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9 Abstract

10 Alpine regions are affected by various natural hazards. Due to the high density of settlements in these areas, 
11 these natural hazards constitute a risk element for the local populations, therefore risk management is 
12 fundamental. The options for the management of these hazards consist in structural measures, land use 
13 planning and ecosystem-based solutions (EbS). Structural technical measures, such as avalanche snow 
14 bridges or rockfall nets, while immediately effective, have emerged as insufficiently adaptable to changes in 
15 environmental conditions. On the contrary, EbS have the potential to adjust to the challenges driven by global 
16 environmental change. This is the reason why, over the past few years, EbS have increasingly gained 
17 attention. 
18 In this review, we address the role of EbS in Disaster Risk Reduction (Eco-DRR). The review is composed by 
19 two main parts: (i) a quantitative bibliometric analysis followed by (ii) a qualitative review. 
20 The first part focused on the quantitative analysis of peer-reviewed publications (Scopus database) to 
21 investigate general publication trends. This bibliometric analysis served as a basis to select articles for the 
22 subsequent qualitative analysis in which the parameters addressed were mainly: the type of natural hazard 
23 studied, the characteristics of the EbS, the development of alternative scenarios, the involvement of the 
24 stakeholders and the monetary evaluation of the measures 
25 The results highlight a strongly increasing number of EbS-related publications from 1980 to 2019, particularly 
26 since the turn of the millennium. The qualitative analysis, however, revealed that the involvement of 
27 stakeholders and the economic evaluation of EbS is still lacking. We conclude that filling this research gap 
28 might help to foster a wider adoption of ecosystem-based solutions for disaster risk reduction across 
29 mountainous areas.

30 Keywords
31 Risk management, Eco-DRR, Protection Forest, Avalanches, Rockfall, Landslides, Debris flow
32

33 1. Introduction
34 Mountainous areas have always been subject to natural hazards. The great geodiversity, the variation of 
35 steep gradients and the hydroclimatic variability of European mountains, and in particular of the Alps, results 
36 in a high variation of natural hazard processes and their consequences [1]. These hazards are related both to 
37 the cryosphere, such as snow avalanches, occurring in the Alps during winter and springtime [2], and to the 
38 geosphere, with precipitation-driven events, such as landslides, debris flows and rockfalls [3]. Globally, 
39 scientists have focused their attention on these hazards ever since the 18th century, providing data which still 
40 influence the current scientific debate on the matter. In a recent publication by Keiler and Fuchs [1], an 
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41 overview of hazard management in mountainous areas was presented, highlighting how the concept of risk 
42 management was introduced as a core  constituent beginning in the 19th century [4], and already addressed 
43 acute and fundamental topics such as vulnerability and the human impact of such events.

44 The Alps are among the most highly populated mountainous areas of the world, with more than 14M 
45 inhabitants and densely settled communities [5]. These features, given the frequent occurrence of the above 
46 mentioned natural hazards, makes hazard and risk management a matter of primary importance [6]. In the 
47 early 20th century, hazard management consisted mostly of the construction of technical measures in the 
48 upper tracts of torrent catchments, to avoid mass erosion and the detachment of avalanches. This approach 
49 mainly focused on the hazard instead of elements subject to risk, and only successively these types of 
50 structures were accompanied by mitigating measures in the runout area of the events, built to deflect the 
51 processes [7]. The broader concept of risk only emerged in the latter 20th and early 21st centuries in mountain 
52 hazard management, taking into consideration not only structural adjustments to deal with the hazards, but 
53 also non-structural ones [8,9]. Risk management has gradually morphed into a multidisciplinary approach, 
54 taking into account not only the scientific knowledge of the hazard features and the technical mitigation 
55 measures, but also the socio-economic effects of said hazards. This has led to a wider use of the concepts of 
56 exposure and vulnerability, prompting an increased awareness of approaches to be used in land use planning 
57 [10,11]. 

58 Currently, the main instruments used to manage risk in mountainous areas consist of 1) structural measures 
59 designed to prevent the hazard or to protect the goods at risk in the track and runout area and 2) mapping 
60 of areas at risk to implement forms of land use limitation [10,12]. In the context of expansion of settlements 
61 and activities in mountainous areas, land use restrictions might undermine the quality of life. Furthermore, 
62 the adoption of technical structural measures might be constrained by their high implementation and 
63 maintenance costs and by the inability of such measures to adapt to changes in the hazard features [15,16], 
64 especially in light of the rapidly occurring challenges caused by climate change [17].

65 In this context, an increased focus has been directed towards ecosystem-based solutions (EbS) [18,19]. In 
66 particular, as far as mass movements are concerned, a valid alternative and complement to the 
67 aforementioned hazard mitigation measures is represented by protection forests [6]. Protection forests are 
68 stands whose primary function is to protect people or assets against natural hazards [20], therefore not only 
69 providing a general protective effect, e.g. by reducing soil erosion and the transportation of sediments into 
70 the catchments; but also direct protection for assets at risk [21]. Ecosystem-based disaster risk reduction 
71 (Eco-DRR) solutions act directly against the hazards [22], preventing them from happening (e.g. the role of 
72 the forest in the release areas of avalanches Moos et al., 2018) or mitigating their impact in the runout zone 
73 (e.g. the role of forest against rockfall, Berger and Rey, 2004). These Eco-DRR  measures, other than providing 
74 an efficient mitigation effect against multiple hazards [23], are also an efficient protective solution, in 
75 consideration of the expected hazard modifications due to climate change, providing a higher grade of 
76 adaptation [24,25]. 

