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Abstract:  11 

Wildfires have always been a part of the history of Mediterranean forests. However, forest 12 
regeneration after a wildfire is not certain. It depends on many factors, some of which may be 13 
influenced by land management activities. Failure of regeneration will cause a regime shift in the 14 
ecosystem, reducing the provision of ecosystem services and ultimately leading to desertification. 15 
How can we increase Mediterranean forests’ resilience to fire? To answer this question, we did a 16 
literature review, investigating chains of processes that allow forests to regenerate (which we label 17 
“regeneration mechanisms”), and assessed the impact of selected management practices 18 
documented in the WOCAT database on the regeneration mechanisms. 19 

We identified three distinct regeneration mechanisms that enable Mediterranean forests to recover, 20 
as well as the time frame before and after a fire in which they are at work, and factors that can hinder 21 
or support resilience. The three regeneration mechanisms enabling a forest to regenerate after a fire 22 
consist of regeneration (1) from a seed bank; (2) from resprouting individuals; and (3) from 23 
unburned plants that escaped the fire. 24 

Management practices were grouped into four categories: (1) fuel breaks, (2) fuel management, (3) 25 
afforestation, and (4) mulching. We assessed how and under what conditions land management 26 
modifies the ecosystem’s resilience. The results show that land management influences resilience 27 
by interacting with resilience mechanisms before and after the fire, and not just by modifying the 28 
fire regime. Our analysis demonstrates a need for adaptive – i.e. context- and time-specific – 29 
management strategies. 30 

Keywords: Keywords: resilience, land management, wildfire, Mediterranean dry forest 31 

PACS: J0101 32 
 33 

1. Introduction 34 

 35 
Dry Mediterranean ecosystems are said to be particularly resilient to fire due to their long history 36 

of exposure to this type of disturbance. Many of the plant species found in Mediterranean forests and 37 
shrublands show some degree of adaptation to fire and even rely on fire events to complete certain 38 
stages in their life cycle [1]. However, some previously forested areas in Mediterranean drylands 39 
have experienced a regime shift following a wildfire. While the most evident trigger of such a regime 40 
shift is a change in the fire regime (i.e. frequency and/or intensity of fire), the root causes are systemic 41 
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and linked to multiple factors that interact within the local ecosystem, including climate, soil 42 
properties, land use, land use history, and others [2].  43 

According to the concept of “ecological resilience” [3], an ecosystem can be considered resilient 44 
if it is able to recover its composition, structure, and main functions following a disturbance. Thus, 45 
we can label a forest as resilient if it is able to recover its previous vegetation structure (e.g. a tree 46 
layer and a shrub/ground layer) after a disturbance and the regenerated community is composed of 47 
the same set of species. In this way, the regeneration of trees that constituted the pre-disturbance 48 
canopy is not only the most visible display of resilience, but also the main concrete process that fosters 49 
resilience [4]. The recovery of the vegetation depends on specific chains of physical processes that 50 
take place before, during, or after the disturbance. We refer to them as “regeneration mechanisms”.  51 
Land management practices in Mediterranean forests are generally focused on reducing fire 52 
occurrence or on mitigating its impacts. However, these interventions interact with all components 53 
of the ecosystem: vegetation, soil, fauna, and human action. There is little research on the 54 
effectiveness of these management practices on canopy regeneration due to the long time span 55 
needed for assessments as well as the variability in time and space of forest ecosystems, fire events, 56 
and management approaches. Most of the available literature focuses on changes in the fire regime. 57 
Nevertheless, land management practices are the most effective way of increasing forests’ resilience 58 
in the short term; assessing their impacts is an important means of “learning by doing”, which is 59 
essential to improving the sustainability and management of our ecosystems [5]. Documenting how 60 
management is implemented on the ground, and studying the direct and indirect impacts on the 61 
ecosystem is crucial if we want to increase the resilience of Mediterranean forest ecosystems. 62 
In this paper we begin by reviewing the scientific literature on regeneration mechanisms in 63 
Mediterranean forest ecosystems, which we believe sets a good foundation for subsequent resilience 64 
assessments and evidence-based management decisions. We then present the results of land 65 
managers’ and other experts’ assessments of systemic interactions between land management 66 
practices and forest regeneration mechanisms. These assessments and corresponding analytical 67 
framework can enable forest managers to better understand the vulnerabilities of their own specific 68 
system, and can enable researchers to identify knowledge gaps in our scientific understanding of the 69 
resilience of real-world forest ecosystems. 70 

2. Materials and Methods  71 

2.1 Identification of regeneration mechanisms 72 

In order to identify regeneration mechanisms in Mediterranean forests, we analysed 41 peer-73 
reviewed articles on responses to fire in Mediterranean dryland ecosystems. The articles belonged to 74 
3 different categories (from largest to smallest): (1) direct observations of fire impact or of vegetation 75 
recovery after fire; (2) studies (including reviews) on functional traits related to recovery after fire; 76 
and (3) articles providing information on key Mediterranean species. For categories (1) and (3) we 77 
selected only articles on Mediterranean vegetation, while in category (2) we also included articles on 78 
ecosystems similar to the Mediterranean but located outside the Mediterranean basin. In addition, 79 
we also considered published databases as sources of information about specific species. 80 
Those physical and biological processes that directly foster vegetation recovery from a fire event were 81 
identified as “regeneration mechanisms”. Regeneration mechanisms are characterized by the 82 
following properties: 83 
• Processes involved: biological processes that enable the forest to recover and constitute the 84 

actual regeneration mechanism. One example is the constitution of a seed bank prior to the fire. 85 
• Preparation period: the time needed before a fire for the regeneration mechanism to become 86 

effective and to enable forest regeneration after the disturbance. For example, plant 87 
recolonization from a seed bank requires that the plant had time to reach maturity before the fire 88 
event; in the case of Pinus halepensis, this takes 15 to 20 years [6]. 89 
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• Effectiveness period: the time span after the fire event during which the regeneration mechanism 90 
is effective, from the appearance of first signs of recovery to the time when no further recovery 91 
may be expected. For example, seeder species are likely to germinate in the next wet season 92 
following a fire[7] but no longer than 2 years after the fire. 93 

• Hindering and supporting factors: factors that may reduce (hindering factors) or increase 94 
(supporting factors) the regeneration mechanism’s effectiveness. For example, frequent fires will 95 
reduce the capacity of plants to resprout, preventing regrowth of forest resprouter species[8]. 96 

To evaluate the impacts of land management on the resilience of Mediterranean forests to fire, 97 
we investigated how different management practices affect these regeneration mechanisms. 98 

2.2 Data on Land Management Practices 99 

The World Overview of Conservation Approaches and Technologies (WOCAT) database 100 
contains information about sustainable land management practices from around the world that have 101 
been documented in a standardized and scientific manner [9]. Information about benefits and 102 
disadvantages of management practices is derived from semi-quantitative assessments based on 103 
consultation with stakeholders, combined, wherever possible, with scientific data and observations.   104 
We selected the land management practices for this study according to three criteria that, taken 105 
together, define Mediterranean forests: (1) the land use type is forest/woodland; (2) the agro-climatic 106 
zone is sub-humid to semiarid; and (3) the practice is applied in a Mediterranean country. The land 107 
management practices were then grouped according to their main objectives: fuel breaks 108 
(prevention), fuel management (prevention), reforestation (rehabilitation), and soil protection 109 
(mitigation). 110 

2.3 Assessing the impact of management practices on regeneration mechanisms  111 

First, we established a link between the indicators of ecological benefits and disadvantages used 112 
in the WOCAT Technology Questionnaire and the hindering and supporting factors of the three 113 
regeneration mechanisms. On this basis, we then analysed how the land management practices 114 
influence the hindering and supporting factors of each regeneration mechanism, thus identifying 115 
hindering and supporting interactions between land management and the resilience of 116 
Mediterranean forest to fire. In doing so, we also considered differences between land management 117 
practices belonging to the same group. 118 

3. Results 119 

This section may be divided by subheadings. It should provide a concise and precise description 120 
of the experimental results, their interpretation as well as the experimental conclusions that can 121 
be drawn. 122 

3.1. Regeneration mechanism 1: Forest regenerates from a seed bank 123 

3.1.1  Processes involved 124 

Post-fire regeneration from a seed bank refers to forest regrowth from seeds produced before 125 
the fire event and left in the soil or the canopy. This regeneration mechanism includes multiple 126 
processes. For the forest to regenerate after a fire, plants must first reach sexual maturity and produce 127 
viable seeds, which need to be stored in the canopy or in the soil, creating a seed bank. The seeds then 128 
have to survive the fire, germinate, and produce seedlings that survive their juvenile stage and reach 129 
maturity again (Figure 1). 130 
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(a) 

