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 21 

Forestry plantations have increased considerably over recent decades to 22 

fulfil human demand for wood, pulp and paper. Eucalyptus globulus Labill is 23 

one of the most abundant plantation species, particularly in Europe, where 24 

its largest presence is in Portugal. Furthermore, plantations in 25 

Mediterranean areas such as Portugal frequently suffer from forest fires, 26 

and thus it is crucial to understand their impacts on vertebrates. This is 27 

especially relevant for some species like small mammals that use landscapes 28 

at smaller scales, for which even small changes in forest cover may have a 29 

profound effect. In this study, we evaluate the effects of several 30 

environmental, disturbance and habitat drivers on the relative abundance 31 

of rodents (Muridae) in Eucalyptus plantations in Central Portugal. Specimen 32 

capture took place across two seasons and at eight study sites representing 33 



six different stages of Eucalyptus plantations and two native forests from 34 

2019 to 2020. Using a Structural Equation Modeling (SEM) approach, we 35 

show that the relative abundance of rodents was promoted by recent 36 

wildfire events and was higher in areas where carnivores and wild boar were 37 

more abundant. In contrast, abundant deer and increased percentages of 38 

herbaceous or litter cover and bare soil limited the abundance of rodents. 39 

We did not detect a significant relationship between Eucalyptus plantations 40 

and the relative abundance of rodents. The presence of other species, either 41 

by direct contact (carnivores) or by inducing habitat changes (ungulates), 42 

and vegetation structure, likely linked to plantation management or fire 43 

regime, are the more important factors dictating the population dynamics 44 

of rodents across plantation forests in Central Portugal.  45 

 46 

 47 

Introduction 48 

Conversion of natural habitats, and specifically native forests, into forestry plantations is increasing 49 

worldwide (Calviño-Cancela et al., 2012; FAO 2020; Nahuelhual et al., 2012). Such land conversion is 50 

considered an important threat to biodiversity (Millennium Ecosystem Assessment, 2005). The impact 51 

of these processes on wildlife can vary according to the type of pre-existing land-cover (Bremer and 52 

Farley, 2010; Pawson et al., 2010), management regime (e.g. intensive; Carvalho et al., 2010), and the 53 

taxa considered (Felton et al., 2010). Currently, forestry plantations account for approximately 3% of 54 

the world’s forested areas (i.e., approximately 131 million ha; FAO, 2020), aiming to meet the 55 

increasing demand for wood and paper pulp (Wack et al., 2003; Deus et al., 2018). Eucalyptus is one 56 

of the most popular tree genera for plantations, covering nearly 22 million ha outside its native range 57 

(Hoogar et al., 2019). Eucalyptus globulus Labill is one of the principal species used in plantations due 58 

to its rapid growth, coppicing properties, and valuable wood quality (Zerga, 2015). E. globulus is the 59 

main species planted in European forestry plantations, covering almost 1.5 million ha. Of that, 928,000 60 

ha are located in Portugal, representing 27% of Portugal’s forest land-cover (DGT - Direcção Geral do 61 

Território, 2018). 62 

Eucalyptus plantations provide less shelter and cover (Teixeira et al., 2017; da Silva et al., 2019) and 63 

fewer foraging habitats for some forest-dependent wildlife species (Pina, 1989; Cruz et al., 2015). 64 

However, if such plantations are linked to patches of native forest and exhibit some degree of 65 

permeability to wildlife (defined as the ability of Eucalyptus stands to provide for passage of animals) 66 

(Singleton et al., 2002), they can increase habitat connectivity and biodiversity (Rosalino et al., 2014; 67 

Piña et al., 2019). Nevertheless, the scale of these impacts (both positive and negative) varies 68 

according to plantation size and landscape context, as well as the wildlife species they harbor and the 69 

scale of their use (Calviño-Cancela et al., 2012; Cruz et al., 2015).  70 

Wildfires are important determinants of Mediterranean landscapes and frequently occur in forestry 71 

plantations (Mirra et al., 2017). These natural or human-caused disturbances can shape the 72 

composition and structure of vertebrate communities (e.g., Birtsas et al., 2012, Smith, 2000, Torre and 73 



Díaz, 2004). However, the response of mammal species to fires is often habitat or species-specific 74 

(e.g., Puig-Gironès et al., 2018, Puig-Gironès and Pons, 2020; Geary et al., 2020), and depends on the 75 

extent and intensity of a given wildfire event (Diffendorfer et al., 2012). In general, such events have 76 

a deleterious affect on mammals, especially for small-sized species such as rodents (Puig-Gironès et 77 

al., 2018).  78 

Rodents have small home ranges, use the landscape at finer scales relative to larger mammals, and 79 

display limited dispersal (Bowman et al., 2002). These species are more sensitive to the negative 80 

effects of forestry plantations, especially in plantations composed of smaller stands and where 81 

management practices impair the growth of shrubs that are essential for shelter (Teixeira et al., 2017). 82 

Shrubs and other herbaceous cover are important for the survival of small mammals because together 83 

they provide refuge (e.g., Sabino-Marques and Mira, 2011) and protection against predators 84 

(Simonetti, 1989). Furthermore, rodents have short lifecycles, with brief gestation periods that 85 

facilitate rapid responses to changing environments (Rosalino et al., 2011a). They also play important 86 

ecological roles, including serving as the base of many trophic chains (see review by Verdade et al., 87 

2011), contributing to soil restructuring through fossorial behaviour (Barrett and Peles, 1999), and by 88 

being pioneer colonizers (for instance, at the initial stage of forestry plantations) and seed dispersers 89 

(Brewer and Rejmánek, 1999; Sunyer et al., 2013). These characteristics, together with the fact that 90 

they are easy to capture, mark and track (Barrett and Peles, 1999), make rodents ideal models for 91 

assessing how Eucalyptus stands can affect wildlife populations. 92 

Although Eucalyptus plantations cover an estimated 1.5 million ha in Europe, few studies have 93 

assessed how these plantations affect small mammal populations, particularly rodents (e.g., in terms 94 

of their presence or relative abundance). Currently published data are limited to local-scale studies 95 

(e.g., Carrilho et al., 2017; Teixeira et al., 2017). To bridge this knowledge gap, we implemented a 96 

regional-scale study to identify the environmental, disturbance, and habitat factors that determine 97 

the relative abundances of rodents in the Eucalyptus-dominated landscapes of central Portugal. We 98 

specifically wanted to understand the influence of a) type of habitat (native vs non-native), b) habitat 99 

structure (e.g., bare soil, herbaceous, shrub and tree cover), c) fire occurrence, d) relative abundances 100 

of competitors and predators, and e) season on the relative abundance of rodents (see Figure 1 and 101 

Table 1 for predicted influence and reasoning). Moreover, we explored if rodent populations in 102 

Eucalyptus plantations changed their relative abundance among plantation production phases (see 103 

Figure 1 and Table 1 for predicted influence and reasoning). 104 

Methods 105 

Study areas 106 

The study was carried out in an area covering >8,500 km2 in central Portugal. We targeted eight study 107 

locations, six of which consisted of Eucalyptus plantations ≥20 km2 and encompassed three production 108 

phases (initial – Pampilhosa; intermediate – Góis, Penamacor and Penha; pre-harvest – Mortágua and 109 

Fundão). The remaining two sites corresponded to native forests (Lousã and Malcata) that acted as 110 

control areas. The characteristic native vegetation of the control areas consisted of deciduous trees, 111 

such as oak (Quercus sp.), chestnut (Castanea sativa Mill.), poplar (Populus spp.) and ash (Fraxinus 112 

angustifolia Vahl), as well as shrubs mainly Cistus sp., Lavandula sp., Ulex sp., Rubus sp., Erica sp., 113 

Cytisus sp., Daphne gnidium L. and Pterospartum tridentatum (L.) Willk. All sampled areas were at 114 

least 10 km apart to ensure their spatial independence. The eight areas were grouped into two sets 115 

(western and eastern) with three Eucalyptus plantations and a control site in each set (Figure 1).  116 



Data collection took place during two seasons (wet season: from February to May; dry season: from 117 

end June to September) in both 2019 and 2020. The climate of the western set is characterized as 118 

having higher annual precipitation (1200–2600 mm) and lower annual mean temperature (10–15 ˚C) 119 

relative to the eastern set (annual precipitation 400–1000 mm; and annual mean temperature ~17.5 120 

˚C). Both areas had an average altitude of ~1000 m, with the average altitude of Eucalyptus plantations 121 

being 500 m.  122 

Sampling design 123 

We used a capture-recapture approach based on a 40x40-m² sampling grid implemented in each of 124 

the eight study areas. At every grid node, located 10 m apart, we set two types of Sherman traps 125 

(XLF15 Folding Live Capture, 10.2x11.4x38.1 cm, and LFA Folding Live Capture Traps, 7.6x8.9x22.9 cm; 126 

H.B. Sherman Traps), representing a total of 50 traps per site. These traps have been recommended 127 

for studies assessing small mammal community composition (Torre et al., 2016). We used both trap 128 

types to ensure that all rodent species could be trapped, ranging from large species (e.g., black rat, 129 

Rattus rattus L.) more easily captured in the larger traps, to small species (e.g., Western 130 

Mediterranean mouse, Mus spretus Lataste) that are more likely captured in smaller traps (Torre et 131 

al., 2010). Every trap was baited with a mixture of canned sardines, oatmeal and cooking oil, and we 132 

added a piece of cotton to each trap to prevent animal hypothermia (Gurnell and Flowerdew, 2006). 133 