77 Several literature reviews on the use of EbS to address different hazards have recently been published in 
78 scientific literature; however, their focus is on single hazards, such as shallow landslides [26] or on urban 
79 areas [27]. Several reviews focused on mountainous regions, nonetheless, they addressed a broader range 
80 of ecosystem services provided by mountain ecosystems, and not narrowly natural hazard regulation [28]. 
81 Others have a more quantitative perspective, analysing the influence of the forest in reducing the hazard 
82 effects [6]. Overall, there is no systematic review on the use of EbS for disaster risk reduction that considers 
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83 multiple natural hazards occurring in mountain areas. Therefore, the overall objective of the present study is 
84 to analyse to what extent EbS have been studied as potential risk reduction measures in mountain 
85 environments, such as the Alps. In this paper, our aim was to analyse the state-of-the-art of the research, 
86 focusing on the following points: 

87 1. Eco-DRR: the selected studies include ecosystem-based disaster risk reduction solutions within the 
88 range of protection measures considered, promoting the sustainable use and management of 
89 ecosystems as a means to reduce extreme events. In this regard, we were interested in analysing the 
90 management strategies of these ecosystems, their technical characteristics (e.g. species 
91 composition), their effectiveness in hazard risk reduction and the influence of disturbances on such 
92 effectiveness. The selection of publications should not only provide an overview on how the hazard 
93 release and run-out is influenced by EbS but must also examine how the EbS are adopted from a risk 
94 management perspective. This review also aims to verify if the currently available literature on the 
95 topic, tests or suggests approaches such as stakeholder involvement and economic evaluation. 
96 2. Mountain ecosystem: in particular we focused  on risk mitigation in the Alpine region [29], as it is 
97 one of the most densely populated mountainous areas of the world [5]. The review aimed to analyse 
98 the distribution of the studies in this research field over different countries.
99 3. Gravity-induced natural hazards: mass movements have been considered, more specifically 

100 avalanches, rockfalls, landslides and debris flows, due to their frequency in the Alps, their severe 
101 impact on the population and the capacity of ecosystems such as protection forests to prevent and 
102 mitigate such hazards. In particular, the review aimed to verify if the available literature is focusing 
103 equally on all the different types of mass movements. 
104 The following review is divided into two phases: a bibliometric analysis and a qualitative review. The 
105 bibliometric analysis aimed to gain an insight on the general trend of papers, published over time in scientific 
106 literature in this research field. Moreover, it served as a first step to select the articles to be reviewed in the 
107 subsequent qualitative part of the analysis. The objective of the qualitative review was to analyse the studies 
108 conducted by means of a pre-defined set of questions. This allowed the research topics to be synthesized 
109 and thus gain an exhaustive coverage of current literature, in order to identify the strengths of the available 
110 studies and highlight any research gaps on which to focus further research. 

111

112 2. Methods
113 The analysis followed a mixed-method approach, represented by the combination of a quantitative 
114 bibliometric analysis and of a qualitative review. The methodology adopted was three-fold: firstly, we 
115 conducted a quantitative bibliometric analysis in the Scopus database; subsequently, the search was 
116 integrated with WebOfScience (WOS) results, and finally a qualitative analysis of the publications was 
117 performed. We adopted a systematic approach throughout all the steps in order to guarantee reproducibility 
118 and to avoid bias. Search terms were selected to compose the query strings; they were grouped in three 
119 main clusters, corresponding to the topics on which the research focuses (see Table 1): 1) gravity-induced 
120 natural hazards, 2) risk management and 3) ecosystem-based solutions. After being selected, the search 
121 terms were evaluated on the basis of a first plausibility check of the results. To reduce misleading results the 
122 strings were adjusted: for instance, the search term “avalanche” was delivering results regarding electron 
123 avalanches, a topic not related to our field of research; consequently, the search term was changed to “snow 
124 avalanche*”.Moreover, first qualitative plausibility checks revealed that the subordinate term “Landslide*” 
125 was not only used for publications that dealt with landslides of slide-type movement, but also for research 
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126 that specifically addressed rock falls or debris flows (without mentioning these terms in the title, abstract or 
127 keywords). Thus, the observed high number of landslide studies should be interpreted with care. The query 
128 strings were searched on the Scopus database in “Titles, Abstract and Keywords” of published articles, 
129 reviews, book chapters and conference proceedings, limiting the search to the English language. The search 
130 was conducted in January 2020 and therefore included all the relevant documents published in 2019.

131

132 Table 1 - Terms selected to compose the query strings

Topic Group Search terms

Gravity-induced 
natural hazards

Snow avalanche*
Debris-flow*
Rock fall* (or Rockfall*)
Landslide*

Risk 
management

Risk
Exposure
Vulnerability
Hazard management
Mitigation
Disaster Risk Reduction (or DRR)

Ecosystem-
based solutions

Nature-based solution*
Ecosystem-based approach*
Ecosystem-based solution*
ECO-DRR
Protection forest 
Protect* function
Protect* effect

133

134 Different searches were carried out in the Scopus database: the first search combined the first two groups of 
135 terms (those regarding gravitational natural hazards and risk management) in order to identify the 
136 publications focusing on the mitigation, analysis or management of risks related to the natural hazards of 
137 interest. The second search also included the EbS terms, in order to identify how many of the previously 
138 selected papers focused specifically on ecosystem-based solutions. The search terms belonging to different 
139 topic groups were linked with the Boolean operator “AND”, whereas the search terms belonging to the same 
140 group were linked using the Boolean operator “OR”. This allowed documents to be found that that included 
141 at least one term from each group of topics. Therefore, the “AND” Boolean operator in the second search, 
142 allowed the selection of those publications that were already part of the first search results but which had a 
143 more specific focus on Eco-DRR.

144 The query strings adopted for the two searches are the following: 

145 First search: TITLE-ABS-KEY( ("snow avalanche*" OR "debris-flow*" OR "rock fall*" OR "Rockfall*" OR 
146 "landslide*" ) AND ("risk" OR "exposure" OR "vulnerability" OR "hazard management") ) AND ( EXCLUDE ( 
147 PUBYEAR,2020) )  AND ( LIMIT-TO ( DOCTYPE,"ar" ) OR LIMIT-TO ( DOCTYPE,"cp" ) OR LIMIT-TO ( 
148 DOCTYPE,"ch" ) OR LIMIT-TO ( DOCTYPE,"re" ) OR LIMIT-TO ( DOCTYPE,"cr" ) )  AND ( LIMIT-TO ( 
149 LANGUAGE,"English" ) ) 
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150 Second search: TITLE-ABS-KEY ( ( "snow avalanche*"  OR  "debris-flow*"  OR  "rock 
151 fall*"  OR  "Rockfall*"  OR  "landslide*" )  AND  ( "risk"  OR  "exposure"  OR  "vulnerability"  OR  "hazard 
152 management"  OR  "mitigation"  OR  "DRR"  OR  "disaster risk reduction" )  AND  ( "protection 
153 forest*"  OR  "protect* function"  OR  "protect* effect"  OR  "ECO-DRR"  OR  "nature-based 
154 solution*"  OR  "ecosystem-based approach*"  OR  "ecosystem-based solution*"  OR  "green 
155 infrastructure*" ) )  AND  ( LIMIT-TO ( DOCTYPE ,  "ar" )  OR  LIMIT-TO ( DOCTYPE ,  "cp" )  OR  LIMIT-
156 TO ( DOCTYPE ,  "ch" )  OR  LIMIT-TO ( DOCTYPE ,  "re" )  OR  LIMIT-
157 TO ( DOCTYPE ,  "cr" ) )  AND  ( EXCLUDE ( PUBYEAR ,  2020 ) )  AND  ( LIMIT-TO ( LANGUAGE ,  "English" ) ) 
158

