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ARTICLE INFO ABSTRACT

New fire disturbance regimes under accelerating global environmental change can have unprecedented conse-
quences for ecosystem resilience, lessening ecosystem natural regeneration. In the Mediterranean Basin, fire-de-
pendent obligate seeder forests that are prone to increasingly frequent stand-replacing fires and then salvaged
logged repeatedly can be vulnerable to additional disturbances for decades. In this study, we investigated, for
the first time, the cumulative and interactive effects of two large high-severity fires at a short (< 15-year) return
interval and the subsequent burned timber harvesting with biomass removal on the post-disturbance recovery of
such forests. We further assessed the type and amount of the material legacies (deadwood) that persisted through
the different post-disturbance successional trajectories, as well as the influence of these legacies on forest re-
generation. The early recovery of the studied forests after two consecutive large fires and post-fire logging was,
in the first place, driven by fire repetition, which led to reduced seedling recruitment and enhanced regrowth
of resprouter shrubs. Despite no interactive effects between fire and logging were detected after a single large
fire event, two repeated fires followed by salvage harvesting had a greater negative impact than two fires alone
(synergistic effects) on seedling establishment; while a lower positive impact (subadditive effects) on the recov-
ery of resprouter shrubs. There was also an interaction modification effect in which fire repetition worsened the
per-unit impact of salvage logging on forest regeneration. Nonetheless, the residual legacies, i.e., fine and coarse
woody debris (unburned needles, downed branches, pieces of deadwood, and burned pine cones) that remained
after the manual harvesting of the burned trees, aided seedling re-establishment and hindered the regrowth of
the shrubby understorey. These findings indicate that high-intensity salvage logging after two large high-severity
fires at a short return interval is inadvisable in fire-prone serotinous pine forests, unless it explicitly retains the
key material legacies that help tree natural regeneration and enhance ecosystem resilience to the next distur-
bance.
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2016) that are unpredictable from knowledge of either disturbance

1. Introduction

Disturbances are worldwide recognized as major drivers of ecosys-
tem dynamics, influencing service provision and human wellbeing
(Thom & Seidl, 2016; Turner, 2010). Latest advances in disturbance
ecology emphasize the complex nature and commonness of interactions
involving both natural (e.g., wildfires, insect outbreaks, floods) and hu-
man (e.g., logging, grazing, sod-cutting) disturbances in many types of
ecosystems (reviewed by Buma, 2015; Johnstone et al., 2016). Multi-
ple disturbance interactions generally have unanticipated (sometimes
counterintuitive) impacts on key ecosystem processes (Thom & Seidl,

alone (Buma, 2015; Doblas-Miranda et al., 2017) and critical to the
management of ecosystems (Foster et al., 2016). This is particularly rel-
evant in the Mediterranean Basin, a rich and unique biodiversity region
with a long history of disturbances, but where knowledge on the ecolog-
ical impacts of disturbance interactions remains scarce (Doblas-Miranda
et al., 2014, 2017).

Rapid shifts in disturbance regimes (i.e., disturbance size, inten-
sity, severity, and return interval; Turner, 2010) under accelerating
global environmental change have further unprecedented consequences
for ecosystem recovery and resilience to the next disturbance
(Doblas-Miranda et al., 2017; Johnstone et al., 2016). These changes
very often
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lead to novel combinations of disturbances (Lindenmayer, 2016), new
post-disturbance successional trajectories (Trumbore et al.,, 2015;
Turner, 2010) and altered disturbance legacies (Donato et al., 2016;
Johnstone et al., 2016; Turetsky et al., 2017); which can trigger abrupt
ecosystem transitions to alternate states (Johnstone et al., 2016) risk-
ing ecosystem collapse (Keith et al., 2013; Lindenmayer et al., 2016).
For example, wildfires occur with greater frequency, extent and sever-
ity than in the past in Mediterranean ecosystems under a warmer and
drier climate (Pausas & Fernandez-Muiioz, 2012; Pausas & Vallejo, 1999;
Pausas et al., 2008), promoting transitions to high-flammability shrub-
lands (Baeza et al., 2007; Gonzélez-De Vega et al., 2016; Retana et al.,
2002) and challenging policy and landscape management (Moreira et
al., 2011). Despite this, to our knowledge, there are no studies assess-
ing the interactive effects and the potential cumulative impact (‘dou-
ble whammy’ effect; Lindenmayer, 2016; Turner, 2010) of new wildfire
regimes and post-fire management in Mediterranean ecosystems.

Large (>500ha) high-severity fires and post-fire salvage logging
(i.e., the removal of burned trees and remaining woody debris) can in-
teract via many different mechanistic pathways, basically divided into
interaction chain and interaction modification effects (Didham et al.,
2007; see also Foster et al., 2016). Fire can affect the likelihood of ex-
ecution, and the nature and timing of post-fire logging (e.g., dependent
on fire extent and severity), indirectly influencing harvest effects on
ecosystem recovery (Fernandez et al., 2008) (a chain interaction). Sim-
ilarly, logging can affect the probability of occurrence and the magni-
tude of a subsequent fire by altering fuel and post-fire successional tra-
jectories (Dunn & Bailey, 2015; Fraver et al., 2011; Lindenmayer, 2016),
also indirectly influencing fire effects on ecosystem recovery (a chain
interaction). On the other hand, fire and post-fire logging can influence
each other’s impact on ecosystem regeneration, by altering e.g., plant
species composition and response strategies (Blair et al., 2016; Calvo et
al., 2012; Leverkus et al., 2014; Pausas et al., 2008), seedling recruit-
ment and mortality (Castro et al., 2011; Espelta et al., 2008; Eugenio et
al., 2006; Fernandez et al., 2008), and the net outcome of plant interac-
tions (Castro et al., 2011; Marai6n-Jiménez et al., 2013; Marzano et al.,
2013; Taboada et al., 2017) (an interaction modification). Disentangling
the nature and relative importance of these interactions requires uncou-
pling their constituent legacies (Buma, 2015), and is crucial to develop
novel management interventions to speed up ecosystem recovery under
new disturbance scenarios (Didham et al., 2007; Foster et al., 2016; see
e.g., Mandle & Ticktin, 2012).