Figure 1. Processes involved in forest regeneration from a seed bank (Regeneration mechanism 1) 131 
†Time needed for trees to reach maturity. Shrubs take between 5 and 10 years (see table 1)  132 
‡For transient /ground seed banks. Seeds can resist in the canopy for up to 50 years 133 

Post-fire regeneration from a seed bank refers to forest regrowth from seeds produced before 134 
the fire event and left in the soil or the canopy. This regeneration mechanism includes multiple 135 
processes. For the forest to regenerate after a fire, plants must first reach sexual maturity and produce 136 
viable seeds, which need to be stored in the canopy or in the soil, creating a seed bank. The seeds then 137 
have to survive the fire, germinate, and produce seedlings that survive their juvenile stage and reach 138 
maturity again. 139 
Even if most plants produce seeds, a reduced number of species only recover from seeds while the 140 
rest combine this strategy with resprouting organs. ([10]). The traits that characterize a so-called 141 
“seeder plant” include a high production of seeds, mechanisms for seed dispersal, and a high 142 
germination rate [11].  143 
Some of the common seeders of the Mediterranean area appear to have adapted specifically to fire: 144 
their seed bank is protected in the canopy (e.g. in cones) rather than in the soil, and seed dispersal is 145 
triggered by heat, increasing the chances of successful germination [12]. Table 1 presents common 146 
seeder species in the Mediterranean basin. 147 
Seeder species are often highly flammable and, especially when the germination is stimulated by 148 
heat, they tend to form a highly dense canopy structure, which increases the risk of intense fires. 149 

Table 1. Common seeder species in the Mediterranean basin and their traits related to Regeneration 150 
mechanism 1 151 

Species 

Longevi
ty of 
seed 
bank

Heat- 
stimulated 
germinatio

n† 

Post-fire 
seedling 

emergence ‡ 

Seedling 
survival after 
first summer 

§ 

Type 
of seed 
bank| 

Age of 
maturity 
(years) ¶ 

Cistus 
salvifolius 

>1 year†† + high high soil 1–2 

Erica 
umbellata 

<1 year‡‡ 0 yes high soil <5 

Cupressus 
sempervirens 

>15 years no data yes high aerial 6 

Pinus 
halepensis 

>5 years 0/+ high high aerial 10–20 

Pinus brutia <1 year -/0 high high aerial 9 
Rosmarinus 
officinalis 

<1 year 0 yes high soil 4–10 
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Thymus 
vulgaris 

<1 year 0 yes no data soil <5 

Ulex 
parviflorus 

>1 year + high high soil 2 

Sources: [6,13,14];  152 
† +: positive effect of heat on germination; 0: no effect; -: negative effect 153 
‡ yes: seedlings have been observed after a fire but no quantitative data is available; high: the number of 154 
seedlings emerging after the fire is higher than the number of individuals before the fire 155 
§ high: more than 25% of seedlings survive the first summer 156 
| soil: once the seeds are fully developed, they immediately detach themselves from the plant; aerial: seeds 157 
remain in the canopy after reaching full development 158 
¶ time needed for new seedlings to reach sexual maturity and start producing seeds 159 
†† Indicates a non-transient seed bank 160 
‡‡ Indicates a transient seed bank 161 

 162 

3.1.2  Preparation and effectiveness periods 163 

For this regeneration mechanism to function, the vegetation has to produce seeds before the fire 164 
event. The length of the preparation period depends on the time required for the plants to reach 165 
sexual maturity and constitute a seed bank. The age of maturity depends primarily on the plant 166 
genotype and can vary between 1 year (Cistus salvifolius) to 15–20 years (Pinus halepensis) (Table 1). 167 
However, environmental conditions and events in the plants’ life history can delay or even prevent 168 
this process [15]. Once the fire event has occurred, the time it takes until the vegetation can begin to 169 
recover depends on two interacting processes: (1) Seed persistence, defined as the period during 170 
which a seed will be able to germinate; (2) dormancy, or the period during which a seed will not 171 
germinate despite being alive and able to grow [16]. Generally, the more a seed is exposed (to climatic 172 
variation, predation by animals, chemicals, etc.), the shorter it will survive and be able to germinate.  173 
Dormancy can be influenced by genetics, environmental factors (the seed germinates when light, 174 
temperature, humidity, or nutrient conditions are above a certain threshold), or a combination of the 175 
two (ibid.). The high temperatures of fire events seem to break dormancy in certain species (see 176 
“Heat-stimulated germination”, Table 1), making them particularly efficient in recovering from fire 177 
[2]. 178 
Scientists classify seed banks into transient (if seeds survive less than a year) and persistent (seeds 179 
survive more than a year) (see “Seed bank longevity”, Table 1). A transient seed bank experiences 180 
substantial seasonal fluctuations between autumn and spring [14]. 181 
Seasonal climatic variation, seed persistence, and dormancy combine to determine an optimal 182 
window for post-fire seed germination. It is difficult to obtain quantitative information about this 183 
window for individual Mediterranean plant species, but Quintana et al. (2004) suggest, based on 184 
empirical measurements, that this optimal window might be pinpointed as the next wet season (i.e. 185 
first autumn, winter, and spring) after the fire, and extend to no more than the next two years[17]. 186 

3.1.3  Hindering and supporting factors 187 

The most widely examined hindering factor by far in the ecological literature is the fire regime 188 
[18], constituted by fire frequency and fire severity. The interval between two fires (which determines 189 
the fire frequency) has to be longer than the time the plants take to reach maturity and produce seeds, 190 
otherwise there will be no seeds to start the recovery process anew. Fire severity, or the amount of 191 
biomass that is burned during a fire event [19] influences seed mortality both in the soil and in the 192 
canopy. 193 

Plant development and seed production can be affected by poor environmental conditions, and 194 
especially by water scarcity [15]. Besides climatic variations, topography and soil type will reduce the 195 
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soil’s water holding capacity, moisture, and stability. Once the seeds have reached full development, 196 
they have to survive the fire event to enable regeneration.  197 
In the case of a transient seed bank, the timing of a fire event in relation to the flowering period is 198 
crucial: recovery is less likely if a fire occurs during flowering (normally spring) or late in the season 199 
(autumn), as this will drastically reduce the amount of fertile seeds [20]. In a soil seed bank, sheltering 200 
from the weather and animal predation appears crucial to ensure seed survival. Accordingly, soil 201 
erosion can be considered a hindering factor, whereas the presence of organic litter and mosses can 202 
be considered a supporting factor. Animal predation is another major factor of seed mortality. The 203 
relevance of this process depends on the types of seeds and animals, but also on the exposure of 204 
seeds: it is negatively correlated to burial depth [21]. 205 
Germination in post-fire conditions depends, first of all, on water availability. Thus, meteorological 206 
anomalies and especially dry spells in autumn and winter can heavily harm regeneration. Fire-207 
stimulated germination (by heat or smoke) increases the chances of seedling survival, because new 208 
seedlings will emerge before other plants and will not have to compete for resources. But if 209 
germination occurs in hostile environmental conditions (i.e. during a dry spell), the whole recovery 210 
process may fail, leading to a regime shift. Seeder species communities affected by (late) winter fires 211 
are especially sensitive to collapse, as germinated seedlings have not produced well-developed 212 
belowground systems to overcome the expected summer drought. 213 
While the impact of ashes on germination is controversial, the presence of litter – both pre-fire litter 214 
or mosses and burned residues – is important for germination, as it increases soil humidity and 215 
nutrients, reduces erosion, and protects seedlings [2]. 216 
After germination, plants go through a period of high vulnerability to scarcity of water and nutrients, 217 
which is generally considered to last three years. In a post-fire situation, competing plants include 218 
grasses and resprouting species that take less time to regrow than seedlings [17]. Intra-specific 219 
competition may also occur several years after the fire in case of massive post-fire recruitment but 220 
these situations only affect the individual and not the population level. 221 

 222 

3.2. Regeneration mechanism 1: Forest regenerates from a seed bank 223 

3.2.1  Preparation and effectiveness periods 224 

Instead of working with Regeneration mechanism 1 and creating seeds that survive a fire, some 225 
plants have the ability to regrow stems, branches, and leaves from unburned protected organs. 226 
Regeneration mechanism 2, which builds on this ability, includes the processes of such “resprouter 227 
plants” establishing themselves in the area, developing a bud bank (also soil or aerial) and protected 228 
organs, storing nutrients and water to survive the fire, and regrowing their burned tissues (Figure 2). 229 

 

Figure 1: Processes involved in forest regeneration from resprouting plants (Regeneration mechanism 2). 230 