159 The trend of publications was analysed and compared with the total number of papers indexed on Scopus 
160 throughout the years. In order to obtain an estimate of the total amount of papers, as this information is not 
161 available directly, the word “the” was used as a search term, as it is the most common English word.

162 For the subsequent bibliographic review, the same search was performed using WOS to see if any additional 
163 papers could be found that had not yet been indexed on Scopus. The results were added to those 
164 extrapolated from Scopus. Successively, through an abstract analysis, papers concerning the Alps were 
165 selected, read and analysed (Figure 1). In order to critically discuss the content of each article and gain some 
166 relevant information, we defined a criterion to review each paper: a list of fixed characteristics to be searched 
167 within each paper analysed in the review. These elements were selected in order to derive relevant 
168 information about the topics targeted by the review, with a special focus on how Eco-DRR were considered 
169 and analysed in each study.  The complete criteria adopted to qualitatively review each article is presented 
170 below:

171 1) Natural hazard considered (Avalanche/Rockfall/Landslide/Debris flow);
172 2) Eco-DRR features:
173 2.1. Management activities;
174 2.2. Specific composition
175 2.3. Analysis of their effectiveness in risk mitigation;
176 3) Uncertainties considered (fires/pests/hazard interaction/etc.);
177 4) Development of alternative scenarios to test different hypothesis;
178 5) Degree of stakeholder involvement and methodologies adopted;
179 6) Monetary evaluation.
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180  

181 Figure 1 - Workflow used for the review

182

183 3. Results and discussion

184 3.1. Bibliometric analysis
185 The first search focused on the number of publications indexed on Scopus, concerning risk management 
186 related to gravitational hazards. These are the documents which included at least one search term from the 
187 natural hazard group and one from the risk management group, in the title, abstract or keywords. The search 
188 produced 8,146 results, over the years from 1964 to 2019. The results show a sharp increase in the overall 
189 number of publications in this field, rising from less than 50 papers in 1990 to almost 700 per year in 2019 
190 (blue line in Figure 2).  
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195 documents in which only one natural hazard is mentioned in the title, abstract and keywords. Some documents refer to more than 
196 one natural hazard, therefore the total number of documents indexed in Scopus per year (blue horizontal lines) is higher than the 
197 sum of all those mentioning each single natural hazard.

198

199 The different colours in the bar chart show the number of documents that cite only one of the selected 
200 natural hazards in the title, abstract and keywords. The shades of green represent the publications which 
201 include the terms related to landslides (divided into landslides, rockfall, debris flows), the black colour refers 
202 to the publications which include the term “avalanche”. Some documents refer to more than one natural 
203 hazard in those fields, therefore the total number of documents indexed in Scopus each year (blue horizontal 
204 lines) is higher than the sum of all those that mention each single natural hazard. In general, all the 
205 gravitational natural hazard search terms showed a considerable increase over time. The most highly cited 
206 hazard was landslide, which is also the hazard term that displayed the sharpest increase over the years. The 
207 other search terms showed a steady but lower increase. The term “avalanche” (in black) appeared less 
208 frequently in combination with terms related to risk management, compared to other gravity-induced 
209 natural hazards.
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210 The second step of the bibliometric analysis allowed the selection, among the results of the first search, of 
211 the publications which specifically cited the EbS terms (Figure 3, orange line). Only 55 of the total 8,146 
212 publications citing risk management and gravitational natural hazard search terms also included EbS terms. 
213 The first document which simultaneously cites terms related to gravity-driven natural hazards, risk 
214 management and ecosystem-based solutions, dates to 1991. In the final year analysed, of the 691 
215 publications on risk management, seven also cite green measures. The total number of documents published 
216 on Scopus every year has steadily increased over time. Consequently, the research also aimed to compare 
217 the growth of the number of publications in this field of interest to that of the overall number of documents 
218 indexed in Scopus (see Figure 3). In order to draw this comparison, the ratio between the documents 
219 published each year and those published in 2019 was calculated. A ratio equal to one implies that the number 
220 of documents published in that given year is the same as the number of documents published in 2019. A ratio 
221 higher than one indicates that more documents were published in the given year than in 2019. 

222 In recent years, the publications in this field of interest experienced a sharper increase compared to the 
223 overall number of documents published in Scopus. In 1980, only one document mentioning natural hazard 
224 and risk management search terms was published, while this number rose to 762 in 2018. The publication 
225 trend of papers including ecosystem-based measure terms has shown a less stable growth rate, however, 
226 over the last decade, the topic seen a moderate increase: the search query found no documents in 2000, 
227 while the number rose to 6, 10 and 7 per year, respectively in 2019, 2018 and 2017.

228

229

414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472



9

230

[RIFCELLA]

[RIFCELLA]

[RIFCELLA]

[RIFCELLA]

[RIFCELLA]

2

3

45

6

7

8
9

1011

1213

[RIFCELLA]

1516
1718

19

[RIFCELLA]

2122232425262728293031323334353637383940

[RIFCELLA]

[RIFCELLA]

[RIFCELLA]

0

[RIFCELLA]

1980 1985 1990 1995 2000 2005 2010 2015 2020
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

"All" articles in Scopus
Natural hazard + Risk Management
Natural hazard + risk management + eco-DRR

 n
ye

ar
 /

 n
20

19

231 Figure 3. Ratio between the number of documents published in a given year and those published in 2019
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237 3.2.   Qualitative review
238 A further search was performed on WOS using the same keywords, and 8 additional papers were found. From 
239 these 63 articles (55 in Scopus plus 8 from WOS), following a review of the abstract and conclusions sections, 
240 those concerning the alpine environment were selected and further analysed. 

