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We are of the opinion that environmental policies that are based on scientific knowledge at the time they are established need to be revisited in terms of the current knowledge and the effectiveness of these policies in protecting or promoting a particular ecosystem service. Here we use the first Swiss Federal Forest Law (1876) as a case example, which was established to protect mountain forests as a natural means of protection against natural hazards, particularly floods. We briefly summarize the current relevant scientific knowledge on (i) reasons for reforestation in mountains and how the law may have contributed, (ii) forest effects on hydrological regimes and their protection service against floods, and (iii) other watershed changes affecting both reforestation and the forest-runoff interaction. We then present insights from a case study on the Upper Rhone catchment, which lead us to develop a methodological approach based on interdisciplinary collaboration among social and natural sciences to gain the needed data to answer the question of whether a forest protection law can serve as a means of flood protection. Specifically, we found that a data interpolation method is key to answering this question given data are at different scales and resolutions and suggest modeling to fill gaps. Such methods and collaborations are key for basing environmental laws and policies in current scientific knowledge and effectively manage ecosystems and their services.
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INTRODUCTION

Environmental policies have the purpose to protect ecosystems in their structure and function to maintain the ecosystem services they provide. However, these policies are rarely revisited to investigate whether their assumptions agree with current scientific understanding, nor whether their implementation served to protect the targeted ecosystem services (McEldowney and McEldowney, 2011; Luo et al., 2015). The environmental policy of interest for this perspective is the first Swiss Federal Forest Law. It was established in 1876 following catastrophic flood events to preserve and restore the protective service of mountain forests against natural disasters, such as floods, by prohibiting clear-cutting and an excessive use of forests (Schuler, 2007). In the 19th century, wood was a critical resource for people in mountain areas and forests were often used as pastures within their agricultural production system (Stuber and Bürgi, 2001). The law was one of the factors contributing to a transition from net deforestation to net reforestation in the Swiss Alps and is believed to have substantially contributed to flood protection, defined herein as the prevention of loss of life and against infrastructure and economic damages (Mather and Fairbairn, 2000; Reynard et al., 2001). However, whether reforestation was due to the law or other socio-economic changes and to what extent reforestation contributed to flood protection remains unclear.

The aim, assumption(s), and effects of the Forest Law need to be revisited to understand its role in reforestation and flood protection. The first question, based on the aim to conserve and expand forests, is whether, why and where the law triggered reforestation. The second question, based on the assumed protective role of forests, is whether and under what conditions forests influence flood occurrence. The third question, and the most critical regarding the aims of the law, combines the answers from questions one and two to answer whether any potential law-related reforestation served to minimize flood risks. While forests were assumed to protect against floods in the late 19th century (e.g., Landolt, 1862; Culmann, 1865), in Switzerland and countries with similar laws such as France and Austria (Weiss, 2001; Ford, 2004), the actual effects of these laws on flood risk have not been systematically investigated. Yet, their investigation is critical to better understand the protection services of mountain forests and to adapt related environmental policies accordingly.

Answering these questions is not the aim of this perspective but rather we explore the approach required, namely an interdisciplinary collaboration combining insights from social and natural sciences. On the one hand, historical data on socioeconomic changes affecting forest cover simultaneously to the Forest Law are necessary to determine whether the law can be considered as the reason of reforestation (e.g., Loran et al., 2017). On the other hand, the scientific basis of forest-runoff interactions must be considered to link any potential forest cover changes to floods (e.g., Eisenbies et al., 2007; Kirchner et al., 2020). Also, other factors that can alter the alleged influence of forests on floods need investigation (e.g., climatic and anthropogenic changes) (Calder, 2007). Finally, these social and natural science aspects need to be combined interdisciplinarily to draw conclusions on the links from law to reforestation to hydrological regimes and floods.

In this perspective, we present a conceptual and methodological framework to evaluate the importance of legal forest protection on flood occurrence based on insights gained from a case study in the Upper Rhone catchment. Specifically, we (i) elaborate on the law in relation to mountain forest cover changes and society in Switzerland; (ii) synthesize the current understanding of forest effects on flood risk reduction; (iii) explore additional factors potentially altering forest-runoff interactions, and (iv) suggest a methodological approach to evaluate the effects of forest protection on flood occurrence and present example results on the data for the sub-catchments of the Upper Rhone River (Switzerland). We conclude that studying the impacts of the Forest Law on flood protection can be evaluated and similar evaluation could enhance environmental policies regarding their provision of ecosystem services.



