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Abstract
Following wildfires, salvage logging is applied for silvicultural, safety or even aesthetic reasons. Such operations impact 
on biological legacies, impair natural vegetation recovery and may affect several animal species that depend on vegeta-
tion structure and specific plant resources. Rodents, such as wood and Algerian mice, use vegetation cover as protection 
against predators and are important prey, moderately effective seed dispersers and efficient seed predators. Different post-fire 
management strategies may either promote rodent abundance, enhancing their key biological roles, or result in low rodent 
abundance, creating a low seed predation window of opportunity when assisted regeneration of burnt forests is required. In 
order to evaluate the effects of post-fire salvage logging on plant-animal interactions, we compared plant regeneration, the 
availability of trophic resources (seeds and fleshy fruits), rodent foraging activity and rodent relative abundance between 
unlogged and logged burnt pine forests in the north-eastern Iberian Peninsula at different distances (up to 700 m) from the 
burnt area perimeter. The results show that vegetation recovered more slowly in salvage logged than in unlogged areas. For-
aging activity of rodents increased both with the volume of woody debris, mainly derived from salvage logging, and with 
increasing foliage cover. Management strategies aimed at promoting the presence of rodents and associated biodiversity can, 
however, hamper assisted regeneration by seed sowing.
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Introduction

Wildfire is an increasingly important factor for biodiver-
sity conservation and natural resource management (Kelly 
and Brotons 2017). After a forest fire, burnt trees are usu-
ally removed in a process called salvage logging, due to 

silvicultural, safety or even aesthetic reasons (Mavsar et al. 
2012; Müller et al. 2018). The ecological consequences of 
post-fire salvage logging have been the subject of intense 
discussion in the last decade (Lindenmayer et al. 2004; 
Donato et al. 2006; Hutto 2006; Thorn et al. 2018). This 
logging results in the structural simplification of habitats and 
may slow down vegetation regeneration, reduce the diversity 
of plant and animal communities and increase soil erosion 
(Thorn et al. 2018). Consequently, less severe management 
options, even including non-intervention, are being recom-
mended, under the assumption that snags and decaying burnt 
wood are biological legacies that promote ecosystem recov-
ery and diversity (Dellasala et al. 2006). In the Mediter-
ranean Basin, however, the magnitude of post-fire salvage 
logging, in terms of area affected or biomass extracted, has 
rarely been quantified, although it is widespread (Pons and 
Rost 2017; Cervera et al. 2019).

Many species depend on the structural components 
of vegetation for foraging, breeding, or finding refuge 
(Jędrzejewska and Jędrzejewski 1990; Longland and Price 
1991; Müller et al. 2007) and may thus be affected by 
salvage logging, both directly and through its influence 
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on post-fire succession. Salvage logging has the potential 
to impact rodent populations by simplifying the structure 
and altering resource availability of recently burnt forests 
(Haim and Izhaki 1994). Rodents are a fundamental part of 
the diet of many predators (Ballesteros et al. 2000; Díaz-
Ruiz et al. 2013) and provide valuable ecosystem services 
as they are both seed predators and short-distance seed 
dispersers (Gómez et al. 2008; Puerta-Piñero et al. 2010). 
The ecological processes in which they are involved can 
therefore be affected. Alternative management strategies 
may also favour rodent populations in burnt areas (Man-
ning and Edge 2008), being compatible with the preserva-
tion of ecosystem services provided by rodents. This is the 
case of the in situ retention of coarse woody debris (e.g. 
piled up of branches), which also provides functions that 
are essential to maintaining biodiversity and long-term 
ecosystem productivity, e.g. nutrient and water reserves, 
microsites and substrates for seedlings, and quality of hab-
itat for a wide range of wildlife species (McComb 2003; 
Rost et al. 2010; Santos and Poquet 2010; Rollan and Real 
2011; Sullivan et al. 2012).

Post-fire management practices that affect rodent popula-
tions may have consequences for the assisted regeneration 
of burnt areas, such as seed sowing (Pulido and Díaz 2005; 
Broncano et al. 2008; Limousin et al. 2009). Rodents predate 
most of the seeds they handle (Perea et al. 2011) and assisted 
regeneration strategies have sometimes been discarded due 
to high seed loss by rodents (Tyler et al. 2006) that can be 
as high an 87% after 90 days (Leverkus et al. 2013). How-
ever, if seed predation is maintained at lower levels, assisted 
regeneration may be an effective and cost-efficient method 

of habitat restoration (Gómez 2004; Leverkus et al. 2013; 
Martelletti et al. 2018).

