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This study addressed the impacts of wildfire and, in particular, its severity on the seed bank of the litter/ash
layer and the topsoil of a Mediterranean pine plantation (Pinus pinaster Ait.) in north-central Portugal. The
study location was selected for presenting a homogeneous pine cover before the fire, on the one hand, and,
on the other, heterogeneous patches with distinct degrees of damage to the pine crowns immediately after
the fire. The experimental design involved the selection, from the opposite valley side, of three zones with
adjacent strips of Low and High Canopy Consumption (L/HCC). Within each of these strips, a transect was
laid out along which three plots were established at 10 m intervals. The same was done in the unburnt
area immediately outside the fire perimeter. At each plot, samples were collected within the first two
weeks after the fire to: (i) asses viable seed densities for three sampling layers, using the indirect method
for a 10-month period; (ii) estimate maximum temperature reached (MTRs) at 0-3 cm depth, on the basis
of Near Infrared Spectroscopy (NIR). Fire severity at the plots was further determined by verifying, in situ,
pine canopy consumption (FCC) as well as by measuring the minimum diameter of remaining shrub twigs
(TDI). In comparison with the unburnt area, the recently burnt area as a whole revealed a substantial increase
in overall densities of viable seeds. Seed bank composition, however, varied markedly within the burnt area
but this could be explained reasonably well by differential effects of the wildfire associated with its severity,
in terms of the two crown consumption classes as well as the TDI index but not the MTRs. The inclusion of the
litter/ash layer and the separation of two soil depths were amply justified by providing clear support for the
important role of fire severity, in particular for the two principal taxa (Calluna vulgaris and Erica spp., presum-
ably mainly E. australis).
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1. Introduction

Fire is a key ecological and evolutionary factor in Mediterranean-
type ecosystems (Pausas and Keeley, 2009), therefore many
Mediterranean plant species present adaptive traits in relation to
fire occurrence (Pausas et al., 2004) like the ability to resprout or
to germinate after fire. Post-fire germination can be explained by
heat toleration or fire related stimulation (Paula and Pausas,
2008), as well as chemical triggers related to smoke and/or ash
exposition (Moreira et al., 2010). However, the role of heating re-
gime in germination depends on the species, as high severity or
the exposure to high temperatures may be lethal to the seeds of
some species (Moreira et al., 2010; Trabaud, 1992). Besides labora-
tory experiments (e.g. Moreira et al., 2010; Rivas et al., 2006), also
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experimental fires, in particular through the use of thermo-couples
installed in the topsoil prior to the burning (e.g. Fernandez et al.,
2008; Madrigal et al., 2010), can allow detailed insight in heating ef-
fects on germination. Wildfires, on the other hand, typically do not.
Instead, the severity of wildfires is commonly evaluated using indi-
ces that reflect fire-induced damage to the above-ground vegeta-
tion/biomass, such as crown and litter consumption, diameter of
remaining twigs, and colour of ash layer (Keeley, 2009; Otto et al.,
2010; Pausas et al., 2003; Pereira et al., 2010; Pérez and Moreno,
1998; Roy et al., 2010; Ubeda et al., 2006). Recent studies, however,
have found that Near Infrared (NIR) spectroscopy can give precise
estimates of the maximum temperature produced in soils by heat-
ing, namely under laboratory conditions (e.g. Arcenegui et al.,
2008; Guerrero et al., 2007). To the best of our knowledge, the pre-
sent study is a first attempt to employ this methodology in a wildfire
context, to estimate the temperatures reached in the top soil.
Although Mediterranean pine woodlands are particularly prone to
wildfire occurrence (Fernandes and Rigolot, 2007), not all aspects of
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their post-fire regeneration have received much research attention.
Amongst the existing studies, Arianoutsou and Ne'eman (2000),
Otto et al. (2010) and Pausas et al. (2003) were limited to the regen-
eration of the pine populations themselves. Three other prior studies
(Calvo et al., 2003; Ferrandis et al., 1996; Valbuena et al., 2000a) did,
in fact, assess post-fire recovery of all vascular plants and the role
therein of the soil seed bank. However, unlike the present study,
these studies did not explicitly address the impact of fire severity on
seedling emergence.