We included establishment of individuals in the regeneration mechanism because this process 231 
is much more difficult for resprouters than for seeder species under natural conditions. In fact, species 232 
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that work with Regeneration mechanism 2 are normally characterized by lower seed production (and 233 
even years without production at all) and a low germination rate [22]. This influences the structure 234 
of the forest where resprouter species are dominant, characterized by large trees of varying heights 235 
and shapes as well as a high variety of species. Resprouters in Mediterranean forest ecosystems are 236 
often associated with older, less disturbed forest stands that tend to be highly resistant to fire [23]. 237 

The following traits enable plants to use Regeneration mechanism 2: a bud reserve from where new 238 
sprouts will grow; mechanisms to protect these bud banks, such as thick bark, height, or an 239 
underground bud bank; a deep and thick root system; and the ability to store nutrients and water in 240 
the roots or stem. Scientists have identified a variety of resprouting strategies that differ mainly in 241 
the location of new buds, but also include various strategies for bud protection and nutrient storage. 242 
Table 2 presents common Mediterranean basin species that rely on Regeneration mechanism 2. 243 

Table 1: Common resprouter species of the Mediterranean basin and the location of their buds.  244 

 245 

 246 

 247 

 248 

 249 

 250 

 251 

 252 

 253 

 254 

 255 

 256 

Sources:[6,24]. 257 

3.2.2.  Preparation and effectiveness periods 258 

The length of the preparation time required for this regeneration mechanism to work depends, 259 
first, on the time needed for seed arrival and germination and, second, on the ability of the plant to 260 
develop a root system and organs it needs to survive the fire and accumulate resources for post-fire 261 
growth (e.g. a bud bank and bark or some other protection system). 262 
The time resprouter species require to establish a consistent presence in forests is very difficult to 263 
forecast because it depends on environmental factors, genetic factors, and contingent events in the 264 
life history each individual [11,25]. In general, the drier and less stable the climate, and the less fertile 265 
the soil, the more difficult it is for seeds of resprouter species to germinate and reach maturity [22]. 266 
Depending on the plant’s strategy, its ability to resprout will reach its maximum before or during 267 
maturity and will then decrease as the plant undergoes senescence [26]. However, post-fire 268 
resprouting capacity seems to appear a few months after root establishment, as has been observed 269 
for Quercus ilex. (personal observation). At the level of the individual plant, resprouting is a 270 
dichotomous event, in the sense that after a fire, the plant either resprouts or dies [27]. If it resprouts, 271 
this happens immediately after the fire: Malanson and Trabaud (1988) [28] suggest that if no resprouts 272 
have been observed during the first eight weeks after the fire, the individual is dead.  273 
At the level of the forest stand, locally unfavourable environmental conditions or high fire intensity 274 
might delay this regeneration mechanism (or the plants’ “resprouting vigour”, ibid. ). However, the 275 

Plant name Bud location 

Acer campestre root and crown 
Arbutus unedo root and crown 

Buxus sempervirens non specified 
Ceratonia silique branches 
Daphne gnidium stem buds 
Fraxinus ornus roots 

Juniperus oxicedrus root and crown 
Laurus nobilis non specified 

Phyllirea angustifolia non specified 
Pistacia lentiscus roots 
Prunus spinosa root and crown 

Quercus ilex lignotuber 
Rhamnus alaternus root and crown 
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negative impact of these factors appears to be relevant only in the first months to years after a fire. 276 
Empirical studies conclude that differences even out within three years after the event [29]. 277 

 278 

3.2.3.  Hindering and supporting processes 279 

Compared to seed regeneration (Regeneration mechanism 1), resprouting (Regeneration 280 
mechanism 2) is considered a much more secure and rapid path to recovery with fewer hindering 281 
factors [10]. However, the presence of resprouting plants can be greatly reduced by human activities: 282 
logging, uprooting, and heavy grazing can cause plants to die, and the typically low recruitment rate 283 
of resprouter species will limit or prevent regeneration once an individual is dead [26]. Furthermore, 284 
seeds of resprouting species are much more sensitive to unfavourable environmental conditions than 285 
those of seeder species, and may fail to germinate if, for example, the rainfall regime is unstable and 286 
soil fertility is low.  287 
Once a resprouter plant is established, it has to develop the underground and above-ground organs 288 
(depending on bud location, see Table 2). Soil depth is crucial at this stage, as it determines the plant’s 289 
root development and how well its underground bud banks are sheltered [30]. Non-structural 290 
carbohydrates are the nutrients that plants need most in order to resprout. The amount stored in the 291 
plants is subjected to considerable seasonal variations. Studies based on prescribed burning suggest 292 
that fires have a stronger negative impact on resprouting if they occur in the later seasons, when 293 
nutrient reserves are lower [27]. Coppicing is a traditional way of exploiting the valuable wood of 294 
resprouter trees (in particular Quercus ilex and Q. pubescens), which involves cutting back branches or 295 
parts of the trunks of trees and allowing them to resprout. This technique appears to stimulate the 296 
resprouting capacity of the plant, also increasing its post-fire resprouting vigour [31].  297 
During the fire event, fire intensity, or the energy released during the fire [19], is the main factor 298 
inducing mortality in resprouter plants, as high temperatures can burn the bud bank and damage the 299 
protected aerial buds and the root system [32]. Another important hindering factor is plant size at the 300 
time of the fire. Stem size in particular is correlated to root system development. The bigger the stem 301 
and root system, the greater the chances of survival after a fire [27].  302 
After a fire, plants have to rely on stored water and nutrients until they regrow leaves and return to 303 
photosynthesis. The relationship between the use of stored energy and photosynthesis varies among 304 
species and depends on their resprouting strategy [26]. Regrowth and resprouting vigour may be 305 
delayed during the first years after a fire by factors such as reduced water availability – which, in 306 
turn, may be the result of aspect, competition, or seasonality [28]. 307 
If no fire occurs during a long enough time, resprouters may reach the senescent stage and lose their 308 
capacity to resprout. This can also prevent their recovery from a subsequent fire event [26]. 309 
 310 

3.3 Regeneration mechanism 3: Forest regenerates from unburned plants or patches 311 

3.3.1  Processes involved 312 

If the vegetation in a burned area is unable to resprout or to recover from seeds after a fire, 313 
recovery will be driven by unburned vegetation. This regeneration mechanism has been referred to 314 
as “indirect regeneration” [23] or “recolonization” [10], as it does not involve the individuals directly 315 
affected by the fire nor their seeds, but relies on those plants that escape the fire or grow outside its 316 
boundaries. While this regeneration mechanism can restore the pre-fire vegetation structure (i.e. 317 
shrubland or forest), it may induce important changes in the species composition, especially if the 318 
canopy consists of heterogeneous vegetation patches. Moreover, as it takes time for seeds to spread 319 
in the burned area and germinate, Regeneration mechanism 3 will only be relevant if Regeneration 320 
mechanisms 1 and 2 fail, and only in the case of fires where the distance from the boundaries or 321 
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unburned patches to the core of the burned area is compatible with the dispersion mechanisms, 322 
distances, and life cycles of the species involved. 323 
Regeneration mechanism 3 includes the processes of plants escaping the fire, producing seeds, the 324 
seeds being dispersed across the burned area, and finally germination (Figure 3). 325 

 

Figure 3: Processes involved in forest regeneration from unburned plants (Regeneration mechanism 3). 326 

† The arrow indicates that the process of seed creation transport and germination must be repeated several 327 
times, for the regeneration mechanism to be effective at the landscape scale 328 

 329 
Only a few plants rely mainly on this regeneration mechanism: those that combine low or no 330 

resprouting capacity and low seed survival include Juniperus oxicedrus and Pinus brutia. When other 331 
regeneration mechanisms fail, plants rely on unburned individuals or patches to recover from a fire. 332 
Plant traits that are relevant to this particular regeneration mechanism include: adaptation to 333 
facilitate dispersal by wind or animals, bigger size that increases chances of seed dispersal by wind 334 
and birds / insects and the number of seeds produced, the presence of a fleshy fruit protecting seeds. 335 
Regeneration mechanism 3 thus generally favours seeder species. Table 3 presents common species 336 
of the Mediterranean Basin and their traits related to Regeneration mechanism 3. 337 

Table 3: Common species of the Mediterranean Basin and traits related to forest regeneration from 338 
unburned plants (Regeneration mechanism 3) 339 

Plant species 
Average 

height (m) 

Dispersal 
unit 

(propagule)
Dispersal mode (vector) 

Arbutus unedo 3 fruit internal animal transport  
Buxus semperivirens 2.5 seed hoarding animals or fruit explosion 

Ceratonia siliqua 15 fruit internal animal transport 
Daphne gnidium 1.5 fruit internal animal transport 
Erica umbellata 0.6 seed wind 
Fraxinus onus 10 fruit wind or water 

Juniperus oxicedrus 10 fruit internal animal transport or gravity 
Phyllirea angustifolia 1.7 fruit internal animal transport 