Traps were active for four consecutive nights per season, and each one was checked every morning 134 

and re-baited if necessary (Gurnell and Flowerdew, 2006). 135 

Animal capture 136 

For each captured animal, species, age, and gender were determined using morphometric 137 

characteristics (weight, tail size, body size, and hind foot size) (Gurnell and Flowerdew, 2006; Bencatel 138 

et al., 2017), with weight and measurements recorded using a scale with 0.1 g accuracy and an 139 

aluminum ruler with 0.1 cm accuracy, respectively. Each animal was individually marked with color 140 

combinations to allow identification in a subsequent trapping event (Gurnell and Flowerdew, 2006). 141 

Marking was achieved using small color-coded spots on the tail (red, blue, green, purple, or black; see 142 

Figure S1; Supplementary material), tattooed with a 0.45x12-mm syringe, as suggested by Chen et al. 143 

(2016). Capture and handling procedures followed national and international standards (Gannon and 144 

Sikes, 2007), and they were authorized by the Portuguese Institute for Nature Conservation and 145 

Forests (ICNF) through capture licenses 138/2019/CAPT, 139/2019/CAPT, 09/2020/CAPT and 146 

10/2020/CAPT. 147 

Data processing 148 

For each sampling grid, we recorded the occurrence of disturbance (i.e., fire) and the dominant 149 

environment (native vs plantation), as well as the production phase of the plantations (i.e., initial, 150 

intermediate or pre-harvest) (Table 1). All trap sites were characterized in situ according to habitat 151 

features (e.g., tree species, percentage cover of each vegetation type) (Table 1). The percentage cover 152 

per trap site was estimated visually as the abundance of each vegetation type (i.e., shrubs, herbaceous 153 

and litter cover, and bare soil) within a circular area with a 1-m radius centered on the trap location 154 

(Bookhout, 1996) (Table 1). We also recorded all tree species whose main stems were located within 155 

this 1-m radius. We used camera-trapping data to estimate the abundances of medium- and large-156 

sized mammals in the eight study areas. We established a 16-km2 camera-trap grid in each study area 157 

(Figure S2 - Supplementary data 1), in which 25 cameras were active for 30 days per season (dry or 158 

wet) for the two study years (see Castro (2019) for further detail). Relative abundances of individual 159 



species were estimated as the number of independent camera-capture events (i.e., > 30-minute 160 

interval between events) for target species in the study areas (i.e., in the 16-km2 camera-trap grid per 161 

area) divided by the number of days the cameras were active (representing the RAI: relative 162 

abundance index, as per O’Brien et al., 2003). Our camera traps provided data on predators, enabling 163 

us to characterize their impact on rodent communities (Norrdahl et al., 2002; Korpimäki et al., 2005). 164 

They also provided RAI data on red deer (Cervus elaphus L.), roe deer (Capreolus capreolus L.), fallow 165 

deer (Dama dama L.) and wild boars (Sus scrofa L.), all of which may reduce the availability of food 166 

and shelter to rodents and thus have a negative impact on small mammal communities (Muñoz et al., 167 

2009) (Table 1).  168 

Table 1  169 

We used Pounds’ relative abundance index (1) (Pounds, 1981) to estimate the relative abundance of 170 

rodents for each sampling season and trapping site: 171 

where I1j is the index of relative abundance of species 1 at site j, N1j is the number of different single 172 

individuals of species 1 captured at site j, Tj is the number of available traps set on site j, Rj is the 173 

number of daily trap inspections at site j, Cj is the number of captures (new and recaptures) of species 174 

other than species 1 at site j, and r1j is the number of recaptures of species 1 at site j. 175 

Due to the low overall capture of Microtus cabrerae Thomas and Erinaceus europaeus L., we have 176 

excluded both these species from our analyses (see Results). Since the orders Rodentia and 177 

Eulipotyphla display different feeding habits (granivores/herbivores vs insectivores, respectively), we 178 

decided not to pool these species for further analysis. Crocidura russula Hermann was not present in 179 

some areas for all four sampling periods (e.g., at Lousã and Pampilhosa), or numbers of captured 180 

individuals were very low (e.g., only one individual captured at Penamacor and Fundão, respectively, 181 

see Table S1; Supplementary material), so we excluded this species from our analysis. Accordingly, our 182 

study focused only on the relative abundances of the two primary rodents captured at our study sites, 183 

Apodemus sylvaticus L. and Mus spretus Lataste. 184 

Data analysis 185 

We used the species’ ecology, their environmental requirements, and possible interspecific 186 

relationships to develop a series of hypothesized direct and indirect causal relationships between the 187 

relative density of rodents and the candidate environmental, disturbance, and habitat factors (Table 188 

1). We used a structural equation modeling (SEM; Lefcheck 2016) to formalize and assess the 189 

importance of those relationships (Figure 2). Piecewise SEM is a probabilistic modeling approach 190 

based on a series of general linear models (GLMs) that combine multiple predictors and response 191 

variables in a single causal network (Lefcheck 2016). This type of model enabled us to identify direct 192 

and indirect relationships among the different predictors, to assess the relative importance of each 193 

variable, and to identify relationships between predictors that were not initially hypothesized.  194 

Our study areas each have different habitats, with distinct structures and different usage intensities, 195 

so we tested the direct impact of habitat type and proportion of vegetation types on the relative 196 

density of rodents (Table 1). We expected to observe a positive influence of native habitat, presence 197 

 𝐼1𝑗 =
𝑁1𝑗

𝑇𝑗 ∗ 𝑅𝑗 − ∑𝐶𝑗 − 𝑟1𝑗
∗ 1000 (1)  



of deciduous trees, higher percentages of shrubs, herbaceous and litter cover, and occurrence of fire 198 

on relative abundances. Inversely, we hypothesized a negative influence of the presence of Eucalyptus 199 

trees, plantation production phase and higher percentages of bare soil on those abundances (see 200 

Table 1 for the underlying reasoning). We also anticipated that the abundance of other sympatric taxa 201 

would negatively affect the relative abundance of rodents due to their impacts on soil and vegetation 202 

structure (e.g., wild boar and deer) or by increasing predation pressure (e.g., carnivores). Finally, we 203 

expected a negative effect of the wet season on the relative abundance of rodents (see Table 1 for 204 

the underlying reasoning).  205 

Importantly, the relative abundance of rodents may also be influenced by indirect predictor impacts, 206 

arising from driver interdependencies (i.e., how drivers influence the variation of other drivers), as 207 

illustrated in Figures 2B and 2C. Native habitats (native forest and shrubland cover) promote ungulate 208 

and carnivore abundances due to the greater availability of food and shelter offered by such 209 

environments relative to forestry plantations (da Silva et al., 2019) and lack of vegetation management 210 

(e.g., understory cutting). Cover provided by shrub, herbaceous, and litter layers is typically more 211 

abundant in such locations in the wet season, and there is less bare soil in native habitats and in later 212 

production phases of plantations (Schultz and Halpert, 1993). The presence of deciduous trees may 213 

provide food (e.g., acorns) and shelter (e.g., dens inside tree trunks) that can also benefit ungulates 214 

and carnivores, respectively (e.g., Focardi et al., 2000; Carvalho et al., 2014). Conversely, relative 215 

abundances of carnivores and ungulates will be lower in the presence of Eucalyptus trees and in 216 

harvested plantations due to increased disturbance linked to harvesting activities (Timo et al., 2014). 217 

Percentage of shrub, herbaceous, and litter cover increases as plantations become older (Bargali et 218 

al., 1992). Moreover, fires promote the occurrence of bare soil patches and negatively affect 219 

vegetation cover, thereby reducing the relative abundance of ungulates and carnivores (Moreira and 220 

Russo 2007). Wildfire events are limited in the wet season, and native deciduous habitats (e.g., oak 221 

woodlands) display lower fire hazard relative to highly flammable Eucalyptus (Xanthopoulos et al., 222 

2011), albeit fire also negatively impacts native habitats (Moreira and Russo 2007). Deer reduce shrub 223 

and herbaceous cover (Bugalho and Milne, 2003; Freschi et al., 2017), and the relative abundances of 224 

carnivores and ungulates tend to be lower in the wet season since reproduction occurs in the dry 225 

season (MacDonald and Barrett, 1995). 226 

We standardized all variables prior to analysis (i.e., z-scores; Zuur et al., 2007) using the R package 227 

“standardize” (Eager 2017). SEM was implemented using the “piecewiseSEM” package (Lefcheck 228 

2016). Model fit was assessed by estimating R2, a measure of the proportion of variance in the 229 

dependent variable explained by the model (Zuur et al., 2007). All analyses were implemented in R 230 

Statistical Software version 3.6.3 (R Core Team 2019). 231 

 232 

Results 233 

We attained 179 captures of a total of 109 individuals during 6400 trap nights (i.e., 8 sites x 50 traps x 234 

4 survey nights x 4 sampling seasons) across all study areas. We trapped three species of Rodentia 235 

[wood mouse A. sylvaticus (Number of captures/Ncapt = 72; Number of recaptures/Nrecap = 52); 236 

Western Mediterranean mouse M. spretus (Ncapt = 18; Nrecap = 16); and Cabrera vole M. cabrerae 237 

(Ncapt = 1; Nrecap = 0)], as well as two species of Eulipotyphla [white-toothed shrew C. russula (Ncapt 238 