A SYNTHESIS OF FOREST EFFECTS ON CATCHMENT HYDROLOGY AND FLOOD PROTECTION SERVICES


Society and Its Past Use of Mountain Forests in Switzerland

The Swiss Federal Forest Law (1876) was instituted to protect mountain forests to increase their protection against natural hazards. It was the first environmental measure at the federal level in Switzerland. Its origin were the disastrous floods of 1868 and accompanying landslides that caused the deaths of 50 people and damages of 14 million Swiss francs (Pfister, 2002). The Swiss Forestry Society had already alerted the Swiss government in 1856 about the alleged negative effects of deforestation on flood control. These warnings were later supported by the expert reports of Landolt (1862) and Culmann (1865). The general belief among experts and politicians at the time was that Alpine forests were diminishing due to cutting by the mountain populations (Blotnitzki, 1869). Thus, the crucial role of forests in the management of natural risks was added to the argument in favor of securing a sustainable yield. A commission of experts was appointed by the Federal Council to determine the causes of the floods of 1868 and the measures to be taken to better deal with future floods. It determined that heavy precipitation and snow melting due to the warm foehn wind were the main reason for the disaster. However, the commission’s report also suggested that mountain forest cover may play a significant role in reducing the flood risk (Summermatter, 2005). Thus, the law was created to foster reforestation with the aim to increase the protection services of forests against natural hazards.

Before industrialization, increases in populations often led to a decrease in forest cover due to the need for wood in construction and heating, and of land for agriculture and pasture (Peltier, 2005; Figure 1; point 6). In Switzerland, the demand of wood increased after 1800 and inhabitants made heavy use of wood resources, resulting in a decrease in forested area (Schuler, 2007) which in turn affected soil characteristics important for the water cycle (e.g., soil organic content, soil storage capacity; see Section “Forest – Catchment Hydrology Interactions”). The mountain population was generally not very cooperative with following the forest law initially, as highlighted by cases of illegally cutting and selling wood (Journal et Feuille d’avis du Valais, 1906). Similarly, the interpretation of reforestation projects and forest cover change requires the consideration of additional factors, such as difficulties that arose due to a lack of seedlings (SCR, 1883), conflicts with the local communities (SCR, 1881), a lack of forestry personnel (SCR, 1880), and the generally slow action taken by the cantonal and municipal authorities to implement the law-related subsidies of the Confederation (L’Ami du peuple, 1906). However, industrialization, the migration of inhabitants from rural mountain areas to cities, and the development of fossil fuels reduced the need for wood and forests were able to recover. These changes led to an increase in forest cover from around 20% in 1850 to 30% at the beginning of the 21st century (Loran et al., 2016). As industrialization and the timing of the Forest Law coincided, methods are needed to disentangle how much of the realized reforestation can be attributed to the latter.
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FIGURE 1. Conceptual representation of the different factors influencing catchment-scale runoff and how they might affect catchment hydrology. The focus is on the effect of forests on catchment hyrology.




Forest – Catchment Hydrology Interactions

The impact of forest cover on the hydrological regime has long been subject to scientific and political debate (Andréassian, 2004; Calder and Aylward, 2006). All agree that vegetation cover influences the effects of rainfall events (Fercher et al., 2018), whereby three regulating mechanisms can be distinguished (Figure 1; points 2–4): (i) increased water infiltration into soils (e.g., Gonzalez-Sosa et al., 2010; Neris et al., 2012); (ii) increased water storage capacity in soils (e.g., Ferreira et al., 2004; Nijzink et al., 2016); and (iii) reduced water flow velocity via increased evapotranspiration and flow path lengths through the catchment (Bradshaw et al., 2007; Moos et al., 2018). These mechanisms are often linked as a higher porosity of the soil with more meso- and macropores due to tree roots allows for higher/faster and deeper infiltration (Beven and Germann, 2013; Vereecken et al., 2016), while tree roots can also extract water from deeper soil horizons compared to other vegetation cover (Moore and Heilman, 2011). The interception of precipitation by leaves increases the flow path lengths of water thus decreasing the amount of water for infiltration at a point in time, and evaporation during dry periods removes up to 5–20 mm of precipitation that could otherwise enter the stream (Wahren et al., 2012). These effects, however, strongly depend on the season and the type and structure of vegetation (Anderson, 1976; Figure 1: 1). Furthermore, only few catchment scale studies on forest effects have been conducted (e.g., Jones and Grant, 1996; Storck et al., 1998; Guillemette et al., 2005), demonstrating that deforestation could reduce soil infiltration and shorten flow pathways, thus increasing runoff. In addition, trees stabilize slopes as they reinforce the soil with their root network and reduce soil pore water pressure (Bathurst et al., 2010; Schwarz et al., 2012). Consequently, forests can reduce the sediment availability in torrents and thus the risk of debris flows (Cannon et al., 2010; Seebald et al., 2019). However, as most studies on the forests’ influence on floods have been conducted at local scales, their conclusions cannot be easily applied to other places without appropriate extrapolation methods.

