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The subsoil, commonly defined as horizons below the working depth of 30 cm, often receives little attention in farming practice. Yet plants extract between 10 and 80% of their nutrient and water requirements from the subsoil. Recent research indicates that subsoil amelioration measures, which enhance water storage capacity, root penetration and microbial activity, could contribute to stabilizing yields in times of drought. Therefore, we investigated farmers' and other soil experts' perceptions of subsoil amelioration as an approach to adapt to climate change as well as the factors that influence their willingness to adopt specific measures to improve the subsoil. We applied the Q-method combined with focus groups in two case study regions in Germany. Two subsoil amelioration techniques were considered: (1) Deep loosening combined with the incorporation of compost into deep soil layers (30–60 cm) and (2) the cultivation of alfalfa as deep-rooting pre-crop. Our results show three distinct views on subsoil amelioration, which we termed as the “pioneers,” the “skeptics,” and the “ecologists.” While the pioneers were open toward applying deep loosening combined with incorporation of compost into the subsoil, the skeptics had concerns about the method and perceived it as hardly feasible in practice, and the ecologists clearly preferred biological approaches such as alfalfa cultivation. Despite the different views, all three perspectives view subsoil amelioration as a useful approach to adapt to changing climate conditions. In conclusion, we identified a number of factors that influence the willingness to implement specific techniques to improve the subsoil: economic and farm-level considerations, awareness of subsoil functions, environmental awareness, individual norms and beliefs as well as risk perception. We recommend considering these factors in the design of a policy framework that promotes subsoil amelioration in Germany. Our findings could be of relevance for agricultural systems around the world, which are prone to drought risk.
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INTRODUCTION

The effects of climate change are vast, including increases in the frequency, intensity, and duration of weather extremes. These impacts in turn increase the degree of pressure and impacts on land in Europe and globally (IPCC, 2019). In the past few years, extensive droughts have particularly affected the agricultural sector in Europe. Due to extremely low rainfalls in combination with high temperatures, for instance, Northern and Eastern Europe experienced multiple and high crop failures in 2018 (Beillouin et al., 2020). Projections based on high emission scenarios (e.g., Representative Concentration Pathways, RCP 8.5) show that Central Europe and the Mediterranean will be particularly affected by more intense and frequent droughts (Spinoni et al., 2018; IPCC, 2019; Toreti et al., 2019). Climate change affects agricultural productivity and leads to reduced stability of food supplies and thus decreasing food security. There is an urgent need for sustainable intensification and adaptation strategies for European agriculture to face these and related future challenges (Grillakis, 2019; Toreti et al., 2019).

Farmers need to adapt their management to changing climate conditions and increase yields in a sustainable way. In addition to the cultivation of plants better adapted to drought conditions, one possible strategy could be to use available resources more effectively. Funded by the German Federal Ministry of Education and Research, the long-term research project Soil3 (see https://www.soil3.de) has been designed to help farmers to adapt to climate change and enhance productivity by including subsoil into sustainable agricultural management strategies. The project aims to optimize nutrient and water uptake from the subsoil by crops as a means to stabilize or even increase yields under unfavorable climatic conditions.

Many studies in recent years have shown that the subsoil can hold immense reservoirs of nutrients and water and may contribute between 10% to more than 80% to plant nutrition (Gaiser et al., 2012; Kautz et al., 2013; Lynch and Wojciechowski, 2015; Schneider and Don, 2019a,b). Subsoil here is defined as the soil layers ~30 cm beneath the tilled soil horizon. Especially under poor growing conditions such as depleted topsoils and droughts, these subsoil reserves can be an important back-up to sustain and stabilize yields (Gaiser et al., 2012; Kautz et al., 2013; Lynch and Wojciechowski, 2015). However, Schneider and Don (2019a) demonstrate that in Germany, for example, over 70% of soils show root restrictions in <100 cm depth, mostly due to compacted soil layers. Consequently, these resources often remain inaccessible to plants, which can have negative effects on productivity.