= 17; Nrecap = 1) and European hedgehog E. europaeus (Ncapt = 1; Nrecap = 1)]. We captured rodents 239 

in seven out of eight study areas (i.e., we detected rodents in 87.5% of the monitored sites, see Table 240 

S1; Supplementary material). 241 

Our camera-trapping study across the sampling period revealed captures of four ungulate species: 242 

1614 independent events (I.E.) of wild boar, 1474 I.E. of roe deer, 576 I.E. of red deer, and 17 I.E. of 243 

fallow deer. Furthermore, we obtained a total of 462 I.E. for five different species of carnivore: red fox 244 

(Vulpes vulpes L.); common genet (Genetta genetta L.); beech marten (Martes foina Erxleben); 245 

Eurasian badger (Meles meles L.); and Egyptian Mongoose (Herpestes ichneumon L.) (see Table S2 in 246 

Supplementary material for more details). 247 

Our SEM analysis revealed a combined direct effect of several distinct drivers on the relative 248 

abundance of rodents. After accounting for interactions between independent variables and their 249 

indirect effects on the relative abundance of rodents (Figure 3B and 3C), the model suggested that 250 

recent wildfire events and the relative abundance of carnivores and wild boars promoted the relative 251 

abundance of rodents in our study sites. In contrast, the relative abundance of rodents was negatively 252 

related to deer, percentages of herbaceous, litter and bare soil coverage, and the presence of nearby 253 

deciduous trees (Figure 3A; Table S3, Supplementary material). Overall, the most influential factors 254 

were wildfire events (β=0.437, SE=0.144, p=0.002) and relative abundance of deer (β=-0.332, 255 

SE=0.045, p<0.001). None of the remaining variables significantly influenced rodent abundance 256 

(Figure 3A). Our SEM explained a moderate amount of the variance in the relative abundance of 257 

rodents across our study sites (R2=0.23).   258 

Discussion 259 

The wood mouse, A. sylvaticus, is the most widely distributed and common species in Mediterranean 260 

Europe and was the most abundant species across our study sites (Bencatel et al., 2017; Balestrieri et 261 

al., 2017). Together with the second most abundant species, M. spretus, both appear to be the most 262 

common rodents in the Eucalyptus-dominated landscapes we studied in central Portugal, as reported 263 

previously for other areas of the Iberian Peninsula and in European ecosystems (Bencatel et al., 2017). 264 

Our results support past observations that these two species are tolerant to plantation forestry 265 

(Gentili et al., 2014; Puig-Gironès et al., 2018; Noguerales et al., 2015). In particular, the SEM 266 

suggested that Eucalyptus or plantation phase had no effect on the relative abundance of those rodent 267 

species. However, the SEM revealed that our rodent populations were mostly affected by recent 268 

wildfire events, which promoted their relative abundance, yet were negatively correlated with the 269 

relative abundance of deer.  270 

We believe that the positive effect of wildfires on the relative abundance of rodents may arise via two 271 

indirect ecological mechanisms: food availability, and predator use of burned areas. Although the 272 

majority of vegetation may be destroyed by fire, and plant-based foods become immediately scarce, 273 

other resource may still be available (e.g., insects) (Mason Jr. et al., 2021; Palusci et al., 2021). This is 274 

especially true in areas where salvage logging does not occur and dead trees and branches remain 275 

untouched (Pons et al., 2020). Such conditions help retain forest-dwelling beetle communities (Koivula 276 

and Spence 2006), even in Eucalyptus plantations (Ulyshen et al., 2018). However, fire also appears to 277 

stimulate vegetation regrowth and enhances plant productivity in some areas (Briani et al., 2004), 278 

leading to rapid increases in vegetation cover and above-ground biomass (Clemente et al., 1996; 279 



Alhamad et al., 2012) that can be used as food by rodents such as A. sylvaticus that also consume 280 

plants, stems and leaves (Rogers and Gorman, 1995; Khammes and Aulagnier, 2007).  281 

There is likely little direct correlation between the mortality of small mammals and wildfires (Vieira 282 

and Briani, 2013), (Puig-Gironès et al., 2018), especially in environments where fires are not 283 

uncommon and small mammals have developed associated survival strategies (e.g., hiding in 284 

underground burrows or retreating to patches that have escaped the fire) (Vieira and Marinho-Filho, 285 

1998). Rapid recolonization of burned areas can then occur, either by individuals that survived the fire 286 

or those inhabiting neighboring unburned areas, taking advantage of the food available after fires and 287 

lower competition for food and refuge (Puig-Gironès et al., 2018). Moreover, larger mammal species, 288 

such as many carnivores, are not as resilient to wildfire events, and are more likely to suffer or die as 289 

a direct effect from forest fires (Smith 2000; personal observation) and fire-associated habitat changes 290 

(Birtsas et al., 2012; Lino et al., 2019). Although the ecological responses of predators to fires may be 291 

site-, habitat- and/or guild-specific (Geary et al., 2020), the avoidance of burned areas by certain 292 

predatory species, especially after high-intensity fires, may result in reduced predatory pressures on 293 

their prey in post-fire areas (Torre and Díaz 2004). 294 

The presence and abundance of ungulates may negatively impact rodent populations by reducing the 295 

availability of food and shelter (Muñoz et al., 2009). The most common deer species in our study area 296 

are browsers (roe deer) or browsers/grazers (red deer) (Spitzer et al., 2020). Accordingly, they may 297 

compete with small mammals (especially grazers) for food. Furthermore, by consuming or trampling 298 

plants to modify vegetation structure (Sabo et al., 2017), deer also limit the amount of vegetation 299 

available to small mammals as cover (Flowerdew and Ellwood, 2001). 300 

Other factors proved less significant, with no apparent relationship between the cover of bare soil, 301 

litter and herbaceous vegetation and the relative abundances of rodents. In areas dominated by 302 

herbaceous vegetation (especially when composed of plants of lower height), litter, or bare soil 303 

rodents lack sufficient cover to provide secure routes for travel or to act as refugia (Rosalino et al., 304 

2011a, 2011b). Therefore, rodents likely reduce predation risk by avoiding open areas (Galantino et 305 

al., 2020), giving rise to lower relative abundance in those habitats. The presence of nearby deciduous 306 

trees also seems to negatively impact the distribution of rodents. Deciduous trees frequently act as 307 

refugia for rodent predators, for instance as roost sites for tawny owls (Yatsiuk and Wesołowski, 2020) 308 

or latrine sites for common genets (Espírito-Santo et al., 2007). Thus, rodents are likely to avoid areas 309 

where predators are more frequently present (Díaz et al., 2005).  310 

Finally, we detected that the presence of carnivorous species and wild boar had a positive effect on 311 

rodents. That result seems counterintuitive considering that rodents in our study area avoided areas 312 

of presumed higher predation risk (e.g., deciduous trees). The majority of mesocarnivores we detected 313 

(see Supplementary material) have a generalist diet, though many prey mostly on rodents (Loureiro 314 

et al., 2012). Several studies have shown that mesocarnivore abundance is often driven by prey 315 

abundance (e.g., Vilella et al., 2020), even in areas prone to wildfires (Puig-Gironès and Pons, 2020; 316 

Birtsas et al., 2012). Thus, mesocarnivores may adapt their spatial behavior to extend their hunting 317 

activity into areas where rodents may be more abundant. The positive effect of carnivore abundance 318 

on rodents could have arisen from predators targeting areas in which the rodent population was 319 

greater. Thus, predators were attracted to greater densities of rodents, and the rodent population did 320 

not avoid those predators.  321 



Initially, we predicted a negative effect of wild boar on rodents, as the feeding behaviors of these 322 

ungulates alter habitat structure through rooting activity that removes vegetation and disturbs the 323 

soil (Barrios-Garcia and Ballari, 2012). Surprisingly, our data revealed the opposite pattern. Rooting 324 

activity changes vegetation structure and composition in the short to medium term and to varying 325 

degrees (Burrascano et al., 2015). Areas with lower rooting frequency (i.e., where wild boar 326 

abundance was lower) often displayed a dominance of thorny vegetation and underground storage 327 

organs, with a concomitant reduction in the extent of herbaceous layers (Burrascano et al., 2015). 328 

However, herbaceous plants recovered quickly after wild boar rooting activity (Brunet et al., 2016), 329 

providing food and protection (when dense layers develop) for some rodents, promoting their 330 

abundance in areas frequented by wild boars.   331 

Overall, our modeling results did not reveal any significant effect of Eucalyptus plantations on the 332 

relative abundance of rodents. To date, published studies on the effect of Eucalyptus stands on 333 

mammal populations have generated contradictory results. Some studies have shown that such forest 334 

patches exert a damaging effect as they offer less usable habitat, providing low amounts of food and 335 

shelter (Mangas et al., 2008; Pereira et al., 2012). Other studies have indicated that Eucalyptus patches 336 

may provide habitat for wildlife, acting like more developed forest matrixes, increasing habitat 337 

heterogeneity, and sometimes contributing to landscape connectivity (Brockerhoff et al., 2008; 338 