241 In the resulting papers (Annex 1), two main patterns can be observed: the majority had a classic structure, 
242 dealing with a definite hazard and focusing on a specific area. On the contrary, others were more focused on 
243 providing a useful framework for decisional purposes and were directed to a wider and more mainstream 
244 audience [12,30]. Among these, Accastello et al. [12] developed a conceptual framework to develop 
245 strategies for risk management aimed at combining “grey” and “green” infrastructures (e.g., respectively, 
246 rock nets and protection forests in rockfall prone gradients) to maximize their protective effect, by exploiting 
247 the immediate protection effect of the grey infrastructures and the long term protection and resilience 
248 provided by the forest. Whereas, [30] mainly concentrated on stakeholder involvement in risk management, 
249 considering Eco-DRR in the SENDAI Framework, an agreement which states the sharing of Disaster Risk 
250 Reduction between the state and  local stakeholders [31].
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251 3.2.1. Study areas and hazards analysed
252 The first parameter we analysed was the natural hazard dealt with by the papers. Unlike the global trend of 
253 papers concerning this topic (see figure 2), in our selection the main hazards considered were avalanches 
254 and rockfall, while only a limited number dealt with landslides (Fig. 5). 
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257 It was also important to analyse the location of the study areas used in the papers. It is clear from the graph 
258 below (Fig. 6), how most of the study cases were carried out in the Swiss and French Alps, while only a few 
259 focused on the southern part of the Alps.

260 Comparing the main hazard featured and the location of the study area, it was interesting to see how studies 
261 focusing on different hazards were distributed along the Alps with two main focal areas: Switzerland for 
262 avalanches [32–35] and France for rockfall [36–40] (Fig. 7).
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Figure 5 - Study area distribution of the selected articles
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263

264 3.2.2. Forest effectiveness
265 As mentioned previously, we focused this review on risk management measures in which forests play a 
266 predominant role. As a result, in all the papers collected the protective effect of forests was addressed, but 
267 in different ways. The common ground in all the articles was the need for appropriate forest management to 
268 ensure efficient protective effects against different hazards. In the majority of the studies, the main 
269 silvicultural goal, in order to achieve the maximum protection from natural hazards, was an uneven, multi-
270 layered forest stand [21,41,42]. This forest structure was considered to be the most efficient for all of the 
271 gravitational hazards considered in this review. Aiming for an uneven-aged forest through silvicultural 
272 techniques had the objective of developing a forest structures similar to natural ones, those with the highest 
273 resistance and resilience. This objective was stated directly in some of the selected papers, in particular in: 
274 [12,20,22,40–43]. In [41], it was also stated that aiming for an uneven and layered forest structure was a best 
275 way to imitate natural disturbances, naturally occurring in forest stands. 

276 Concerning the forest structures in [30,32,44] the role of the gaps in the forest cover was addressed, and the 
277 maximum dimension of gaps to still ensure an efficient protective effect was evaluated. The issue related to 
278 forest gaps was analysed both in terms of avalanches and rockfall. In particular, gaps resulted to be critical in 
279 avalanche starting zones, where the forest played a leading role in preventing the detachment of the 
280 snowpack [32,33], whereas they played a critical role in the rockfall track zone, as they may allow rocks to 
281 fall without obstacles and to thus gain speed [45]. Additionally, the species composition of the stands was 
282 analysed. In the papers addressing avalanches [34] as the main hazard, a comparison was made between 
283 deciduous and evergreen species, with the latter resulting as the most efficient. This was due to two main 
284 reasons: the first was the accumulation of snow on the crown, that allows a wider exposure of this snow to 
285 both air and sun, leading to a faster sublimation and in return, a lower snowpack height on the ground. The 
286 second reason concerned the stability of the snowpack that, protected by the crown cover, was less 
287 subjected to the effect of temperature variations between night and day. 

288 Referring to rockfall, an interesting overview on the different species effectiveness was examined in [38]. The 
289 authors compared the different forest stands of the French Alps and discovered that coppices dominated by 
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290 Fagus sylvatica and Quercus sp. stands were the most effective in rockfall  mitigation, followed by pure stands 
291 of Castanea sativa and Fagus sylvatica. The lowest mitigation rates were observed in pure coniferous stands 
292 of Pinus sp. and Larix decidua. This led to the conclusion that shade tolerant species were generally more 
293 effective in rockfall hazard reduction. This result was also confirmed by [37], where a comparison between 
294 Pinus nigra reforestation and broadleaf coppices was made, with the former resulting less effective, due to 
295 their even-aged and regular structure, whereas the latter were more efficient, mostly due to the high density 
296 of coppice shoots. The role of invasive tree species in rockfall risk reduction was also addressed [46], the case 
297 of Ailanthus altissima was considered and the results showed an energy reduction capacity similar to that of 
298 autochthonous species.

299 3.2.3. Uncertainties and hazard interaction
300 In eight papers [12,20,22,32,33,37,47,48] uncertainties that may affect the protective function provided by 
301 the forest were considered. These studies focused mainly on fires, pests, animal browsing, windthrow and 
302 drought, those being the main elements that could affect said forests and compromise their efficiency. From 
303 this perspective, in two papers [41,48] the post disturbance management of direct protection forests was 
304 considered, in particular the effect of the disturbance on the protection service was analysed. The role of 
305 dead wood in the aftermath of the disturbance (windbreak) was examined, focusing on its protective effect, 
306 which proved to be significant in the first years following the disturbance and then gradually decreased over 
307 successive years. 

308 Another interesting element analysed in [48] is the cascade effect created by a disturbance on the forest, 
309 decreasing its capacity to mitigate other events. In this paper, the effect of avalanches on a direct protection 
310 forest against rockfall was analysed. The main problems were caused by the frequency with which avalanches 
311 occurred, a high avalanche frequency, aside from affecting the protective effect of that stand, also prevented 
312 forest regeneration that would reinstate the function of the stand.