There are various mechanical and biological methods that help overcome such compacted soil layers, facilitate root growth into deeper layers (Schneider and Don, 2019b) and thus support the uptake of nutrients and water from the subsoil—and thereby increase yields (Gaiser et al., 2012; Cai et al., 2014; Landl et al., 2019; Sale et al., 2019; Seidel et al., 2019). Biological methods are based on the effect of the cultivation of deep-rooted pre-crops (e.g., alfalfa) and the formation of biopores down into the subsoil (bio-drilling) (Kautz et al., 2014; Landl et al., 2019; Seidel et al., 2019). Mechanical methods encompass for example deep loosening (subsoiling) to break up compacted layers (Frelih-Larsen et al., 2018).

It has long been assumed that farmers' decision-making is driven primarily by economic interests. However, studies show that farmers' soil management is influenced by more than economic considerations and depends on mental models linking perceptions, attitudes, and beliefs with behavior (Prager and Curfs, 2016; Frelih-Larsen et al., 2018; Marr and Howley, 2019; Braito et al., 2020). Acceptance depends on the willingness and ability of farmers to adopt management practices (Mills et al., 2017; Frelih-Larsen et al., 2018). Dessart et al. (2019) provide an overview of behavioral factors that influence farmers' decisions to adopt environmentally sustainable practices in Europe based on a review of findings from the last 20 years. Frelih-Larsen et al. (2018) show that, in addition to economic considerations, biophysical conditions, the timing of operations and awareness of subsoil functions are key factors in the acceptance of subsoil amelioration methods in Germany.

The acceptance of agricultural measures by farmers and other societal actors is essential for a far-reaching and sustainable implementation of (new) measures in agricultural practice. It is necessary to have a systematic, in-depth understanding of the factors influencing the willingness and ability to integrate the complex nature of farmers' decision-making into policy design (Mills et al., 2017; Bartkowski and Bartke, 2018; Frelih-Larsen et al., 2018; Helming et al., 2018). Given this background, this paper evaluates the individual viewpoints of farmers and other relevant stakeholders regarding the implementation of alternative subsoil amelioration techniques by applying the Q-method in two case study regions in Germany. Specifically, we investigate whether agricultural actors see subsoil amelioration as a useful approach to adapt to climate change, which factors influence the acceptance of specific techniques to improve the subsoil, and how policy-makers and agricultural consultancies could support the implementation of sustainable subsoil amelioration in Germany.



METHODOLOGY


Object of Research: Subsoil Amelioration Techniques

In the frame of the present acceptance analysis, the focus was on two alternative subsoil amelioration techniques. The first presents a biological approach to subsoil amelioration, the second a mechanical approach. Both techniques can be combined.


Alfalfa Cultivation

One opportunity for roots to overcome compacted soil layers is the use of large-sized biopores formed by tap-rooting plants or earthworms as preferential growth pathways (Kautz et al., 2014; Landl et al., 2019; Huang et al., 2020). Biopores are hotspots with particularly high organic matter, microbial activity and nutrient availability (Kautz et al., 2014; Kuzyakov and Blagodatskaya, 2015), which enhance water infiltration and have a proven beneficial impact on root water uptake in times of drought (Gaiser et al., 2012; Landl et al., 2019). These biopores can remain in the subsoil over years (Hagedorn and Bundt, 2002). Examples for deep-rooting pre- or intercrops with mechanically resilient root systems, which are able to penetrate compacted subsoil layers (Yunusa and Newton, 2003; Gill et al., 2008; Gaiser et al., 2012; Huang et al., 2020), include alfalfa, clover, chicory and lupine. In the present study, we investigated alfalfa cultivation as exemplary technique to biologically ameliorate the subsoil. Alfalfa develops both a strong taproot that is able to reach deep soil layers, and multiple branches that create a broad root network. Alfalfa plants need to remain on the field for ~1–2 years to form biopores that have an effect on the main crops.