Understanding how rodents respond to habitat modifica-
tion, due to forest management after a fire, is thus important 
for decision-making in restoration and for improving forestry 
practices. With this aim, we studied how management prac-
tices affected plant regeneration, trophic resources (availa-
bility of seeds and fleshy fruits), rodent populations and their 
seed removal activity in burnt pine forest in north-eastern 
Iberian Peninsula, while controlling for several fire-related 
variables. We hypothesized that post-fire salvage logging 
would: (1) slow down the recovery of plant cover and the 
availability of trophic resources for rodents, and, conse-
quently, (2) negatively affect foraging activity by rodents, 
while (3) piled up woody debris would promote rodent popu-
lations and their foraging activity in the short term.

Material and methods

Study context

We studied three recently burnt areas in Catalonia (NE Ibe-
rian Peninsula), where burnt pine forests had been logged: 
La Jonquera, Viu de Llevata and Ger (Table 1). Currently, 
31% of the Catalan territory is covered by forest, 60% of 
which are conifer forests, with agricultural lands (33%) and 
evergreen shrublands (29%) being the other main land uses 
(Vallecillo et al. 2013). It is estimated that about 25% of the 
wildland area (forest and shrubland) burnt between 1975 and 
2006 (González and Pukkala 2007). Most burnt pine forests 

Table 1   Characteristics of the three burnt study areas

Description of the three burnt areas sampled for 2.5  years. During this period, some stations were logged at some point during sampling. 
Thereby, the number of logged stations gradually increased, while the number of unlogged ones decreased

Study area La Jonquera Ger Viu de Llevata

Bioclimatic region Mediterranean Pyrenees Pyrenees
Average altitude (m; range) 175 (90–286) 1714 (1568–1897) 1300 (1180–1513)
Pine species Pinus halepensis Pinus sylvestris and P. mugo Pinus sylvestris
Wildfire date July 22, 2012 August 11, 2012 March 8, 2012
Burnt area size (ha) 13,088 250 214
Weeks between fire and start of logging operations 2 1 15
Main use of burnt wood Chipped for biomass Pallets and posts Pallets and posts
Weeks between fire and first sampling event 2 1 23
Sampling transects 9 11 4
Sampling events 15 16 8
Unlogged stations (maximum and minimum number) 49/23 29/10 28/15
Logged stations (maximum and minimum number)
 Whole-tree harvesting 17/3
 Scattered debris 10/2 24/3 13/5
 Piled debris 25/19
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in Catalonia are currently salvage logged, and the resulting 
woody debris may be completely removed, left scattered on 
the ground or piled up (Pons and Rost 2017; Cervera et al. 
2019).

In La Jonquera burnt Aleppo pine forests (Pinus halepen-
sis Miller 1768), whole trees were harvested (i.e. full trees 
were removed), leaving few woody debris on site. Viu de 
Llevata burnt Scots pine (Pinus sylvestris Linnaeus, 1753) 
were stem-only harvested, leaving woody debris scattered on 
the ground. In Ger, burnt forests were stem-only harvested, 
with Scots and Mountain pines (Pinus mugo Turra, 1764) 
woody debris being treated differentially. While the former 
was piled up in barriers to prevent erosion, the latter were 
left scattered on the ground. In the three areas, burned and 
severely damaged pine trees were cut down; however, some 
partially burnt or unburnt trees were also logged. Forwarders 
and caterpillars with a grapple were used for hauling. Man-
agement tasks in Ger began a week after fire, in La Jonquera 
2 weeks after fire, while in Viu de Llevata began 15 weeks 
after fire (Table 1).

Sampling design

We set 24 transects distributed among three study areas 
(Table 1) for 2 years and a half. Transects were perpendicular 
to the burnt area perimeter (Fig. 1), located across straight 
borders to avoid influences of border geometry on edge 
effects (Fernández et al. 2002) and separated from each other 
by at least 50 m, with median distance between adjacent 
transects exceeding 200 m (Puig-Gironès et al. 2018). Each 
transect contained seven sampling stations distributed at 
increasing distances from the nearest point of the burnt area 
perimeter to about 700 m (mean ± standard error; 0 ± 0 m; 
26.1 ± 6.4 m; 48.9 ± 8.9 m; 101.7 ± 16.7 m; 186.8 ± 13.9 m; 
335.9 ± 59.9 m and 680.7 ± 104.6 m) (Fig. 1). Each tran-
sect was sampled regularly and for 3 nights on each sam-
pling event. In La Jonquera and Ger, sampling frequency 
was monthly in the first 3 months, bimonthly from 7 to 
24 months and every 3 months thereafter until 30 months 
had passed after fire. Viu de Llevata was sampled with a 
three-month frequency from the beginning of sampling, i.e. 
23 weeks after fire (Table 1). This sampling frequency vari-
ation was aimed at capturing the most relevant information 
from immediate rodent recolonization to 2.5 years after fire. 
Some of the stations within transects were logged imme-
diately before the start of sampling, although this was not 
common. Usually, salvage logging operations began after 
sampling had already started. As a result, 45% of stations 
changed from unlogged to logged at some point during sam-
pling. Thus, the number of salvage-logged stations gradually 
increased during our study period (Table 1).