In this study, we analyse the interactions between and the poten-
tial cumulative effects of two sequential large high-severity fires and
the subsequent salvage logging operations on the recovery of a Mediter-
ranean fire-dependent obligate seeder forest (namely, serotinous mar-
itime pine forest) threatened by increasing wildfire frequency (Bowman
et al., 2014; Buma et al., 2013). We further examine the effects of the
material legacies (deadwood) (Johnstone et al., 2016) that persisted
through the different post-disturbance successional trajectories (i.e., re-
covery trajectories; Johnstone et al., 2016; Turner, 2010) on ecosystem
regeneration. The regrowth of Mediterranean serotinous pine forests
after a single fire is achieved by direct regeneration of the preced-
ing plant community (associated to fire-stimulated seed germination
and to the activation of resprouter species; Calvo et al., 2012; De las
Heras et al., 2012; Pausas et al., 2008; Rodrigo et al., 2004). However,
their recovery after a large high-severity fire that eliminates most of
the vegetation can be undermined with prolonged deleterious effects
(Gonzalez-De Vega et al., 2016). We, therefore, expect that the occur-
rence of two consecutive large high-severity fires at a short return in-
terval (<15years) will lessen forest regrowth as it will (i) lower the
reproductive ability, recruitment and performance of serotinous pines
(Espelta et al., 2008; Eugenio et al., 2006) and (ii) favour either fast-
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growing resprouter shrubs adapted to frequent fires (Calvo et al., 2012;
Pausas & Vallejo, 1999) or obligate seeder shrubs with fire-stimulated
germination and tolerant to high-severity fires (Pausas & Keeley 2014)
and high water limitation (Moya et al., 2015).

We also expect a greater negative impact of a large high-severity
fire on forest regrowth in combination with post-fire salvage logging
(synergistic interactive effects); together with an interaction modifica-
tion effect (Didham et al., 2007) in which (i) the per-unit impact of
fire on forest recovery will be aggravated when harvesting is executed
immediately (<1year) following fire (Fernandez et al., 2008; Moya et
al., 2015), and (ii) the per-unit effect of salvage logging will be wors-
ened after two repeated fires at a short return interval. The distur-
bance caused by salvage logging operations (i.e., trampling, tree felling,
and dragging) will damage the soil seed bank and increase soil com-
paction (Malvar et al., 2017) when removing potential nurse objects
(burned tree trunks, branches, logs, and snags) that facilitate seedling
establishment, overall reducing seedling recruitment and performance
(Castro et al., 2011; Marafi6n-Jiménez et al., 2013). Moreover, salvage
harvesting with biomass removal will strongly decrease or eliminate
other fire-derived material legacies (particularly, fine and coarse woody
residuals; Dunn & Bailey, 2015; Hood et al., 2017; Keyser et al., 2009)
that are important to seedling establishment (Marzano et al., 2013;
Vacchiano et al., 2014), thus, negatively affecting forest regeneration
(Lindenmayer & Noss, 2006). We therefore expect a significant cumula-
tive impact of repeated salvage logging after two consecutive large fires
over relatively short time (<15years) on post-disturbance forest recov-
ery (Lindenmayer, 2016).

2. Materials and methods
2.1. Study area and fire history

The study was conducted in Sierra del Teleno mountain range (NW
Spain; 42°15'34"N/06°12'13"W; 915-1200m a.s.l.; 10% average slope;
Fig. 1), a landscape dominated by maritime pine (Pinus pinaster Ait.)
natural forests (ca. 20,000ha) for timber and resin production and
with a tall (up to 1.5m height) shrubby understorey [Erica australis L.,
Pterospartum tridentatum (L.) Willk., Halimium lasianthum spp. alyssoides
(Lam.) Greuter]. The climate is Mediterranean with mean annual pre-
cipitation between 650-900 mm, mean annual temperature of 10 °C, and
2-3months of summer drought.

Wildfires are very frequent, typically caused by dry lightning storms
[172 small fires (<500ha) in 1974-2007; Santamaria, 2015], and
favoured by the coexistence of high plant productivity (fuel accumu-
lation) and summer drought (Fernandes & Rigolot, 2007). P. pinaster
forests in the study area are highly adapted to intense crown fires
with more than 95% of the trees bearing serotinous cones (Tapias
et al., 2004). However, under the current fire return intervals (less
than 10-15years; Santamaria, 2015) P. pinaster is frequently unable to
reach reproductive maturity between repeated fires (Pausas et al., 2008;
Tapias et al., 2001), and, therefore, at risk of disappearance in favour of
shrublands, as in many areas of the western Mediterranean Basin (Baeza
et al., 2007; Fernandes & Rigolot, 2007).