The role of the litter layer as a potential source of seeds is not
consensual. Litter can have negative (Rebollo et al., 2001) as well as
positive effects on germination, due to protection of the seeds from
predators (Deham et al, 2009) or enhanced seed longevity
(Rotundo and Aguiar, 2005). Even if conditions in the litter layer itself
are not favourable for germination or long-term storage, the litter
layer can act as a temporary storage from where the seeds can be in-
corporated in the soil seed bank by the soil fauna such as earthworms
(Zaller and Saxler, 2007). Moreover, the distribution of seeds along
the vertical profile of the soil is not homogeneous (Bekker et al.,
1998), neither is fire effect, due to the heat-minimising nature of
soil (De Bano et al,, 1977 in Ferrandis et al., 1996). Therefore, this
study considered the vertical distribution of seeds in the top soil,
including litter as a potential source of viable seeds, before and after
the fire.

The principal aim of this study is to further the knowledge of
direct effects of wildfire on the soil seed bank of Mediterranean
pine woodlands. The study's specific objectives are the following:
(1) to evaluate the wildfire effect on the soil seed bank, in terms of
seed density and species composition, (2) to assess in which extent
these effects are related to fire type, as defined by the proportion of
crown consumption or (3) to more detailed measures of fire severity.
The latter included an index based on the traditional measurement of
the diameters of the burnt twigs and also the estimation of maximum
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temperature reached (MTR) on the soil using near infrared spectros-
copy (NIR). By doing so, we also provided an evaluation of the differ-
ent fire severity estimations.

2. Materials and methods
2.1. Study area

The study area is located near the village of Colmeal, in north-central
Portugal (Fig. 1). It was burnt by a wildfire that occurred on August 24
2008, destroying in total some 70 ha of mainly Maritime Pine (Pinus
pinaster Ait.) and eucalypt (Eucalyptus globulus Labill.) plantations.
Within the study area, a west-facing slope covered with Maritime
Pine (40°08'45.77"N, 7°59'08.22"W, elevation between 468 and
525 m a.s.l.) was selected for this study The main reasons for selecting
this particular slope were (i) it constituted a rather homogeneous
stand prior to the fire, as was evident from existing images available
at Google Earth and was in line with the fact that it pertains to the com-
mon lands of the Arganil municipality and, as such, is being managed by
the AFN, the Portuguese National Forestry Authority; (ii) the slope was
only partially burnt by the 2008 wildfire, on the one hand, and, on the
other, revealed clear signs of contrasting fire severities within the
burnt area, namely well-defined differences in the consumption of the
pine crowns that could easily be recognised from the opposite side of
the valley (see also Section 2.2) According to information provided by
various tree ring counts carried out following the felling of the burnt
area, the pine stand was estimated to be approximately 25 years old
at the time of the wildfire. The pine tree density before the fire was
around 27,000 trees ha™ . The understory vegetation at the unburnt
part of the slope was mainly composed of the shrubs Arbutus unedo L.,
Erica australis L., Calluna vulgaris (1) Hull, Pterospartum tridentatum
(L) Willk and Phillyrea angustifolia L. and the grasses Agrostis curtisii
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Fig. 1. Location of the study area (black circle) in the Iberian Peninsula.
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Fig. 2. Layout of the vegetation plots and of the sampling points of the seed bank cores (see Section 2.3) and the NIR samples (see Section 2.5).

Kerguélen and Agrostis delicatula Pourr. Ex Lapeyr (nomenclature is
according to Tutin et al. (1964-1980)).

The climate of the study area can be classified as Meso-Mediterranean
(Rivas-Martinez et al., 2002). The mean annual temperature is estimated
to be between 10 and 12.5 °C, and the average annual rainfall between
1400 and 1600 mm (APA, 2011: 1931-1960). Two soil profiles suggested
that the soils at the study site are predominantly Leptosols (WRB, 2007),
and that the topsoil (0-5 cm) has a sandy loam to loam texture (sand:
29-54%; silt: 29%; clay: 16-22%) (Santos, 2010). The underlying rocks
are pre-Ordovician schists of the Hercynian Massif (Ferreira, 1978).

2.2. Experimental design

Visual observation and photographs taken from the opposite side
of the valley resulted in the selection of three zones where fire sever-
ity as indicated by degree of pine crown consumption had varied
markedly over short distances. Dark-coloured areas were taken to re-
flect the (almost) complete consumption of the pine crowns, whereas
light-coloured areas were interpreted to correspond to scorched
crowns retaining substantial amounts of - dead - needles. The identi-
fication of adjacent areas of high and low crown consumption was
done for the purpose of implementing an experimental design involv-
ing paired observations of contrasting fire severities. However, in-situ
estimation of pine crown consumption (see underneath) obliged to a
re-classification of one of the dark-coloured as well as one of the
light-coloured areas, such that the experimental design continued
balanced but did no longer involve paired observations.