Sampling stations consisted of a 5-m diameter area with 
a device offering acorns (henceforth, acorn device) and a 

Sherman live trap for small mammals set in its centre at 
different moments. Acorn devices and Sherman traps were 
consecutively installed at sampling stations to avoid inter-
ferences between devices. Acorn devices were checked the 
first and third day after installation, while Sherman traps 
were checked daily for the 3 days following their installation. 
Thereby, each sampling station was active for 6 days on each 
sampling event.

Acorn devices, used to evaluate seed removal by rodents, 
consisted of a 50 × 50 cm meshed cage (1.27 cm2 of mesh 
size) containing 20 acorns from cork oaks (Quercus suber 
Linnaeus, 1753). They had four entrances (5 × 5 cm) that 
prevented the jay (Garrulus glandarius Linnaeus, 1758) and 
other birds from reaching the acorns. All cork oak acorns 
used had similar sizes (length of 2.5 ± 0.5 cm; mean ± SE), 
in order to avoid an effect of acorn size on removal prob-
ability, and were collected from the cork oak forests close to 
the La Jonquera study area. Acorns were chosen to evaluate 
seed removal by rodents because they are easy to collect, 
naturally available in and/or near our study areas and posi-
tively selected by rodents.

Sherman traps were baited with a mixture of tuna, flour, 
oil and a piece of apple (Torre and Díaz 2004). Cotton was 
used for thermal protection and to minimize mortality. 
Recorded mortality was 2.1% (11 out of 503 individuals cap-
tured), a lower rate than that recorded in the Catalan small-
mammal monitoring program (Torre et al. 2018). Small 
mammals caught were identified at species level, sexed and 
marked with numbered ear tags (National Band Co. USA), 
following the ASM Care & Use guidelines (Sikes et al. 
2011). We trapped three small-rodent species: wood mouse 
(Apodemus sylvaticus Linnaeus, 1758) and Algerian mouse 
(Mus spretus Lataste, 1883), which are abundant rodents 
in recently burnt areas in the Mediterranean region (Torre 
and Díaz 2004; Puig-Gironès et al. 2018), and common vole 
(Microtus arvalis Pallas, 1778) which was only captured in 
Ger study area.

Vegetation characteristics and trophic resources 
availability

Live foliage cover (in  %), an indicator of plant recovery, 
was estimated in each sampling station by comparison with 
a reference chart (Prodon and Lebreton 1981) for six veg-
etation height layers: 0–0.25 m (C0, the “C” denotes cover), 
0.25–0.5 m (C25), 0.50–1 m (C50), 1–2 m (C100), 2–4 m 
(C200) and more than 4 m (C400). A principal component 
analysis (PCA) was then used to summarize the information 
obtained from the six vegetation layers, after arcsine-trans-
forming the percentage cover values. The first component 
(PC1, Plant cover, which explained 53% of the variance of 
the original dataset) corresponded to the magnitude of plant 
cover, mainly understory, up to 2 m, and the second (PC2, 
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Height of vegetation, 24% of explained variance) ordered 
stations in terms of the maximal height of vegetation in sam-
pling stations (Supplementary Fig. S1).

The availability of trophic resources for rodents at sam-
pling stations was estimated by quantifying seeds (mainly 
acorns) and fleshy fruits, using two methods. Firstly, we 
counted the number of seeds and fleshy fruits at three ran-
domly selected branches of a plant (mainly shrubs and 
trees). Then we extrapolated these values to the total vol-
ume of the individual plant. We repeated this procedure 
for each plant holding fruits within the station. Branch and 
shrub volumes were calculated using the formula of the 

cone volume ( V =
1

3
�r2 ⋅ h ), where r is the radius and h 

is the height of the cone. Secondly, we counted the trophic 
resources (seeds and fruits) found on the ground inside a 
25 × 40 cm rectangle thrown in random directions 15 times 
within the station and extrapolated the mean figures to the 
area of the station (78.5 m2). These two indicators of the 
availability of trophic resources were then summed up to 
build an estimation of Trophic resources availability for 
each station (Puig-Gironès et al. 2018). Main plant species 
with fleshy fruits in the study areas were: Amelanchier 
ovalis, Arbutus unedo, Arctostaphylos uva‐ursi, Coriaria 