Deep Loosening With Incorporation of Compost (DLC)

The Soil3 project runs three central field experiments, designed for development, and testing of different techniques of subsoil amelioration, namely stripwise subsoil loosening with and without incorporation of organic material, e.g., biowaste compost (Jakobs et al., 2019). Within the research project, a machine (subsoiler) has been developed, which facilitates the stripwise loosening of the subsoil with simultaneous incorporation of organic matter in depths between 30 and 60 cm without mixing the A and B horizons. It includes the following steps (see Figure 1): (1) uncovering of the A horizon, (2) deposing of organic material in the opened furrow, (3) mixing of the organic material and the B horizon, (4) re-compaction of the B horizon, and (5) re-establishment of the A horizon. The furrow width in the field experiments was 30 cm, with distances between the furrows of 70 cm. The design of the machine allows adapting these widths as well as the working depth to suit local field conditions.


[image: Figure 1]
FIGURE 1. Mechanical subsoil amelioration: the five steps of the Soil3 method. © Oliver Schmittmann.


The technique may enhance the subsoil's ability to store water (Zhang et al., 2005; Leskiw et al., 2012) and facilitate improved water uptake from the subsoil (Gill et al., 2008). Data from the project's central field experiments show that mechanical subsoil loosening with the incorporation of compost has resulted in an increase in yield of between 19 and 36% on average in three consecutive years (2017, 2018, and 2019) (Jakobs et al., 2019; Ittner et al., 2020).




Q-Method

The Q-method is an empirical, exploratory, participatory method within the social sciences and combines qualitative and quantitative research approaches (Watts and Stenner, 2005; Webler et al., 2009). It aims to explore subjective values, perspectives, and attitudes on a particular topic. Social acceptance is strongly influenced by subjective beliefs (Sattler and Nagel, 2010; Prager and Curfs, 2016; Mills et al., 2017; Frelih-Larsen et al., 2018), which is why the Q-method is particularly suitable for research on acceptance. Thus, the Q-method has already been used in a large number of acceptance studies (Ellis et al., 2007; Bumbudsanpharoke et al., 2009; Cools et al., 2012; Curry et al., 2013; Byrne et al., 2017; Braito et al., 2020). The great advantage of the Q-method is the consideration of the relationships between all variables, instead of the isolated analysis of individual aspects of a topic. As a result, this method is well-suited to identify subjective points of view on complex issues and makes it possible to identify complex opinion structures (Stainton Roger, 1995; Watts and Stenner, 2005).



Development of the Q-Set

For this study, we developed a set of 27 statements which reflect different views on subsoil amelioration using a “naturalistic sample” (Müller and Kals, 2004). We drew the statements from interviews with farmers and other soil experts (agricultural consultancy, science, civil society, and policy) in Germany. We applied this approach, as the perception of subsoil amelioration is largely unexplored and other sources such as scientific literature, newspaper articles or ready-to-use statements on the topic were not available. The main objective of the Q-set is to be broadly representative and reflect all different aspects of a specific topic (Watts and Stenner, 2005). Therefore, special attention was paid to ensuring that the selection of the 27 statements covered a wide range of different factors that may determine the uptake of subsoil amelioration measures. These acceptance factors were identified and adapted on the basis of Frelih-Larsen et al. (2018). Despite the fact that the interviews provided a variety of interesting aspects with regard to the implementation and possible impacts of both DLC and biological measures, the Q-set is slightly dominated by statements on DLC. In comparison, the statements on biological measures were discussed with less controversy and focused on similar issues across all interviews. That is why fewer statements cover all different viewpoints expressed by the interviewees. Table 1 shows how the selected statements correspond to the categories of acceptance factors.


Table 1. Q-set and corresponding acceptance factors.