In 1998, a large high-severity wildfire burned the area (13-14 Sep-
tember, 3670ha, pine tree density = 500-900 individuals/ha, pine tree
age = 60-85years-old) (Fig. 1). In 2012, a second large high-severity
wildfire occurred (19-21 August, 9971ha affected by a single large
fire event, mean pine tree density =906 individuals/ha, pine tree
age = 35-95years-old), partially overlapping the 1998 burn (1920 ha af-
fected by the two large fire events, mean pine tree density = 12,778
individuals/ha, pine tree age = 12-14years-old) (Fig. 1). Burn severity
values ranged 2.25-3 as measured directly in the field by the Compos-
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Fig. 1. Location of the study site and sampling plots. The perimeters of the two large fires (years 1998 and 2012) and the extents of the post-fire salvage logging treatments applied are
indicated. Light grey lines represent the limits of the forest stands harvested by the regional Forest Service.

ite Burn Index on a total of 111 30-m-diameter circular plots after the
2012 fire (Quintano et al., 2015, Quintano et al. (2017)). In both large
fire events, the understorey was totally destroyed and the majority of
tree crowns were completely consumed by fire. Subsequent to the two
large fires, salvage logging of the burned stands was implemented by

Table 1

the regional Forest Service (Government of Castilla and Leén) with
the same harvesting intensity (i.e., high intensity, with 70-80% of
merchantable burned wood removed), either immediately following
fire (<1lyear; in 1999 and 2013, respectively) or after a short delay
(>1year; in 2014) due to the vast extent of the burned area (Table 1).

Disturbance interactions considered in the study, resulting from the combination of different fire histories and post-fire management treatments: F = fire (2012) only; F-iSL = fire

(2012) + immediate salvage logging (2013); F-dSL = fire (2012) + delayed salvage logging (2
(1999) + fire (2012); and F-iSL-F-dSL = fire (1998) + immediate salvage logging (1999) + fire

014); F-F = fire (1998) + fire (2012); F-iSL-F = fire (1998) + immediate salvage logging
(2012) + delayed salvage logging (2014). Severity of the 2012 fire using the differenced

Normalised Burn Ratio (ANBR; mean+standard deviation values) is indicated (see text for further explanation). The number of subplots per disturbance interaction and their main envi-

ronmental characteristics (mean +standard deviation values measured 33 months after the 2012

fire) are also indicated.

Disturbance interactions

F F-iSL F-dSL F-F F-iSL-F F-iSL-F-dSL
Large-fire 1 fire (2012) 1 fire (2012) 1 fire (2012) 2 fires (1998, 2 fires (1998, 2012) 2 fires (1998, 2012)
regime (year) 2012)
Fire severity 719.44+202.68 993.45+54.91 766.62+223.67 953.51+£96.74 734.08 £175.65 864.09+125.40
(dNBR)
Treatment Non- Immediate Delayed salvage Non- Non-intervention with Delayed salvage logging
application intervention salvage logging logging (2014) intervention previous immediate (2014) with previous
(year) (2013) salvage logging (1999) immediate salvage

logging (1999)

Treatment 2881 4318 1744 597
extent (ha)
Number of 12 18 96 18 54 36
subplots
Herbs (%) 2.88+6.01 1.26+1.77 2.78+5.82 1.72+3.68 0.67+1.17 0.67 +1.35
Halimium 16.31+13.94 16.63+12.72 18.30+11.40 17.19+11.00 12.69+8.69 11.99+7.09
lasianthum
(%)
Erica australis 4.06+6.62 6.26+9.81 6.70+8.87 16.24+11.83 12.24+12.56 15.76 +14.16
(%)
Pterospartum 8.21+8.72 9.18+8.74 10.49+9.96 33.17+15.14 16.87+8.76 23.76+14.39
tridentatum
(%)
Fine woody 18.58+11.29 8.90+12.51 12.77+12.76 7.10+16.30 1.74+2.77 0.81+1.82
debris (%)
Coarse woody 15.21+14.76 12.19+4.77 11.76 +£10.38 5.49+4.22 2.97+3.83 3.83+£5.05
debris (%)
Standing dead 0.00+0.00 0.14+0.40 0.04+0.24 2.03+2.43 1.31+1.64 2.92+2.81

trees (%)
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In the salvaged stands, all dead trees were cut and felled by mechan-
ical chain saws, trunks were manually dragged and piled at firebreaks
and roads, branches and woody debris were chopped, and all the cut
biomass was extracted for timber or fuel production (see Taboada et
al., 2017 for additional information). Only unprofitable burned trees
(<10cm diameter) were left onsite. In total, after the 1998 and 2012
fires, more than 150,000 and 476,000m® of burned wood were sold
with a commercial value of ca. 1,423,000 and 2,553,000 €, respectively
(Government of Castilla and Ledn, personal communication). Total an-
nual precipitation in the years of salvage logging was comparatively low
[324.1 and 323.2mm in 2013 and 2014, respectively: weather station
Lagunas de Somoza, Spanish Meteorological Agency (AEMET)], possibly
affecting post-fire pine tree regeneration (Alfaro-Sanchez et al., 2015).