A total of six transects with a length of approximately 30 m were
laid out in the three pairs of adjacent burnt areas of apparent high
and low crown consumption. An additional transect was located in
the unburnt slope part nearby the fire perimeter. All transects were
laid out in a perpendicular direction to the contour lines and on basi-
cally the same slope positions, so as to minimise differences in topo-
graphic and soil conditions. Along each transect, three plots of 25 m?
were established at intervals of roughly 10 m, thus giving a total of 21
plots. In each plot, the number of totally and partially combusted
crowns was counted, and the percentage of fully combusted crowns
(FCC) was calculated for each plot. Based on the plot-wise FCC values,
the transects in the burnt areas were classified as Low Crown Con-
sumption (LCC) or High Crown Consumption (HCC), with FCC values
ranging from 0 to 13 (mode 0) and 17 to 50 (mode 50), respectively.
As mentioned above, this involved a re-classification of two transects
compared to the original classification from a distance.

2.3. Soil seed bank sampling and assessment

The soil seed bank was sampled approximately two weeks after
the wildfire, before the occurrence of any rain. In the centre of each

plot (Fig. 2), four cores with a diameter of 6 cm were inserted into
the soil to a depth of roughly 10 cm, carefully removed and trans-
ported to the laboratory, and then separated in three sub-samples:
(i) ash! or litter (in the case of the burnt and unburnt plots, respec-
tively); (ii) 0-3 cm soil depth and (iii) 3-6 cm soil depth. Then, the
soil was sieved with a mesh of 2 mm, and the coarser particles were
thoroughly inspected for pine seeds in particular.

All 252 resulting sub-samples were placed separately in alumini-
um trays, which had been previously perforated, on top of a 3 cm
thick layer of vegetable substrate and vermiculite (1:1), and then
put to germinate in a greenhouse under natural photo-period and
ambient temperature conditions. The trays were regularly watered
with distilled water and inspected for seedling emergence during a
period of 9 months (November 2009-July 2010) and 1 additional
month with no germination observed, to assure all viable seeds had
emerged. 60% of the seedlings could be identified at the species
level, whilst from the remaining seedlings only five could not be iden-
tified at the genus level but only at the family level as pertaining to
the Asteraceae and Poaceae.

2.4. Twig Diameter Index (TDI)

Within each plot, up to 10 burnt shrubs were randomly selected,
and the diameters of their 3 thinnest remaining twigs were mea-
sured. The average diameter was calculated for each plot and then
re-scaled by dividing by the maximum diameter measured in this
study. The resulting index, called Twig Diameter Index (TDI) ranged
from O to 1 i.e. from low to high twig consumption and, thus, fire
severity.

2.5. NIR-based estimation of the maximum temperature reached in soils

2.5.1. Model relating NIR spectra with MTR

At various points along the unburnt transect, a large (about 20 kg),
composite soil sample was collected at 0-3 cm depth, carefully ex-
cluding the litter and duff layer. This soil sample was air-dried, sieved
with a 2 mm mesh, and then stored in paper bags. At a later stage, a
wide range of controlled heating treatments, combining different
heating temperatures and durations, was carried out with aliquots
of 30 g of the unburnt soil but subjecting each aliquot to a separate
and single treatment. This was done in a muffle furnace, using

! “Ash” layer is, most of the times, a mixture of ashes and unburnt or partially con-
sumed litter. For simplification purposes it is further referred to as “ash”.
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thermo-couples (k-type, NiCr-Ni; Testo SA, Barcelona, Spain) to mea-
sure the MTR reached at 2 cm depth inside the sample.

After cooling the aliquots to room temperature and placing them
in glass Petri dishes, their NIR-spectra were measured using a FT-
NIR spectro-photometer (MPA; BrukerOptik GmbH, Germany), that
was equipped with a quartz beam splitter, a PbS-detector as well as
an integrating macro-sample sphere and a rotating sample cup to
allow for scanning large areas of the samples. The scanning was
done in reflectance mode from 12,000 to 3800 cm ™~ !, which is ap-
proximately equivalent to a range of 830 to 2630 nm.

