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Abstract.  Forest disturbances diminish ecosystem services and boost disservices. Because
post-disturbance management intends to recover the greatest possible value, selling timber
often prevails over other considerations. Ecological research has shown diverse effects of sal-
vage logging, yet such research has focused on the biophysical component of post-disturbance
ecosystems and lacks the link with human well-being. Here we bridge that gap under the
ecosystem services framework by assessing the impact of post-fire management on a non-tim-
ber value. By employing the replacement cost method, we calculated the value of the post-fire
natural regeneration of Holm oaks in southern Spain under three post-fire management
options by considering the cost of planting instead. The value of this ecosystem service in non-
intervention areas doubled that of salvage-logged stands due to the preference for standing
dead trees by the main seed disperser. Still, most of the value resulted from the resprouting
capacity of oaks. The value of this and other ecosystem services should be added to traditional
cost/benefit analyses of post-disturbance management. We thus call for a more holistic
approach to salvage logging research, one that explicitly links ecological processes with human
well-being through ecosystem services, to better inform decision-makers on the outcomes of

post-disturbance management.
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INTRODUCTION

Management decisions after large disturbances are
critical for the pace and direction of ecosystem regenera-
tion. Disturbances generate fear and anxiety in affected
human populations due to the destruction of property
and sentimental places, leading to the instinctive craving
for someone to do something to erase the signs of the
calamity (Lindenmayer et al. 2017). Large recent distur-
bances (such as the 2016 Fort McMurray Fire, which
affected more than half a million hectares), along with
observed and projected increases in average disturbance
size, frequency, and severity due to global change (Kurz
et al. 2008, Johnstone 2016), generate the need to define
post-disturbance management strategies that enhance
natural regeneration, favor the quick recovery of natural
populations and ecosystem services, and limit potential
disservices generated by the disturbance (CBD 2001,
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Thom and Seidl 2015). Although disturbances are recog-
nized as natural processes in many ecosystems of the
world, along with positive effects on ecosystem function-
ing and biodiversity under historical disturbance cycles
(Noss et al. 2006, Christensen 2014, Lindenmayer et al.
2017), they are usually unplanned, and often undesired,
events that require subsequent decision-making.

A common strategy of managing forests affected by
wildfires, storms, and insect outbreaks is felling and
extracting the affected wood. This is usually performed
in order to recover some part of the value of the affected
timber (i.e., to reduce the loss of a provisioning ecosys-
tem service), thus leading to the term salvage logging
(Lindenmayer et al. 2008). In addition, it is often
claimed that widespread salvage logging reduces the risk
of subsequent fire or pest outbreaks, favors the natural
regeneration of the plant community, or eases the transit
through the affected area (Stokstad 2006, Lindenmayer
et al. 2008). Salvage logging is thus conducted as a
means of securing the greatest (remaining) value from
the disturbed forest.

A report in 2000 (Mclver and Starr 2000), however,
highlighted the lack of empirical evidence regarding
the ecological implications of salvage logging. Since,
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numerous studies have revealed that this practice may
not only lack the desired effects but may actually have
opposite effects, such as an increase in fire risk, the ham-
pering of natural regeneration, and the loss of habitat for
species of conservation interest (Donato et al. 2006, Lin-
denmayer et al. 2008, Leverkus et al. 2014, Thorn et al.
2016). It has come out that numerous ecosystem ele-
ments and processes can be affected by salvage logging,
such as soil composition and erodibility (Kishchuk et al.
2015, Wagenbrenner et al. 2015), snag availability as
nesting sites for birds (Hutto and Gallo 2006), the inva-
sion of alien plant species (Lindenmayer et al. 2017), and
many more. However, there is a clear gap in translating
these effects to a language understandable by managers,
policy makers, and society in general. A symptom of this
is that there is barely any mention of the term ecosystem
services in the literature regarding post-disturbance log-
ging. The lack of a common language between ecologists
and managers limits the application of an approach to
post-disturbance management that would consider all
the benefits provided by the ecosystem in decision-mak-
ing (also called Ecosystem Approach; Secretariat of the
Convention on Biological Diversity 2000). The impor-
tance of suitable communication of the value of nature
and the application of ecosystem service valuation to
management decisions is widely recognized (CBD 2001,
Haines-Young and Potschin 2010, Liu et al. 2010, van
den Belt and Stevens 2016), yet they are scarcely imple-
mented for non-provisioning services (Boerema et al.
2016) and their absence is especially notorious in the lit-
erature regarding salvage logging. Linking the effects of
post-disturbance management on ecosystem processes
with effects on human welfare is therefore critical to pro-
vide a more comprehensive basis for decision-making
beyond the simplistic focus on burned-wood revenues.
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In this study, we illustrate how ecological processes
that are affected by salvage logging can be described
under the ecosystem services paradigm in a way as to
show the link between the biophysical components of
post-disturbance ecosystems and human well-being
(Haines-Young and Potschin 2010). We focus on seed
dispersal, an ecosystem service that can be affected by
post-disturbance management (Rost et al. 2009, Caval-
lero et al. 2013, Leverkus et al. 2016). We evaluate the
dispersal service provided by the activity of vertebrates,
mostly the Eurasian Jay (Garrulus glandarius L.), as a
mechanism for the natural recovery of native oak forests
after fire in three contrasting post-fire logging scenarios.
We aim to assess whether salvage logging and two man-
agement alternatives generate different value for society
due to effects on the capacity for natural regeneration.
With this approach, we seek to exemplify how ecologists
can provide input to decision-makers that allows bridg-
ing the gap with society and managers to enhance the
regeneration and conservation of disturbed ecosystems.