[image: Table 1]



Sampling of the Q-Sorts

The acceptance analysis was implemented in two case study regions: (a) Western Germany (North Rhine-Westphalia) and (b) North-East Germany (Mecklenburg-Western Pomerania and Brandenburg). In principle, both regions have favorable geo-physical conditions for subsoil amelioration techniques—e.g., soil depth and presence of rock fragments (Frelih-Larsen et al., 2018; see Schneider and Don, 2019a). On the other hand, the two regions differ in ecological and socio-economic criteria such as climate, soil type and quality, degree of soil compaction, farm size, and land tenure. This makes it interesting to analyze them comparatively. To ensure that we cover a variety of perspectives on subsoil amelioration, as recommended in the literature (Watts and Stenner, 2005; Kamal et al., 2014), our sample included a wide range of soil experts with different backgrounds (agriculture consultancy, science, civil society and policy) as well as farmers whose farms display different characteristics (e.g., production systems, farm size, soil types; see Table 3). In total, we conducted interviews with 50 farmers and 36 other soil experts across the case study regions.

The participants were contacted through agricultural advisors and by using snowball sampling. We used different data collection methods such as physical and online workshops combined with focus group discussions, as well as face-to-face and online interviews. Irrespective of the selected data collection methods, all formats followed the same structure. First, we shortly introduced the investigated measures (DLC and the biological measures), creating a comparable starting position for all respondents. Afterwards, each participant individually assigned the statements in a ranking scale (see Figure 2) according to their level of (dis)agreement (Q-sort). In our study, the scores of statements ranged from −4 to +4, with −4 meaning strong disagreement and +4 strong agreement. Scores around zero mean that the participants were indifferent to the statement (Brown, 1980).


[image: Figure 2]
FIGURE 2. Ranking scale for the Q-method.


In the focus group and individual interviews following the Q-sorting exercise, the highest and lowest rankings were first discussed to reveal the reasoning behind the decision of each respondent. The following discussion focused on potential obstacles and motivation factors toward the implementation of subsoil amelioration measures. This information supported the interpretation of the different perspectives.



Data Analysis

A statistical factor analysis of all collected Q-sorts was performed in order to identify groups of participants who have put the statements in a similar order. More specifically, we conduct a principal component analysis (PCA) using a Varimax rotation. The digitalized Q-sorts were analyzed using the web application Ken-Q Analysis (https://shawnbanasick.github.io/ken-q-analysis/). Within the analysis, a large number of factors are created. To select a relevant number of meaningful factors, according to Brown (1980), factors should fulfill the following criteria: (a) the eigenvalues should be >1 (eigenvalue criterion) and (b) each factor should be defined by at least two significant loadings (Q-sorts) in the unrotated factor matrix (significance criterion). Based on these two criteria, we have chosen a three-factor solution. The individual Q-sorts were assigned to the three factors according to the correlation (p < 0.05) between participants and factors (loadings). If a Q-sort significantly loaded on several factors, participants were not considered in the following analysis. As a result, factors are extracted which represent different perspectives (“typical views of a group”) and which are characterized by a calculated “average” sorting of the statements (Z-scores; see Figure 3). Together with the transcribed interviews and focus group discussions, these ideal typical Q-sorts serve as a basis for the descriptive narrative of each perspective.


[image: Figure 3]
FIGURE 3. Ranking of statements from most controversial (Top) to least controversial (Bottom). Triangle symbols highlight distinguishing statements with a significance at P < 0.01 and where the Z-scores for the statement is higher (▴) or lower (▾) than for all other factors.





RESULTS


Description of the Sample

Overall, 50 farmers and 36 other soil experts were included in the survey, with 63% of the respondents coming from case study region 1 and 37% from case study region 2. In total, 71 of the 86 Q-sorts could be assigned significantly to one of the three identified perspectives. The three factors in total explain 62% of the variance (see Table 2).


Table 2. Overview of explained variance and number of loadings.