313 3.2.4. Scenario development
314 Another parameter we wanted to focus on was the development of scenarios as a way to simulate possible 
315 future developments of the study area characteristics. Among the selected publications, three considered 
316 land use change scenarios [32,35,47]. All these focused on avalanches and the protective effect of forests to 
317 counteract them, both in the release and in the transition areas, and one paper [35] also examined rockfall. 
318 Virtual scenarios were created, using Geographic Information System (GIS) based methods, to assess the 
319 protective effect of forests against avalanches, comparing the runout of an avalanche on a forested slope to 
320 the runout of an avalanche on  similar slopes both with a sparse or completely lacking forest cover [32]. Both 
321 [32,35] provided useful GIS based frameworks to assess forest effectiveness in different scenarios. 
322 Additionally, the role of dead wood on the ground deriving from windthrows was considered and different 
323 management options were compared to assess the protective effect of snags and logs left on the ground 
324 [47]. 

325 3.2.5. Stakeholder involvement
326 The involvement of stakeholders was chosen as a parameter for the review, given its importance as a driver 
327 to convey the results of the research environment to the practitioners and the administrations responsible 
328 for risk management. However, in the publications selected through the bibliometric analysis of the Scopus 
329 and WOS server, only four addressed this issue [12,21,36,44].
330 In one paper [21], the authors created a model to evaluate the forest protection from an economic point of 
331 view, which laid its foundation in the stakeholder demand for protection: the demand for protection was 
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332 assessed in a qualitative way, involving the stakeholders affected by the hazard. The same approach based 
333 on the stakeholder demand for protection was also used in [12]. In [44] the authors, talking about the 
334 translation of the SENDAI Framework at a European scale, underlined the importance of stakeholder 
335 involvement in the risk analysis process and the need to instruct the stakeholders concerning the 
336 effectiveness of Eco-DRR solutions, based on successful study cases. [36] also focused on the importance of 
337 the knowledge transfer between the researchers and the practitioners and addressed the importance of 
338 practical guidelines for forest managers.
339 Our hypothesis for the lack of publications on this topic is that the layout of the analysed works is of a quite 
340 technical nature, showing greater attention to the protection “provision” aspects rather than to those 
341 concerning the “demand” for protection, according to a traditional and techno-centric view of ecosystem 
342 services and risk management itself, that lacks a more solid social involvement. 

343 3.2.6. Monetary evaluation
344 Finally, among the selected articles, only three [21,44,49] directly dealt with monetary evaluation. In all the 
345 aforementioned papers, the protection effect of the forest was evaluated from an economic point of view. 
346 The methods adopted were the replacement cost approach [21,44] and the avoided damages approach [49]. 
347 In the replacement cost approach, the protection value of the forest was equal to the cost of the technical 
348 structures that would have had to be installed in absence of the analysed forest. On the contrary, in the 
349 avoided damages approach, the protective value of the forest corresponded to the damages that would occur 
350 in the absence of said forest. 

351 While one paper [44] considered the protection value of the forest against different gravitational hazards, 
352 [21,49] focused on the protection provided by the forest against rockfall. In [49] the net present value of both 
353 protection forests and technical measures was calculated and the protection provided by the forest resulted 
354 to be the most economically convenient, taking into consideration both the costs and the benefits deriving 
355 from it. In [44] the approach used was a price analysis carried out using a national pricing list. To evaluate 
356 the protective effect of forests from an economic point of view, a replacement cost approach was used, and 
357 different scenarios were analysed. Both permanent and wooden structures were considered and the costs 
358 due to forest management assessed. Finally, in [21], the authors created a model to evaluate the forest 
359 protection against rockfall, harmonised at Alpine level. In this model, as mentioned earlier, the replacement 
360 cost approach was adopted and in order to conform the model for use on the entire Alpine Space, the 
361 technical measures considered as replacement options were rock nets, whose regulation is standardised at 
362 European level by the ETAG027 guidelines.

363 It is worthy of note how, even though forest management was addressed in several publications 
364 [12,20,22,40–43], the cost of the operations was never mentioned, nor was the revenue deriving from those 
365 activities. This constituted a challenge in comparing the protection provided by the forest with that supplied 
366 by technical structures in terms of the cost-benefit ratio. 

367

368 4. Conclusions
369 Nature based solutions have proven to be as effective as other technical measures used for disaster risk 
370 reduction. In particular, forests, when correctly managed, can result as being highly effective in preventing 
371 and mitigating mass movements in the Alps, also responding to the demand for more resilient solutions to 
372 changing hazards driven by climate change. Management guidelines (e.g. [50]) have been published in 
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373 various countries to help forest consultants and administrations to better manage forests with a protective 
374 goal and to strengthen their efficacy. However, even though the potential of protection forests is increasingly 
375 acknowledged in the research field, there is still a low response by users to these kinds of measures and their 
376 use in risk management is still uncommon, shifting the preference to grey and more instant solutions.

377 Through the bibliographic analysis conducted on the selected publications, we aimed to highlight the 
378 potential role of Eco-DRR and take stock of the knowledge currently available on the topic. Other works have 
379 recently been published concerning nature-based solutions against natural hazards. The most recent was by 
380 Ruangpan et al. [27], where the topic of hydrogeological hazards was addressed and EbS were considered. 
381 Unlike our review, where the study areas are mainly situated in mountain ecosystems, this study primarily 
382 dealt with an urban environment. Another interesting review is the one by Moos et al.[6], that dealt with the 
383 same natural hazards we considered, but approached the matter from a more quantitative perspective, 
384 analysing the impact of the forest in reducing the effects of the hazard.  Our review also enabled to highlight 
385 some research gaps, i.e. some aspects which few of the reviewed studies have considered. Among these, one 
386 of the most relevant is represented by a general lack of stakeholder involvement, as was revealed by the 
387 qualitative analysis. A higher involvement of stakeholders might represent the driver for wider recognition, 
388 also from practitioners, of the effectiveness of Eco-DRR. Data concerning the effectiveness of Eco-DRR could 
389 also be strengthened with the support of thorough economic evaluations, and therefore the comparison of 
390 the different protection options. These evaluations, severely lacking at the moment, would also provide a 
391 helpful insight for users about the most convenient solutions for managing risk in certain areas. 