To reduce optical interference not related to the chemical composi-
tion of the sample, such as, for example, those variations caused by dif-
ferent sample particle sizes (Blanco and Villarroya, 2002), typical
procedures of pre-processing the spectra were tested. They included
no pre-processing, first derivative, second derivative, linear offset sub-
traction, straight line subtraction, multiplicative scatter correction, vec-
tor normalisation, min-max normalisation, and combinations thereof.
Derivative treatment is considered to reduce scattering effects as well
to enhance the resolution of the spectral peaks (Burns and Ciurczak,
2001). Several combinations were tested using OPUS 5.5 (BrukerOptik
GmbH, Ettlingen, Germany) during calibration. First derivative and vec-
tor normalisation was the combination that produced the lowest root
mean squared error of cross-validation (RMSECV), therefore being se-
lected for the present work.

Partial least squares (PLS) regression was used to construct the
model (i.e. the empirical calibration function) relating the NIR-
spectra with the MTR of the unburnt soil during the various heating
experiments (McCarty et al., 2002; ViscarraRossel et al., 2006). In
this study, the leave-one-out cross-validation method was used. The
resulting model, which provided the most satisfactory fit between
the measured MTR and the MTR predictions based on the NIR-
spectra was used to estimate the MTR in the burnt soils (Fig. 3).

2.5.2. Estimation of MTR of the burnt soils

At each burnt plot, a sample of the top 3 cm of the soil was col-
lected at three nearby sampling points according to the scheme in
Fig. 2. Ashes were gently but thoroughly removed from the soil sur-
face prior to sampling, to avoid any interference with the NIR-
spectra (Arcenegui et al., 2008). Sample handling and subsequent
analysis with the FT-NIR spectrophotometer was basically the
same as described above for the unburnt soil, except that the ali-
quots comprised 50 g of soil.

Each of the diffuse reflectance measurements involved 64 scans, and
results of which were averaged. Furthermore, each sample was mea-
sured twice, thereby increasing the surface of soil sample scanned,
and these results were also averaged. The resolution used for spectral
analysis was 8 cm™ . Background corrections were made before each
sample scan. The time used for the spectral measurement was approx-
imately 1 min per sample. No chemical or hazardous reagents were
needed to obtain the NIR spectra.

The NIR-spectra were then used to estimate the MTR of the burnt
samples, applying the model that was constructed earlier (see Section
2.5.1).

2.6. Data analysis

Statistical data analysis was carried out with IBM SPSS Statistics
19. Preference was given to non-parametric statistical tests, because
of the limited number of samples and the resulting difficulties in ver-
ifying key assumptions underlying the parametric equivalents. There-
fore, differences between the two fire severity classes of Low and
High Crown Consumption (LCC vs. HCC) were tested for their signifi-
cance using the Mann-Whitney U test.

In all tests the dependent variables considered were those related
with the seed bank viability, and the independent variables were
those related with fire severity.
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Fig. 3. Relationship between the maximum temperatures reached (MTRs) as measured
in laboratory heating experiments and as predicted on the basis of the corresponding
near-infrared (NIR) spectra.

3. Results

3.1. Relation of crown consumption classes with other fire severity
indices

The results from the near-infrared spectroscopy (NIR) indicated that
the upper, 0-3 cm soil layer suffered low to moderate heating by the
wildfire, according to the criteria of Wohlgemuth et al. (2006). The
maximum temperatures reached (MTRs) varied markedly between
the 18 burnt plots, ranging from 53 to 125 °C. The median MTR of the
LCC plots (86 °C) was slightly higher than that of the HCC plots
(78 °C) but the MTRs of the two crown consumption classes were not
significantly different (Mann Whitney U-test: p=0.31), as was also
easily understood from Fig. 4a.

The diameters of the burnt twigs also indicated considerable varia-
tion in fire severity amongst the 18 burnt plots, with the minimum
and maximum TDI values differing an order of magnitude (0.05-0.51).
Unlike in the case of the MTRs, however, the TDI values of the LCC
plots were significantly lower (Mann Whitney U-test: p=0.005), than
those of the HCC plots (Fig. 4b), thus indicating a lower severity.

3.2. Seed bank composition

The overall density of viable seeds in the litter layer and the top 6 cm
of the unburnt soil amounted to 1003 seeds.m ™2, whereas the overall
density in the ash layer and burnt soil (LCC and HCC plots) was roughly
50% higher (1445 seeds.m ~2; Fig. 5a) This difference was mainly due to
the upper soil layer (0-3 cm: 649 vs. 914 seeds.m ™ 2). Somewhat sur-
prisingly, the overall densities were basically the same for the litter
and ash layer (295 and 285 seeds.m 2, respectively).