Pinus brutia 25 seed wind 
Pinus halepensis 20 seed wind 

Pinus nigra 30 seed wind 
Pistacia lentiscus 2 fruit internal animal transport 
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Prunus spinosa 2 fruit internal animal transport 
Quercus coccifera 2 fruit hoarding animals 
Quercus faginea 20 fruit hoarding animals 

Quercus ilex 15 fruit hoarding animals 

Sources: [6] 340 

 341 

3.3.2.  Preparation and effectiveness periods 342 

Regeneration mechanism 3 relies only on vegetation existing prior to the fire. Accordingly, the 343 
preparation period cannot be adequately defined. At the individual level, however, plants have lower 344 
chances of survival at the seedling stage and greater chances when they are fully grown and equipped 345 
with a thick bark and deep root system [33]. Thus, although not a necessity, the presence of mature 346 
plants will increase this regeneration mechanism’s effectiveness and speed (Table 1). Moreover, 347 
mature or bigger plants tend to produce a higher number of seeds. 348 
Given that Regeneration mechanism 3 relies on the ability of unburned plants or patches to produce 349 
seeds that are then dispersed across the burned area, the regeneration process can begin almost 350 
immediately after the fire, with the first seed dispersal event. But it may take a very long time for the 351 
entire burned area to be covered, depending on the size and shape of the burned patch and on the 352 
seed transport vectors (wind, water, or animals; see Table 3). At the scale of the forest stand, 353 
Regeneration mechanism 3 is certainly the slowest, and the process of dispersal may continue for 354 
several decades after a fire [23]. 355 

 356 

3.3.3  Hindering and supporting factors 357 

The main condition for this regeneration mechanism to be effective is the existence of forest 358 
patches that have survived the fire unburned, be it within or outside the fire’s boundaries. These so-359 
called “fire refugia” are vital, not only for the vegetation but also for animals, whom they offer shelter 360 
from the fire [34]. Heterogeneity of land forms, also referred to as roughness of the terrain, is a factor 361 
that increases the number of unburned patches within the fire’s boundaries. Other crucial forest 362 
characteristics that foster unburned patches include heterogeneity in terms of flammability, height of 363 
cover, land use, and type of canopy [33]. At the individual level, tree height, trunk size, and bark 364 
thickness are directly correlated with survival after a fire (ibid.). 365 
However, the above factors progressively lose importance with increasing fire intensity. This, in turn, 366 
depends on the type and amount of fuel and on the environmental conditions at the time of ignition: 367 
key factors are wind speed, air humidity, and temperature. 368 
After the fire, surviving plants have to be capable of producing seeds. As mentioned with regard to 369 
Regeneration mechanism 1, seed production may be influenced by competition, water and nutrient 370 
availability, and soil quality. Moreover, seed production is highly variable over time: external and 371 
genetic factors can trigger enormous differences from year to year [35] . 372 
Once they have been produced, seeds are then dispersed by wind, gravity, and animal vectors. 373 
Depending on the vector, environmental conditions, and their own physical characteristics, the seeds 374 
may be deposited at various distances from the parent individual. When it comes to primary 375 
dispersal, which normally occurs by wind or gravity, most studies concur that the vast majority of 376 
seeds are deposited within a radius of 20 to 50 m, depending on the seed type, wind conditions, and 377 
height of the parent plant and landform (ibid.). 378 
Once the seeds are on the ground, their fate depends on the behaviour of animals. Animals play an 379 
ambivalent role: they eat and damage the seeds (predation) but also transport them to new areas 380 
(secondary dispersal) [36]. Secondary dispersal of seeds by animals is crucial to the recolonization of 381 
post-fire areas. Thus, animals act as both a hindering and a supporting factor. The relative influence 382 
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of predation and dispersion remains difficult to quantify [35]. Once dispersed, seeds may germinate 383 
if the microhabitat is favourable; this process is influenced by the same hindering and supporting 384 
factors as those affecting germination within Regeneration mechanism 1 (see Section 2.1.3.).  385 

 386 

3.4. Impacts of land management on resilience 387 

As part of our analysis of the processes that affect resilience to fire in Mediterranean forests, we 388 
identified factors that hinder or support these processes. These factors include different ecosystem 389 
components apart from the vegetation. Some of them can be influenced by management (Table 4 and 390 
5). 391 

Table 4: Overview of factors hindering Regeneration mechanisms 392 

Hindering factors 
RM1: forest 

regenerates from 
seed bank 

RM2: forest 
regenerates from 

resprouting 
individuals 

RM3: forest 
regenerates 

from unburned 
plants or 
patches 

Processes† 1.1 1.2 1.3 1.4 1.5 2.1 2.2 2.3 2.4 2.5 3.1 3.2 3.3 3.4 
Vegetation 

Old age of trees      x         
Dense vegetation x              

Soil properties 
Low water 
availability 

     x      x   

Low nutrient 
availability 

     x      x   

Soil erosion    x‡           
Soil compaction    x‡           

Climate 
dry spells     x x        x 

Fire regime 
Intense fires   x     x       

Frequent fires x x   x         x 
Fire during 

flowering season 
 x§             

Large burned area             x  
Human activities 

Logging / uprooting      x         
Fauna 

Presence of wild 
animals 

   x x          

Total ¶ 2 2 1 3 3 5 0 1 0 0 0 2 0 2 
Total (grouped)# 11 6 4 

†Refers to the processes related to each Regeneration mechanism as presented in figures 1, 2, 3. 393 
‡Only for a soil seed bank 394 
§Only for a transient seed bank  395 
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¶Total number of hindering factors identified for each process of the Regeneration mechanisms. Gives a rough 396 
indication of the vulnerability of the process 397 
# Total number of hindering factors identified per Regeneration mechanism 398 

 399 

Table 2: Overview of factors supporting Regeneration mechanisms. 400 

Supporting factors 
RM1: forest 

regenerates from seed 
bank 

RM2: forest 
regenerates from 

resprouting 
individuals

RM3: forest 
regenerates from 
unburned plants 

or patches
Processes† 1.1 1.2 1.3 1.4 1.5 2.1 2.2 2.3 2.4 2.5 3.1 3.2 3.3 3.4 

Vegetation 
Big stem / root system        x       

Tall trees             x  

Soil properties 

Presence of litter and 
veg. cover 

  x x‡          x‡ 

High water and nutrient 
content 

   x x         x 

Deep soils       x x       
Human activities 

Coppicing         x      
Fauna 

Presence of wild animals             x  
Other 

Landscape heterogeneity           x    
†Refers to the processes related to each Regeneration mechanism as presented in figures 1, 2, 3. 401 
‡If it is not thick enough to prevent seed germination 402 

 403 

3.4.1 Relationship between WOCAT ecological indicators and factors hindering and supporting 404 
resilience 405 

Nine land management practices in the WOCAT database [37] were identified as relevant for 406 
this study. They cover prevention (before the fire), fire impact mitigation, and rehabilitation (after the 407 
fire). For the purpose of the subsequent analysis we grouped them according to their objectives: (1) 408 
fuel breaks, (2) fuel management, (3) afforestation, and (4) mulching (Table 5). Three of the 409 
management practices were documented and assessed in Spain (SPA), three in Portugal (POR), two 410 
in Italy (ITA), and one in Morocco (MOR). The result sheet for each management practice referenced 411 
in table 5 is available as supplementary material 1. 412 

Table 3: Land management practices for Mediterranean forests from the WOCAT technology 413 
database, categorized according to their objective.  414 

WOCAT Technology name
1. Fuel breaks (prevention) 

POR001 Primary strip network system for fuel management 
SPA009 Cleared strip network for fire prevention (fuel breaks) 
ITA007 Unvegetated strips to reduce fire expansion 
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2. Fuel management (prevention) 
POR002 Prescribed fire 
SPA010 Selective forest clearing to prevent large forest fires 
ITA008 Selective cutting 

3. Reforestation (rehabilitation)  

SPA012 
Afforestation with Pinus halepensis after the fire of 

1979  
MOR013  Assisted cork oak regeneration 

4. Soil protection (mitigation)  
POR003 Post-fire forest residue mulch 

 415 
Among other information, the WOCAT assessment method includes an evaluation of the 416 

technology based on indicators of benefits and disadvantages. Many of these can be related to the 417 
hindering and supporting factors identified for the three regeneration mechanisms. Figure 4 provides 418 
an overview of these relations. 419 

 420 
Figure 2: Direct relations between WOCAT indicators of ecological benefits and disadvantages (left) 421 
(Source: WOCAT technology questionnaire, Section 3.1.1.3 [37]) and hindering and supporting factors 422 
of resilience (right). Solid arrows represent direct positive (reinforcing) relations; dashed arrows 423 
represent a negative relationship. The full matrix of relations, including also indirect relations, is part 424 
of Appendix A. 425 