[image: Table 2]

Table 3 shows the distribution of the participants across the three perspectives and the associated affiliation to the regions and farm-level characteristics. A total of 39 participants share similar views on subsoil amelioration and have been assigned to perspective 1, which is the largest group. Twenty-five of the group members are farmers and 14 are soil experts with an approximately equal regional spread between the two case study regions North Rhine-Westphalia (43%) and Mecklenburg-Western Pomerania & Brandenburg (53%). The vast majority of the farmers (80%) practice conventional arable farming; only seven farmers are oriented toward organic farming. Most farmers of this group already experienced problems with harmful compaction in the subsoil and have experiences with deep loosening.


Table 3. Description of factors.

[image: Table 3]

Almost 20% (16 persons) of the participants were assigned to the second perspective. Most of them were soil experts and stem from region 2 (Mecklenburg-Western Pomerania & Brandenburg). Out of the five farmers in the group, the majority engages in mixed farming.

Similar to perspective 2, perspective 3 is also characterized by the view of 16 participants on subsoil amelioration. In contrast to perspective 2, however, most of the people assigned to perspective 3 come from region 1 (North Rhine-Westphalia). This group consists mainly of farmers (10 persons) who are engaged in mixed and livestock farming. The group is divided equally between farmers who practice conventional farming and farmers who practice organic farming. Most of them have not yet had any problems with harmful compaction in the subsoil.



Different Views on Subsoil Amelioration Techniques

The results of the acceptance analysis show three distinct perspectives on subsoil amelioration, which we named as the “pioneers,” the “skeptics,” and the “ecologists.” Figure 3 below shows the ranking of the statements across the three perspectives.


Perspective 1—The “Pioneers”

The “pioneers” are open to the implementation of DLC and perceive it as a good measure for low-yield or degraded soils (S10). This is supported by the fact that, in contrast to the other two perspectives, the group shows a slight tendency to implement DLC even in the case of the soil being highly productive (S11). Alongside the acceptance of mechanical subsoiling, the members of the group are in favor of biologically intervening in subsoils, in particular with the cultivation of clover (S22). Moreover, the respondents in this perspective endorse the positive ecological effects of alfalfa, which is mainly based on personal experience with alfalfa cultivation, while stressing the need for subsidies (S25). This is reinforced by the statement: “I believe agriculture has to pursue the societal objective toward landscape conservation and this should be honored and promoted” (soil expert 51).

Respondents in this group perceive the implementation of DLC with few reservations, which is demonstrated particularly by the high ranked statement “I have no concerns about the implementation of DLC” (S9). The statement that the implementation of DLC could worsen the public opinion about agriculture (S17) is marked by a very low acceptance. One of the reasons given is that the expected positive impact of DLC on soil carbon sequestration is very likely to create societal support for the measure and as such DLC should be framed in this context. In addition, the “pioneers” do not perceive DLC as a complex method, which is difficult to implement in practice (S14) as the common practice in Germany is to commission contractors for measures requiring the use of specific machinery that is not regularly needed on the farm. In this group, there also is no concern that DLC could destroy the structure of the upper soil horizons (S20). In this regard, farmer 26 stated: “I think other measures are much worse. It also depends on what kind of soil I have and how I cultivate it in general. I wouldn't judge that by one measure.” While the “skeptics” also reject the statement that the subsoil should remain untouched by humans (S5), the rejection in this group is significantly higher. There is a high degree of agreement that the subsoil must be used and improved, not least because “it is already manipulated by the plant roots in crop production” (farmer 21). The members of the group argue that a nature-compatible treatment of the subsoil is sometimes necessary for environmental reasons to prevent N to end up in the groundwater, or to improve the water storage capacity for flood protection. They also consider subsoil tillage necessary, especially if the aim is to increase yields and ensure global food security. In this case, the subsoil should be considered as a production factor as it could play a significant role in achieving this aim. This also applies when the soil is compacted.