392 In conclusion, we believe the present review could represent an important tool to raise awareness of 
393 practitioners and researchers of the state-of-the-art of the implementation of ecosystem-based solutions to 
394 ensure mitigation of natural hazards in mountainous areas. We believe the present analysis could also foster 
395 the application of Eco-DRR concepts in other contexts, especially if characterised by similar environmental 
396 conditions, and stimulate future studies in order to fill the research gap, which may currently negatively 
397 influence a wider adoption of Eco-DRR across the Alps.

398 5. Acknowledgments
399 This research was conducted in the context of the GreenRisk4Alps project. GreenRisk4Alps has been financed 
400 by Interreg Alpine Space, one of the 15 transnational cooperation programmes covering the whole of the 
401 European Union (EU) in the framework of European Regional policy.

402

403 6. References
404 [1] M. Keiler, S. Fuchs, Challenges for Natural Hazards and Risk Management in Mountain Regions 
405 of Europe, in: Oxford Encyclopedia of Natural Hazard Science, Oxford University Press, 2018. 
406 https://doi.org/10.7892/boris.120880.
407 [2] C. Ancey, Snow Avalanches, Oxford Research Encyclopedia of Natural Hazard Science. (2016). 
408 https://doi.org/10.1093/acrefore/9780199389407.013.17.
409 [3] M. Jakob, A size classification for debris flows, Engineering Geology. 79 (2005) 151–161. 
410 https://doi.org/10.1016/j.enggeo.2005.01.006.
411 [4] J.G. von Aretin, Über Bergfälle und die Mittel, denselben vorzubeugen, oder ihre Schädlichkeit 
412 zu vermindern, (1808) 95.
413 [5] Alpine Convention, Demographic Changes in the Alps, Permanent Secretariat of the Alpine 
414 Convention, Innsbruck, Austria, 2015.

827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885



16

415 [6] C. Moos, P. Bebi, M. Schwarz, M. Stoffel, K. Sudmeier-Rieux, L. Dorren, Ecosystem-based 
416 disaster risk reduction in mountains, Earth-Science Reviews. 177 (2018) 497–513. 
417 https://doi.org/10.1016/j.earscirev.2017.12.011.
418 [7] M. Holub, S. Fuchs, Mitigating mountain hazards in Austria – legislation, risk transfer, and 
419 awareness building, Natural Hazards and Earth System Sciences. 9 (2009) 523–537. 
420 https://doi.org/10.5194/nhess-9-523-2009.
421 [8] N. Faivre, M. Fritz, T. Freitas, B. de Boissezon, S. Vandewoestijne, Nature-Based Solutions in 
422 the EU: Innovating with nature to address social, economic and environmental challenges, 
423 Environmental Research. 159 (2017) 509–518. https://doi.org/10.1016/j.envres.2017.08.032.
424 [9] A. Triyanti, E. Chu, A survey of governance approaches to ecosystem-based disaster risk 
425 reduction: Current gaps and future directions, International Journal of Disaster Risk Reduction. 
426 32 (2018) 11–21. https://doi.org/10.1016/j.ijdrr.2017.11.005.
427 [10] M. Bründl, H.E. Romang, N. Bischof, C.M. Rheinberger, The risk concept and its application in 
428 natural hazard risk management in Switzerland, Natural Hazards and Earth System Sciences. 9 
429 (2009) 801–813. https://doi.org/10.5194/nhess-9-801-2009.
430 [11] S. Fuchs, T. Thaler, Tipping Points in Natural Hazard Risk Management: How Societal 
431 Transformation can Provoke Policy Strategies in Mitigation, J. of Extr. Even. 04 (2017) 1750006. 
432 https://doi.org/10.1142/S2345737617500063.
433 [12] C. Accastello, S. Blanc, F. Brun, A Framework for the Integration of Nature-Based Solutions into 
434 Environmental Risk Management Strategies, Sustainability. 11 (2019) 489. 
435 https://doi.org/10.3390/su11020489.
436 [13] M. Bründl, H.E. Romang, N. Bischof, C.M. Rheinberger, The risk concept and its application in 
437 natural hazard risk management in Switzerland, Natural Hazards and Earth System Sciences. 9 
438 (2009) 801–813. https://doi.org/10.5194/nhess-9-801-2009.
439 [15] M. Holub, J. Hübl, Local protection against mountain hazards &ndash; state of the art and 
440 future needs, Natural Hazards and Earth System Sciences. 8 (2008) 81–99. 
441 https://doi.org/10.5194/nhess-8-81-2008.
442 [16] A. Rimböck, R. Höhne, F. Rudolf-Miklau, A. Pichler, J. Suda, B. Mazzorana, J. Papež, Persistence 
443 of Alpine natural hazard protection, Platform on Natural Hazards of the Alpine Convention, 
444 Vienna, Austria, 2014.
445 [17] M. Keiler, J. Knight, S. Harrison, Climate change and geomorphological hazards in the eastern 
446 European Alps, Philosophical Transactions of the Royal Society A: Mathematical, Physical and 
447 Engineering Sciences. 368 (2010) 2461–2479. https://doi.org/10.1098/rsta.2010.0047.
448 [18] N. Faivre, M. Fritz, T. Freitas, B. de Boissezon, S. Vandewoestijne, Nature-Based Solutions in 
449 the EU: Innovating with nature to address social, economic and environmental challenges, 
450 Environmental Research. 159 (2017) 509–518. https://doi.org/10.1016/j.envres.2017.08.032.
451 [19] J.P. Fernandes, N. Guiomar, Nature-based solutions: The need to increase the knowledge on 
452 their potentialities and limits, Land Degradation & Development. 29 (2018) 1925–1939. 
453 https://doi.org/10.1002/ldr.2935.
454 [20] P. Brang, W. Schönenberger, M. Frehner, R. Schwitter, J.-J. Thormann, B. Wasser, Management 
455 of protection forests in the European Alps: an overview, Forest Snow and Landscape Research. 
456 80 (2006) 23–44.
457 [21] C. Accastello, E. Bianchi, S. Blanc, F. Brun, ASFORESEE: A Harmonized Model for Economic 
458 Evaluation of Forest Protection against Rockfall, Forests. 10 (2019) 578. 
459 https://doi.org/10.3390/f10070578.