In the following subsections, we present the four groups of land management options and assess 426 
how their ecological indicators relate to the factors hindering and supporting each regeneration 427 
mechanism. In doing so, we identify hindering and supporting interactions between land 428 
management practices and resilience. 429 

3.4.2. Fuel breaks 430 
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  431 
Fuel breaks are linear features within the forest where the vegetation has been removed. Their 432 

placement depends on the slope, location of roads, and average wind direction. They are probably 433 
the most common management practice and are often the first staple in national programmes to 434 
reduce the risk of fire [38]. Researchers and technical experts stress that fuel breaks not only help 435 
prevent fires from spreading, but also make it easier to access areas and conduct interventions during 436 
a fire event [5]. 437 
Fuel breaks are implemented in networks over large areas of forests. Resulting forest structures are 438 
characterized by wide forest areas interspersed with linear discontinuities of varying width. Thus, 439 
fuel breaks have a limited effect on the forest structure as a whole [39]. 440 
Reported aims of this land management practice are to reduce forest continuity and the area 441 
potentially affected by fire (SPA), to slow down the progress of fire (ITA), to provide access and 442 
increase safety for fire fighters during interventions (SPA, ITA, POR), and to protect roads, 443 
infrastructures, and areas of special value (POR). In the case of large fuel breaks, their central part is 444 
cleared to the mineral soil, while adjacent areas are left with an increasing density of vegetation (SPA, 445 
POR), with a selection of the biggest and most fire-resistant species (SPA). 446 
The main benefit of fuel breaks, as assessed with the WOCAT methodology, is the reduction of fire 447 
risk (SPA, ITA, POR). Disadvantages include decreased soil cover (SPA, POR), increased surface 448 
water runoff (SPA, POR), decreased soil organic matter (SPA, POR), increased soil erosion (SPA, 449 
POR), and increased habitat fragmentation (SPA) (see table 7). The decrease in soil cover and soil 450 
organic matter, as well as the increase in runoff only affect the area actually occupied by the fuel 451 
break and have no relevant impact on the surrounding forested area (see table 7, “Average value”) 452 

Table 4. Benefits and disadvantages of fuel breaks as assessed with the WOCAT technology 453 
questionnaire. 454 

Benefits of fuel breaks Disadvantages of fuel breaks 

Indicator 
Average 
value † 

Indicator 
Average 
value† 

reduced hazard towards adverse 
events 

2.7 increased surface water runoff  1.0 

reduced fire risk 2.7 decreased soil cover  1.5 
  decreased soil organic matter 1.0 
  increased soil erosion (locally)  1.0 
  increased habitat fragmentation  1.0 

†Values are attribute on a scale from 1 (little) to 3 (High) for each management practice 455 

Figure 6 gives an overview of supporting and hindering interactions between fuel breaks and 456 
the three regeneration mechanisms. As shown in Section 2.1.3., fire frequency is a major hindering 457 
factor for Regeneration mechanism 1. By limiting the spread of fire, fuel breaks reduce the number of 458 
fires occurring in a specific area, thus increasing the likelihood of plants reaching maturity [38,39]. 459 
This is shown as interactions (a) and (d) in Figure 6. Fuel breaks might indirectly reduce the 460 
occurrence of fires in spring or autumn, thereby increasing the probability of a healthy seed bank 461 
existing at the moment of fire (b). The negative impacts of fuel breaks on soil (increased erosion, 462 
runoff, decreased cover, decreased organic matter: see table 7) could decrease germination rate, on 463 
the fuel break or in its proximity (c). 464 
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Figure 3:  Impact of fuel breaks on the resilience of Mediterranean forest to fire. A) Impact of fuel 465 
breaks on Regeneration mechanism 1; B) Impact of fuel breaks on Regeneration mechanism 2. C) 466 
Impact of fuel breaks on Regeneration mechanism 3. The width of arrows indicates the relative 467 
importance of supporting (+) and hindering (-) interactions.  468 

Fuel breaks have no relevant effect on Regeneration mechanism 2, as they do not affect fire 469 
intensity, and local soil conditions have no impact on resprouting trees outside the fuel break area. If 470 
selective cutting is applied at the margins of the fuel break, this could increase the average size of 471 
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plants and the presence of resprouters (e) [40]. The only potential negative effect might occur if fire 472 
were excluded permanently from the area, as this would enable resprouter plants to reach senescence 473 
age and lose their resprouting capacity ( see Section 2.2.3) (f). 474 
The size of the burned area and canopy continuity are major hindering factors for Regeneration 475 
mechanism 3, as they affect the number of patches that survive the fire unburned and the probability 476 
of seeds reaching the burned area. By reducing both factors, fuel breaks play an important role in 477 
ensuring the effectiveness of the regeneration mechanism (g, h)(ibid.). However, fuel breaks of the 478 
largest category, whose total width may reach up to 90 m (SPA, POR), may act as an ecological barrier 479 
to recolonization, and increase the possibility of alien species proliferation, hindering forest resilience 480 
through Regeneration mechanism 3 [41] (k). 481 

 482 

3.4.3 Fuel management 483 

One of the ways to reduce fire risk is by removing part of the flammable material from the forest. 484 
This can be dead material, the understory, or selected individuals, for example fire-prone species and 485 
senescent or ill plants. It may even involve temporary total removal of the canopy, as in prescribed 486 
burning. This group of forest management practices, while having the same objective, is indeed very 487 
diverse in effects and measures. Selective clearing is the more labour intensive option, which not only 488 
enables modification of the fuel load, but also modification of species composition and the structure 489 
of the forest stand. Depending on the type of forest, it can involve removal of seedlings and young 490 
trees to facilitate the development of bigger, less flammable trees; it can also include pruning the 491 
lower branches of the trees in order to reduce the possibility of fire spreading from the ground to the 492 
tree level canopy. Prescribed burning does not allow for direct selection of material for removal, and 493 
it includes risks of losing proper control and generating a wildfire. Moreover, many researchers stress 494 
the negative impacts of prescribed burning on soils, but debate over the trade-offs of this 495 
management practice remains ongoing [42]. 496 
Reported objectives include reducing the amount of fuel present in the area (SPA, POR, ITA), creating 497 
or increasing discontinuity in the canopy (SPA, POR), preventing the spread of alien species and pests 498 
(SPA, POR), and changing canopy composition to include more fire-resistant species or increase 499 
diversity (SPA, POR). Fuel management can be achieved through prescribed burning (POR), cutting 500 
and removal of vegetation (SPA), or cutting and chipping of wood which is then used as mulch (SPA, 501 
ITA).  502 
Relevant benefits of these management practices are: reduced wildfire risk (ITA, SPA, POR), 503 
increased biological pest/disease control (POR), and increased habitat diversity (SPA, POR). In the 504 
case of selective cutting, benefits also include a reduction in alien/invasive species (POR). Further 505 
benefits occur if the wood is chipped and dispersed on site as mulch: among others, the proportion 506 
of soil covered by litter increases, nutrients are recharged, soil moisture increases, and soil crusting 507 
or sealing is reduced (SPA). Negative impacts of fuel management technologies include increased 508 
soil erosion, decreased soil cover and organic matter (if mulching is not applied), and increased 509 
habitat fragmentation (Table 8). 510 

Table 5.Benefits and disadvantages of the fuel management practices 511 

Benefits of fuel management Disadvantages of fuel maangement

Indicator 
Average 

value 
Indicator 

Average 
value 

increased soil moisture  3 increased surface water runoff  1 
reduced evaporation  1 decreased soil cover ‡  1.5 

reduced hazard towards adverse 
events 

2.5 decreased soil organic matter 1 
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improved soil cover 1 † increased soil erosion (locally)  1 
increased biomass / above ground 

C   
1.5 increased habitat fragmentation  1 

increased nutrient cycling / 
recharge   

1   

increased soil organic matter / 
below ground C 

1   

reduced soil crusting/sealing   1   
reduced fire risk 3   

increased animal diversity 1   
reduced invasive alien species 3   
increased / maintained habitat 

diversity 
3   

reduced soil surface temp 1   
†If mulching is applied, otherwise there is an increase in bare soil. 512 

‡Only if mulching is not applied 513 

 514 
The impacts of fuel management on the three regeneration mechanisms are shown in Figure 7. 515 

Looking at Regeneration mechanism 1, a reduction in fuel decreases fire intensity, with a positive 516 
impact on seed bank survival [40](a). However, if fuel management is implemented through 517 
prescribed burning, it will have a negative impact on the soil (De Bano, 2000), resulting in a reduced 518 
germination rate (b). Positive impacts on Regeneration mechanism 1 further include reduced 519 
vegetation density, leading to reduced competition and hence increased probability of seedlings 520 
reaching maturity and producing seeds. Mulching increases soil fertility and seed sheltering, and 521 
most likely leads to an increase in the germination rate (c) [43], if the mulch layer is not too thick. 522 