Perspective 2—The “Skeptics”

Respondents in this perspective express skepticism about mixing compost into the subsoil. In their view, it is of utmost importance that, before adopting such a technique, reliable research results that encompass long-term effects are available (S12). Additionally, respondents in this group generally tend to wait with the adoption of a new farming technique until it has proven itself in practice (S4). Farmer 93 epitomized this wait-and-see-attitude by stating that before applying DLC on his land, he would first test the technique on a small test site, “so that you can see it for yourself at the location.”

Of the three groups, the “skeptics” most strongly expressed concerns about the DLC technique (S9). They voiced specific concerns ranging from the regional availability of high-quality compost, to an increased risk of re-compaction and nitrogen pollution. In addition, respondents in this group strongly criticized the fact that testing the effectiveness of DLC in the frame of the Soil3 project did not include a control plot in which the same amount of compost was distributed on the topsoil. As a result, according to some of the respondents, it remains uncertain whether the achieved yield increases in the field trial present a mere fertilization effect—which farmers could achieve with much less complex and costly approaches. In general, the skeptics see a need for further rigorous testing of the DLC approach.

Compared to the other groups, the skeptics care most about the cost-benefit ratio of DLC (S13). Here, respondents emphasized that many farmers are currently under a general cost pressure, and therefore need to plan their investments carefully. For example, soil expert 54 clearly stated: “Why else would the farmer do this? At the moment, they are all struggling anyway. So the technique will not be accepted if the farmer does not expect any monetary benefit from it.” Similarly, farmer 33 explained: “The cost-benefit ratio is very important because it is terribly difficult in agriculture to generate proper revenues, because the prices for the products are very bad and we cannot come up with… with considerable costs, additional costs and say that this [DLC] is good for you. First of all, it really has to be proven that it is good.” The farmer's quote reveals that the high importance of the cost-benefit ratio (S13) and the request of reliable research results (S12) are interlinked. In line with this, farmers in this group emphasized that they are unwilling to bear the risk of such an expensive measure, unless solid research results are available first.

Furthermore, respondents in this group perceive DLC as a laborious technique, which they see as an obstacle for implementation (S14). They describe it as a rather costly, time-consuming and complex technique and were overall not yet convinced that applying DLC was profitable. Farmer 92 illustrated this perspective, stating: “For me as a farmer, I see problems there. That is a bit too much work for me. I find it interesting, especially for horticulture. But at the moment I find it hard to imagine that it makes economic sense in large-scale cultivation.”



Perspective 3—The “Ecologists”

Respondents assigned to this perspective strongly prefer biological measures to improving the subsoil over mechanical measures (S27). Consequently, respondents see the cultivation of alfalfa (S23), the use of more expensive intercrop mixtures (S21), and the cultivation of clover (S22) as sensible measures to improve the subsoil. Compared to the other groups, the “ecologists” care most about a varied crop rotation (S7).

At the same time, respondents in this perspective strongly reject implementing DLC on highly productive soils (S11), as they are unwilling to risk soil quality and functionality. In line with this, they express concerns about implementing DLC (S9). As an illustration, farmer 12 describes DLC as “a major intervention in the soil. The topsoil is removed or moved to the side, the soil intervention is relatively strong and I believe that in the long run, you can achieve more with biological measures such as catch crops, a reasonable crop rotation and also organic fertilizer.”

For the ecologists in general, mechanical measures such as deep loosening or DLC present a risk for the soil. Specifically, respondents are concerned about damaging the soil structure and increasing the risk of (re-)compaction. This is illustrated particularly well by a statement made by farmer 78: “I am convinced that you can achieve as much with biological measures as with mechanical ones, but without taking risks for the soil.” Yet, respondents in this perspective are not risk-averse in principle, as they do not prefer to wait until a newly introduced technique has proven itself in practice (S4).