2.2. Sampling design and field measurements
We considered the following disturbance interactions (Fig. 2):

(1) fire (2012) only (‘F*);

(2) fire (2012) + immediate salvage logging (2013) (‘F-iSL");

(3) fire (2012) + delayed salvage logging (2014) (‘F-dSL");

(4) fire (1998) + fire (2012) (‘F-F*);

(5) fire (1998) + immediate salvage logging (1999) + fire (2012)
(‘F-iSL-F’);

F F-iSL F-dSL
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(6) fire (1998) + immediate salvage logging (1999) + fire (2012) + de-
layed salvage logging (2014) (‘F-iSL-F-dSL’).

We surveyed a total of 78 plots (30mx30m) (Table 1, Fig. 1)
in May-June 2015 (ca. 33months after the 2012 fire). To minimise
variability in environmental conditions (altitude, soil type, aspect, and
slope) we established a random clustered sampling design (Fortin et al.,
1989) with plots located in pairs and separated at least 200 m at the cen-
tre of the 2012 burned area. The severity of the 2012 fire was assessed
at every plot using the differenced Normalised Burn Ratio (ANBR) from
Landsat 7 ETM + imagery (Fernandez-Garcia et al., 2018). We selected
the pre-fire scene of September 9th 2011, and the post-fire scene of Sep-
tember 6th 2012. dNBR was calculated including the offset according to
Key (2006) to account for non-fire related differences between images
(e.g., differences due to phenology or precipitation) and values for each
sampling plot were extracted. In the surveyed area, fire recurrence was
generally low (1-2 fires) and the most common fire-free interval was
>30years in the last 40 years (between 1978 and 2017) when there was
a total of 28 wildfires larger than 1ha (Fernandez-Garcia et al., unpub-
lished).

To determine the post-disturbance recovery of pine trees (seedling
recruitment and performance), at each plot we placed three 2mx2m
subplots divided in four 1 mx1m quadrats. In each subplot we recorded
the total number of pine seedlings alive, the mean seedling height
(measured on 10 randomly selected individuals per quadrat), and the
mean seedling percentage cover (average value of the four
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Fig. 2. Schematic representation of the disturbance legacies (deadwood, survivor shrubs, serotinous cones, and recruited pine seedlings) corresponding to each successional trajectory re-
sulting from the combination of the different fire histories and post-fire management treatments [F = fire (2012) only; F-iSL = fire (2012) + immediate salvage logging (2013); F-dSL = fire
(2012) + delayed salvage logging (2014); F-F = fire (1998) + fire (2012); F-iSL-F = fire (1998) + immediate salvage logging (1999) + fire (2012); and F-iSL-F-dSL = fire (1998) + imme-

diate salvage logging (1999) + fire (2012) + delayed salvage logging (2014)].
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quadrats). Seedling mortality was insignificant at these stages of suc-
cession, as the number of dead seedlings in the 234 2m x2m surveyed
subplots was low (mean+standard deviation = 0.61+2.33). To assess
the post-disturbance regrowth of the shrubby understorey, in each sub-
plot we measured the mean percentage cover of all woody species (av-
erage value of the four quadrats). We classified these species accord-
ing to their post-fire recovery strategies (Paula et al., 2009) into oblig-
ate seeder species [H. lasianthum spp. alyssoides, Erica umbellata Loefl.
ex L., H. umbellatum (L.) Spach, Calluna vulgaris (L.) Hull, Cistus salvi-
ifolius (L.)] and resprouter species (E. australis, P. tridentatum, E. ar-
borea L., Polygala microphylla L.), and calculated the mean percentage
cover of each life-form group per subplot. To characterise the mater-
ial legacies (deadwood) resulting from the six combinations of fire his-
tory and post-fire salvage logging (i.e., from the different post-distur-
bance successional trajectories; Fig. 2), in each subplot we quantified
the mean percentage cover (average value of the four quadrats) of (1)
fine woody debris (downed branches and pieces of deadwood <2cm
diameter, and remaining unburned foliage), (2) coarse woody debris
(downed branches and pieces of deadwood > 2cm diameter, fallen dead
trees <10cm, burned pine cones, and post-harvest stumps), and (3)
standing dead trees (burned trees left onsite after harvesting operations
or non-intervention).

2.3. Data analysis

We fitted generalised linear mixed models (GLMMs) to assess the ef-
fects of the six combinations of fire history and post-fire salvage log-
ging on (1) the number of pine seedlings alive, (2) the percentage
cover of pine seedlings, (3) the percentage cover of obligate seeder
species, and (4) the percentage cover of resprouter species. The re-
sponse variables were modelled following a quasi-Poisson error distri-
bution, using the log link function, to account for overdispersion. We
also fitted a linear mixed model (LMM) to test the effects of the six
combinations of fire history and post-fire salvage logging on (5) pine
seedling height, modelled assuming a Gaussian error distribution (iden-
tity link function). The predictor variables (fixed factors) in the mod-
els were fire severity (ANBR) and the type of disturbance interaction
(F, F-iSL, F-dSL, F-F, F-iSL-F, and F-iSL-F-dSL). The identity of the sam-
pling plots was included as a random factor into the models. We ob-

Table 2
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tained predicted values of the response variables from the models for
the mean value of fire severity (ANBR = 793.33) and each type of dis-
turbance interaction.