Increasing scales to the catchment also increases the variability of climates and terrain that need to be accounted for and may potentially obscure a causal link between forests and floods (Calder, 2007; van Dijk et al., 2009; Alewell and Bebi, 2011). For example, the forest effect on floods strongly depends on soil characteristics. Soils with low water storage capacity are only altered marginally by roots, thus forest effects on hydrology can only be small (Badoux et al., 2006). It is often argued that the effects of forests are negligible at large scales and for extreme precipitation events (Calder, 2007; van Dijk et al., 2009; Wahren et al., 2012). During extreme precipitation events infiltration rates are generally too low to cope with the amount of water arriving, or soil storage capacity may be exceeded. Thus, areas with few but intense precipitation events may profit less from forests than areas with longer and more moderate rainfall events (Viglione et al., 2016). The extrapolation methods to the catchment scale need to include such cumulative forest effects moving downstream, by for example using process-based models.



Environmental and Anthropogenic Influences on the Water Cycle

The hydrological regime of a mountain catchment depends on many factors, some of which potentially exert a stronger control on catchment hydrology than forests (Chang and Franczyk, 2008; Li et al., 2009). They include geologic setting and climate variation (Figure 1: points 5 and 9). Structural geology affects hydrology as flow paths tend to develop along predefined structures (e.g., Howard, 1967; Kühni and Pfiffner, 2001), and runoff generation depends on altitude and orientation of the land-surface (Molnar et al., 2007; Roy et al., 2015). Climate varies in space, mainly as a function of latitude, elevation, topography, global circulation patterns, and time, with recent climate change being an important aspect for the evaluation of a centuries-old environmental law (Figure 1; point 5). Since 1876, Swiss mean annual temperatures decreased by about 0.5°C in the late 19th century with a subsequent increase of about 2°C until today. Over the same period, average annual precipitation showed no significant trend in Switzerland (Brönnimann et al., 2014). Nevertheless, increasing temperatures led to an increase in runoff in glaciated catchments (Pellicciotti et al., 2010). Also, over 90% of Swiss weather stations show a positive trend in intensity and frequency of heavy precipitation events from 1901 to 2014 (Scherrer et al., 2016). These climate trends affect the hydrology but may also alter the structure and function of forests.

Factors beyond the natural environment can impact catchment hydrology, such as hydropower production, touristic infrastructure, and natural hazard mitigation (Verbunt et al., 2005; Figure 1; points 7 and 8). In Switzerland, the onset of modern hydropower generation took place in the late 19th century. Between 1945 and 1970, the country experienced a period of expansion with the opening of several storage plants in high alpine terrain (SFOE, 2020). As a result, downstream hydrology was altered drastically, with a reduction of flows except when releases from the storage plants occur. Verbunt et al. (2005) found a clear influence of water releases and storages by hydropower stations on the hydrology of the Rhine basin. The analysis further revealed a significant, but localized, impact of urbanization and afforestation. Urbanization in the Swiss Alps, as related to mass tourism, started to develop in the middle of the 19th century (Reichen, 2013). This required the regulation of torrents to expand and protect alpine settlements and infrastructure (Figure 1; points 7 and 8). First attempts of river regulation in Switzerland date back to the 18th century with large-scale interventions commencing in the 19th and 20th century (Woolsey et al., 2005). In the Swiss Alps, 61% of the rivers are in a (near-)natural ecomorphological condition, as are 82% of the rivers above 2,000 m (Zeh Weissmann et al., 2009). However, obstructions such as weirs and dams are widespread in Switzerland and can influence the hydrological regime and sediment transport capacity. All these factors, individually or jointly, can have far reaching influences on a (sub-)catchment’s hydrology, the forest cover and structure, their interaction, and thus flood occurrence and prevention. An evaluation approach thus needs to allow such factors to be incorporated.