In contrast to the other two perspectives, for the ecologists, the implementation of DLC does not primarily depend on the cost-benefit ratio (S13). Yet—similar to the “skeptics”—they find it difficult to imagine the implementation of DLC in practice, as they consider the measure to be very laborious (S14). Interestingly, of the three perspectives the ecologists are the only ones that believe that DLC would be implemented on privately owned land rather than on leased land (S15). One respondent argued that many property owners were opposed to implementing compost or sewage sludge due to concerns about pollutants. In this case, it would be difficult to get the property owner to agree to DLC. Others argued that lease contracts are often very short, so that it does not make sense to invest in an expensive technique.

Next, respondents see mechanical measures to improve the subsoil as short-term solutions with little long-term effectiveness. In contrast, they emphasize the multiple long-term benefits of biological approaches on soil biota, biological diversity, soil structure and resilience, humus formation, and availability of nutrients. Against this background, the ecologists find it acceptable that biological approaches need time to take effect. This is reflected by their willingness to cultivate alfalfa or similar pre-crops which need to stay on the field for about 2 years to form effective biopores. As farmer 61 expressed it: “You can easily see when you grow alfalfa how many advantages it can have in the subsoil. And how easy it actually is.”

Respondents in this perspective strongly reject the statement that cultivating alfalfa is not commercially competitive (S26). In fact, various farmers who agree with this perspective are cultivating alfalfa and have positive experiences with it.




Shared Beliefs and Values

We found that despite the different views across the three groups, a number of statements were evaluated in a similar way. This indicates that respondents share a number of beliefs and values regarding the subsoil's role in agriculture and in regard to specific subsoil amelioration techniques.

Two statements received particularly high positive ratings, indicating a strong consensus among the respondents: improving root penetration (S3) and water storage (S2) of the subsoil are seen as being important. Respondents also emphasized the interrelation between the two statements.

One statement received particularly negative ratings: Respondents in all three groups strongly disagreed with the notion that subsoil was “dead soil” (S6).

Moreover, farmers and other soil experts generally acknowledged the importance of a varied crop rotation (S7). Regarding the DLC technique, respondents showed no concern about potential fermentation processes in the subsoil due to compost incorporation (S19). Farmers and other soil experts agreed that for the implementation of DLC it is neither necessary that the farm succession is settled (S16) nor that farmers are able to use their own equipment (S18).




DISCUSSION


Subsoil Amelioration as a Useful Strategy to Adapt to Climate Change

Our research results indicate that farmers as well as other soil experts in the two case study regions see subsoil amelioration in general as a very valuable approach to adapt to climate change. The strong consensus on statement 2 shows that the overall most important motivation to consider subsoil amelioration was to improve the water storage of the subsoil. Studies indicate that climate change will increase existing risks like water shortages and floods in Europe with regional differences, which will have an impact on regional agricultural production and yields (Bindi and Olesen, 2011; Iglesias et al., 2012; Iglesias and Garrote, 2015; Spinoni et al., 2018; Agovino et al., 2019; IPCC, 2019; Toreti et al., 2019). In the interviews and focus group discussions, many farmers and farm advisors reported that in recent years their region, and often their own businesses, have been severely affected by droughts and by subsequent yield declines. Personal experience of climate change as well as concerns and perception about climate change have been shown to increase farmers' willingness to adapt their management (Woods et al., 2017; Ricart et al., 2018; Hasan and Kumar, 2019; Mitter et al., 2019). This is in line with our findings: The interviewed participants emphasized the urgent need to find strategies in the agricultural sector to deal with the changing climatic conditions. Beside the adaptation of crop management, such as the cultivation of drought resistant crops, irrigation is one approach to adapt to dry periods (Howden et al., 2007; Iglesias et al., 2011). It is likely that the extent of irrigation will increase in Germany and Central Europe (Elliott et al., 2014; Riediger et al., 2014). This requires larger investments where irrigation equipment does not yet exist. Besides, water resources for irrigation are not unlimited (Elliott et al., 2014), which is why further adaptation strategies should be pursued. Our study shows that increasing the subsoil's capacity to store water was seen as a good strategy to better bridge temporary extreme deficits. Increasing the water-holding capacity of soils, e.g., by increasing the organic matter content, provides a better supply of water to the plant, reduces the need for irrigation and is thus an additional good option for adapting to drought conditions (Iglesias et al., 2011; Williams et al., 2016). Apart from mitigating droughts, respondents mentioned that subsoil amelioration could enable a better infiltration and percolation of water in the soil—and thereby help prevent water erosion in the case of heavy rainfall events. In fact, improving soil drainage to reduce waterlogging, e.g., through improving soil structure and adapted plowing management, is seen as an effective measure to reduce the risk of floods (Howden et al., 2007; Iglesias et al., 2011; Iglesias and Garrote, 2015).