We performed analogous GLMMs and LMM to determine the influ-
ence of the disturbance legacies (deadwood) on the above mentioned
five response variables. The predictor variables in the models were the
percentage cover of fine woody debris, coarse woody debris and stand-
ing dead trees. For the three pine models (seedling number, percent-
age cover and height), we additionally included as predictors into the
models the percentage cover of H. lasianthum, E. australis, and P. triden-
tatum, to account for potential competitive interactions between pine
seedlings and shrubs that might result in higher seedling height and
lower seedling aerial biomass (Taboada et al., 2017). The identity of the
sampling plots was included as a random factor into the models.

All data analyses were carried out with R software, version 3.3.1 (R
Core Team, 2016) using the ‘stats’, ‘lmerTest’ (Kuznetsova et al., 2016),
‘nlme’ (Pinheiro et al., 2016) and ‘MASS’ (Venables & Ripley, 2002)
packages.

3. Results
3.1. Pine tree regeneration

Fire history and post-fire salvage logging had significant effects on
pine seedling recruitment and performance (Table 2, Fig. 3). The es-
timated effects (model coefficients) of two subsequent fires on pine
tree regeneration at early successional stages were always negative, and
were exacerbated by the application of post-fire salvage logging. Both
the total number of seedlings alive and the mean seedling height were
significantly lower in the F-iSL-F and F-iSL-F-dSL plots; whereas the
average seedling cover was significantly lower in the F-F, F-iSL-F and
F-iSL-F-dSL plots. Fire severity (ANBR) had significantly negative effects
only on the number of pine seedlings alive.

The material legacies (deadwood) resulting from the different dis-
turbance interactions significantly influenced the regeneration of pine
trees in the early stages of succession (Table 3). The estimated effects
of fine and coarse woody debris, and standing dead trees on seedling
recruitment and growth were predominantly positive. The existence of
fine woody debris significantly enhanced the total number of seedlings

LMM and GLMM results for the effects of fire severity (ANBR) and the disturbance interactions [F = fire (2012) only; F-iSL = fire (2012) + immediate salvage logging (2013); F-dSL = fire
(2012) + delayed salvage logging (2014); F-F = fire (1998) + fire (2012); F-iSL-F = fire (1998) + immediate salvage logging (1999) + fire (2012); and F-iSL-F-dSL = fire (1998) + imme-
diate salvage logging (1999) + fire (2012) + delayed salvage logging (2014)] on the total number of pine seedlings alive, the mean seedling height (cm), and the mean percentage cover

(%) of seedlings, obligate seeder and resprouter shrub species. The intercept represents the factor level F. SE = standard error. Significant p-values are in bold face.

Intercept dNBR F-iSL F-dSL F-F F-iSL-F F-iSL-F-dSL
Number of pine seedlings Estimate 3.334 —0.000 0.046 -0.197 —0.969 —2.497 —2.165
SE 0.515 0.000 0.549 0.443 0.583 0.542 0.573
p-value <0.001 0.022 0.933 0.658 0.101 <0.001 <0.001
Pine seedling height (cm) Estimate 21.511 0.006 0.139 —6.653 —5.972 —21.056 —12.200
SE 6.526 0.006 6.602 5.344 6.568 5.568 5.843
p-value 0.001 0.327 0.983 0.217 0.366 <0.001 0.040
Pine seedling cover (%) Estimate 2.470 —0.000 0.055 —0.592 —1.284 —2.881 —-2.114
SE 0.477 0.000 0.476 0.387 0.516 0.497 0.485
p-value <0.001 0.383 0.908 0.130 0.015 <0.001 <0.001
Seeder shrubs cover (%) Estimate 3.047 —0.000 0.115 0.297 0.113 0.065 —0.084
SE 0.258 0.000 0.262 0.211 0.260 0.221 0.236
p-value <0.001 0.135 0.661 0.163 0.664 0.770 0.723
Resprouter shrubs cover (%) Estimate 2.252 0.000 0.089 0.255 1.351 0.850 1.133
SE 0.346 0.000 0.372 0.304 0.348 0.311 0.320
p-value <0.001 0.213 0.812 0.404 <0.001 0.008 <0.001
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Fig. 3. Model predicted values (mean+95% confidence intervals) of the total number
of pine seedlings alive per 2mx2m subplot, the mean seedling height (cm) and per-
centage cover (%) in each disturbance interaction [F = fire (2012) only; F-iSL = fire
(2012) + immediate salvage logging (2013); F-dSL = fire (2012) + delayed salvage log-
ging (2014); F-F = fire (1998) + fire (2012); F-iSL-F = fire (1998) + immediate salvage
logging (1999) + fire (2012); and F-iSL-F-dSL = fire (1998) + immediate salvage logging
(1999) + fire (2012) + delayed salvage logging (2014)].

alive, the mean seedling height and cover. While the presence of coarse
woody debris and standing dead trees significantly benefited the mean
seedling height.

The recovery of the main shrub species in the understorey nega-
tively affected initial pine tree regeneration (i.e., for the most part, the
model coefficients were negative) (Table 3). All three shrub species
tested (H. lasianthum, E. australis, and P. tridentatum) significantly nega-
tively impacted pine seedling cover (proxy for aerial biomass); whereas
only E. australis had a significant negative effect on the number of pine
seedlings alive.

3.2. Understorey regrowth

The mean percentage cover of obligate seeder species was not af-
fected by the different combinations of fire history and post-fire salvage
logging (Table 2, Fig. 4). However, in case of the mean percentage cover
of resprouter species, the estimated effects of two subsequent fires were
significantly positive (higher values in the F-F, F-iSL-F and F-iSL-F-dSL
plots) especially in the absence of harvesting operations following fire
(F-F plots).