886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944



17

460 [22] P. Brang, Resistance and elasticity: promising concepts for the management of protection 
461 forests in the European Alps, Forest Ecology and Management. 145 (2001) 107–119. 
462 https://doi.org/10.1016/S0378-1127(00)00578-8.
463 [23] E. Cohen-Shacham, G. Walters, C. Janzen, S. Maginnis, eds., Nature-based solutions to address 
464 global societal challenges, IUCN International Union for Conservation of Nature, 2016. 
465 https://doi.org/10.2305/IUCN.CH.2016.13.en.
466 [24] A. McVittie, L. Cole, A. Wreford, A. Sgobbi, B. Yordi, Ecosystem-based solutions for disaster risk 
467 reduction: Lessons from European applications of ecosystem-based adaptation measures, 
468 International Journal of Disaster Risk Reduction. 32 (2018) 42–54. 
469 https://doi.org/10.1016/j.ijdrr.2017.12.014.
470 [25] F.G. Renaud, U. Nehren, K. Sudmeier-Rieux, M. Estrella, Developments and Opportunities for 
471 Ecosystem-Based Disaster Risk Reduction and Climate Change Adaptation, in: F.G. Renaud, K. 
472 Sudmeier-Rieux, M. Estrella, U. Nehren (Eds.), Ecosystem-Based Disaster Risk Reduction and 
473 Adaptation in Practice, Springer International Publishing, Cham, 2016: pp. 1–20. 
474 https://doi.org/10.1007/978-3-319-43633-3_1.
475 [26] T. de Jesús Arce-Mojica, U. Nehren, K. Sudmeier-Rieux, P.J. Miranda, D. Anhuf, Nature-based 
476 solutions (NbS) for reducing the risk of shallow landslides: Where do we stand?, International 
477 Journal of Disaster Risk Reduction. 41 (2019) 101293. 
478 https://doi.org/10.1016/j.ijdrr.2019.101293.
479 [27] L. Ruangpan, Z. Vojinovic, S.D. Sabatino, L.S. Leo, V. Capobianco, A.M.P. Oen, M.E. McClain, E. 
480 Lopez-Gunn, Nature-based solutions for hydro-meteorological risk reduction: a state-of-the-
481 art review of the research area, Natural Hazards and Earth System Sciences. 20 (2020) 243–
482 270. https://doi.org/10.5194/nhess-20-243-2020.
483 [28] W. Mengist, T. Soromessa, G. Legese, Ecosystem services research in mountainous regions: A 
484 systematic literature review on current knowledge and research gaps, Science of The Total 
485 Environment. 702 (2020) 134581. https://doi.org/10.1016/j.scitotenv.2019.134581.
486 [29] J. Mathieu, The Alpine Region Alpine Region, EGO(Http://Www.Ieg-Ego.Eu). (n.d.). http://ieg-
487 ego.eu/en/threads/crossroads/border-regions/jon-mathieu-the-alpine-region (accessed 
488 March 12, 2020).
489 [30] N. Faivre, A. Sgobbi, S. Happaerts, J. Raynal, L. Schmidt, Translating the Sendai Framework into 
490 action: The EU approach to ecosystem-based disaster risk reduction, International Journal of 
491 Disaster Risk Reduction. 32 (2018) 4–10. https://doi.org/10.1016/j.ijdrr.2017.12.015.
492 [31] UNISDR, Sendai Framework for Disaster Risk Reduction 2015-2030, United Nations, Geneva, 
493 Switzerland, 2015.
494 [32] P. Bebi, F. Kienast, W. Schönenberger, Assessing structures in mountain forests as a basis for 
495 investigating the forests’ dynamics and protective function, Forest Ecology and Management. 
496 145 (2001) 3–14. https://doi.org/10.1016/S0378-1127(00)00570-3.
497 [33] J.R. Breschan, A. Gabriel, M. Frehner, A Topography-Informed Morphology Approach for 
498 Automatic Identification of Forest Gaps Critical to the Release of Avalanches, Remote Sensing. 
499 10 (2018) 433. https://doi.org/10.3390/rs10030433.
500 [34] M. Teich, P. Bartelt, A. Grêt-Regamey, P. Bebi, Snow Avalanches in Forested Terrain: Influence 
501 of Forest Parameters, Topography, and Avalanche Characteristics on Runout Distance, Arctic, 
502 Antarctic, and Alpine Research. 44 (2012) 509–519. https://doi.org/10.1657/1938-4246-
503 44.4.509.
504 [35] M. Teich, P. Bebi, Evaluating the benefit of avalanche protection forest with GIS-based risk 
505 analyses—A case study in Switzerland, Forest Ecology and Management. 257 (2009) 1910–
506 1919. https://doi.org/10.1016/j.foreco.2009.01.046.