Fig. 1   Schematic representa-
tion of disturbances studied 
and methods used in this study. 
Linear transects perpendicular 
to the burnt area perimeter with 
seven sampling stations dis-
tributed at increasing distances 
from the burnt area perimeter to 
about 700 m from it were used 
to detect how the habitat simpli-
fication resulting from wildfire 
and salvage logging, affects 
vegetation recovery, trophic 
resources availability (seeds and 
fleshy fruits), rodent population 
and their foraging activity. In 
each sampling station of 5 m 
diameter, we measured vegeta-
tion structure, the production of 
trophic resources, the relative 
abundance of small mammals 
(with a Sherman live trap) and 
their foraging activity (with an 
acorn device)
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myrtifolia, Crataegus monogyna, Juniperus communis, 
J.oxycedrus, J.phoenicea, Myrtus communis, Pistacia len-
tiscus, Prunus spinosa, Rhamnus alaternus, Ribes rubrum, 
Rosa sp., Rubus sp., Sambucus nigra, Smilax aspera, Sola-
num nigrum, Sorbus aria, S.aucuparia and Vaccinium 
myrtillus, while the dry seeds abundance was estimated 
mainly from Quercus suber, Q. ilex and Q. coccifera.

Environmental and management variables

Each of the three study areas was framed within a biocli-
matic region, either Mediterranean (La Jonquera) or Pyr-
enees (Ger and Viu de Llevata). We used astronomical 
seasons (i.e. limited equinoxes and solstices) to classify 
sampling events regarding to Season (i.e. winter, spring, 
summer and autumn). We measured time-since-fire as the 
number of weeks elapsed since fire (first week = 1, ranging 
from 1 to 141) and Distance from the burnt area perimeter 
as the distance from the centre of each station to the closest 
point of the perimeter (this variable was square root trans-
formed prior to analyses). We also estimated Fire severity 
using a categorical scale going from 1 (unburnt) to 5 (crown 
fire) following the methodology described by (Keeley 2009).

Finally, we defined a series of variables related to the 
management of the burnt pine forest. Treatment was a 
dichotomous variable that identified unlogged and logged 
sampling stations. Because two of the four forest man-
agement strategies were only used in a single study area 
(Table 1), the volume of debris was used as indicator of the 
abundance of woody debris and, consequently, as a surrogate 
of management. Thus, we calculated the volume of debris (in 
m3) per station, both scattered on the ground (area occupied 
within the station, and average height of the woody debris 
over the ground) and piled up (assimilating the pile as a 
hexahedron). On each sampling event the volume of debris 
was measured to detect possible variations over time.

Statistical analyses

The proportion of the maximum number of acorns that can 
potentially be removed (limited to 20 acorns per sampling 
event) on three consecutive nights were used as surrogates 
of acorns removed by rodents (from 0 to 1). Since three 
rodent individuals was the maximum number that could be 
trapped per sampling event, we also used the proportion of 
the number of rodents caught in relation to three as surro-
gate of rodent abundance (Slade and Blair 2000; Torre and 
Arrizabalaga 2008). When the same individual was trapped 
on different nights within a sampling event, it was consid-
ered as a single capture. Henceforth, “relative abundance” is 
used to refer to the proportion of traps occupied by rodents 
(0, 0.33, 0.66, 1). These numbers are related to a sampling 
effort per transect (i.e. number of traps set during a capture 

occasion) and cannot be attributed to a specific area (m2). 
This sampling assumption is adequate with low rodent abun-
dance, but captures would be saturated with high abundance 
given that each sampling station can only provide up to 3 
captures per session. Therefore, relative abundance values 
may be lower than those expected from actual mice abun-
dance. This bias would be higher when rodent species are 
simultaneously abundant around a sampling station, since 
competition for traps would increase. Only 12 out of 1564 
sampling times among all stations (i.e., 0.8%) corresponded 
to stations with three captures per session and, therefore, 
this bias was assumed to be negligible. In the same way, 
303 and 82 stations (i.e., 19.8 and 5.2%) produced one and 
two captures per session, respectively. Transect-based design 
is appropriate to test the differences between treatments, 
because it increases the number of spatial replicates that 
can be performed simultaneously, and to study community 
composition when rodent abundance is low (Pearson and 
Ruggiero 2003). However, our transect design may not be 
appropriate to obtain an accurate population estimate.