EVALUATING THE EFFICACY OF THE SWISS FEDERAL FOREST LAW IN FLOOD PROTECTION


Proposed Methodological Approach

Based on an interdisciplinary case study in the Upper Rhone catchment in Switzerland, we developed a potential methodological approach allowing for the evaluation of the Swiss Federal Forest Law as a means for flood protection (Figure 2). The proposed framework is based on a multi-step process consisting of the following parts: (i) the determination of the net effect of the forest law on forest cover; (ii) the determination of the importance of forest cover on hydrological regimes and flood occurrence under varying climate conditions; and (iii), by combining (i) and (ii), the net effect of the forest law on hydrological regimes and flood occurrence.
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FIGURE 2. Proposed methodological approach to answer the research question regarding the effectiveness of flood protection via the protection of mountain forests.


We included a variety of data from different sources, using methods from social and natural sciences. We focused on hydrological (discharge, water level) and meteorological (precipitation, humidity, wind, temperature) data from sensor stations maintained by municipal, cantonal or federal agencies, topographical data (e.g., digital elevation model) and land cover data using historical maps, orthophotos, and photography. For historical data we accessed archival newspapers and the Valais State archives (Table 1). These data provided the database (Figure 2; lilac), which then serves as input for modeling (Figure 2; tangerine). Historical and current forest cover and hydrological data rarely have the same temporal and spatial resolution, requiring methods for inter- and extrapolation adapted to the data types. By processing collected data directly or indirectly (Figure 2; tangerine) intermediate results can be created, namely the conditions of forest and hydrological regimes at different points in space and time, in relation to climate conditions (Figure 2; green). However, hydrological models generally incorporate forest cover and structure insufficiently or at coarse scales (e.g., Adams et al., 2010; Moos et al., 2018; Speich et al., 2020). Therefore, the development of an adapted forest-hydrology model (Figure 3; blue), depending on the forest state and the climate and catchment conditions, is necessary to realistically reconstruct hydrographs (e.g., Kuczera, 1987; Scheidl et al., 2020). Such a hydrological model will need to appropriately represent forest effects, which is rarely done (but see Zemokost, which includes vegetation cover type, Fercher et al., 2018), by, for example, considering canopy cover, roots, and evapotranspiration (Figure 1). Additionally, the model will need to address changes to the hydrological cycle via anthropogenic modifications to separate their effects from that of the forest where possible. An appropriate model could then indicate whether forest effects are also relevant during extreme climate events, which are generally those leading to most damages on infrastructure and society (e.g., Kelly et al., 2016). We could imagine the model then being parametrized based on different forest cover, climate conditions, and catchment characteristics, and simulated with actual and hypothetical forest cover and climate conditions under a factorial design (e.g., current and historical forest cover crossed with historical and current climate, respectively) (e.g., Li et al., 2012; Buechel et al., 2022). The sensitivity analyses of the model parameters as well as the multivariate analyses of input variables and the resulting hydrographs will provide critical information on forest-hydrological regime-flood relations (e.g., Bouaziz et al., 2022). Model sensitivity combined with multivariate statistical analysis will serve to disentangle the complex interactions among forest policy, forest cover change, climate variables, catchment characteristics, and anthropogenic alterations in influencing hydrological regimes and flood occurrence. Combining the degree of forest cover attributable to the forest law and forest-runoff analyses will allow us to answer the initially proposed question of whether an environmental law protecting forests can also reduce flood risk.


TABLE 1. Details of the historical data record research.
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FIGURE 3. Data types and availability of the case study conducted in the Upper Rhone catchment. Panel (A) shows the canton Valais in relation to Switzerland. Panel (B) shows the delineated regions, with specific details on the five regions selected for further study. Panel (C) shows examples of data types available. For data sources please see the Supplementary Material.




Evaluating the Availability of Input Data

In order to assess whether the required input data for the proposed approach are available, we divided the Upper Rhone catchment into 46 regions based on sub-catchments (Figures 3A,B). We then focused in depth data collection on five regions: Vouvry, Val d’Illiez, Lötschental, Val de Bagnes, and Zermattertal (Figure 3B). We found at least some relevant information for 44 out of the 46 regions (e.g., forest data or weather, hydrometric, or hydropower stations), though at times limited in scope (space and/or time). Only 19 sub-catchments had hydrometric stations that provided some type of flow rate (e.g., stage, discharge, velocity). Even the five most intensely investigated regions differed in the spatial and temporal resolution of the data (Table 2 and Figure 3B). Some have detailed flow rates for decades (e.g., Val de Bagnes), others are more limited (e.g., Vouvry), while documentation on forest cover is available over different periods and resolutions (e.g., Figure 3C). In general, data from these five sub-catchments are valuable and informative, but unfortunately present challenges.