MATERIALS AND METHODS

Methodological framework

Ecosystems and organisms within them contribute to
human well-being through ecosystem services (MA
2005). To assess the contribution of an ecosystem service
to human welfare, as is our aim in this study, the link
between an observable process and its value for society
must be clearly identified (Haines-Young and Potschin
2010). This involves linking an element of the ecosystem
and a function that it performs (i.e., the biophysical
components of an ecosystem service) with the benefits
that society obtains and, ultimately, the value placed on
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Ecosystem services cascade illustrating the case of seed dispersal by European jays after fire. Studying ecosystem ser-

vices from both the ecosystem and the human well-being points of view may aid translating ecological research on post-disturbance
logging into direct input for practitioners. Diagram adapted from Haines-Young and Potschin (2010) and Martin-Lépez et al.

(2014).
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it (i.e., the human well-being component; Fig. 1). Valua-
tions of ecosystem services allow assessing the effects of
human interventions to natural capital stocks (Liu et al.
2010).

Although seed dispersal is a major ecosystem service
provided by birds and other vertebrates (Whelan et al.
2008), it remains poorly understood and greatly under-
valued (Hutchins et al. 1996, Whelan et al. 2008).
Through animal-mediated seed dispersal, plant species
benefit from gene flow, escape from high-mortality
areas, reach more favorable sites, and colonize new or
degraded sites (Rost et al. 2009, Cavallero et al. 2013,
Andivia et al. 2017). On the human-welfare side of this
process, plant natural regeneration mediated by seed
dispersal may imply a reduced need for reforestation
(Hougner et al. 2006, Puerta-Pinero et al. 2011). Here,
we use the ecosystem services framework to assess how
post-fire management affects the value for society of
the natural regeneration of oaks mediated by seed
dispersal by vertebrates, mainly birds, into a burned
forest.

Study site and experimental design

This research is based on empirical data on ecological
processes leading to oak natural regeneration after post-
fire management in three different treatments that
include salvage logging (Castro et al. 2012, Leverkus
et al. 2016), together with the cost evaluation of refor-
estation under these three scenarios (Leverkus et al.
2012). The study was conducted after the Lanjardn fire
of September 2005, which affected 1300 ha of ~40 yr
old, planted pine stands in Sierra Nevada, southern
Spain (Castro et al. 2010). The affected pine species are
native, although the climax vegetation in the area corre-
sponds to Holm oak (Quercus ilex L.) forests (Leverkus
et al. 2015). Climate in the area is Mediterranean, with
hot, dry summers and mild, wet winters. Six months
after the fire, three experimental plots of 18-32 ha were
established along an elevational gradient to test the
effects of post-fire management on ecosystem regenera-
tion. Each plot comprised nine subplots, which were
randomly allocated one of three replicates of one of
three burned-wood management treatments (Data S1).
The treatments were (1) non-intervention (NI), where no
action was taken and the snags remained standing until
their collapse 4-6 yr after the fire; (2) partial cut plus
lopping (PCL), an intermediate management treatment
where 90% of the burned trees were felled but leaving all
the biomass in situ; and (3) salvage logging (SL), where
the trees were cut, their trunks cleared of branches and
manually piled in groups of 10-12, and the woody debris
was chopped, thus leaving an open habitat structure.

The area surrounding the study plots was salvage
logged, and the local forest service performed a mecha-
nized reforestation in March 2010 (4 yr after the fire)
with Holm oaks and other species. The reforestation
covered the two higher-elevation plots (described in
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Leverkus et al. 2012), whereas the lowest-elevation plot
(described in Leverkus et al. 2016) was not reforested
and was reserved to study natural regeneration (Data
S1). The cost of reforestation was calculated for each
subplot by the local Forest Service (for details, see
Leverkus et al. 2012). We monitored seedling survival
two growing seasons after planting, which allowed calcu-
lating reforestation costs per live seedling.