 523 
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Figure 7: Impact of fuel management on the resilience of Mediterranean forest to fire: A) Impacts on 524 
RM1; B) Impacts on RM2; C) Impacts on RM3. The width of arrows indicates the relative importance 525 
of supporting (+) and hindering (-) interactions. 526 

 527 
Resprouter species, who use Regeneration mechanism 2, benefit above all from reduced 528 

competition with seeder species before the fire, increasing their chances of survival and their 529 
resprouting vigour (d); this applies to both selective clearing and prescribed burning. In the case of 530 
selective clearing, the most fire-prone species are usually cut, allowing more fire-resistant species 531 
such as Quercus, Juniperus, and Fraxinus species to grow in size, increasing their chances of 532 
surviving and resprouting after a fire (SPA) (e). Improved soil and moisture conditions from 533 
mulching might improve conditions for recruitment of resprouter species, which are generally much 534 
more demanding than seeders in terms of water and nutrients [44] and are favoured by gaps within 535 
the understory (see Section 3.2.1) (f). 536 
Reduction of fire intensity is crucial to Regeneration mechanism 3, as it increases the chances of 537 
individuals and patches surviving a fire unburned and acting as sources of forest regeneration [5] (g). 538 
This positive effect is even more important if the healthiest and largest individuals are left in place 539 
during selective clearing, as this leads to increased survival as well as increased seed production and 540 
dispersal after the fire (h). Clearing of understory through prescribed fire can result in an increase in 541 
highly palatable grasses, leading to increased animal presence and potentially to increased seed 542 
dispersal [45] (i). As in the case of Regeneration mechanism 1, fuel reduction might lead to an increase 543 
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in soil erosion that can reduce the germination rate and seedling survival by diminishing soil fertility 544 
(j). However, this negative interaction can be countered by applying mulching, which improves soil 545 
fertility and reduces fire-related degradation (k). 546 
Aside from the direct ecological impact of fuel management, the wood gathered from fuel 547 
management operations can be sold and gains can be reinvested in management measures [46]. This 548 
applies in particular to selective forest clearing (ITA, SPA), where increased wood production was 549 
reported as a socio-economic benefit. 550 
 551 

3.4.4  Afforestation 552 

Direct planting of trees is applied when natural regeneration fails. The aim is to restore the 553 
canopy and increase the soil cover; the planted vegetation is expected to gradually develop into a 554 
secondary forest. The management practices documented in the WOCAT database used Pinus 555 
halepensis (SPA) or Quercus ilex (MOR). 556 
These management practices are common in forest areas that have failed to regenerate or have been 557 
otherwise deforested. Pinus spp or other seeder species are used because of their high growth rate 558 
and ability to withstand low availability of essential resources. However, resulting forests tend to 559 
have lower species diversity and very dense, homogeneous canopies that present a high risk of fire. 560 
Researchers have highlighted the negative impacts of this practice [47], stressing the importance of 561 
using a broader mix of species[5]. In some management plans, restoration projects include a second 562 
afforestation phase that introduces resprouters (e.g. Quercus ilex, Q. faginea) in the pine afforestation, 563 
thereby reducing the risk of fire and increasing the diversity of the forest stand. 564 
Afforestation with Cork Oak (MOR) follows this latter idea, thereby increasing the benefits of the 565 
management in the long term. However, Quercus ilex seedlings are much more vulnerable to drought, 566 
which is why water has to be provided through an irrigation system. Moreover, growth is much 567 
slower compared to Pinus, leading to reduced benefits in the short term. 568 
The technique used to plant the trees is important, as it affects the soil and the remnant vegetation. 569 
For the Pinus afforestation (SPA), machinery was used to create an individual hole for each seedling; 570 
seedlings were then planted by hand. In the assisted Cork Oak regeneration, land managers dug 571 
straight furrows able to hold a row of multiple seedlings. 572 

Table 9: Benefits and disadvantages of afforestations 573 

Benefits of afforestations Disadvantages of afforestations 

Indicator 
Average 

value 
Indicator 

Average 
value 

increased soil moisture  2.5 increased fire risk †  2.0 

reduced evaporation  1 
increased niches for pests 
(birds, slugs, rodents, etc.) 

2.0 

reduced surface runoff  2.5   
improved soil cover 2   

increased biomass / above ground 
C   

2   

increased nutrient cycling / 
recharge   

2   

increased soil organic matter  2   
reduced soil loss 2.5   

reduced soil crusting/sealing   1.5   
increased animal diversity 1.5   
increased plant diversity  1   

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 July 2016              doi: 10.20944/preprints201607.0081.v1 

 

Peer-reviewed version available at Sustainability 2016, 8, 981; doi:10.3390/su8100981

http://dx.doi.org/10.20944/preprints201607.0081.v1
http://www.preprints.org
http://dx.doi.org/10.3390/su8100981


 

20 

 574 

Reported benefits mainly relate to the soil and include increased soil cover, increased soil 575 
moisture, reduced runoff, and reduced soil crusting. Reported disadvantages include a heightened 576 
fire risk and an increase in niches for pests. 577 
Figure 8 provides an overview of how afforestation influences the regeneration mechanisms. For 578 
regeneration mechanism 1, increasing the number of seeder individuals might be expected to have a 579 
positive effect on forest resilience to fire via a larger seed bank (a). However, many seeder trees, 580 
including Pinus halepensis, are highly flammable, so afforestation based on such species greatly 581 
increases the amount of fuel and the risk of fire [47]. Flammability of Cork Oak is instead much lower. 582 
If the time between two fires is too short for the plants to reach sexual maturity, a subsequent fire can 583 
cause total failure of afforestation. But even without such a catastrophic shift, afforestation with Pinus 584 
halepensis may have an adverse effect on resilience to fire: its seeds are dispersed by fire, so after a fire 585 
the new canopy could become extremely dense, reducing seedling growth and further development 586 
of the canopy. 587 

Figure 8: Impact of afforestation on the resilience of Mediterranean forest to fire: A) Impacts on RM 588 
1; B) Impacts on RM2. The width of arrows indicates the relative importance of supporting (+) and 589 
hindering (-) interactions. 590 
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Plants that use Regeneration mechanism 2 are not affected by fire frequency and are often shade-591 
tolerant, so afforestation should have no negative impact on these resprouters as long as they are not 592 
killed during afforestation work. However, areas chosen for afforestation do not normally have a 593 
high tree presence, and even less of resprouting individuals. For this reason we cannot establish a 594 
direct link between afforestation with Pinus halepensis and Regeneration mechanism 2. 595 
Planted trees tend to form a homogeneous, continuous canopy, reducing the chances of patches 596 
escaping a fire (ibid.) and potentially increasing the size of the burned area (c). However, increased 597 
soil moisture, nutrient content, and soil stability may promote post-fire recruitment (e). Moreover, 598 
the reported increase in animal diversity might lead to greater secondary dispersion (d). 599 

3.4.5  Post-fire mulching 600 

Post-fire mulching consists of spreading chopped forest residues on slopes after a fire to increase 601 
the ground cover and reduce erosion and increase water infiltration (Figure 9). This greatly reduces 602 
post-fire degradation. Fires of high intensity will consume pre-fire litter; leaves and branches left over 603 
after the fire will not suffice to effectively protect the soil, leaving it exposed to weathering and 604 
erosion by water. Mulching is applied on steep slopes, where fire intensity tends to be high, and 605 
uphill from infrastructure or valuable areas. It is best carried out immediately after the fire, before 606 
the next rain. Relevant benefits of mulching include increased soil cover, reduced soil loss, reduced 607 
surface runoff, and decreased evaporation. No disadvantages were reported for this technology in 608 
the WOCAT assessment. 609 
 610 

 611 

Figure 4: Spreading of natural mulch on a burned steep slope. Source: WOCAT T_POR003en, “Post-612 
fire residue mulch”, compiled by Sergio Prats. 613 

Figure 10 gives an overview of the impacts of mulching on forest resilience to fire. As explained 614 
in Section 3.1.3., the presence of litter or covering material is crucial for seeds to survive until 615 
germination, as it reduces decay, erosion, and animal predation [48] (a). Furthermore, by helping to 616 
maintain soil humidity and soil organic matter content, it promotes the recovery of soil fauna and 617 
nutrient cycling after the fire. All these factors contribute to greater soil fertility, which in turn 618 
increases the germination rate and seedling survival [43] (c). Accordingly, mulching is clearly 619 
beneficial to Regeneration mechanism 1. However, if mulching is too thick, it can decrease the 620 
germination rate of obligate seeder species such as Ulex parviflorus or Cistus sp. (b). 621 
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Figure 5: Impact of mulching on the resilience of Mediterranean forest to fire: A) Impacts on RM 1; B) 622 
Impacts on RM2; C) Impacts on RM3. The width of arrows indicates the relative importance of 623 
supporting (+) and hindering (-) interactions. 624 
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Post-fire soil conditions have no major impact on Regeneration mechanism 2, as resprouter 625 
plants maintain their own reserves of nutrients and water. However, greater soil humidity after a fire 626 
may promote resprouting, thereby increasing the speed of regeneration (d).  627 
Seed survival and germination are important processes in Regeneration mechanism 3. Accordingly, 628 
the presence of continuous litter and stable, humid soil is important in enabling recruitment (e) and 629 
seedling survival (g). Germination could also be hindered by a thick layer of mulch (f). 630 
 631 