The overall effect of fire on germination differed markedly between
LCC and HCC plots (Fig. 5b).The overall seed density of the nine LCC
plots (2203 seeds.m™2) was more than twice that of the unburnt
plots, especially due to the two soil layers 0-3 (+120%) and the
3-6 cm (+630%). The nine HCC plots, on the other hand, revealed a
negative effect of fire, as the overall density (688 seeds.m™2) was
about 30% lower than the unburnt plots. This reduction on viable seed
density was largely due to the upper soil layer (0-3 cm: —40%). As a re-
sult of these opposite tendencies, the LCC samples contained approxi-
mately four times more viable seeds than the HCC samples. Whilst
LCC densities were consistently higher than HCC densities for all three
sample layers, the relative differences increased along the soil profile
(ash layer: +40%; 0-3 cm: +265%; 3-6 cm: + 630%).

The floristic composition of the viable seed bank consisted of 10 taxa
pertaining to eight higher plant families. Seven of these families - Com-
positae (Compositae sp1) Caryophyllaceae (Spergula pentandra L.),
Cistaceae (Halimium sp1), Fabaceae (P. tridentatum (L.) Willk), Pinaceae
(P. pinaster Ait.) Poaceae (A. curtisii Kerguélen and A. delicatula Pourr. ex
Lapeyr, Poacaea sp1), and Scrophulariaceae (Anarrhinum bellidifolium
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Fig. 4. Twig Diameter Index values (TDI: a) and Maximum temperatures reached (MTRs: b) for the individual plots with Low vs. High Crown Consumption (LCC/HCC)s.

L.) - occurred at very low frequencies, amounting to just 13% of the total
number of viable seeds, and were therefore analysed together (“other
spp.”). The predominant family was the Ericaceae, with seeds of C.
vulgaris (1.) Hull, Erica umbellata Loefl. ex L. and E. australis L. Due to pre-
mature death of many seedlings it was impossible to distinguish be-
tween the two Erica spp. for the bulk of the samples. Although Erica
spp. was analysed here as a single taxon, E. australis was held to be
the principal species. This opinion was based on the species' predomi-
nance in the understory of the unburnt part of the pine plantation as
well as its predominance amongst the Erica spp. seedlings that have
emerged after the wildfire and were recorded in the vegetation moni-
toring plots as shown in Fig. 2. The most striking difference in overall
floristic seed bank composition between the unburnt and burnt (LCC
and HCC) samples was the total absence of C. vulgaris in the former vs.
its elevated abundance in the latter, amounting to 39% of the overall
seed density (560 seeds.m ™ 2; Fig. 5a). All three sample layers contrib-
uted appreciably (>100 seeds.m™2) to the overall abundance of C.
vulgaris, even turning it into the dominant taxon of the ash layer
(80%). The higher overall density of Erica spp. in the burnt than unburnt
samples (698 vs. 472 seeds.m~2) reflected a more complex pattern.
Namely, the ash layer contained less viable Erica spp. seeds than the
litter layer (—75%), whilst the opposite was true for the two soil
layers(0-3 cm: +50%; 3-6cm: 138 vs. 0seeds.m~2). The lower
“other spp.” on the other hand, revealed consistently lower densities
in the burnt than unburnt samples for all three sample layers (—89%
(ash/litter), —53% (0-3 cm soil) and —50% (3-6 cm soil)).

The above-mentioned fire-induced germination of C. vulgaris was
evidenced by both LCC and HCC plots (Fig. 6b). In the case of the LCC
plots, this inducement was clearly less pronounced for the lower soil
depth (188 seeds.m™2) than for the ash and upper soil layer (374 and
0 472 seeds.m ™ 2, respectively).

In the case of the HCC plots, by contrast, the C. vulgaris seed density
was markedly higher in the lower soil layer (188 seeds.m™2) than
in the other two sample layers (ash: 20seeds.m™2; 0-3cm:
20 seeds.m~2). Thus, this contrast between the HCC and LCC results
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mainly reflected relatively low densities in the ash and upper soil layers
of the HCC compared to the LCC plots.

The seed densities of Erica spp. suggested opposite fire effects for
the two crown consumption classes in the case of the upper soil
layer but not in that of the other two sample layers. Namely, the ash
layer of both the LCC and HCC plots contained notably less viable
Erica spp. seeds than the litter layer of the unburnt plots (—83 and
67%, respectively) and the lower soil layer of both the LCC and HCC
plots contained viable seeds contrary to that of the unburnt plots
(197 and 97 seeds.m 2, respectively). The upper soil layer, on the
other hand, revealed a marked increase in Erica spp. germination for
the LCC plots (+ 106%) as opposed to a clear decrease for the HCC
plots (—50%). The “other spp.” revealed a straightforward fire effect,
with both LCC and HCC plots. Even so, this reduction in viable seed
densities was consistently bigger for the HCC that LCC plots (ash
layer: —100 vs. —77%; 0-3 cm: —73 vs. —33%; 3-6 cm: —66 vs.
—33%).