Calviño-Cancela et al., 2012). Some studies even report that Eucalyptus plantations provide no 339 

advantages or disadvantages to mammal populations (Martin et al., 2012). However, plantation age 340 

appears to be the most important factor for explaining the distribution or abundance of mammals, 341 

not stand type (Timo et al., 2014). Thus, our study reinforces the need to assess the effect of 342 

plantations regionally, as landscape context, community and guild may give rise to different responses 343 

over time. 344 

We must stress that despite trapping across four sampling seasons over two years, we captured a 345 

relatively small number of rodents.  Thus, our results may be limited by the small sample size in terms 346 

of the number of sites and trapped animals. This low abundance of small mammals in Eucalyptus 347 

plantations is a common pattern (e.g., Martin et al., 2012; da Silva et al., 2019). Therefore, a good 348 

sampling strategy to increase small mammal trapping probability and generate more data in low 349 

abundance landscapes might be to: 1) use a higher number of traps (double the number of traps used 350 

here, from 50 to 100); and 2) increase the number of trap nights (increase from four to five trap-nights 351 

per session) (Conard et al. 2008). We also acknowledge a mismatch between the scale used to assess 352 

the abundance of rodents (40m2) and the scale used to estimate the abundance of large mammals 353 

(16km2). However, since the later taxa use the landscape at larger scales, the combined use of data 354 

from several camera-traps (N=25) minimizes any bias from data collected in a single camera trap. 355 

Finally, although the goodness of fit of our model is not high (R2=0.23), it is higher than that achieved 356 

in many ecology and evolutionary studies (see Møller and Jennions 2002 review) and, according to 357 

Chin (1998; criterion R2>0.19), can be considered moderate.  358 

Conclusion 359 

Our study reveals the significant impact of wildfires and relative abundance of deer on rodent 360 

communities, but also highlights the contribution of vegetation structure. However, those factors are 361 

not independent of plantation management, including vegetation age that is linked to deer 362 

abundance. Together, our findings indicate that preserving some understory may be pivotal to 363 



promoting rodent abundance. Despite wildfires apparently enhancing rodent abundance, we must 364 

emphasize that it is likely only generalist and resilient species, such as those targeted in our study, 365 

that benefit from fires (Briani et al., 2004; Puig-Gironès et al., 2018). Of course, the beneficial effects 366 

will be dependent on the extent and intensity of wildfire events (Diffendorfer et al., 2012) and the 367 

spatial distribution of unburned habitat patches (Shaw et al., 2021). 368 

Despite the limitations of those data, we identified significant influential drivers of the relative 369 

abundance of rodents in these anthropogenic landscapes. These findings help to increase our 370 

knowledge of the biodiversity that inhabits Eucalyptus plantations, particularly in Mediterranean 371 

ecosystems. Although planted species such as Eucalyptus are typically described as having some 372 

negative influence on various wildlife species (Calviño-Cancela et al., 2012; Martin et al., 2012; Gheler-373 

Costa et al., 2013), our findings do not support such a claim, as we detected no effect of Eucalyptus 374 

plantations or production phases on the relative abundance of rodents. Instead, our results are in line 375 

with the few other results available from Iberian studies (e.g., Carrilho et al., (2017); Teixeira et al., 376 

(2017)), and thus they contribute to the ongoing debate of the impact of Eucalyptus plantations on 377 

native wildlife. 378 

Funding 379 

This work was financially supported by the project POCI-01-0145-FEDER-028204 (WildForests) funded 380 

by FEDER, through COMPETE2020 - Programa Operacional Competitividade e Internacionalização 381 

(POCI), and by national funds (OE) through Fundação para a Ciência e a Tecnologia/Ministério da 382 

Ciência, Tecnologia e Ensino Superior (FCT/MCTES). Thanks are due to CESAM (UID/AMB/50017/2019) 383 

and cE3c (UIDB/00329/2020) for financial support, to FCT/MCTES for national funds, and to FEDER for 384 

co-funding within the PT2020 Partnership Agreement and COMPETE2020. DT was supported by the 385 

PhD grant number SFRH/BD/131608/2017 from the Fundação para a Ciência e a Tecnologia (FCT). 386 

Acknowledgements 387 

We would like to thank The Navigator Company for providing logistical support crucial to developing 388 

our study. We also wish to thank Sofia Lino, Ana Manuel Figueiredo, Renato Hilário, Nuno Negrões 389 

and Joana Fernandes for help during fieldwork, and Brian Collins for the revision of the final version 390 

of the manuscript. 391 

Conflict of interest statement 392 

None declared. 393 

Data availability statement 394 

The datasets generated during the current study are available from the corresponding author on 395 

reasonable request. 396 

Supplementary Material 397 

The following supplementary material is available at Forestry online: Figure S1 - photos illustrating 398 

small mammals with tattoo marks; Figure S2 – Location of the small mammal sampling grids (40m²) 399 

within the camera-trap grids (16km2); Table S1 - numbers of small mammals captured in each season 400 



per area, the species identified and their corresponding relative abundances; Table S2 – numbers of 401 

independent capture events of medium/large mammal species registered in camera-traps for each 402 

area; Table S3 – Structural Equation Modeling (SEM) results. 403 

 404 

References 405 

Alhamad, M. N., Alrababah, M. A., and Gharaibeh, M. A. 2012. Impact of burning and fertilization on 406 

dry Mediterranean grassland productivity and diversity. Acta Oecol. 40, 19–26.  407 

Barrett, G.W. and Peles, J.D. 1999. Landscape Ecology of Small Mammals, 1st edn. Springer-Verlag. 408 

Balestrieri, A., Remonti, L., Morotti, L., Saino, N., Prigioni, C., and Guidali, F. 2017. Multilevel habitat 409 

preferences of Apodemus sylvaticus and Clethrionomys glareolus in an intensively cultivated 410 

agricultural landscape, Ethol. Ecol. Evol. 29(1), 38-53. 411 

Bargali, S.S., Singh, S.P., and Singh, R.P. 1991. Structure and function of an age series of eucalypt 412 

plantations in central Himalaya. I. Dry matter dynamics, Ann. Bot. 69(5), 405–411. 413 

Barrios-Garcia, M.N., and Ballari, S.A. 2012. Impact of wild boar (Sus scrofa) in its introduced and native 414 

range: a review. Biol. Invasions 14, 2283–2300. 415 

Bencatel, J., Álvares, F., Moura, A.E., and Barbosa, A.M. 2017. Atlas de Mamíferos de Portugal, 1st edn. 416 

Universidade de Évora. 417 

Birtsas, P., Sokos, C., and Exadactylos, S. 2012. Carnivores in burned and adjacent unburned areas in a 418 

Mediterranean ecosystem. Mammalia, 76(4), 407-415. 419 

Bookhout, T.A. 1996. Research and Management Techniques for Wildlife and Habitats. The Wildlife 420 

Society. 421 

Bowman, J., Cappuccino, N., and Fahrig, L. 2002. Patch size and population density: the effect of 422 

immigration behavior. Conserv. Ecol. 6, 9. 423 

Bremer, L.L. and Farley, K.A. 2010. Does plantation forestry restore biodiversity or create green 424 

deserts? A synthesis of the effects of land-use transitions on plant species richness. Biodivers. Conserv. 425 

19, 3893–3915.  426 

Brewer, S.W. and Rejmánek, M. 1999. Small rodents as significant dispersers of tree seeds in a 427 

Neotropical forest. J. Veg. Sci. 10, 165–174.  428 

Briani, D.C., Palma, A.R.T., Vieira, E.M., and Henriques, R.P.B. 2004. Post-fire succession of small 429 

mammals in the Cerrado of central Brazil. Biodivers. Conserv. 13, 1023–1037.  430 

Brockerhoff, E.G., Jactel, H., Parrotta, J.A., et al. 2008. Plantation forests and biodiversity: Oxymoron 431 

or opportunity? Biodivers. Conserv. 17, 925–951.  432 

Bronson, F.H. and Perrigo, G. 1987. Seasonal regulation of reproduction in muroid rodents. Integr. 433 

Comp. Biol. 27, 929–940.  434 

Brunet, J., Hedwall, P.-O., Holmström, E. and Wahlgren, E. 2016. Disturbance of the herbaceous layer 435 

after invasion of an eutrophic temperate forest by wild boar. Nord. J. Bot 34, 120-128. 436 

Bugalho, M.N., and Milne, J.A. 2003. The composition of the diet of red deer (Cervus elaphus) in a 437 

Mediterranean environment: a case of summer nutritional constraint? For. Ecol. Manag. 181, 23-29. 438 

Burrascano, S., Copiz, R., Del Vico, E., Fagiani, S., Giarrizzo, E., Mei, M., Mortelliti, A., Sabatini, F.M., 439 

and Blasi, C. 2015. Wild boar rooting intensity determines shifts in understorey composition and 440 

functional traits. Community Ecol. 16, 244–253. 441 

Calviño-Cancela, M., Rubido-Bará, M., and van Etten, E.J.B. 2012. Do eucalypt plantations provide 442 

habitat for native forest biodiversity ? For. Ecol. Manag. 270, 153–162.  443 



Carneiro, M., Fabião, A., Martins, M.C., Cerveira, C., Santos, C., Nogueira, C., Lousã, M., Hilário, L., 444 

Fabião, A., Abrantes, M., and Madeira, M. 2007. Species richness and biomass of understory 445 

vegetation in a Eucalyptus globulus Labill. coppice as affected by slash management. Eur. J. Forest 446 

Res. 126, 475–480. 447 

Carrilho, M., Teixeira, D., Santos-Reis, M., and Rosalino, L.M. 2017. Small mammal abundance in 448 

Mediterranean Eucalyptus plantations: how shrub cover can really make a difference. For. Ecol. 449 