4. Discussion and conclusion 632 

4.1 Regeneration mechanisms 633 

The concept of regeneration mechanisms elaborated in this paper bears similarity to concepts 634 
used by ecologists to study plant traits related to fire (e.g. concept of “regeneration paths” by Pausas 635 
& Keeley [10]). However, fire ecologists focus mainly on how fires affect plant evolution and 636 
morphology, as well as on how individual plants adapt to fire disturbances [11,22,49]. While these 637 
studies are fundamental to improving our understanding of the ecosystem, they rarely provide useful 638 
recommendations for management, as they do not take into account environmental factors that might 639 
influence a fire event and post-fire recovery, nor of the interactions that occur at a larger scale. Our 640 
review of the literature on forest ecology and post-fire forest regeneration reveals two important 641 
aspects of forest resilience: First, there are various processes that are important to post-fire 642 
regeneration that may take place before the fire event. Thus, efforts to increase forests’ resilience to 643 
fire should be launched prior to fires, not only after the fact. Second, there are a number of processes 644 
that play a role in post-fire forest regeneration that are not directly related to the fire event itself. 645 
These processes are often poorly understood in light of their effects on post-fire regeneration. 646 
Moreover, there is a need for research on the relative significance of these processes and on important 647 
thresholds that can influence regeneration. Further, we lack quantitative indications regarding 648 
thresholds in the various processes constituting regeneration mechanisms.  649 

4.2 Can we increase forest resilience through land management? 650 

Mediterranean forests are composed of various species, and land managers cannot choose which 651 
of the three regeneration mechanism their system will follow. However, by examining its species 652 
composition and monitoring the hindering and supporting factors, they can understand which 653 
regeneration mechanism is most likely to fail or to function. Depending on their management 654 
practices, the fire regime, and other environmental factors, they can focus their attention on those 655 
processes that are at risk of failing. 656 
Regeneration mechanism 1 – forest regeneration from seed banks – requires the longest interval 657 
between fires (see Section 3.1.2) and has the most hindering factors (Table 4). However, our analysis 658 
of the impact of management practices indicates that fuel breaks and fuel management might 659 
considerably increase the resilience of plants using this mechanism. 660 
By contrast, Regeneration mechanism 2 – forest regeneration from resprouting individuals – appears 661 
to be the most stable of the three mechanisms, the quickest to foster recovery, and the least influenced 662 
by external factors (Table 4). It has to be noted, however, that the establishment of resprouter species 663 
is difficult, and can be hindered by many factors (see table 4, “Total”). The management practices 664 
analysed do not seem to have any relevant influence on it, with the exception of fuel management 665 
through selective clearing (see Section 4.3.). 666 
Regeneration mechanism 3, contrary to the other processes, does not require any preparation period 667 
prior to the fire event, and is therefore independent of the frequency of fires. It is the slowest way for 668 
a forest to recover, and the one that is most likely to bring changes to the system. The impacts of 669 
management on this regeneration mechanism are the most uncertain, mainly due to the high number 670 
of processes involved and the paucity of scientific knowledge about it. 671 
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When comparing the management practices, fuel management appears to increase forest resilience 672 
the most. It is especially beneficial to pre-fire processes, which makes it a strategic option for 673 
prevention. Afforestation with Pinus halepensis seems the least promising of all management 674 
practices; this becomes even more so if we consider the high cost of implementation and the low 675 
success rate in terms of seedling survival and fire risk at the long term. Fuel management and 676 
afforestation can be implemented in very different ways, and the specific implementation technique 677 
strongly affects how these practices influence regeneration mechanisms. 678 
The available literature on forest management [50,51] generally supports the information provided 679 
by the WOCAT database, as well as the conclusions drawn in this article. However, while most 680 
management practices have been studied for their effect on fire regimes, and some (e.g. fuel 681 
management and afforestation) also with regard to post-fire recovery, very few empirical studies 682 
have analysed the diverse impacts of management on soil erosion, seed bank establishment, and 683 
other factors involved in Mediterranean forests’ resilience to fire. In light of these gaps, despite 684 
WOCAT’s largely qualitative and somewhat general approach to assessing management practices, 685 
the WOCAT database represents an important tool for use in better understanding the role of forest 686 
management. Moreover, our literature review revealed a lack of articles providing a general method 687 
for assessing resilience, or offering evaluation of the impact of management practices on the resilience 688 
to fire of Mediterranean forests. 689 

4.3 Other factors influencing forests’ resilience to fire 690 

Focussing on regeneration makes it possible to relate impacts of land management to forest resilience 691 
in a direct way. However, there are other factors that can increase the resilience of forests and improve 692 
the likelihood of post-fire regeneration: First, certain land uses, in particular grazing and wood 693 
gathering, reduce the amount of available fuel in forests, thus reducing the risk of repeated and 694 
intense fire. These activities were part of forest use for centuries, and their disappearance – owing to 695 
declining (perceived) economic returns – is an important factor in the changing of fire regimes of 696 
many Mediterranean countries. However, it also implied in some cases the removal of root systems, 697 
reducing or even eliminating completely the presence of keystone resprouting species. Second, the 698 
shape and diversity of landscape mosaics have direct effects on fire spreading, fire suppression, and 699 
post-fire regeneration (especially vis-à-vis regeneration mechanisms). The interplay between forest 700 
areas, open areas (e.g. pastures), and areas with low flammability (e.g. orchards, built areas) 701 
influences the size and occurrence of burned areas following a fire. In many forest stands of the 702 
Mediterranean Basin, land abandonment is radically changing the traditionally diverse and patchy 703 
landscapes, with clear effects on fire regimes and forest evolution. Third, the presence of certain 704 
plants or combinations of plants has beneficial impacts on soils and ecosystems in general. Increasing 705 
research on functional groups, and clear identification of the most important ones, will undoubtedly 706 
improve land managers’ ability to enhance the resilience of forest stands.  707 

Supplementary material 708 

Supplementary material 1: Summary result sheet of the WOCAT assessment of land management practices 709 
available at: https://dl.dropboxusercontent.com/u/26249349/ResMechanisms-LMPractice.pdf 710 
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Appendix A: Matrix of interactions between ecological benefits and disadvantages of land management practices and factors hindering or supporting forest 28 
resilience. A1 Interactions between ecological benefits of land management and factors supporting or hindering land forest resilience29 

Climate
Land 
use Fauna

Land 
use Fau

O
ld age of 

trees

D
ense 

vegetation

Low
 w

ater 

availabilit y

Low
 nutrient 

availability

Soil erosion

Soil 

com
paction

dry spells

Intense fires

Frequent 

Fire during 

flow
erin g 

Logging / 

uprooting

Presence of 

w
ild anim

al s

Big stem
 / 

root system

Tall trees

Presence of 

litter and 

H
igh w

ater 

and nutrient 

D
eep soils

C
oppicing

w
ild anim

als

increased soil moisture -- ++
reduced evaporation -- ++
reduced surface runoff - - -- + + +
reduced hazard towards adverse - -- -
improved soil cover - - ++ + +
increased biomass / above ground ++ - - - + + + + +
increased nutrient cycling / - -- - ++
increased soil organic matter / 
below ground C - -- - ++
reduced soil loss - - -- + + + ++
reduced soil crusting/sealing - - -- +
reduced soil compaction - -- +
reduced fire  risk ++ + +
increased animal diversity ++ +
increased plant diversity
reduced invasive alien species -

increased beneficial animal species 
(predators, earthworms) +

diversity +
Total interactions: 0 2 9 7 6 2 1 1 2 3 0 1 1 1 4 10 3 0 4
Legend: ++ Direct positive interaction, – Direct negative interaction, + indirect positive interaction, - indirect negative interaction

Soil properties

Ecological Benefits

Hindering factors

Vegetation Soil properties Fire regime Suppoting factors

Vegetation

30 
 31 

 32 
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A2: Interactions between ecological disadvantages of land management and factors supporting or hindering land forest resilience 33 
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Climate use Fauna use Fauna Other