We use mixed models to assess the importance of man-
agement, environmental and temporal variables on habi-
tat structure, trophic resources and rodent abundance and 
its foraging activity. Linear mixed models (LMM) with 
Gaussian error structure were used to analyse the effects 
of explanatory variables on the habitat structure variables 
(Plant cover, Height of vegetation), and generalized linear 
mixed models (GLMM) with a Poisson error structure and 
logit link function were used to analyse trophic resources 
availability. Transect nested within Bioclimatic region was 
included as a random factor in order to control temporal 
pseudoreplication. First, an exploratory analysis was used 
to assess the temporal influence of the dependent variables. 
This analysis included Time-since-fire and its quadratic term 
to consider possible unimodal temporal patterns. Whenever 
the Time-since-fire quadratic term was significant, it was 
used in subsequent models (Supplementary Table  S1). 
Second, we assessed the influence of the explanatory vari-
ables Time-since-fire, Quadratic-time-since-fire (if it has 
been selected in the first step), Study area, Fire severity, 
Treatment and Volume of debris on habitat structure and 
trophic resources. The interaction between Time-since-fire 
and Treatment was used in analyses to explore if vegetation 
recovery and trophic resources availability patterns differed 
between logged and unlogged stations. The models that 
incorporated this interaction (Time-since-fire and Treatment) 
never presented the Quadratic-time-since-fire variable in the 
model, and vice versa. All possible combinations of the fixed 
variables were compared.

To assess the influence of explanatory variables on for-
aging activity by rodents and relative abundance of wood 
mouse, we used GLMMs with binomial error structure 
and logit link functions. GLMMs with negative binomial 
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error structure and logit link functions were used for Alge-
rian mouse and common vole, because their variance was 
greater than the mean (i.e. they showed overdispersion), due 
to excess of zeros (Martin et al. 2005). All analyses were 
developed following the two-step procedure described for 
acorn removal. The random structure was also the same, 
except for Algerian mouse and common vole that had Tran-
sect as the single random factor. Season, Time-since-fire and 
its quadratic term (if it has been selected; Supplementary 
Table S1), Study area, Distance from the burnt area perim-
eter, Fire severity, Treatment, Volume of debris, interaction 
between Time-since-fire and Treatment, Plant cover, Height 
of vegetation and Trophic resources availability were used 
as fixed explanatory variables. Total rodent relative abun-
dance was also included as fixed factor on foraging activ-
ity analysis, while Wood mouse relative abundance was 
included on common vole analysis to test for possible spe-
cies competition.

The information-theoretic framework (IT) was used to 
obtain the final model for each dependent variable (plant 
cover (PC1), height of vegetation (PC2), trophic resources 
availability, acorn removal, wood mouse relative abundance, 
Algerian mouse and common vole). The model selection 
was based on the Akaike Information Criteria corrected 
for small samples (AICc) (Burnham and Anderson 2002) 
and followed a series of hierarchical steps. (1) Multicol-
linearity diagnostics (Zuur et al. 2009) were performed by 
quantifying variance-inflation factors (VIF) and generalized 
variance-inflation factors (GVIF[1/(2df)] with several categori-
cal predictor variables with multiple degrees of freedom) 
were calculated for each fixed factor (Fox and Monette 
1992), where large VIF or GVIF values (arbitrary threshold 
of ≤ 2.5 suggesting collinearity) were sequentially dropped 
from further analysis (Zuur et al. 2010). (2) From the set 
of variables selected, all the possible combinations of the 
predictor variables (management, environmental and tempo-
ral variables, described at previous paragraphs), generating 
different biologically meaningful models, were explored. 
(3) Normality and homoscedasticity were checked by visu-
ally inspecting the plots of residuals against fitted values. 
(4) Overdispersion was checked for Poisson error structure 
models (Hilbe 2014). (5) For each model, the AIC weight 
(AICω) was calculated (total AICω adds 1) (Wagenmakers 
and Farrell 2004), furthermore, if there was no clearly most 
parsimonious model (one or more models showed a differ-
ence in AIC less than 2 from the best model), we proceed 
to estimate the average final model from all those models 
(Burnham and Anderson 2002). (6) To interpret the weight 
of each variable on the average final model, the AIC weight 
(ω+) was calculated (Supplementary Table S2); besides, if 
the standard errors (SE) were large (1.96 * SE > parameter 
appreciation, for the 95% confidence intervals) the estimate 
of the parameter was considered imprecise. To perform these 

analyses, we used the statistical programming software R (R 
Development Core Team 2017) with the car (Fox and Weis-
berg 2011), lme4 (Bates et al. 2015), MuMIn (Bartoń 2016), 
psych (Revelle 2017) and sjPlot (Lüdecke 2017) packages.

Results

Effect of post‑fire salvage logging on rodent 
resources

Mixed models showed that time-since-fire presented linear 
positive relationship with Plant cover, and quadratic nega-
tive temporal relationships with height of vegetation and 
trophic resources availability (Table 2), i.e., both variables 
increased after fire until they stabilized or decreased over 
time (Fig. 2). Plant cover and trophic resources availability 
were different between study areas. Although Viu de Llevata 
had lower plant cover and higher trophic resources avail-
ability than Ger, both variables were greater in La Jonquera 
than in Ger and Viu de Llevata. Fire severity negatively 
affected plant cover and trophic resources availability, but 
was positively related to height of vegetation foliage cover. 
Both habitat structure variables had higher values in logged 
than in unlogged burnt areas, contrary to the trend of trophic 
resources availability. Although post-logging vegetation pre-
sented greater height at the start of the study, soon after fire 
(Fig. 2), the interaction between time-since-fire and the treat-
ment factor showed that recovery was quicker in unlogged 
than in logged stations (Table 2). Volume of debris, a varia-
ble mostly derived from forest management in the first years, 
benefited the trophic resources availability.