3.3. Seed bank spatial patterns and relation with fire severity indices

The higher overall seed density of the LCC than HCC plots was ev-
ident at the scale of the transects (Fig. 7a). The overall densities of the
LCC transects varied between 1652 and 2596 seeds.m ™2, whereas
those of the HCC transects were consistently below 1000 seeds.m ™2
(354 to 944 seeds.m~2). From the three sampling layers, however,
only the upper soil layer contributed consistently to the higher densi-
ties of the LCC than HCC transects. Consistently higher densities for
the LCC than HCC transects were also revealed by the two principal
taxa (Fig. 7b, c). Spatial variability was especially pronounced in the
case of the LCC transects. This was due to one particular transect
but a different one in the case of Erica spp. than of C. vulgaris. The in-
dividual sampling layers did not tend to play a straightforward role in
the consistent transect-wise differences of the two predominant
taxa. An exception was the upper soil layer for C. vulgaris. At the tran-
sect scale, the marked spatial variability in various key seed bank
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Fig. 5. Overall seed densities in the three sample layers (litter/ash, and 0-3 and 3-6 cm soil depth) for the unburnt vs. burnt plots (a) and for the plots with Low vs. High Crown

Consumption (LCC/HCC: (b)).
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components within the burnt area could be well explained by the twig-
base severity index. This was especially the case when analysing the
seed densities of the three sample layers together. The total seed densi-
ties of the two principal taxa as well as of all taxa together (Fig. 9a) were
closely associated with the transects' average TDI values, with the
amounts of viable seeds decreasing with increasing TDI values and,
thus, increasing fire severity. The respective Spearman's rank correla-
tion coefficients were —0.81 for Erica spp. (p=0.05), —0.89 for C.
vulgaris (p=0.02) and even —0.94 for all taxa (p=0.005). These
significant relationships were to an important extent due to the upper
soil layer, as the Spearman coefficients for this layer separately were
also relatively high (—0.71 to —0.78), even though non-significant
(p=0.07 to 0.12).

By contrast, transect-wise seed densities were poorly related to
the NIR-based severity index. No significant monotonic relationships
were found for either the seed densities of the three sampling layers
together or the densities of the upper soil layer, for which the best as-
sociation was expected as the MTRs concerned the same sampling
depth (Fig. 9b). The Spearman correlation coefficients for C. vulgaris
were remarkable in suggesting a tendency for an increase in viable
seed density with increasing MTR and, thus, increasing fire severity,
most markedly so in the case of the 0-3 cm soil layer (p=0.62;
p=0.019).
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The germination results at the plot scale provided statistical evidence
in support of the earlier notions that overall and transect-wise seed
densities decreased with fire severity as indicated by the two crown
consumption classes. Namely, the two principal taxa both revealed sig-
nificantly more viable seeds in the upper soil layer of the LCC plots
than of the HCC plots (Mann Whitney U-test: Erica spp., p = 0.023; C. vul-
garis, p=0.014), notwithstanding the marked spatial variability
amongst the LCC plots in particular (Fig. 8). The same tendency was sug-
gested for the total seed densities of Erica spp. and C. vulgaris, with Mann
Whitney U-test results at the border of significance (p = 0.066 and 0.063,
respectively). Seed densities of all taxa together likewise hinted towards
real differences between the LCC and HCC plots, especially for the upper
soil layer (Mann Whitney U-test: p=0.089).

Unlike at the transect scale, at the plot scale the TDI values offered
little explanation for the variability in seed densities within and be-
tween the two crown consumption classes. The Spearman's rank corre-
lation coefficients for the various combinations of taxa and sampling
layers were below 0.40 (p>0.15), with two exceptions. From these ex-
ceptions, the C. vulgaris densities in the upper soil layer were signifi-
cantly related with the TDI values (p= —0.47, p=0.045), whilst the
total densities in the ash layer were almost (p = —0.46, p=0.056).