O
ld age of trees

D
ense vegetation

Low
 w

ater availabilit y

Low
 nutrient availability

Soil erosion

Soil com
paction

dry spells

Intense fires

Frequent fires

Fire during flow
ering season

Logging / uprooting

Presence of w
ild anim

als

Big stem
 / root system

Tall trees

Presence of litter and veg. C
over

H
igh w

ater and nutrient content

D
eep soils

C
oppicing

Presence of w
ild anim

als

Landscape heterogeneity

decreased soil 
moisture ++ + + --
increased surface 
water runoff + + ++ + + +
decreased soil 
cover + + + -- - -
decreased soil 
organic matter ++ ++ + + - --
increased soil 
erosion (locally) + + ++ - - - --
increased fire  risk ++ +
increased niches for 
pests ++ -
increased habitat 
fragmentation + -

Total interactions: 2 1 7 6 5 2 2 3 2 2 2 4 4 1 5 6 4 2 3 3
Legend: ++ Direct positive interaction, – Direct negative interaction, + indirect positive interaction, - indirect negative interaction

Soil properties

Ecological negative impacts
Hindering factors

Vegetation Soil properties Fire regime

Suppoting factors

Vegetation

34 
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 739 

All appendix sections must be cited in the main text. In the appendixes, Figures, Tables, etc. 740 
should be labeled starting with ‘A’, e.g., Figure A1, Figure A2, etc.  741 
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Figure 6: Impact of mulching on the resilience of Mediterranean forest to fire. The width of 849 
arrows indicates the relative importance of supporting (+) and hindering (-) 850 
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interactions.  851 

 852 

Figure 11 gives an overview of the impacts of mulching on forest resilience to fire. As explained in 853 
Section 3.1.3., the presence of litter or covering material is crucial for seeds to survive until 854 
germination, as it reduces decay, erosion, and animal predation (Perez-Ramos & Maranon, 2008) 855 
(a). Furthermore, by helping to maintain soil humidity and soil organic matter content, it promotes 856 
the recovery of soil fauna and nutrient cycling after the fire. All these factors contribute to greater 857 
soil fertility, which in turn increases the germination rate and seedling survival (Bautista et al., 858 
1996) (c). Accordingly, mulching is clearly beneficial to Regeneration mechanism 1. However, if 859 
mulching is too thick, it can decrease the germination rate of obligate seeder species such as Ulex 860 
parviflorus or Cistus sp. (b). 861 

Post-fire soil conditions have no major impact on Regeneration mechanism 2, as resprouter plants 862 
maintain their own reserves of nutrients and water. However, greater soil humidity after a fire 863 
may promote resprouting, thereby increasing the speed of regeneration (d).  864 

Seed survival and germination are important processes in Regeneration mechanism 3. Accordingly, 865 
the presence of continuous litter and stable, humid soil is important in enabling recruitment (e) 866 
and seedling survival (f). Germination could also be hindered by a thick layer of mulch (f). 867 

 868 

1. Discussion and conclusion 869 
1.1. Regeneration mechanisms 870 

The concept of regeneration mechanisms elaborated in this paper bears similarity to concepts 871 
used by ecologists to study plant traits related to fire (e.g. concept of “regeneration paths” by 872 
Pausas & Keeley, 2014). However, fire ecologists focus mainly on how fires affect plant evolution 873 
and morphology, as well as on how individual plants adapt to fire disturbances (Bond & Midgley, 874 
2001; Herrera, 1992; Buhk et al., 2006). While these studies are fundamental to improving our 875 
understanding of the ecosystem, they rarely provide useful recommendations for management, as 876 
they do not take into account environmental factors that might influence a fire event and post-fire 877 
recovery, nor of the interactions that occur at a larger scale. Our review of the literature on forest 878 
ecology and post-fire forest regeneration reveals two important aspects of forest resilience: First, 879 
there are various processes that are important to post-fire regeneration that may take place 880 
before the fire event. Thus, efforts to increase forests’ resilience to fire should be launched prior 881 
to fires, not only after the fact. Second, there are a number of processes that play a role in post-882 
fire forest regeneration that are not directly related to the fire event itself. These processes are 883 
often poorly understood in light of their effects on post-fire regeneration. Moreover, there is a 884 
need for research on the relative significance of these processes and on important thresholds that 885 
can influence regeneration. Further, we lack quantitative indications regarding thresholds in the 886 
various processes constituting regeneration mechanisms.  887 
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1.2. Can we increase forest resilience through land management? 888 

Mediterranean forests are composed of various species, and land managers cannot choose which 889 
of the three regeneration mechanism their system will follow. However, by examining its species 890 
composition and monitoring the hindering and supporting factors, they can understand which 891 
regeneration mechanism is most likely to fail or to function. Depending on their management 892 
practices, the fire regime, and other environmental factors, they can focus their attention on those 893 
processes that are at risk of failing. 894 

Regeneration mechanism 1 – forest regeneration from seed banks – requires the longest interval 895 
between fires (see Section 3.1.2) and has the most hindering factors (Table 4). However, our 896 
analysis of the impact of management practices indicates that fuel breaks and fuel management 897 
might considerably increase the resilience of plants using this mechanism. 898 

By contrast, Regeneration mechanism 2 – forest regeneration from resprouting individuals – 899 
appears to be the most stable of the three mechanisms, the quickest to foster recovery, and the 900 
least influenced by external factors (Table 4). It has to be noted, however, that the establishment 901 
of resprouter species is difficult, and can be hindered by many factors (see table 4, “Total”). The 902 
management practices analysed do not seem to have any relevant influence on it, with the 903 
exception of fuel management through selective clearing (see Section 4.3.). 904 

Regeneration mechanism 3, contrary to the other processes, does not require any preparation 905 
period prior to the fire event, and is therefore independent of the frequency of fires. It is the 906 
slowest way for a forest to recover, and the one that is most likely to bring changes to the system. 907 
The impacts of management on this regeneration mechanism are the most uncertain, mainly due 908 
to the high number of processes involved and the paucity of scientific knowledge about it. 909 

When comparing the management practices, fuel management appears to increase forest 910 
resilience the most. It is especially beneficial to pre-fire processes, which makes it a strategic 911 
option for prevention. Afforestation with Pinus halepensis seems the least promising of all 912 
management practices; this becomes even more so if we consider the high cost of implementation 913 
and the low success rate in terms of seedling survival and fire risk at the long term. Fuel 914 
management and afforestation can be implemented in very different ways, and the specific 915 
implementation technique strongly affects how these practices influence regeneration 916 
mechanisms. 917 

The available literature on forest management (Agee & Skinner, 2005; Valdecantos et al., 2009) 918 
generally supports the information provided by the WOCAT database, as well as the conclusions 919 
drawn in this article. However, while most management practices have been studied for their 920 
effect on fire regimes, and some (e.g. fuel management and afforestation) also with regard to 921 
post-fire recovery, very few empirical studies have analysed the diverse impacts of management 922 
on soil erosion, seed bank establishment, and other factors involved in Mediterranean forests’ 923 
resilience to fire. In light of these gaps, despite WOCAT’s largely qualitative and somewhat general 924 
approach to assessing management practices, the WOCAT database represents an important tool 925 
for use in better understanding the role of forest management. Moreover, our literature review 926 
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revealed a lack of articles providing a general method for assessing resilience, or offering 927 
evaluation of the impact of management practices on the resilience to fire of Mediterranean 928 
forests. 929 

1.3. Other factors influencing forests’ resilience to fire 930 

Focussing on regeneration makes it possible to relate impacts of land management to forest 931 
resilience in a direct way. However, there are other factors that can increase the resilience of 932 
forests and improve the likelihood of post-fire regeneration: First, certain land uses, in particular 933 
grazing and wood gathering, reduce the amount of available fuel in forests, thus reducing the risk 934 
of repeated and intense fire. These activities were part of forest use for centuries, and their 935 
disappearance – owing to declining (perceived) economic returns – is an important factor in the 936 
changing of fire regimes of many Mediterranean countries. However, it also implied in some cases 937 
the removal of root systems, reducing or even eliminating completely the presence of keystone 938 
resprouting species. Second, the shape and diversity of landscape mosaics have direct effects on 939 
fire spreading, fire suppression, and post-fire regeneration (especially vis-à-vis regeneration 940 
mechanisms). The interplay between forest areas, open areas (e.g. pastures), and areas with low 941 
flammability (e.g. orchards, built areas) influences the size and occurrence of burned areas 942 
following a fire. In many forest stands of the Mediterranean Basin, land abandonment is radically 943 
changing the traditionally diverse and patchy landscapes, with clear effects on fire regimes and 944 
forest evolution. Third, the presence of certain plants or combinations of plants has beneficial 945 
impacts on soils and ecosystems in general. Increasing research on functional groups, and clear 946 
identification of the most important ones, will undoubtedly improve land managers’ ability to 947 
enhance the resilience of forest stands.  948 
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