Effects of post‑fire salvage logging on foraging 
activity by rodents

Throughout the study, 7717 acorns (24.7% of the total 
number offered) were removed by rodents. Mixed models 
showed than acorn removal was higher in areas closer to the 
fire perimeter (Table 3), where there was also higher rodent 
relative abundance, denser vegetation and greater volume 
of debris (Fig. 3). Acorn removal also varied seasonally, 
diminishing from spring to winter. This season variability 
was coincident with seasonal patterns in rodent abundance, 
although there were particularities among the three fires, 
since in La Jonquera the maximum population was usu-
ally found in spring, while in Ger it was usually in autumn, 
whereas Viu de Llevata did not present any clear pattern 
(Supplementary Fig. S2). Acorn removal was lower in Viu 
de Llevata than in the other two studied areas; it also showed 
positive quadratic relationships with time-since-fire, i.e., 
soon after wildfire the removal rate was high, decreased after 
15 weeks, to grow back towards 60 weeks after fire (Fig. 4). 
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However, acorn removal was not affected significantly by 
trophic resources availability.

Rodent relative abundances after fire and logging

Throughout the study, a trapping success (frequency of cap-
tures of small mammals) of 10.7% provided 503 captures of 
small mammals. From the total number of captures, 68.8% 
were wood mice, 14.1% were greater white-toothed shrews 
(Crocidura russula Hermann, 1780), 13.1% were Algerian 
mice, and 4.0% were common voles; i.e., 81.9% were rodent 
species, which are responsible for the bulk of acorn removal. 
In total, 437 individuals were captured only once and 23 
individuals (providing 66 captures) were recaptured from 
one to five times (12 individuals were captured twice, 4 three 
times, 5 four times and 2 five times). Of these individuals 
that were recaptured, 52.2% corresponded to recaptures in 
the same sampling station; 43.5% were recaptured in dif-
ferent stations of the same transect, while the remaining 
4.3% corresponded to individuals recaptured in two differ-
ent transects.

Mixed models show than wood mice were caught more 
often with low fire severity and denser vegetation (Table 3). 
Although no significant differences in the total number of 
captures were found between logged and unlogged areas, the 
presence of debris increased the presence of the wood mouse 
(Fig. 3). Wood mice tended to be trapped more often in areas 
closest to the perimeter and with low trophic resources avail-
ability; however, distance to the perimeter and resources 
availability were non-significant in the final model. Algerian 
mouse abundance increased with time-since-fire, diminished 
from spring to winter and was positively associated with 

height of vegetation. Trophic resources availability and log-
ging treatment showed positive effects on Algerian mice, but 
were non-significant. Common vole only appeared in logged 
areas, where the volume of debris—mainly piled up—, plant 
cover and trophic resources availability increased its abun-
dance. The distance from the burnt area perimeter, high fire 
severity and logging treatment were selected but non-signif-
icant in the final model. The presence of wood mice did not 
seem to be detrimental to the presence of the common vole.

Discussion

Effects of post‑fire salvage logging on rodent 
resources

The recovery process of the vegetation was not sig-
nificantly different between logged and unlogged areas 
through the 2.5 years of this study. Although post-fire 
vegetation recovery started from nearly zero after fires, 
some regenerated cover was already present at the time of 
logging. However, the speed of plant regeneration seems 
to decrease after logging (Supplementary Fig. S3), as has 
been recorded in other regions (Donato et al. 2006). Sam-
pling stations with greater fire severity had less trophic 
resources availability and lower plant cover, due to its 
negative effect on vegetation recovery (Keeley 2009). 
The high production of trophic resources shortly after fire 
may be related to the vigorous plant regeneration strategies 
and the increase in short-lived opportunistic plant spe-
cies, such as annuals (Buhk et al. 2007; Puig-Gironès et al. 
2017). In this sense, our results align with studies that 

Table 2   Effect of explanatory variables on habitat structure and trophic resources availability

Summary of the selected generalized linear mixed models (GLMM), on habitat structure (derived from PCA) and trophic resources availability 
(seeds and fleshy fruits) in logged and unlogged areas. The table shows the model coefficient and its standard error (± SE), the associated p val-
ues. If no model was clearly most parsimonious (one or more models show a difference in AIC less than 2 from the best model), and the variable 
weight (ω+) represent the sum of the Akaike Information Criterion weights (AICω+) of the models that includes that variable on the average 
final model, not for all models tested
Intercept is the value of habitat structure and trophic resources into logged stations when all the covariates are = 0, while p value indicates 
whether it is significantly different from 0