The material legacies (deadwood) resulting from the different dis-
turbance interactions significantly affected the regrowth of the shrubby
understorey (Table 3). The mean percentage cover of obligate seeder
species was significantly negatively related to coarse woody debris;
whereas the mean percentage cover of resprouter species was signif-
icantly negatively related to both fine and coarse woody debris. Re-
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sprouter species were, however, significantly favoured by the presence
of standing dead trees.

4. Discussion
4.1. Cumulative and interactive effects of fire and salvage logging

Upcoming changes in wildfire regimes with even more frequent fires,
shorter fire-free periods, larger fire spatial extents, and higher fire sever-
ities (Pausas & Fernandez-Muiioz, 2012; Pausas & Vallejo, 1999; Pausas
et al., 2008) are expected to weaken the post-fire regeneration and,
eventually, the resilience of serotinous species and ecosystems globally
(Bowman et al., 2014; Brown & Johnstone, 2012; Buma et al., 2013).
In the studied stands the cumulative impact of two large fires occurring
in the same location at a short return interval (<15years) (F vs. F-F)
lessened serotinous pine seedling recruitment and performance, and en-
hanced the regrowth of resprouter shrubs, in agreement with previous
studies (e.g., Calvo et al., 2012; Espelta et al., 2008; Eugenio et al.,
2006; Pausas & Vallejo, 1999). Pine seedling cover (a proxy for aerial
biomass) was particularly reduced by fire repetition, while there were
no differences for seedling height, possibly denoting competition for
belowground resources (i.e., water and nutrients) with pioneer shrubs
(Calvo et al., 2008; Taboada et al., 2017). These findings confirmed the
(‘double whammy’) effect of two consecutive large fires occurring in
relatively short time (see Turner, 2010), as the serotinous pine forest
ecosystem had not yet recovered from the disturbance created by the
first fire when affected by the second one, facing an immaturity risk
(sensu Keeley et al., 1999). Above all, the pre-fire state (before the 2012
fire; Fig. 2) of the stands that suffered one or two large fires condi-
tioned their post-disturbance recovery. Once-burned plots had (1) low
density of mature pines with high reproductive ability attained dur-
ing the previous fire-free interval (>15years; Tapias et al., 2004), (2)
few shrubs in the understorey, and, therefore, (3) greater pine seedling
regeneration. While twice-burned plots had (1) high density of imma-
ture pines with low reproductive ability (i.e., small canopy seed bank;
Espelta et al., 2008), (2) a well-developed shrub layer, and, thus, (3)
greater regrowth of the understorey. In addition, no differences between
once- and twice-burned plots were observed for the recovery of obligate
seeder shrubs that are tolerant to high-severity fires and variable water
conditions (Moya et al., 2015), and slowly regenerated from their per-
sistent soil seed banks (Pausas & Keeley, 2014).

Unexpectedly, there were no interactive (synergistic) effects between
fire and salvage logging after a single large high-severity fire (F vs.
F-iSL and F-dSL), as the removal of the burned wood did not de-
crease pine seedling recruitment and performance more than did fire
alone. Particularly, in the studied stands, immediate (<1year after
fire) salvage logging had no detrimental effects on the natural regen-
eration of the vegetation; contrarily to previous results by other au-
thors that demonstrated the negative impact of harvesting operations
on pine seedling emergence and mortality, plant species composition
and diversity, shrub regrowth, and plant facilitative interactions (e.g.,
Castro et al., 2011; Leverkus et al., 2014; Lindenmayer & Noss, 2006;
Maraiién-Jiménez et al., 2013; Moya et al., 2015). Firstly, the high num-
ber of mature trees bearing serotinous cones in the studied maritime
pine population (Tapias et al., 2004) very likely resulted in a large
number of recruited seedlings (Calvo et al., 2008; Hernandez-Serrano
et al.,, 2013) that were either very abundant to counterbalance mor-
tality (Martinez-Séanchez et al., 1999) or not seriously damaged by
the prompt harvesting operations, as trunks were manually handled
without heavy machinery (see Blair et al., 2016; Castro et al., 2011;
Leverkus et al., 2014, and references therein). Secondly, the removal
of the burned wood avoiding mechanical disturbance may have caused
relatively little damage besides that of fire to (1) the persistent soil
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Table 3
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LMM and GLMM results for the effects of the percentage cover (%) of Halimium lasianthum, Erica australis, Pterospartum tridentatum, fine woody debris, coarse woody debris, and standing
dead trees on the total number of pine seedlings alive, the mean seedling height (cm), and the mean percentage cover (%) of seedlings, obligate seeder and resprouter shrub species.

SE = standard error. Significant p-values are in bold face.

