. 2 - Spearman’s correlation matrix among gap size forest variables and regeneration.  
(*): P < 0.05; (a): Σ juveniles + saplings + seedlings.

Species Density
(trees ha-1)

Basal area
(m2 ha-1)

Regeneration (a)

(trees ha-1)
Abies pinsapo 0.748* 0.83* 0.276
Pinus halepensis 0.029 -0.057 -0.216
Quercus ilex 0.873* 0.8* 0.095
Quercus faginea 0.924* 0.768* -0.132
Juniperus oxycedrus -0.227 -0.228 -0.293
Juniperus phoenicea -0.041 -0.043 0.142

Tab. 3 - Relationships between densities of juveniles, saplings, and seedlings of the most  
abundant species located within Heterobasidion annosum-created gaps and densities of con-
specific adults located in surrounding closed-canopy sites. Values are Spearman’s correla-
tion coefficients. (*): P ≤ 0.05; (**): P ≤ 0.01.

Stage A. pinsapo P. halepensis Q. ilex J. oxycedrus
Juveniles 0.25* 0.27* 0.3* 0.08
Saplings 0.38** 0.28* 0.34* 0.04
Seedlings 0.5** 0.4** 0.77** 0.04
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Discussion
The regeneration  dynamics  of  A.  pinsapo 

forests  and  the  implications  of  ecological 
factors and silvicultural practices on their re-
cruitment  patterns  still  remain  an  open  re-
search topic. This study showed that A. pin-
sapo is able to establish in gaps created after 
H. annosum-induced tree death. Our results 
also showed a significant difference between 
gaps  and  adjacent  closed-canopy stands  in 
forest  structure  and  regeneration  dynamics. 
Nevertheless, there is much debate over the 
level  of  perturbation  that  is  necessary  to 
maintain  A.  pinsapo  populations  in  forests 
and the mechanisms involved (Linares et al. 
2010a). The current structure of  A. pinsapo  
forests is the result of decades of timber har-
vesting, fire, and livestock overgrazing, fol-
lowed by a lack of forest management prac-
tices over  the last twenty years (Esteban et 
al.  2010).  However,  H.  annosum-induced 
gaps have appeared in recent years as a rela-
tively sharp  disruption  of  forest  dynamics. 
Fungal infection seems to play an important 
role  in  providing  opportunities  for  tree  re-
generation  of other  key tree species,  as re-
ported  for  other  fir  species  in  mesic  areas 
(Yamamoto  2000,  Dobrowolska  &  Veblen 
2008).

Tree  density  and  basal  area  values  of  A. 
pinsapo in the study area were comparable 
to those reported in the literature, with den-
sities  (basal  areas)  ranging  between  1418 
(39.22 m2 ha-1) and 358 trees ha-1 (15.70 m2 

ha-1)  in  closed-canopy  sites  and  gaps,  re-
spectively.  Comparatively,  Linares  et  al. 
(2010a) estimated density and basal area va-
lues of A. pinsapo to be within the intervals 
1314-2535  trees  ha-1 and  37.64-46.93  m2 

ha-1,  respectively.  Our results  show slightly 
lower average densities than those reported 
above. We attribute this to the larger number 
of plots examined and diameter classes used 
in this study. Species composition remained 
similar  when  we  compared  closed-canopy 
sites with neighboring gaps. However, gaps 
showed an increase in density and basal area 
of  more shade-tolerant  species  such  as  the 
oaks Q. ilex and Q. faginea. Similar compo-
sitional  changes have been documented for 
A.  pinsapo-dominated  stands  in  moist  and 
high-elevation  sites  in  the  same  location 
(Navarro Cerrillo et al. 2011). Gap size is in-
fluenced by various factors such as the num-
ber, causes, and sizes of tree falls (Abe et al. 
1995). We found a significant positive cor-
relation  between  gap  size  and  density  and 
basal area of dominant tree species (i.e.,  A. 
pinsapo, Q. faginea and Q. ilex) that is con-
sistent with the ecological features of these 
species (Arista 1995,  Rodá et al.  1999,  Es-
teso-Martínez et al. 2006).