The above-mentioned, poor relation of MTRs with seed densities
at the transect scale extended to the individual plots. Without
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Fig. 7. Seed densities of all taxa together (a), Erica spp. (b) and Calluna vulgaris (c) densities in the three sample layers (ash; 0-3 and 3-6 cm soil depth) for the six transects,
classified according to Low vs. High Crown Consumption and ordered according to increasing values of the Twig Diameter Index (TDI).
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Fig. 8. Seed densities of Erica spp. (a) and Calluna vulgaris (b) in the upper soil layer (0-3 cm) for the individual plots with Low vs. High Crown Consumption (LCC/HCC).

exception, Spearman correlation coefficients did not differ significantly
from zero, either for the seed densities of the three sampling layers
together (p=—0.32 to —0.15; p>0.20) or for the densities of the
0-3 cm soil depth (p=—0.31 to —0.08; p>0.20).

4. Discussion

The observed difference in overall viable seed density within and
outside the burnt area contrasted sharply with the findings from the
prior studies that quantified pre- and post-fire seed banks of Mediter-
ranean pine stands in a comparable manner, in particular by includ-
ing all vascular plants and by employing the indirect seed bank
assessment method (Ferrandis et al., 1996; Valbuena et al., 2000a).
Whilst the present results indicated a marked enhancement in viable
seed density after fire (+50%), the results of Ferrandis et al. (1996)
and of Valbuena et al. (2000a) suggested substantial decreases of
25% and more. An explanation for these opposing effects was sug-
gested by the present results. Namely, seed densities differed notice-
ably between the two fire severity classes as distinguished on the
basis of the degree of consumption of the pine canopies by the flames,
with the higher severity class revealing lower densities in terms of
overall, transect-wise as well as (in a statistically significant manner)
plot-wise figures. Ferrandis et al. (1996) explicitly referred to their
wildfire as intense, due to the prevailing weather conditions, result-
ing in a scenario with fully charred tree crowns and understory.
More importantly perhaps, their seed bank data were also consistent
with a higher fire severity than in the present study. The authors
found significantly less viable seeds in their upper than lower soil
layer (0-2 vs. 2-5 cm depth; using the indirect method) and, at the
same time, a large number of burnt seeds in the upper layer as op-
posed to none in the lower layer (using the direct method). The pre-
sent results, on the other hand, revealed higher viable seed densities
in the upper than lower soil layers — not only for the unburnt area but
also for both crown consumption classes - and, furthermore, MTRs
for the upper soil layer that were generally below 100-110 °C, i.e.
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temperatures that have been found to enhance the germination of
at least the two Erica species (E. australis: Cruz et al., 2003; E. umbellata:
Gonzalez-Rabanal and Casal, 1995).

Besides fire severity, other factors could contribute to the discrep-
ancies between the present results and those of Ferrandis et al.
(1996) and Valbuena et al. (2000a). Ferrandis et al. (1996) study
was also done on a P. pinaster woodland, however the floristic compo-
sition of the seed bank was very distinct, being dominated by
Cistaceae (Cistus monspeliensis and C. albidus), Fabaceae (Trifolium
glomeratum and T. campestre) and Rosmarinus officinalis, thus, reflect-
ing a distinctive phytosociological and biogeographical vegetation
unit. This floristic difference could also be the reason for the compar-
atively high post-fire viable seed density in Ferrandis et al. (1996:
2200 seeds.m ™ 2), especially if their fire severity was indeed consider-
ably higher than in the present study as argued before. Valbuena et al.
(2000a), on the other hand, concerned a different pine species wood-
land (Pinus sylvestris) but with an understory as well as a seed bank
that, like here, were dominated by Ericaceae (by E. australis and C.
vulgaris, and by E. australis, respectively). Remarkably, Valbuena et
al. (2000a) reported exactly the same figure for the viable seed den-
sity of the upper 5 cm of the unburnt soil as was found here for the
upper 6 cm (i.e. without the litter layer: 708 seeds.m~2).

Valbuena et al. (2000a) attributed the observed, negative impact
of the wildfire first and foremost to high temperatures-induced dam-
age to E. australis seeds, in agreement with unpublished laboratory
germination trials by the same authors as well as by an experimental
heathland fire (Valbuena et al., 2000b). Assuming that E. australis was
indeed the determinant component of Erica spp., such a temperature-
dependent effect would fit in with the present results. Namely, it
could explain well: (i) the lower Erica spp. viable seed densities in
the ash than litter layer as well as in the upper soil layer of the HCC
than unburnt plots; and, at the same time, (ii) the higher densities
in upper soil layer of the LCC than unburnt plots as well as in the
lower soil layer of the burnt than unburnt plots. Perhaps more com-
pelling evidence for contrasting heating effects on the germination
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Fig. 9. Relation of the seed densities of the six transect's (overall: all sampling layers) with their average values of the Twig Diameter Index (TDI: (a)) and maximum temperature