945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003



18

507 [36] F. Berger, F. Rey, Mountain Protection Forests against Natural Hazards and Risks: New French 
508 Developments by Integrating Forests in Risk Zoning, Natural Hazards. 33 (2004) 395–404. 
509 https://doi.org/10.1023/B:NHAZ.0000048468.67886.e5.
510 [37] C. Bigot, L.K.A. Dorren, F. Berger, Quantifying the protective function of a forest against rockfall 
511 for past, present and future scenarios using two modelling approaches, Nat Hazards. 49 (2009) 
512 99–111. https://doi.org/10.1007/s11069-008-9280-0.
513 [38] S. Dupire, F. Bourrier, J.-M. Monnet, S. Bigot, L. Borgniet, F. Berger, T. Curt, The protective 
514 effect of forests against rockfalls across the French Alps: Influence of forest diversity, Forest 
515 Ecology and Management. 382 (2016) 269–279. 
516 https://doi.org/10.1016/j.foreco.2016.10.020.
517 [39] J. Monnet, N. Clouet, F. Bourrier, F. Berger, Using geomatics and airborne laser scanning for 
518 rockfall risk zoning: a case study in the French Alps, in: 2010.
519 [40] A. Stokes, I. Liama-Casia, Selecting tree species for use in rockfall-protection forests, in: 2006.
520 [41] G. Fidej, M. Mikoš, T. Rugani, J. Jež, Š. Kumelj, J. Diaci, Assessment of the protective function 
521 of forests against debris flows in a gorge of the Slovenian Alps, IForest - Biogeosciences and 
522 Forestry. 8 (2015) 73. https://doi.org/10.3832/ifor0994-007.
523 [42] M.E. Sakals, J.L. Innes, D.J. Wilford, R.C. Sidle, G.E. Grant, The role of forests in reducing 
524 hydrogeomorphic hazards, Forest Snow and Landscape Research. 80 (2006) 11–22.
525 [43] C. Moos, L. Dorren, M. Stoffel, Quantifying the effect of forests on frequency and intensity of 
526 rockfalls, Natural Hazards and Earth System Sciences. 17 (2017) 291–304. 
527 https://doi.org/10.5194/nhess-17-291-2017.
528 [44] M. Getzner, G. Gutheil-Knopp-Kirchwald, E. Kreimer, H. Kirchmeir, M. Huber, Gravitational 
529 natural hazards: Valuing the protective function of Alpine forests, Forest Policy and Economics. 
530 80 (2017) 150–159. https://doi.org/10.1016/j.forpol.2017.03.015.
531 [45] L.K.A. Dorren, F. Berger, Balancing tradition and technology to sustain rockfall-protection 
532 forests in the Alps, For. Snow Landsc. Res. (2006) 12.
533 [46] C. Moos, D. Toe, F. Bourrier, S. Knüsel, M. Stoffel, L. Dorren, Assessing the effect of invasive 
534 tree species on rockfall risk – The case of Ailanthus altissima, Ecological Engineering. 131 (2019) 
535 63–72. https://doi.org/10.1016/j.ecoleng.2019.03.001.
536 [47] W. Schönenberger, A. Noack, P. Thee, Effect of timber removal from windthrow slopes on the 
537 risk of snow avalanches and rockfall, Forest Ecology and Management. 213 (2005) 197–208. 
538 https://doi.org/10.1016/j.foreco.2005.03.062.
539 [48] G. Vacchiano, M. Maggioni, G. Perseghin, R. Motta, Effect of avalanche frequency on forest 
540 ecosystem services in a spruce–fir mountain forest, Cold Regions Science and Technology. 115 
541 (2015) 9–21. https://doi.org/10.1016/j.coldregions.2015.03.004.
542 [49] C. Moos, M. Thomas, B. Pauli, G. Bergkamp, M. Stoffel, L. Dorren, Economic valuation of 
543 ecosystem-based rockfall risk reduction considering disturbances and comparison to structural 
544 measures, Sci. Total Environ. 697 (2019) 134077. 
545 https://doi.org/10.1016/j.scitotenv.2019.134077.
546 [50] R. Berretti, Selvicoltura nelle foreste di protezione: esperienze e indirizzi gestionali in Piemonte 
547 e Valle d’Aosta, Compagnia delle foreste, Arezzo, 2006.
548
549
550 Annex 1
551

ID Study name

1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062



19

1 Accastello et al., 2019: A framework for the integration of nature-based solutions in environmental 
risk management strategies

2 Accastello et al., 2019: ASFORESEE: A Harmonized Model for Economic Evaluation of Forest 
Protection against Rockfall

3 Bebi et al., 2001: Assessing structures in mountain forests as a basis for investigating the forests' 
dynamics and protective function

4 Berger et al., 2004: Mountain Protection Forests against Natural Hazards and Risks: New French 
Developments by Integrating Forests in Risk Zoning

5 Bigot et al., 2009: Quantifying the protective function of a forest against rockfall for past, present 
and future scenarios using two modelling approaches

6 Brang et al., 2001: Resistance and elasticity: promising concepts for the management of protection 
forests in the European Alps

7 Brang et al., 2006: Management of protection forests in the European Alps: an overview
8 Breschan et al., 2018: A topography-informed morphology approach for automatic identification 

of forest gaps critical to the release of avalanches
9 de Jesus Arce-Mojica, 2019: Nature-based solutions (NbS) for reducing the risk of shallow 

landslides Where do we stand
10 Dorren et al., 2006: Balancing tradition and technology to sustain rockfall-protection forests in the 

Alps
11 Dupire et al., 2016: The protective effect of forests against rockfalls across the French Alps: 

Influence of forest diversity
12 Faivre et al., 2018: Translating the Sendai Framework into action: The EU approach to ecosystem-

based disaster risk reduction
13 Fidej et al., 2015: Assessment of the protective function of forests against debris flows in a gorge 

of the Slovenian Alps
14 Getzner et al., 2017: Gravitational hazards: Valuing the protective function of Alpine forests
15 Michielini et al. 2017: Field investigations of the interaction between debris flows and forest 

vegetation in two Alpine fans
16 Monnet et al., 2010: Using geomatics and airborne laser scanning for rockfall risk zoning: a case 

study in the French Alps
17 Moos et al., 2017: Quantifying the effect of forests on frequency and intensity of rockfalls
18 Moos et al., 2018: Ecosystem-based disaster risk reduction in mountains
19 Moos et al., 2018: Integrating the mitigating effect of forests into quantitative rockfall risk analysis 

– Two case studies in Switzerland
20 Moos et al., 2019: Assessing the effect of invasive tree species on rockfall risk – The case of 

Ailanthus altissima
21 Moos et al., 2019: Economic valuation of ecosystem-based rockfall risk reduction considering 

disturbances and comparison to structural measures
22 Sakals et al. 2006: The role of forests in reducing hydrogeomorphic hazards
23 Schonenberger et al., 2005: Effect of timber removal from windthrow slopes on the risk of snow 

avalanches and rockfall
24 Stokes, 2005: Selecting tree species for use in rockfall-protection forests
25 Teich et al., 2009: Evaluating the benefit of avalanche protection forest with GIS-based risk 

analyses—A case study in Switzerland
26 Teich et al., 2012: Snow Avalanches in Forested Terrain: Influence of Forest Parameters, 

Topography, and Avalanche Characteristics on Runout Distance
27 Vacchiano et al., 2015: Effect of avalanche frequency on forest ecosystem services in a 1 spruce-fir 

mountain forest
552

1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121



Conflict of interest statement

The authors declare that there is NO conflict of interest.