H. E. P. Fine woody Coarse woody Standing dead
Intercept lasianthum australis tridentatum debris debris trees
Number of pine Estimate 2.015 -0.002 -0.026 -0.013 0.020 0.002 —0.055
seedlings
SE 0.259 0.006 0.010 0.007 0.006 0.007 0.072
p-value <0.001 0.680 0.009 0.087 0.002 0.756 0.449
Pine seedling Estimate 11.456 0.009 -0.053 -0.060 0.274 0.250 1.697
height (cm)
SE 3.315 0.090 0.098 0.089 0.097 0.118 0.566
p-value 0.001 0.920 0.589 0.503 0.005 0.035 0.003
Pine seedling cover Estimate 1.628 —0.012 —0.031 —0.023 0.013 0.002 0.057
(%)
SE 0.245 0.006 0.009 0.007 0.006 0.007 0.052
p-value <0.001 0.038 0.001 0.002 0.037 0.737 0.274
Seeder shrubs cover Estimate 3.090 0.000 —0.015 —0.047
(%)
SE 0.074 0.004 0.005 0.026
p-value <0.001 0.986 0.004 0.070
Resprouter shrubs Estimate 3.403 —0.015 —0.031 0.042
cover (%)
SE 0.084 0.005 0.006 0.018
p-value <0.001 0.001 <0.001 0.024
g 8- The interactive effects of fire and salvage logging on post-distur-
'g o | bance forest regrowth were more evident after two consecutive fires at
b4 a short return interval (F-F vs. F-iSL-F). Two successive large fires com-
2 & { bined with post-fire logging had a greater negative impact than fires
% . } { alone (synergistic effects) on the number of recruited pine seedlings,
‘g . seedling height and cover; while a lower positive impact (subadditive
2 = effects) on the recovery of resprouter shrub species. However, repeated
2 w4 salvage logging following each of the two consecutive large fires had no
§ o greater negative impact on forest regrowth than the two high-severity
o T T T T T T fires at a short return interval (F-F vs. F-iSL-F-dSL); but it had a compa-
2 rable negative impact to salvage harvesting on one occasion combined
T o i with two large fire events (F-iSL-F vs. F-iSL-F-dSL). This suggests that
dg ® the natural regeneration of the studied serotinous pine forests subjected
% o to two short-return-interval large fires was undermined by the salvage
g © harvesting of the merchantable burned wood regardless if executed one
g o | { single time (i.e., after the first large fire event) or as many times as fire
'g h } occurred (i.e., after every sequential large fire event).
B } 'y I 4.2. Interaction modification effects of fire and salvage logging
5
E = T T T T T T In addition, our results evidenced that the per-unit impact of a sin-
F F-isSL F-dsL F-F F-iSL-F F-iSL-F-dSL gle large stand-replacing fire on forest recovery did not depend on the

Disturbance interactions

Fig. 4. Model predicted values (mean+95% confidence intervals) of the mean percent-
age cover (%) of obligate seeder and resprouter shrub species in each disturbance in-
teraction [F = fire (2012) only; F-iSL = fire (2012) + immediate salvage logging (2013);
F-dSL = fire (2012) + delayed salvage logging (2014); F-F = fire (1998) + fire (2012);
F-iSL-F = fire (1998) + immediate salvage logging (1999) + fire (2012); and
F-iSL-F-dSL = fire (1998) + immediate salvage logging (1999) + fire (2012) + delayed sal-
vage logging (2014)]. Obligate seeder species: Halimium lasianthum spp. alyssoides, Erica
umbellata, H. umbellatum, Calluna vulgaris, and Cistus salviifolius. Resprouter species: E. aus-
tralis, Pterospartum tridentatum, E. arborea, and Polygala microphylla.

seed bank and the newly emerged seedlings of obligate seeder shrubs,
as well as to (2) the new shoots produced by resprouter shrubs (Knapp
& Ritchie, 2016; Leverkus et al., 2014).

timing of post-fire salvage logging, as fire impact was only marginally
aggravated when harvesting was executed more than one year after fire
(i.e., no interaction modification effect; Didham et al., 2007) (F-iSL vs.
F-dSL). Nonetheless, in the studied serotinous pine stands, the impact
of salvage logging on forest re-establishment was worsened in combina-
tion with two recurrent fires happening at a short return interval (F-iSL
vs. F-iSL-F). This can be considered an interaction modification effect
(Didham et al., 2007), in which the per-unit effect of salvage logging
depends on the frequency of occurrence of the sequential large fires in
the same location and, most likely, on the duration of the fire-free in-
terval. This, again, supports the idea that high-intensity salvage har-
vesting after two recurrent large high-severity fires may be inadvis-
able in fire-prone serotinous pine forests, given that it hindered the al-
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ready lessened pine seedling recruitment and performance, unless ad-
ditional management interventions can be implemented to counterbal-
ance these effects (Lindenmayer et al., 2017). These findings are highly
relevant to the restoration management of serotinous pine forests under
increasing uncertainty (De las Heras et al., 2012; Doblas-Miranda et al.,
2014, 2017; see also Lindenmayer, 2016), as the new combinations of
frequent wildfires and salvage logging may cause major irreversible (or
very difficult or costly to reverse) changes in the ecosystem’s resilience
to the next disturbance (Buma & Wessman, 2011; Lindenmayer et al.,
2016; see also Mandle et al., 2015).

4.3. The importance of the material legacies that persisted after disturbance

Both the pre-disturbance state of an ecosystem and the characteris-
tics of the disturbance regime determine the type and amount of the bi-
ologically derived legacies that persist following a series of successive
disturbance events (Johnstone et al., 2016). In the studied pine forest
stands, three major factors may have influenced how much needle lit-
ter and woody debris accumulated before disturbance (fire and logging),
and how many legacies (deadwood) remained after that (Fig. 2): (1)
the age and degree of development of the pine trees and the shrubby
understory attained in the preceding fire-free interval, (2) the degree
of consumption of the litter layer and woody debris after one or two
high-severity fires, and (3) the volume of burned wood and harvest slash
removed by the sequential high-intensity salvage logging operations af-
ter fire.