Manage. 391, 256–263.  450 

Carvalho, F., Carvalho, R., Mira, A., and Beja, P. 2014. Use of tree hollows by a Mediterranean forest 451 

carnivore. For. Ecol. Manage. 315, 54-62. 452 

Carvalho, F., Galantinho, A., and Mira, A. 2010. Factors affecting small and middle-sized carnivore 453 

occurrence and abundance in Mediterranean agricultural landscapes: case studies in southern 454 

Portugal. In Middle-sized Carnivores in Agricultural Landscapes. Rosalino, L.M., Gheler-Costa, C. (eds), 455 

1st edn. Nova Science Publishers, Inc., pp 1–29. 456 

Castro, G. 2019. Determinants of red fox (Vulpes vulpes) occupancy patterns in Eucalyptus dominated 457 

landscapes. Dissertation, University of Aveiro. 458 

Chen, M., Kan, L., Ledford, B.T., and He, J-Q. 2016. Tattooing various combinations of ears, tail, and 459 

toes to identify mice reliably and permanently. J. Am. Assoc. Lab. Anim. Sci. 55, 189–198. 460 

Chin, W.W. 1998. The partial least squares approach for structural equation modeling. In Modern 461 

Methods for Business Research. Marcoulides, G.A. (ed.), Lawrence Erlbaum Associates, pp 295 236. 462 

Clemente, A., Rego, F., and Correia, O. 1996. Demographic patterns and productivity of post-fire 463 

regeneration in Portuguese Mediterranean maquis. Int. J. Wildl. Fire. 6, 5–12.  464 

Conard, J.M., Baumgardt, J.A., Gipson, P.S., and Althoff, D.P. 2008. The influence of trap density and 465 

sampling duration on the detection of small mammal species richness. Acta Theriol. 53(2), 143-156. 466 

Cruz, J., Sarmento, P., and White, P.C.L. 2015. Influence of exotic forest plantations on occupancy and 467 

co-occurrence patterns in a Mediterranean carnivore guild. J. Mammal. 96, 854–865.  468 

da Silva, L.P., Heleno, R.H., Costa, J.M., Valente, M., Matas, V.A., Gonçalves, S.C., Silva, A.A., Alves, J., 469 

and Ramos, J.A. 2019. Natural woodlands hold more diverse, abundant, and unique biota than novel 470 

anthropogenic forests: a multi-group assessment. Eur. J. For. Res. 138, 461–472.  471 

Díaz, M., Torre, I., Peris, A., and Tena, L. 2005. Foraging behavior of wood mice as related to presence 472 

and activity of genets. J. Mammal. 86, 1178–1185. 473 

Diffendorfer, J., Fleming, G.M., Tremor, S., Spencer, W., and Beyers, J.L. 2012. The role of fire severity, 474 

distance from fire perimeter and vegetation on post-fire recovery of small-mammal communities in 475 

chaparal. Int. J. Wildland Fire 21, 436-448. 476 

Deus, E., Silva, J.S., Castro-Díez, P., Lomba, A., Ortiz, M.L., and Vicente, J. 2018. Current and future 477 

conflicts between eucalypt plantations and high biodiversity areas in the Iberian Peninsula. J. Nat. 478 

Conserv. 45, 107–117.  479 

DGT - Direcção Geral do Território. 2018. Carta de Uso e Ocupação do Solo de Portugal Continental 480 

para 2018. Direção de serviços de geodesia, cartografia e informação geográfica, Direção-Geral do 481 

Território, Lisboa. 482 

Eager, C. 2017. standardize: Tools for Standardizing Variables for Regression in R. R package version 483 

0.2.1, https://CRAN.R-project.org/package=standardize. 484 

Espírito-Santo, C., Rosalino, L.M., and Santos-Reis, M. 2007. Factors affecting the placement of 485 

common genet latrine sites in a Mediterranean landscape in Portugal. J. Mammal. 88, 201–207.  486 

FAO. 2020. Global Forest Resources Assessment 2020: Main report. Food and Agriculture Organization 487 

of The United Nations, Rome.  488 

https://cran.r-project.org/package=standardize


Felton, A., Knight, E., Wood, J., Zammit, C., and Lindenmayer, D. 2010. A meta-analysis of fauna and 489 

flora species richness and abundance in plantations and pasture lands. Biol. Conserv. 143, 545–554. 490 

Flowerdew, J.R., and Ellwood, S.A. 2001. Impacts of woodland deer on small mammal ecology. Forestry 491 

74, 277–287.  492 

Freschi, P., Fascetti, S. Riga, F., Cosentino, C., Rizzardini, G., and Musto, M. 2017. Diet composition of 493 

the Italian roe deer (Capreolus capreolus italicus) (Mammalia: Cervidae) from two protected areas. 494 

Eur. Zool. J. 84, 34-42. 495 

Focardi, S., Capizzi, D., and Monetti, D. 2000. Competition for acorns among wild boar (Sus scrofa) and 496 

small mammals in a Mediterranean woodland. J. Zool. 250(3), 329-334.  497 

Galantino, A., Herrera, J. M., Eufrázio, S., Silva, C., Carvalho, F., Alpizar-Jara, R., and Mira, A. 2020. Road 498 

verges provide connectivity for small mammals: A case study with wood mice (Apodemus sylvaticus) 499 

in an agro-silvo pastoral system. J. Environ. Manage. 258, 110033. 500 

Gannon, W., and Sikes, R. 2007. The Animal Care and Use Committee of the American Society of 501 

Mammalogists. Guidelines of the American Society of Mammalogists for the use of wild mammals in 502 

research. J. Mammal. 88, 809–823. 503 

Geary, W.L., Doherty, T.S., Nimmo, D.G., Tulloch, A.I.T, and Ritchie, E.G. 2020. Predator responses to 504 

fire: A global systematic review and meta-analysis. J. Anim. Ecol. 89, 955– 971. 505 

Gentili, S., Sigura, M., and Bonesi, L. 2014. Decreased small mammals species diversity and increased 506 

population abundance along a gradient of agricultural intensification. Hystrix 25(1), 39-44. 507 

Gheler-Costa, C., Sabino-Santos, Jr. G., Amorim, L.S., Rosalino, L.M., Figueiredo, L.T.M., and Verdade, 508 

L.M. 2013. The effect of pre-harvest fire on the small mammal assemblage in sugarcane fields. Agric. 509 

Ecosyst. Environ. 171, 85–89. 510 

Gurnell, J. and Flowerdew, J. 2006. Live Trapping Small Mammal. A Practical Guide. The Mammal 511 

Society. 512 

Hoogar, R., Malakannavar, S. and Sujatha, H.T. 2019. Impact of eucalyptus plantations on ground 513 

water and soil ecosystem in dry regions. J. Pharmacogn. Phytochem. 8, 2929–2933. 514 

Kazanis, D. and Arianoutsou, M. 1996. Vegetation composition in a post-fire successional gradient of 515 

Pinus halepensis forests in Attica, Greece. Int. J. Wildl. Fire. 6, 83–91.  516 

Khammes, N. and Aulagnier, S. 2007. Diet of the wood mouse, Apodemus sylvaticus in three biotopes 517 

of Kabylie of Djurdjura (Algeria). Folia. Zool. 56, 246–252. 518 

Koivula, M. and Spence, J.R. 2006. Effects of post-fire salvage logging on boreal mixed-wood ground 519 

beetle assemblages (Coleoptera, Carabidae). For. Ecol. Manage. 236, 102–112.  520 

Korpimäki, E., Norrdahl, K., Huitu, O., and Klemola, T. 2005. Predator-induced synchrony in population 521 

oscillations of coexisting small mammal species. Proc. R. Soc. B. Biol. Sci. 272, 193–202. 522 

Lefcheck, J.S. 2016. piecewiseSEM: Piecewise structural equation modeling in R for  ecology, evolution, 523 

and systematics. Methods Ecol. Evol. 7, 573-579.  524 

Lino, S., Sillero, N., Torres, J., Santos, X., and Álvares, F. 2019. The role of fire on wolf distribution and 525 

breeding-site selection: Insights from a generalist carnivore occurring in a fire-prone landscape. 526 

Landsc. Urban. Plan. 183, 111–121.  527 

Loureiro, F., Peroso, N.M., Santos, M.J., and Rosalino, L.M. 2012. Um Olhar Sobre os Carnívoros 528 

Portugueses. Carnivora. 529 

MacDonald, D.W., and Barrett, P. 1995. European Mammals: Evolution and Behaviour. Harper Collins, 530 

London. 531 

Mangas, J.G., Lozano, J., Cabezas-Díaz, S., and Virgós, E. 2008. The priority value of scrubland habitats 532 

for carnivore conservation in Mediterranean ecosystems. Biodivers. Conserv. 17, 43–51.  533 



Martin, P.S., Gheler-Costa, C., Lopes, P.C., Rosalino, L.M., and Verdade, L.M. 2012. Terrestrial non-534 

volant small mammals in agro-silvicultural landscapes of Southeastern Brazil. For. Ecol. Manage. 282, 535 

185–195.  536 

Mason Jr., S. C., Shirey, V., Ponisio, L., C., and Gelhaus, J. K. 2021. Responses from bees, butterflies, 537 

and ground beetles to different fire and site characteristics: a global meta-analysis. Biol. Conserv. 261, 538 

109265. 539 

Millennium Ecosystem Assessment. 2005. Ecosystems and Human Well-being: Current State and 540 