Explanatory variables Plant cover (PC1) Height of vegetation (PC2) Trophic resources availability

Coefficient ± SE p Coefficient ± SE p ω+ Coefficient ± SE p ω+

Intercept − 1.87 ± 0.15 < 0.001 − 0.36 ± 0.09 < 0.001 − 5.89 ± 0.52 < 0.001
La Jonquera study area 1.26 ± 0.16 < 0.001 5.3 ± 0.62 < 0.001 1.0
Viu de Llevata study area − 0.42 ± 0.19 0.03 2.94 ± 0.71 < 0.001 1.0
Time-since-fire (weeks) 0.02 ± 0.0008 < 0.001 0.01 ± 0.003 < 0.001 1.0 0.09 ± 0.003 < 0.001 1.0
Quadratic-time-since-fire − 0.00003 ± 0.000006 < 0.001 0.52 − 0.0005 ± 0.00002 < 0.001 1.0
Fire severity − 0.08 ± 0.02 0.007 0.09 ± 0.01 0.09 ± 0.01 1.0 − 0.39 ± 0.03 < 0.001 1.0
Unlogged treatment − 0.17 ± 0.08 0.04 − 0.13 ± 0.03 < 0.001 0.48 0.14 ± 0.06 0.05 0.7
Time-Treatment interaction 0.009 ± 0.001 < 0.001 0.002 ± 0.0005 < 0.001 0.48
Volume of debris (m3) 0.02 ± 0.008 0.003 1.0
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show that logging burnt forests negatively affects short-
term plant regeneration and the availability of seeds and 
fleshy fruits.

Trophic resources were more available in areas with 
larger volume of debris left on site. Although several studies 
show that logging and hauling of burnt trees may hamper the 
regeneration of the plant community (Beschta et al. 2004), 
seedling survival is highest in those areas where logs and 
branches are scattered on the ground, associated with the 
protection from herbivory and the improvement of micro-
climatic conditions created by dead wood structures (Castro 

et al. 2011; Marzano et al. 2013), thus enhancing the produc-
tion of trophic resources.

Patterns of rodent foraging activity and relative 
abundance

Volume of woody debris, either scattered on the ground or 
piled up, affected foraging activity by rodents, likely thanks 
to the shelter provided by the woody debris and to a higher 
food availability. Debris can therefore facilitate the recolo-
nization of the burnt area by rodents. The source population 

Fig. 2   Vegetation components 
trends between logged and 
unlogged stations. Comparison 
of plant cover (a), height of veg-
etation (b) and trophic resources 
availability (c) between man-
agement strategies (unlogged, 
whole-tree harvesting, scattered 
debris and piled debris) through 
time-since-fire. Time-since-
fire was grouped into seven 
categories according to the 
sampling frequency variation in 
order to obtain similar sample 
sizes even if the time interval 
was uneven (0–10; 11–20; 
21–30; 31–60; 61–90; 91–121 
and from 121–150 weeks). In 
logged stations trees were felled 
from 2 weeks after fire to a 
year after fire. Boxes represent 
quartiles 25 and 50 of the data, 
while whiskers represent 0 and 
75 (down and up, respectively). 
Start points show the maximum 
and minimum output values
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may include animals originating from the unburnt matrix 
that take advantage of the vacant burnt territory, but also 
individuals living in burnt areas close to the external perim-
eter, where the lower fire severity and more complex habitat 
structure allow higher rodent abundance (Puig-Gironès et al. 
2018).

Our results show that rodent responses to post-fire sal-
vage logging are species-specific and seem to be related to 
the habitat preferences of each species. Wood mouse seems 
especially resilient to habitat modification (Sainz-Elipe et al. 
2012) and post-fire salvage logging did not appear to delay 
wood mouse reoccupation, although it negatively affected 
foliage cover and the availability of trophic resources. This 
may be because wood mouse populations were already 
immersed in a recovery process after fire when this second 
disturbance took place (Puig-Gironès et al., 2018). Wood 
mouse avoided open areas and selected those with higher 
cover. Larger woody debris volume provides shelter against 
predators and, thus, wood mouse may still find enough cover 
immediately after logging if debris is left on site (Longland 
and Price 1991). In unlogged areas, however, there will be 
more woody debris on the ground, falling down gradually 
from the dead trees (Peterson et al. 2015) and, therefore, 
resources for the wood mouse should increase in these areas 

in the mid- and long term after fire, depending on tree spe-
cies and environmental conditions. Contrastingly, open habi-
tat generated by salvage logging may favour the presence of 
the Algerian mouse. This early-successional species (Sainz-
Elipe et al. 2012) often attains larger abundances in burnt 
than in unburnt areas (Torre and Díaz 2004; Puig-Gironès 
et al. 2018).