Tree structure is also important to determi-
ne the effects of gap creation on tree com-
position  and  dynamics.  The  Weibull  shape 
parameters reported  for  A. pinsapo  showed 

an  exponential  distribution  in  gaps  and  a 
positively skewed distribution in closed-ca-
nopy sites.  This  indicates  the  existence  of 
abundant  young individuals  and  very good 
regeneration status, particularly within gaps 
(Linares  &  Carreira  2009,  Linares  et  al. 
2010b,  2011b).  The  forest  structure  of  A. 
pinsapo forests resembles that of uneven-age 
or  multicohort-disturbed  forests,  whose  re-
generation  comes in  pulses when favorable 
climatic conditions occur or when regenera-
tion  sites  and  prolific  seed  crops  are  avai-
lable (Oliver & Larson 1996).

Densities of A. pinsapo seedlings and sap-
lings found in gaps were similar or greater 
than those reported by Arista (1995). In ge-
neral, all the study areas showed high seed-
ling and sapling densities, which may reflect 
the ability of A. pinsapo to recruit quickly in 
disturbed  forests  due  to  a  high  seed  input 
from surviving  trees.  A.  pinsapo  seedlings 
appear  in  large  numbers  after  years  of 
abundant  cone  production,  which  occur  at 
approximately 3-year intervals (Arista 1995). 
Abundance  of  seedlings  and  saplings  sug-
gests that  A. pinsapo  is currently regenera-
ting  successfully  in  relict  populations  in 
southern Spain (Tab. 1,  Fig.  1). Since sap-
ling and juvenile densities were high, A. pin-
sapo  establishment does not appear to be a 
problem in these stands. Instead, we obser-
ved  a  bottleneck  in  recruitment  between 
seedling and sapling stage that has also been 
pointed out  by previous researchers (Arista 
1995, Arista et al. 1997). Seedlings appear to 
be suppressed and do not  move into larger 
size-classes. This is related to stand develop-
ment,  including  high  mortality  or  suppres-
sion of seedlings and saplings (Arista & Ta-
lavera 1994, 1996). Under some circumstan-
ces, the drought-tolerant  P. halepensis  may 
fill the gap and form the canopy of the future 
stand. However, the abundance of this spe-
cies as recruits was low, which is consistent 
with  its  scarcity  in  closed-canopy  stands 
(14% of the total density). Density of seed-
lings and saplings of  Q. ilex, J. oxycedrus, 
and J. phoenica was also higher in gaps than 
in closed-canopy sites. These species are re-
latively shade-tolerant  and  their  abundance 
appears to be more limited by suitable light 
conditions in gaps than by the proximity of 
potential  parent trees. For example, regene-
ration  of  Q.  faginea only  occurred  within 
gaps. However, the number of saplings and 
seedlings of Q. ilex was significantly greater 
in gaps than outside. The density of saplings 
of all  species was lower than that of seed-
lings in gaps, probably because of increasing 
competition  and  mortality  rates  among 
neighboring recruits.  Environmental  factors 
such as light,  temperature,  air  humidity,  or 
soil  moisture  acting  at  small  spatial  scales 
are possible drivers of drought-induced mor-
tality of A. pinsapo  seedlings (Arista 1995). 
Gap size was not  related to  established  re-