Trends. Island Press, Washington, DC. 541 

Mirra, I.M., Oliveira, T.M., Barros, A.M.G., and Fernandes, P.M. 2017. Fuel dynamics following fire 542 

hazard reduction treatments in blue gum (Eucalyptus globulus) plantations in Portugal. For. Ecol. 543 

Manag. 398, 185–195. 544 

Møller, A., and Jennions, M.D. 2002. How much variance can be explained by ecologists and 545 

evolutionary biologists? Oecologia 132, 492–500.  546 

Moreira, F., and Russo, D. 2007. Modelling the impact of agricultural abandonment and wildfires on 547 

vertebrate diversity in Mediterranean Europe. Landsc. Ecol. 22, 1461–1476. 548 

Muñoz, A.l., Bonal, R., and Díaz, M. 2009. Ungulates, rodents, shrubs: interactions in a diverse 549 

Mediterranean ecosystem. Basic. Appl. Ecol. 10, 151–160. 550 

Nahuelhual, L., Carmona, A., Lara, A., Echeverría, C., and González, M.E. 2012. Land-cover change to 551 

forest plantations: Proximate causes and implications for the landscape in south-central Chile. Landsc. 552 

Urban. Plan. 107, 12–20.  553 

Noguerales, V., Traba, J., Mata, C., and Morales, M.B. 2015. Winter habitat selection and partitioning 554 

in two sympatric farmland small mammals: Apodemus sylvaticus and Mus spretus. Rev. Ecol. - Terre 555 

Vie 70(1), 70-82. 556 

Norrdahl, K., Klemola, T., Korpimäki, E., and Koivula, M. 2002. Strong seasonality may attenuate 557 

trophic cascades: vertebrate predator exclusion in boreal grassland. Oikos 99, 419–430. 558 

O'Brien, T., Kinnaird, M., and Wibisono, H. 2003. Crouching tigers, hidden prey: Sumatran tiger and 559 

prey populations in a tropical forest landscape. Anim. Conserv. 6, 131-139.  560 

Palomo, L.J., Justo, E.R., and Vargas, J. M. 2009. Mus spretus (Rodentia: Muridae). Mammalian Species 561 

840, 1-10. 562 

Palusci, E., Mantoni, C., Strona, G., and Fattorini, S. 2021. Wildfire does not affect the dung beetle 563 

diversity of high-altitude Mediterranean habitats. Int. J. Wildland Fire 30, 636-642. 564 

Pawson, S.M., Ecroyd, C.E., Seaton, R., Shaw, W.B., and Brockerhoff, E.G. 2010. New Zealand’s exotic 565 

plantation forests as habitats for threatened indigenous species. New Zeal. J. Ecol. 34, 342–355. 566 

Pereira, P., Silva, A.A., Alves, J., Matos, M., and Fonseca, C. 2012. Coexistence of carnivores in a 567 

heterogeneous landscape: habitat selection and ecological niches. Ecol. Res. 27, 745–753.  568 

Pina, J.P. 1989. Breeding bird assemblages in eucalyptus plantations in Portugal. Ann. Zool. Fennici. 26, 569 

287–290. 570 

Piña, T.E.N., Carvalho, W.D., Rosalino, L.M., and Hilário, R.R. 2019. Drivers of mammal richness, 571 

diversity and occurrence in heterogeneous landscapes composed by plantation forests and natural 572 

environments. For. Ecol. Manage. 449, 117467.  573 

Pons, P., Rost, J., Tobella, C., Puig-Gironès, R., Bas, J.M., Franch, M., and  Mauri, E. 2020. Towards 574 

better practices of salvage logging for reducing the ecosystem impacts in Mediterranean burned 575 

forests. iForest 13, 360-368. 576 

Pounds, C.J. 1981. Niche overlap in sympatric populations of stoats (Mustela erminea) and weasels 577 

(M. nivalis) in North-east Scotland. University of Aberdeen, Aberdeen. 578 



Puig-Gironès, R., Clavero, M., and Pons, P. 2018. Importance of internal refuges and the external 579 

unburnt area in the recovery of rodent populations after wildfire. Int. J. Wildland Fire 27, 425-436. 580 

Puig-Gironès, R, and Pons, P. 2020. Mice and habitat complexity attract carnivorans to recently burnt 581 

forests. Forests 11(8), 855, https://doi.org/10.3390/f11080855. 582 

QGIS Development Team. 2019. QGIS Geographic Information System. Open Source Geospatial 583 

Foundation Project. http://qgis.osgeo.org. 584 

R Core Team. 2019. R: A language and environment for statistical computing. R foundation for 585 

statistical computing, Vienna, Austria. https://www.R-project.org/. 586 

Rogers, L.M. and Gorman, M.L. 1995. The diet of the wood mouse Apodemus sylvaticus on set-aside 587 

land. J. Zool. 235, 77–83.  588 

Rosalino, L.M., Ferreira, D., Leitão, I., and Santos-Reis, M. 2011a. Usage patterns of Mediterranean 589 

agro-forest habitat components by wood mice Apodemus sylvaticus. Mamm. Biol. 76, 268–273.  590 

Rosalino, L.M., Ferreira, D., Leitão, I., and Santos-Reis, M. 2011b. Selection of nest sites by wood mice 591 

Apodemus sylvaticus in a Mediterranean agro-forest landscape. Ecol. Res. 26(2), 445-452. 592 

Rosalino, L.M., Martin, P.S., Gheler-Costa, C., Lopes, P.C., and Verdade, L.M. 2014. Neotropical small 593 

mammals’ diversity in the early cycle of commercial Eucalyptus plantations. Agrofor. Syst. 88, 427–594 

436.  595 

Rosalino, L.M., Rosário, J. do, and Santos-Reis, M. 2009. The role of habitat patches on mammalian 596 

diversity in cork oak agroforestry systems. Acta. Oecol. 35, 507–512.  597 

Sabino-Marques, H., and Mira, A. 2011. Living on the verge: are roads a more suitable refuge for small 598 

mammals than streams in Mediterranean pastureland? Ecol. Res. 26, 277–287. 599 

Sabo, A.E., Frerker, K.L., Waller, D.M., and Kruger, E.L. 2017. Deer-mediated changes in environment 600 

compound the direct impacts of herbivory on understorey plant communities. J. Ecol, 105, 1386-1398. 601 

Schultz, P.A., and Halpert, M.S. 1993. Global correlation of temperature, NDVI and precipitation. Adv. 602 

Space Res., 13, 277–280. 603 

Shaw, R.E., James, A.I., Tuft, K, Legge, S., Cary, G.J., Peakall, R., and Banks, S.C. 2021. Unburnt habitat 604 

patches are critical for survival and in situ population recovery in a small mammal after fire. J. Appl. 605 

Ecol. 58, 1325–1335. 606 

Simonetti, J.A. 1989. Microhabitat use by small mammals in Central Chile. Oikos. 56, 309-318. 607 

Singleton, P.H., Gaines, W.L., Lehmkuhl, and J.F. 2002. Landscape Permeability for Large Carnivores in 608 

Washington: a Geographic Information System Weighted-distance and Least-cost Corridor 609 

Assessment. Department of Agriculture, Forest Service, Pacific Northwest Research Station, Portland 610 

OR, U.S.A. 89 p. 611 

Smith, J.K. 2000. Wildland fire in ecosystems: effects of fire on fauna. General technical report rmrs-612 

gtr-42-vol. 1. Og den, ut: U.S. Department of Agriculture, Forest Service, Rocky Mountain Research 613 

Station. 83 p. 614 

Spitzer, R., Felton, A., Landman, M., Singh, N.J., Widemo, F. and Cromsigt, J.P.G.M. 2020. Fifty years of 615 

European ungulate dietary studies: a synthesis. Oikos 129, 1668-1680. 616 

Sunyer, P., Muñoz, A., Bonal, R., and Espelta, J.M. 2013. The ecology of seed dispersal by small rodents: 617 

a role for predator and conspecific scents. Dryad, Dataset, https://doi.org/10.5061/dryad.763bh. 618 

Teixeira, D., Carrilho, M., Mexia, T., Köbel, M., Santos, M.J., Santos-Reis, M., and Rosalino, L.M. 2017. 619 

Management of Eucalyptus plantations influences small mammal density: Evidence from Southern 620 

Europe. For. Ecol. Manage. 385, 25–34.  621 

Timo, T.P.C., Lyra-Jorge, M.C., Gheler-Costa, C., and Verdade, L.M. 2014. Effect of the plantation age 622 

on the use of Eucalyptus stands by medium to large-sized wild mammals in south-eastern Brazil. 623 



iForest 8, 108-113. 624 

Torre, I., Freixas, D., Arrizabalaga, A. and Díaz, M. 2016. The efficiency of two widely used commercial 625 

livetraps to develop monitoring protocols for small mammal biodiversity. Ecol. Indic. 66, 481–487. 626 

Torre, I. and Díaz, M. 2004. Small mammal abundance in Mediterranean post-fire habitats: a role for 627 

predators? Acta. Oecol. 25, 137–143.  628 

Torre, I., Guixé, D. and Sort, F. 2010. Comparing three live trapping methods for small mammal 629 

sampling in cultivated areas. Hystrix It. J. Mamm. 21(2), 147-155. 630 

Torre, I., Raspall, A., Arrizabalaga, A., and Díaz, M. 2018. SEMICE: An unbiased and powerful 631 

monitoring protocol for small mammals in the Mediterranean Region. Mamm. Biol., 88, 161–167.  632 