reached (MTRs: (b)).
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of Erica spp. was provided by the statistically significant differences
between the two crown consumption classes as well as the strong,
quantitative relationship with the twig-based fire severity index
(TDI). In accordance with Cruz et al. (2003), the threshold for
temperature-induced damage to E. australis seeds would lie between
100 °C (enhancement) and 150 °C (no germination), at least for short
exposure periods (5 min). Possibly, the importance of exposure peri-
od could explain the lack of relationships between Erica spp. seed
densities and the NIR-based estimates of the maximum temperatures
reached in the topsoil (MTRs), especially in cases like the present one
in which MTRs are relatively low (Wohlgemuth et al., 2006). In addi-
tion to fire severity, genetic differences between populations result-
ing from distinct fire-related adaptive pressures could contribute to
the observed discrepancies in the germination ecology of E. australis
(Pausas et al., 2006).

C. vulgaris revealed a less complex response to fire than Erica spp.
in that its germination was induced by both fire severities. Like in the
case of Erica spp., however, there was ample evidence that this effect
was markedly stronger for the plots with low than High Crown Con-
sumption, except at the lower sampling depth. The evidence included
statistically significant, inverse relationships of viable seed density
with TDI values, not just at the scale of the transects but also at that
of the individual plots. The latter was exceptional for this study, due
to the pronounced spatial variability in seed bank composition.
Valbuena et al. (2000b) also found a noticeable increase in C. vulgaris
viable seed densities following fire but this concerned an experimen-
tal fire of a heathland. Even so, Paula et al. (2009) reported the re-
sponse of C. vulgaris to be highly variable, covering the full range of
negative to positive effects, with a possible role therein of differences
between populations.

The degree of pine crown consumption proved to be a reasonably
good indicator of viable seed densities immediately after wildfire. Its
principal advantage - i.e. allowing a quick assessment from a dis-
tance, including from remotely sensed images - was nonetheless off-
set to a considerable extent by the need for in-situ validation (as
explained in Section 2.2). The pronounced spatial variability in seed
densities within the two crown consumption classes distinguished
in this study could be accounted for rather well by the twig-based
index (TDI), in particular for contiguous zones such as the transects
but not for specific locations such as the sampling plots. Although
TDI clearly provided a less subjective and more quantitative measure
of fire severity than crown consumption, its time-consuming nature
would seem an important limitation for widespread application
under practical circumstances. The most laborious of the three fire
severity indices applied here (MTR) was poorly related to the other
indices as well as to viable seed densities, even at the transect scale.
This could perhaps be explained by the limited significance of MTR
as single and sole descriptor of heating regime, especially when
MTRs are relatively low as was the case here.

5. Conclusions

The principal conclusions of this study into the direct effects of
wildfire and, in particular, its severity on the seed bank of the litter/
ash layer and topsoil (0-6 cm) of a Mediterranean pine stand of
P. pinaster in north-central Portugal were the following:

1. Overall densities of viable seeds were substantially higher in the
burnt area than immediately next to it but this reflected opposite
effects in accordance with fire severity as distinguished based on
degree of damage to the pine crowns, i.e. a germination enhance-
ment in the case of the plots with Low Crown Consumption
(LCC) vs. a decrease in the case of the plots with High Crown Con-
sumption (HCC);

2. The marked variability in viable seed densities between and within
the LCC and HCC severity classes could be explained well by the

severity index based on the diameters of remaining twigs (TDI),
in particular when aggregating the data at the scale of the tran-
sects, but not by the maximum temperatures reached in the
upper soil layer (0-3 cm) (MTR) as derived from near infrared
spectroscopy (NIR);

3. The densities of viable seeds in the topsoil were similar to those of
prior studies in (un)burnt Mediterranean pine stands but the flo-
ristic composition of the seed bank was relatively poor and strong-
ly dominated by Ericaceae, and, as such, compared better to that of
P. sylvestris stand in north Spain than that of a P. pinaster stand in
southeast Spain;

4. The viable seed densities of both predominant taxa - Erica spp.,
presumably by and large E. australis, and C. vulgaris - revealed con-
trasting tendencies not only with respect to fire severity in terms
of LCC/HHC as well as TDIs but also in relation to the different sam-
pling layers, plainly justifying the additional sampling efforts
involved.
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