Oak natural regeneration

Holm oak natural regeneration was studied at the
lower elevation plot. Holm oak regeneration can occur
either by resprouting of existing individuals or by seed
germination. Acorns are dispersed by animal vectors,
which in the study area are mostly rodents (e.g., wood
mice) and Eurasian Jays, a scatter-hoarding corvid.
Acorn dispersal into the pine stand (and thus oak regen-
eration) likely began decades before the fire. In the study
plot, there was an intense regeneration after the fire,
which could be ascribed to pre-treatment and post-treat-
ment scenarios (Leverkus et al. 2016).

As pre-treatment regeneration we considered all the
oak individuals that appeared after the fire, in the spring
of 2006, and that had a height below 35 cm. They corre-
sponded mostly to resprouts (atthors, personal observa-
tion), although some of them could have been the result
of the germination of an acorn dispersed into the experi-
mental plot just after the fire, in the autumn of 2005, yet
before the implementation of post-fire treatments. We
could not distinguish those two categories unequivo-
cally, yet both represent regeneration that occurred
before treatment implementation. Pre-treatment oaks
were likely the result of the ecosystem service of seed dis-
persal across many years previous to the fire, although
their origin is not certain. In any case, as the treatments
did not exist at the time of establishment of the pre-treat-
ment seedlings, we calculated the value of the ecosystem
service at the plot level.

As post-treatment regeneration we considered seed-
lings that recruited in the 6 yr after treatment implemen-
tation, beginning in spring 2007. These seedlings were
the result of establishment from acorns dispersed from
nearby seed sources once the treatments existed (Lev-
erkus et al. 2016). A previous study demonstrated that
Jays still used the standing burned trees (i.e., the NI
treatment) as a habitat type to cache acorns, whereas
they avoided areas devoid of burned trees (Castro et al.
2012). It is very likely that, in our case, Jays were the
only dispersers of acorns given the distance between the
experimental plot and the nearest Holm oak patches (see
Leverkus et al. [2016] for details). Seed dispersal leading
to post-treatment regeneration represents an ecosystem
service provided after treatment implementation, and we
thus report its magnitude for each experimental treat-
ment. The final numbers of surviving seedlings/saplings
were assessed 7 yr after the fire in each replicate of each
post-fire treatment (Leverkus et al. 2016).
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Economic valuation of the ecosystem service

We valued the provision of the ecosystem service of
oak natural regeneration in the three post-fire wood
management treatments. We used the replacement cost
(RC) method to estimate the economic value of post-fire
natural regeneration as the cost of planting nursery-
grown seedlings instead. The density of seedlings that
naturally established and were still recorded alive in
2012 was multiplied by the empirically obtained cost of
planting—te obtain one live seedling. For a description
and justification of the RC method and detailed meth-
ods, see Appendix S1.

REsuLTs AND DiscussioN

The ecosystem service of oak natural regeneration was
worth between tens and over one hundred euros per ha,
depending on the timing of recruitment (previous or
subsequent to the implementation of post-fire treat-
ments) and, in the case of post-treatment seedlings, on
the post-fire management strategy employed (Table 1).
This value resulted from the avoided cost of reforesta-
tion due to acorn dispersal by vertebrates (most likely
Jays) and the resprouting capacity of oaks (Hougner
et al. 2006, Puerta-Pinero et al. 2011) and ultimately
from the accumulated ecosystem service of seed disper-
sal provided by animals. Despite the relatively small
magnitudes of the economic values, this study case
exemplifies the potential of translating the results of eco-
logical research into direct input for managers if the eco-
logical processes are linked with human well-being via
the ecosystem services framework (Fig. 1).

In the case of post-management seedlings, we can
ascribe recruitment with precision to post-disturbance
acorn dispersal (Castro et al. 2012). Although the eco-
nomic value of this ecosystem service was relatively
small, it showed variation across treatments: the non-
intervention areas provided about twice the value of the
treatments where the burned logs were felled (Table 1).

Ecological Applications
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This can be explained by the positive habitat selection
by Jays of standing trees, even if burned (Castro et al.
2010, 2012). Our results therefore show that acorn dis-
persers provided a valuable ecosystem service if burned
trees were not salvaged.

The seedlings that recruited before treatment imple-
mentation, which likely comprised mainly resprouting
individuals recruited before the fire, provided the great-
est economic value (Table 1). Resprouting is irdeed one
of the main post-fire regeneration strategies of plants in
the Mediterranecan Basin (Pausas et al. 2004), a trait
that enhances ecosystem resilience to disturbance and
provides direct value to society due to the reduced cost
of reforestation (Hougner et al. 2006). Our study shows
that the value of the ecosystem service of natural regen-
eration of oaks in disturbed, salvage-logged areas may
depend almost exclusively on resprouting oaks that hap-
pen to be on site. While the value of natural regenera-
tion in non-intervention areas was also lower than that
of pre-management recruitment (Table 1), it should be
noted that recruitment in salvage logged subplots
ceased almost immediately after the fire, whereas this
ecosystem service in non-intervention areas is an ongo-
ing process that can be expected to perpetuate at least
as long as the snags remain standing (Leverkus et al.
2016).