Ulyshen, M.D., Pawson, S.M., Branco, M., Horn, S., Hoebeke, E.R., and Gossner, M.M. 2018. Utilization 633 

of non-native wood by saproxylic insects. In: Saproxylic Insects. Zoological Monographs, vol 1. 634 

Springer, Cham. pp 797–834. 635 

Verdade, L.M., Rosalino, L.M., Gheler-Costa, C., Pedroso, N., and Lyra-Jorge, M.C. 2011. Adaptation of 636 

mesocarnivores (Mammalia: Carnivora) to agricultural landscapes of Mediterranean Europe and 637 

Southeastern Brazil: a trophic perspective. In Middle-sized Carnivores in Agricultural Landscapes (p. 638 

192 ). Nova Science, New York. pp 1-38. 639 

Vieira, E.M. and Briani, D.C. 2013. Short-term effects of fire on small rodents in the Brazilian Cerrado 640 

and their relation with feeding habits. Int. J. Wildl. Fire 22, 1063–1071.  641 

Vieira, E.M. and Marinho-Filho, J. 1998. Pre- and post-fire habitat utilization by rodents of cerrado 642 

from central Brazil. Biotropica 30, 491–496. 643 

Vilella, M, Ferrandiz-Rovira, M, and Sayol, F. 2020. Coexistence of predators in time: Effects of season 644 

and prey availability on species activity within a Mediterranean carnivore guild. Ecol. 645 

Evol. 10, 11408– 11422. 646 

Wack, R., Schardt, M., Barrucho, L., Lohr, U., Oliveira, T. 2003. Forest Inventory for Eucalyptus 647 

Plantations Based on Airborne Laserscanner data. Comm III, WG 3 1–7. 648 

Xanthopoulos, G., Calfapietra, C., and Fernandes, P. 2011. Fire hazard and flammability of European 649 

forest types. Post-Fire Management and Restoration of Southern European Forests. Springer, 650 

Dordrecht. pp 79–92.  651 

Yatsiuk, Y., and Wesołowski, T. 2020. Diversity and abundance of large tree holes used by Tawny 652 

Owls Strix aluco in lowland temperate forests. Bird Study 67(3), 331-343. 653 

Zerga, B. 2015. Ecological impacts of Eucalyptus plantation in Eza Wereda, Ethiopia. Int. Invent. J. Agric. 654 

Soil. Sci. 3, 47–51. 655 

Zuur, A.F., Ieno, E.N., and Smith, G.M. 2007. Analysing ecological data. Springer, New York. 656 

  657 



Table and Figure captions 658 

 659 

Figure 1 Location of the study areas in central Portugal where each grid for sampling the 660 

relative abundance of small mammals was implemented: 1- Mortágua; 2- Góis; 3- Serra da 661 

Lousã (native); 4- Pampilhosa da Serra; 5- Fundão; 6- Penamacor; 7- Serra da Malcata (native); 662 

8- Penha-Garcia. This figure was produced using QGis 3.4.3 Madeira software (QGIS 663 

Development Team 2019). 664 

  665 



 666 

Figure 2 Conceptual model showing the direct causal relationships between environmental, 667 

disturbance and habitat drivers of relative abundance of rodents (A), as well as the indirect 668 

positive (B) and negative (C) causal relationships between drivers: 1) environmental 669 

characteristics linked to season (yellow box); 2) promoters of disturbance, such as fire (orange 670 

box) and interspecific relationships (blue boxes); and 3) habitat type (brown) and structure 671 

(green boxes). Arrows indicate the directionality of the influence and colors reflect the type 672 

of influence, i.e., black = positive and red = negative. 673 

  674 



 675 

Figure 3 Results of structural equation modeling (SEM) highlighting the direct relationships 676 

between the relative abundance of rodents and the tested factors (A), as well as the positive 677 

(B) and negative (C) interrelationships between the tested factors: 1) environmental 678 

characteristics linked to season (yellow box); 2) promoters of disturbance, such as fire (orange 679 

box) and interspecific relationships (blue boxes); and 3) habitat type (brown) and structure 680 

(green boxes). Arrows indicate the directionality of the influence, with arrow thickness 681 

representing the relative size of the effect and colors reflecting the type of influence, i.e., 682 

black = positive and red = negative, grey = non-significant.  683 



Table 1. Explanatory variables used in the modeling procedure to assess the determinants of the relative abundance of rodents, their units and 684 

the rationale for selecting them (RAI – Relative Abundance Index). 685 

Variable 

acronym 
Description Units (range) Reasoning Data type 

Deciduous Presence of deciduous trees stems within the 

1 m radius 
Absence / 

Presence [0–1] 

Areas dominated by Eucalyptus plantations and with impoverished 

understory vegetation are known to have lower species richness and 

relative abundance, as they may provide lower availability of food or 

shelter (Rosalino et al., 2009; Carrilho et al., 2017). Thus, local land-

cover composition and structure can be important community drivers. 

Areas dominated by native habitat (or with deciduous trees nearby 

traps), with greater % cover of shrubs, herbaceous plants and litter 

likely host higher relative abundance of rodents, and those dominated 

by bare soil may display lower rodent abundance (Carrilho et al., 2017; 

Teixeira et al., 2017). Furthermore, later production phases of 

Field 

observations 

Eucalyptus Presence of Eucalyptus trees within the 1 m 

radius 



Euc. Phase Eucalyptus production phase 

Categories: 

1 – Initial (≤ 1.5 

m); 

2 – 

Intermediate (> 

1.5 - < 10 m); 

3 – Pre-harvest 

(≥ 10m) 

Eucalyptus (i.e. pre-harvesting) may host a higher relative abundance 

of rodents since mechanical trimmings and trail-cleaning are more 

frequent and there are higher levels of anthropogenic disturbance 

(from humans and machinery), leading to lower use of these older 

stands by carnivores (Timo et al., 2015). Plantation understory soil 

cover is often higher at the end of the production cycle (Carneiro et al., 

2007), thus providing more refuge opportunities to small mammals. 

Deciduous trees are often used as roost or latrine sites by flying and 

terrestrial predators, respectively (Yatsiuk and Wesołowski, 2020; 

Espírito-Santo et al., 2007). Thus, rodents are likely to avoid areas 

where predators are more frequently present (Díaz et al., 2005). 

%Shrubs Percentage of all types of shrub cover within 

the 1 m radius 
 

Categories: 

 1 - 0–35%;  

2 - 36–70%;  

%Herbaceous Percentage of herbaceous cover within the 1 

m radius 

%Litter_Cover Percentage of litter cover within the 1 m 

radius 



%Bare_Soil Percentage of bare soil within the 1 m radius 
3 - 71–100% 

Native Habitat Sampling grid located on native habitat  

Absence / 

Presence [0–1] 

  Season Wet or dry season in 2019 and 2020  Wet / Dry 

Relative abundance of rodents is higher after the reproductive season 

(end of spring and beginning of summer; dry season), with juveniles 

already exploring their environment as food availability increases 

(Carrilho et al., 2017; Bronson and Perrigo, 1987). Such seasonal 

fluctuations in abundance are a common phenomenon among small 

mammals (e.g., Torre et al., 2018). 

- 

  Fire 
Occurrence of fire in 2019 and 2020 in each 

sampling grid (confirmed in loco by the 

presence of ashed and burned trees/shrubs)  

Absence / 

Presence [0–1] 

Post-fire habitats, especially several months after fire events, tend to 

host more diverse and abundant prey communities. This pattern arises 

due to lower predation risk, with certain predators (e.g., stone marten; 

Birtsas et al., 2012) taking longer to recolonize burned and 

consequently fragmented habitats (Torre and Díaz, 2004; Lino et al., 

2019), and coverage of herbaceous vegetation increasing after fires 

(Kazanis and Arianoutsou, 1996), promoting cover and food 

availability, e.g., Apodemus sylvaticus is considered a granivore 

(Khammes and Aulagnier, 2007) and Mus spretus feed mainly on grass 

seeds, plants and insects (Palomo et al., 2009).  

Field 

observations 

  Abund.Carn. Relative abundance of mammalian carnivores 

per camera-trap grid 

RAI (Nº Photo/ 

Nº Day) 

Areas with more predators display a lower probability of harboring 

rodents (or at least lower abundance) due to predation pressure 

(Norrdahl et al., 2002; Korpimäki et al., 2005). Furthermore, ungulates 

can induce a decrease in habitat quality by reducing the availability of 

Camera 

trapping 

study 



  Abund. Sus Relative abundance of wild boar per camera-

trap grid 

[0–24] food and shelter, by trampling vegetation (all species), through 

competition for food (especially grazers such as deer), and by changing 

habitat structure (for instance, rooting activity by wild boars leads to 

vegetation removal and disturbed soil) (Barrios-Garcia and Ballari, 

2012). All these processes affect the presence and relative abundance 

of rodents (Muñoz et al., 2009).  