TABLE 2. Summary of data availability of the five sub-catchments selected for intense study.
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Many reforestation projects are reported; between 1870 and 1980, there were 435 reforestation projects in Valais (Archival Documents, 2004). Not all projects, however, state the reason for, and success of, the reforestation. Aerial and terrestrial photography provide a data record of the forest cover change, but methods need to be developed to fill in spatial and temporal data gaps (i.e., see Section “Proposed Methodological Approach”).

Challenges in determining flood occurrence and risk are many-fold. Flow rates, and thus the ability to determine flood frequency, are only measured continuously/daily for a maximum of 46 years, starting a hundred years after the inception of the Forest Law. Newspaper articles provide some information on prior flood occurrence (data not presented), but the severity and definition of flood is unclear. A confounding factor evident in our five regions was that of hydropower installations. They can completely change the hydrology of a catchment, likely altering the influence the forest may exert on the hydrological regimes.

The results of our Upper Rhone catchment case study indicate that the input data needed to determine whether the Forest Law affected flood regimes (Figure 2) are available, but their collection and interpretation requires an interdisciplinary approach enabling a holistic study of the forest’s effects on hydrological regimes along changing social-ecological conditions. The information we presented indicates that data are not distributed evenly in space or time, but that catchments exist where enough data are available to develop models to fill data gaps. As our case study only covered a small portion of the Swiss mountain region with a specific climate, these models need to allow for the variation in driving climate variables and their interactions with forest ecosystems and hydrology. However, we posit that enough data can be found throughout Switzerland and potentially other countries with similar laws to evaluate the effects of mountain forest protection on flood risk using our methodological approach (Figure 2).



Interdisciplinary Collaboration

Our experiences made it clear that the team needed to undertake such research should include at least an environmental historian, a geographer, a forest scientist/engineer, and a hydrologist. There are two main parts to the overarching question, the first being how much did the forest law contribute to forest cover change. The answer to this question lies within the realm of interdisciplinary social sciences. The second question is what the effect of the forest is on hydrological regimes and flood behavior. The answer hereto lies within the realm of interdisciplinary natural sciences. We think that the answer to the overarching question raised at the beginning of the manuscript draws on the combination of social and natural science findings. We found it important that each discipline would have the opportunity to address discipline-specific questions within the framework of the interdisciplinary team. At the same time, all team members needed to be kept apprised of progress in all disciplines to adapt to new insights and not lose sight of the overarching, interdisciplinary research goal. Key requirements for success are that (i) the research team is interdisciplinary and interactions among disciplines are properly planned and monitored, (ii) the team is given enough time and resources for data collection on a large geographical scope and for frequent interactions, and (iii) the data collected and modeled will be combined with statistical analyses of hydrological data in relation to forest state change attributed to the law. Only a joint methodological and interdisciplinary approach can draw a clear conclusion on the effectiveness of the first Swiss Federal Forest Law and its role in flood protection.




CONCLUSION AND OUTLOOK

In this perspective we posit that science can play a crucial role in monitoring and quantifying the potential effects of environmental policies on the provision of ecosystem services. We offer important insights on the complex interactions of an environmental law’s (assumed) scientific basis, its impacts on the environment, as well as the evaluation of its efficacy. In Alpine countries, the establishment of forest laws preventing deforestation in mountain areas has generally been regarded as a great success, although the scientific debate on their benefits remains. Thus, it is essential to enhance the current scientific basis of the Forest Law’s effects on the provisioning of flood protection services, determine the efficacy of the law in affecting reforestation and use models to link forest, climate, and hydrology. Findings based on our proposed interdisciplinary approach will not only be relevant for Alpine countries, but other mountain regions, such as the Himalaya or Taiwan, where similar conflicts exist due to the strong dependence of upland communities on wooden resources (e.g., Cheng et al., 2002; Chen et al., 2004; Wasson et al., 2008).

Our study emphasizes the necessity of a true interdisciplinary approach, combining a variety of methods from natural and social sciences (cf. Otero et al., 2020; Reynard et al., 2020). This allows for consideration and combination of a variety of data sources as well as different temporal and spatial scales relevant for assessing the impacts of forest changes on flood risk. The interdisciplinary framework we developed and presented here can further serve as an example for other ecosystem services, where similar questions on the effects of environmental practices and policies arise. Only a regular scientific questioning of the assumptions and purposes of environmental laws and policies can guarantee an effective management of ecosystem services.
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