As the 2012 large fire mostly consumed the organic layer and surface
needles exposing the mineral soil, as well as the majority of the stand-
ing biomass and canopy leaves (see Quintano et al., 2015; Quintano
et al., 2017), the retained deadwood after disturbance was mostly in
the form of stumps and logging residues. Our results indicated that
the amount of harvest slash (fine and coarse woody debris) left by the
manual extraction of the merchantable burned trees after a single large
high-severity fire (F-iSL and F-dSL; Table 1) was greater than antici-
pated on the basis of prior researches (Dunn & Bailey, 2015; Hood et
al., 2017; Keyser et al., 2009), and benefited pine seedling emergence
and performance. The remaining fine woody debris enhanced the num-
ber of recruited pine seedlings and seedling growth (height and per-
centage cover), very likely by (1) providing seed protection from pre-
dation and adverse climate (Madrigal et al., 2005; Rodriguez et al.,
2008; Rodriguez-Garcia et al., 2010), and (2) increasing moisture and
nutrients that helped seed germination and seedling establishment (par-
ticularly, the unburned pine needles fallen from a small number of
scorched trees prior to removal) (Maraién-Jiménez & Castro, 2013;
Maranoén-Jiménez et al., 2013; Marzano et al., 2013; Vacchiano et al.,
2014). Whereas the residual coarse woody debris may have increased
pine seedling height via facilitative interactions by the downed branches
and fallen immature dead trees left in place, eluding belowground plant
competition (Castro et al., 2011; Marafién-Jiménez et al., 2013; Marzano
et al., 2013). Moreover, although salvage logging removed cone-bear-
ing branches along with the trunks, many loose burned serotinous cones
were left onsite and gradually released viable seeds (up to five years
after fire; personal observations) helping the post-disturbance establish-
ment of pine seedlings, similar to the findings of Calvo et al. (2013) and
Fernandez et al. (2008).

However, the removal of the burned wood combined with the occur-
rence of two consecutive large fires at a short return interval (F-iSL-F
and F-iSL-F-dSL) substantially reduced the quantity of residual fine
and coarse woody debris (Table 1); while it very much increased the
number of immature (unprofitable) standing dead trees left onsite.
Altogether, the little woody debris and the abundant standing dead
trees in the twice-burned plots mostly benefited the regrowth of re-
sprouter shrubs. All in all, these findings indicate that logging after a
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first large fire event very likely affected the material legacies required
for the ecosystem re-establishment following a second large fire (Donato
et al., 2016); pointing out an unforeseen interaction modification ef-
fect (Didham et al., 2007) in which the per-unit impact of a successive
fire depends on the type and amount of deadwood retained by the har-
vesting operations after a preceding fire. This implies that special care
should be taken when high-intensity salvage logging is executed in ar-
eas that are prone to frequent high-severity fires in order to prevent
the unnecessary removal of the residual biomass produced by the sin-
gle disturbance events (see D’Amato et al., 2011; Lindenmayer et al.,
2017). These material legacies will eventually contribute to enhance the
resilience of serotinous pine forests to novel disturbances in the future
(Johnstone et al., 2016).

5. Conclusions

Serotinous pine forests coping with frequent large stand-replacing
fires at short return intervals are of particular preservation concern
(Bowman et al., 2014; Buma et al., 2013), as these fires cause high
tree mortality, incapacity to reach maturity and, ultimately, the failure
of natural tree regeneration (Espelta et al., 2008; Eugenio et al., 2006;
Fernandes & Rigolot, 2007). In our study, the initial recovery of the sur-
veyed serotinous maritime pine forests after two sequential large fires
and post-fire logging was, in the first place, driven by fire repetition,
which led to reduced seedling recruitment and enhanced regrowth of re-
sprouter shrubs. In the second place, high-intensity post-fire salvage log-
ging worsened the impact of fire on pine forest regeneration only when
implemented after two repeated large high-severity fires. Therefore, it is
very likely that, without appropriate mitigating measures, the resilience
of these fire-prone serotinous forests to future disturbances will be jeop-
ardised by the interactive effects of sequential large high-severity fires
and successive post-fire logging.

But our findings further demonstrated that the initial recovery of the
studied serotinous forests was greatly affected by the nature and quan-
tity of the material legacies (deadwood) resulting from the different dis-
turbance histories. Retained fire-killed trees and post-harvest residuals
were the legacies that primarily influenced pine seedling re-establish-
ment, in accordance with the results of previous studies (Marzano et
al., 2013; Vacchiano et al., 2014). Preserving a considerable amount of
fine and coarse woody debris (i.e., unburned needles, downed branches,
pieces of deadwood, and burned pine cones) in situ after the manual
harvesting of the merchantable burned trees, improved pine seedling
performance and limited the regrowth of the shrubby understorey. This
implies that carefully designed salvage logging interventions with par-
tial biomass retention after successive large fires may constitute a suit-
able alternative for limiting (or even counteracting) the harmful effects
of the increased fire frequency on the early recruitment and natural re-
generation of maritime pine forests (see Lindenmayer et al., 2017). This,
then, opens the possibility of integrating fire- and logging-derived lega-
cies in specific (‘more ecologically sensitive’; Hunter, 2007) post-fire
restoration actions to enhance the resilience of these serotinous forests
to the new combinations of large-scale disturbances that are unpre-
dictable (Johnstone et al., 2016).
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