(Castro 2019) 

  Abund. Deer Relative abundance of red deer, roe deer and 

fallow deer per camera-trap grid 

686 



Supplementary data - Forestry 687 

Figure S1 – Small mammals with tattooed marks 688 

  689 



 690 

Figure S2 – Example of the location of two small mammal sampling grids (  1 – Mortágua; 6 - Penamacor) 691 

within camera-trap grids ( ) established to monitor medium-large sized mammals in Eucalyptus plantations (2 692 
– Gois; 3 – Lousã; 4 – Pampilhosa; 5 – Fundão; 7 – Malcata; 8 - Penha-Garcia) 693 

 694 

 695 
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Table S1 – Number of small mammals captured in each season, per area and species. Relative abundance values 697 
for each species are in brackets. 698 

Western areas Eastern areas  

 
Native Eucalyptus plantations Native Eucalyptus plantations  

Season Species Lousã Pampilhosa Góis Mortágua Malcata Penamacor Penha Fundão TOTAL 

1st 

 

Apodemus 

sylvaticus 

2 

(10.20) 

4 

(21.16) 

5 

(25.25) 

0 

(0) 

4 

(20.62) 

4 

(20.94) 

4 

(20.31) 

0 

(0) 
23 

Microtus 

cabrerae 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

1 

NA 

0 

(0) 

0 

(0) 

0 

(0) 
1 

Crocidura 

russula 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

3 

(15.31) 

0 

(0) 
3 

Mus 

spretus 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

1 

(5.32) 

0 

(0) 

0 

(0) 
1 

Total Nº 2 4 5 0 5 5 7 0  28 

2nd 

 

Apodemus 

sylvaticus 

1 

(5.13) 

8 

(44.94) 

4 

(20.41) 

0 

(0) 

2 

(10.70) 

0 

(0) 

0 

(0) 

0 

(0) 
15 

Crocidura 

russula 

0 

(0) 

0 

(0) 

0 

(0) 

1 

(5) 

0 

(0) 

0 

(0) 

1 

(5.13) 

1 

(5) 
3 

Mus 

spretus 

0 

(0) 

9 

(50.28) 

0 

(0) 

0 

(0) 

0 

(0) 

2 

(10.26) 

0 

(0) 

0 

(0) 
11 

Total Nº 1 17 4 1 2 2 1 1  29 

3rd 

 

Apodemus 

sylvaticus 

1 

(5.08) 

6 

(31.92) 

1 

(5.05) 

5 

(26.60) 

3 

(15.31) 

1 

(5.35) 

0 

(0) 

0 

(0) 
17 

Crocidura 

russula 

0 

(0) 

0 

(0) 

0 

(0) 

1 

(5.44) 

0 

(0) 

1 

(5.35) 

6 

(30.77) 

0 

(0) 
13 

Mus 

spretus 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

4 

(21.05) 

0 

(0) 

0 

(0) 
4 

Total Nº 1 6 1 6 3 6 6 0  29 

4th 

 

Apodemus 

sylvaticus 

0 

(0) 

3 

(15.79) 

3 

(15.38) 

0 

(0) 

8 

(42.33) 

 2 

(10.31) 

 1 

(5.32) 

0 

(0) 
17 

Mus 

spretus 

0 

(0) 

1 

(5.32) 

0 

(0) 

0 

(0) 

0 

(0) 

1 

(5.18) 

0 

(0) 

0 

(0) 
1 

Crocidura 

russula 

0 

(0) 

0 

(0) 

2 

(10.31) 

1 

(5.05) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 
3 

Erinaceus 

europaeus 

1 

(6.37) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 
1 

Total Nº 1 4 5 1 8 2 1 0  22 

 699 

  700 



Table S2 – Number of independent events of medium/large mammal species registered in camera traps, in each 701 
area 702 

 703 

 

Western areas Eastern areas  

Native Eucalyptus plantations Native Eucalyptus plantations  

Species Lousã Pampilhosa Góis Mortágua Malcata Penamacor Penha Fundão Total Nº 

Capreolus 

capreolus 
150 12 61  553 284 46 368 1474 

Cervus elaphus 410  10  6 65 82 3 576 

Dama dama      9 8  17 

Genetta genetta 1 4 6 4 1 8 1 1 26 

Herpestes 

ichneumon 
  1   1 1  3 

Martes foina 7 1  11 16 3 1 2 41 

Meles meles 1 1 6  15  1 4 28 

Sus scrofa 430 44 40 29 537 330 40 164 1614 

Vulpes vulpes 58 37 50 27 85 56 16 35 364 

Total Nº 1057 99 174 71 1213 756 196 577 4143 

  704 

  705 



Table S3 – Structural Equation modelling (SEM) results. Models are separated according to the dependent 706 
variable considered (see table 1 for variables description). In bold are highlighted variables whose influence is 707 
significant (i.e. p<0.05). 708 

 709 

  Estimate Std.Err z-value P(>|z|) Std.lv Std.all 

Rodents’ relative abundance 

%Shrubs 0.010 0.056 0.173 0.863 0.010 0.006 

% Herbaceous -0.263 0.076 -3.460 0.001 -0.263 -0.129 

%Bare Soil -0.147 0.050 -2.964 0.003 -0.147 -0.187 

%Litter Cover -0.227 0.047 -4.813 0.000 -0.227 -0.254 

Eucalyptus -0.118 0.107 -1.105 0.269 -0.118 -0.053 

Deciduous -0.223 0.109 -2.042 0.041 -0.223 -0.076 

Wet Season 0.121 0.072 1.684 0.092 0.121 0.056 

Fire 0.437 0.144 3.044 0.002 0.437 0.097 

Abund. Carn 0.153 0.039 3.968 0.000 0.153 0.136 

Abund. Sus 0.253 0.046 5.468 0.000 0.253 0.225 

Abund. Deer -0.332 0.045 -7.420 0.000 -0.332 -0.303 

Native Habitat -0.244 0.231 -1.056 0.291 -0.244 -0.087 

Euc. Phase -0.142 0.074 -1.903 0.057 -0.142 -0.145 

%Shrubs 

Fire -2.684 12.052 -0.223 0.824 -2.684 -0.970 

Native Habitat -60.161 263.964 -0.228 0.820 -60.161 -34.785 

Wet Season -1.215 5.895 -0.206 0.837 -1.215 -0.912 

Abund. Deer 37.688 165.024 0.228 0.819 37.688 55.736 

Euc. Phase -2.879 13.147 -0.219 0.827 -2.879 -4.802 

% Herbaceous 

Fire -0.012 0.065 -0.190 0.850 -0.012 -0.006 

Native Habitat 0.951 0.054 17.775 0.000 0.951 0.691 

Abund. Deer -0.180 0.020 -9.081 0.000 -0.180 -0.335 

Wet Season -0.007 0.031 -0.208 0.835 -0.007 -0.006 

Euc. Phase 0.016 0.015 1.064 0.287 0.016 0.033 

%Litter Cover 

Fire -0.262 0.105 -2.489 0.013 -0.262 -0.052 

Native Habitat 1.688 0.069 24.397 0.000 1.688 0.538 

Wet Season 0.095 0.050 1.888 0.059 0.095 0.039 



Euc. Phase 0.864 0.024 36.217 0.000 0.864 0.794 

%Bare Soil 

Fire 0.077 0.100 0.765 0.445 0.077 0.013 

Native Habitat -2.495 0.066 -37.899 0.000 -2.495 -0.699 

Wet Season -0.055 0.048 -1.149 0.251 -0.055 -0.020 

Euc. Phase -0.971 0.023 -42.767 0.000 -0.971 -0.785 

Native Habitat 

Fire -7.816 2.358 -3.315 0.001 -7.816 -4.885 

Deciduous 

Fire -0.036 0.069 -0.519 0.603 -0.036 -0.023 

Fire 

Native Habitat 6.075 2.350 2.585 0.010 6.075 9.721 

Wet Season 0.088 0.121 0.728 0.467 0.088 0.182 

Eucalyptus 2.766 1.055 2.623 0.009 2.766 5.626 

Deciduous -2.869 1.083 -2.649 0.008 -2.869 -4.382 

Abund. Deer 

Fire -2.606 8.142 -0.320 0.749 -2.606 -0.637 

Native Habitat -6.679 23.110 -0.289 0.773 -6.679 -2.611 

Wet Season 1.762 5.049 0.349 0.727 1.762 0.894 

%Shrubs -37.140 102.923 -0.361 0.718 -37.140 -25.114 

Eucalyptus -24.715 68.484 -0.361 0.718 -24.715 -12.283 

Deciduous -1.879 5.813 -0.323 0.746 -1.879 -0.701 

Euc. Phase 8.989 24.696 0.364 0.716 8.989 10.136 

Abund. Carn 

Fire 0.528 0.130 4.067 0.000 0.528 0.132 

Native Habitat 0.599 0.116 5.174 0.000 0.599 0.239 

Wet Season 0.292 0.062 4.735 0.000 0.292 0.152 

%Shrubs 0.267 0.051 5.280 0.000 0.267 0.185 

Eucalyptus -0.002 0.098 -0.016 0.987 -0.002 -0.001 

Deciduous 0.186 0.100 1.865 0.062 0.186 0.071 

Euc. Phase -0.151 0.036 -4.264 0.000 -0.151 -0.175 

Abund. Sus 

Fire 0.116 0.108 1.074 0.283 0.116 0.029 



Native Habitat 1.586 0.096 16.443 0.000 1.586 0.634 

Wet Season -0.462 0.051 -8.986 0.000 -0.462 -0.240 

%Shrubs 0.013 0.042 0.308 0.758 0.013 0.009 

Eucalyptus 0.104 0.081 1.271 0.204 0.104 0.053 

Deciduous 0.024 0.083 0.284 0.776 0.024 0.009 

Euc. Phase 0.005 0.030 0.169 0.866 0.005 0.006 
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