A few authors have studied the effect of clear-cutting on 
the populations of common vole in Europe (Bogdziewicz 
and Zwolak 2014). However, this is, to our knowledge, the 
first study of the combined effect of fire and salvage logging 
in this species. Although the sample size was low (20 cap-
tures) and may be insufficient to extract consistent conclu-
sions, our results showed that the common vole colonized 
the logged area, selecting areas with greater plant cover, 
higher trophic resources and higher volume of debris. The 
common vole may find refuge in wood piles, which can play 
a similar role to that of shrubs in meadows.

Management implications

The rapid recolonization of rodents after fire shows the 
capacity of populations to recover from disturbances, but 
this capacity seems to be modulated by the distance to the 

Fig. 3   Rodent relative abun-
dances and acorn removal 
trends between treatments. 
Comparison of a acorn removal 
and b total rodent relative abun-
dances between management 
strategies (unlogged, whole-tree 
harvesting, scattered debris and 
piled debris) through time-
since-fire. Time-since-fire was 
grouped into seven categories 
according to the sampling 
frequency variation. Boxes rep-
resent quartiles 25 and 50 of the 
data, while whiskers represent 0 
and 75 (down and up, respec-
tively). Start points show the 
maximum and minimum output 
values, while the unfilled circles 
show the mean
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burnt area perimeter and habitat structure. The retention of 
non-commercial woody debris in the logged stands seems 
fundamental to attract and retain seed predators and dispers-
ers, like rodents, if vegetation regrowth has not started, facil-
itating population connectivity between burnt and unburnt 
areas, and providing a refuge from predation (Castro et al. 
2012) as an alternative to plant cover (Smit et al. 2008; Seip 
et al. 2018). Although the management of burnt wood may 
limit the supply of recruits for the early stages of popula-
tion recovery, alternative management recommendations are 
possible regarding the two strategic goals, namely promot-
ing the presence of rodents for their ecological functions, or 
reducing them to increase the likelihood of success in the 
restoration of burnt forests.

Non-intervention is a suitable alternative to conven-
tional salvage logging, allowing quicker vegetation recovery 
and benefiting the rodent community. If the burnt area is 
logged, the flux of dispersing rodents, both from the burnt 
area perimeter and from unburnt or unlogged patches within 
the burnt area (Puig-Gironès et al., 2018), should be pre-
served. Building piles of wood debris at different distances 
from the perimeter in burnt and logged areas can help this 

connectivity (Banks et al. 2011; Zaitsev et al. 2014; Seip 
et al. 2018). On the other hand, environmental impacts 
would be mitigated by leaving burnt wood on site, particu-
larly branches and other non-commercial coarse woody 
debris in piles, as these structures act as refuge (Rost et al. 
2010; Sullivan et al. 2012). On the contrary, for the assisted 
regeneration of burnt forests with seed sowing, salvage log-
ging offers no clear advantage against seed predators, if 
coarse woody debris is left on site. The logged areas may be 
kept without woody debris on the ground to avoid generating 
a favourable habitat for rodents. However, if the activity of 
ungulates, such as wild boar, is a main problem, then woody 
debris could be left scattered on the ground to prevent the 
activity of ungulates in logged areas (Puerta-Piñero et al. 
2010; Leverkus et al. 2013). Taking into account seed preda-
tors, seed sowing is recommended immediately after fire 
(up to 6–12 months after) and at a minimum of 100 m away 
from unburnt areas (Leverkus et al. 2013; Puig-Gironès et al. 
2018). Before using one or another recommendation, manag-
ers should consider their effects on biodiversity and assess 
the costs and benefits of the interventions. Current knowl-
edge shows that promoting habitat complexity is associated 

Fig. 4   Model predictions of 
acorn removal by rodents. 
Marginal effects (measure the 
instantaneous rate of change) of 
the model predictors on acorn 
removal according to each fixed 
factor. Trend line and standard 
error shown were obtained 
from GLMM model estimates. 
Standard error bars are shown 
for sampling season factor
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with greater biodiversity (Stein et al. 2014; Kelly et al. 
2017). Ideally, a balance between dispersion and predation 
of seeds in recently burnt and logged areas would be posi-
tive for the entire ecosystem in succession. For that reason, 
in order to enhance dispersion in burnt and logged areas, the 
factors regulating rodent population dynamics immediately 
after wildfire must be considered in post-fire forest planning. 
Furthermore, the interactions between vegetation, fauna and 
fire should be taken into account through an integrated and 
multidisciplinary post-fire management that favours biodi-
versity in areas affected by fire (Mauri and Pons 2019).
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