The ecosystem service of Holm oak regeneration mat-
ters for several reasons. The Holm oak is the most rele-
vant native forest-forming tree species in the area (Valle
2003), and the forests it forms are a major conservation
and restoration target in both Spanish and European
regulations (e.g., EEC Regulation no. 2080/92; Roda
et al. 2009, WWF 2011). However, the assisted regenera-
tion of Holm oak forests has largely failed. Most of the
available studies document high rates of seedling mortal-
ity after artiftetat regeneration (e.g., Rey Benayas et al.
2005, Valdecantos et al. 2006), so that the demand for
the ecosystem service of Holm oak natural regeneration
is guaranteed. Natural regeneration in this study ren-
dered oak densities that may be considered low, yet they

TaBLE 1. Seedling densities and economic value of oak natural regeneration across the post-fire treatments.
Pre-managementt Post-management} Savings (€/ha)§

Treatment No. individuals Density (no./ha) No. individuals Density (no./ha) Pre-managementt Post-managementi
Non-intervention — — 153 £ 5.7 8.5+ 33 — 36.2 + 15.0
Salvage logging — — 4.7 £ 3.7 3.7 +32 — 15.8 £ 139
Partial cut plus — — 77 +24 394+ 0.8 — 16.6 + 4.2

lopping
Whole plot§ 46.7 £ 16.4 269 + 9.3 9.2 +2.6 54+ 1.6 114.5 + 43.0 23.0 + 7.6

Note: All values are means + SE between subplots (n = 3 for treatments; n = 9 for whole plot).

tRecruited either before the fire or from acorns dispersed between the fire and treatment implementation (i.e., up to 2006); values
are thus reported as averages of the whole plot, independently of treatments.

tRecruited after the creation of the post-fire treatments (i.e., between 2007 and 2011), most likely as a result of seed dispersal by
Jays; values are reported per treatment and as a whole-plot average (pooling treatments).

§Based on a cost of reforestation of €4.26 + 0.62 per seedling, empirically obtained for reforestation performed in 2010. See

Appendix S1 for details.
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still constitute an acceptable starting point for these,
often savannah-like, forests (Roda et al. 2009). The scat-
tered established trees will constitute seed-producing
islets from which the surroundings will later be colonized
(Rey Benayas et al. 2008). Our results thus support that
the commonly applied regime of post-disturbance sal-
vage logging could have negative consequences for the
regeneration of forest vegetation (Donato et al. 2006,
Macdonald 2007, Marzano et al. 2013, Brown et al.
2014, Leverkus et al. 2014, but see Royo et al. 2016) and
reduce the value of the ecosystem service of natural
regeneration by increasing reforestation needs.

The results here obtained can be added to the eco-
nomic balance of the direct cost of the three analyzed
management options. Salvage logging resulted in direct
losses of >2000 €/ha to the Forest Service after account-
ing for logging operations and the extraction, trans-
portation, and sale of the burned wood (Leverkus et al.
2012). In fact, the revenue from timber sales roughly
covered the cost of extraction and transportation of the
wood. This is a common outcome in young Mediter-
ranean pine stands on public lands (e.g., in national
parks such as Sierra Nevada) whose management does
not follow strict economic purposes (Velasco and
Hernandez 2012), and it contrasts with other parts of
the world where burned trees are generally salvaged for
the economic revenue (Lindenmayer et al. 2008). In
either case, the inclusion of the value of oak natural
regeneration in the cost-benefit analysis could reveal
changes to this balance: at sites where post-fire seed dis-
persal is favored due to the presence of seed dispersers
and nearby seed sources, non-intervention approaches
would not only lack a direct management cost (other
than the case-specific opportunity cost of timber) but
also provide an indirect value through the savings from
the reduced need of reforestation.

CONCLUSIONS

Besides salvaging the value of timber, salvage logging
can affect many other ecosystem services, such as seed
dispersal, nutrient cycling, water retention, carbon
absorption, habitat provision, and many others (Mclver
and Starr 2000, Lindenmayer et al. 2008, 2017, Peterson
et al. 2009, Serrano-Ortiz et al. 2011). These, in turn,
should be balanced with the economic returns from tim-
ber to make better-informed decisions on post-fire man-
agement. Methodological frameworks such as the
Toolkit for Ecosystem Service Site-based Assessment
(Peh 2013) may prove useful to assess an array of differ-
ent ecosystem services under different management sce-
narios and provide advice as to what ecosystem service
trade-offs would occur between alternative post-distur-
bance management schemes. We therefore call for a
holistic, ecosystem services approach in ecological
research to bridge the gap between science and policy
regarding post-disturbance management.
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