generation, since larger gaps were not asso-
ciated  with  higher  presence of sapling  and 
seedlings of any tree species. However, gaps 
seem to be sites of particular interest for the 
establishment  of  more  shade-tolerant  tree 
species. Our surveys have shown that A. pin-
sapo trees often remain alive for more than 
10 years after gap creation. Consequently, an 
initial transformation of impacted areas to an 
overstory of this species takes place,  along 
with Q. ilex, Q. faginea, J. oxycedrus, and J.  
phoenica. In the long run, many A. pinsapo 
trees will also die and leave openings in the 
forest  canopy  that  will  be  dominated  by 
those species. Given the susceptibility of A.  
pinsapo seedlings and saplings to  H. anno-
sum, this allows more time for  H. annosum 
to occupy a large portion of the living root 
system  and  remain  pathogenic  for  longer 
periods.  We suggest that oak seedlings and 
saplings dominate H. annosum-created gaps. 
Additionally,  frequency  of  shade-tolerant 
species such as Q. ilex and Q. faginea exhi-
bited  a  strong  relationship  with  gap  size, 
which makes them potential  competitors  of 
A.  pinsapo recruits  (Linares  et  al.  2010b, 
Linares et al. 2011a).

Past  management  and recent  conservation 
practices  probably also  influenced  the  cur-
rent abundance values of A. pinsapo. For ex-
ample,  large  A. pinsapo  trees remained but 
many Quercus  stands were logged and cop-
piced in the past (Esteban et al. 2010). Other 
explanations  for  the decrease of some spe-
cies may include browsing by ungulates and 
the abundance of advanced regeneration of 
A.  pinsapo,  which  can hinder  the develop-
ment  of more light-demanding and  pioneer 
conifer species such as P. halepensis and Ju-
niperus species. Mean height of Q. ilex trees 
growing under the closed canopy was lower 
than within gaps.  Q. ilex  is very plastic and 
may be able to survive in the understory and 
accelerate its growth in response to increased 
light levels, thus constituting a seedling bank 
of advance regeneration (Rodá et al. 1999).

Density  of  seedlings  and  saplings  of  A. 
pinsapo and Q. ilex in gaps was tightly cor-
related  with  the  density of  such  species  in 
surrounding closed-canopy stands. These are 
relatively shade-tolerant species that can oc-
cur in gaps and whose abundance appeared 
to depend on the presence of nearby parent 
trees.  The  main  potential  successor  of  A. 
pinsapo  was  Q.  ilex.  However,  the  abun-
dance of juveniles of certain species does not 
necessarily imply that they will dominate as 
the stand develops.  All potential  successors 
are light-demanding species and grow slowly 
in the juvenile stages but can accelerate their 
growth  rates  under  better  light  conditions 
leading to  stronger  competitive interactions 
with A. pinsapo trees as they age.

Conclusions
Evidence  obtained  in  this  study  suggests 
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that  A.  pinsapo  regenerates  after  H.  anno-
sum-related gaps are formed in relict forests 
in  southern  Spain,  which is also consistent 
with  the  diameter  distributions  presented. 
We found abundant adults and recruits of Q. 
ilex, Q. faginea, P. halepensis and Juniperus  
species in  mixed  A. pinsapo  forests,  where 
these species appear to be early successional 
species  and  potential  candidates  for  repla-
cing A. pinsapo. Regeneration of Q. faginea  
was only detected within gaps. However, the 
ability  of  these  tree  species  to  replace  the 
long-living A. pinsapo in gaps cannot be ea-
sily  predicted,  and  size  and  age  structures 
can lag far behind those predicted from ob-
served recruitment data. Changes from rela-
tively  closed-canopies  to  relatively  more 
open forest structures have promoted major 
changes  in  the  dynamics  of  mixed  A.  pin-
sapo  forests.  The  vegetation  patterns  we 
found  in  the  canopy  gaps  of  A.  pinsapo 
forests comprise a number of species that in-
creases with gap size, a relatively homoge-
nous species composition in gaps of various 
sizes, and an increasing proportion of gene-
ralist  species  as  a  result  of  a  higher  light 
availability in larger gaps. We found a signi-
ficant positive correlation between gap size 
and the density and basal area of the domi-
nant tree species A. pinsapo, Q. faginea and 
Q. ilex.

Warming-induced  drought  stress  and  en-
hanced  H. annosum damage in  A.  pinsapo  
forests could foster the creation of more gaps 
and accelerate these successional dynamics. 
The information gleaned from this study will 
help to achieve a better understanding of the 
structure and management of mixed  A. pin-
sapo forests.
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