Factors to Enhance the Acceptance of Subsoil Amelioration

While acceptance for the concept of subsoil amelioration is high among the respondents of our study, the acceptance of the two specific subsoil amelioration techniques varies among the three identified perspectives. The Q-method revealed that different sets of factors influence the acceptance in each perspective. In the following, we highlight interesting findings from each perspective and discuss which conclusions can be drawn for promoting subsoil amelioration measures. The acceptance of subsoil amelioration among farmers and other relevant soil experts is a topic that so far has scarcely been discussed in the literature. Therefore, we draw on published literature on the broader topic of acceptance and willingness to implement sustainable soil management to discuss our findings. For a systematic approach, the discussion follows the acceptance factor categories outlined in Table 1.


Awareness of Subsoil's Role in Plant Cultivation

We can deduce that the respondents in our sample generally acknowledge the subsoil's potential to contribute to healthy soils and plant supply. This finding is substantiated by the clear consensus among the respondents that subsoil is not to be considered as “dead soil.” Thus, we find a distinct awareness of subsoil functions among the interviewed farmers and other soil experts. Moreover, in all three perspectives, respondents recognized the interlinkage between water storage capacity, root penetration, and activation of soil life in the subsoil. They highlighted it as positive that sustainable subsoil amelioration strategies address all these aspects. This is in line with Petrescu-Mag et al. (2020), who have shown that farmers perceive soil functions that ensure productivity and support beneficial microorganisms as most important, as well as with findings that farmers in Europe overall have a good understanding of soil functions and soil quality (Bampa et al., 2019; Petrescu-Mag et al., 2020).

In part, the high degree of awareness regarding subsoil functions could be attributed to a bias in the sample of respondents. Despite our careful efforts to cover a wide range of actors and perspectives in our sample, we need to take into account that those stakeholders, who are well-educated, well-informed, and who maintain close contact to agricultural advisories are particularly likely to participate in surveys. Nevertheless, the Q-method is ideally suited to reveal minority views in the sample (Brown, 2006) and therefore it is an important finding that in all three identified perspectives, respondents regarded the subsoil's functions as relevant. Even in the more doubtful perspective of the “skeptics,” improving water storage as well as root penetration in the subsoil is seen as relevant.



Environmental Awareness

Environmental awareness has a strong influence on the acceptance of subsoil amelioration techniques among the “ecologists.” Ecological benefits can present a greater motivation for them to implement measures than economic benefits, such as increased yields. In particular, expected positive long-term effects on soil functions motivate the “ecologists” to implement measures such as cultivating deep-rooting pre-crops, while the long-term benefit of mechanical measures is doubted by the “ecologists”. Cranfield et al. (2010) made a similar observation when researching motives of conventional farmers to convert to organic farming. The authors found that environmental considerations—next to health and safety concerns—played a more important role than economic consideration. In the other two perspectives, respondents show less readiness to implement measures based on their environmental benefits; expected economic benefits represent a significantly greater motivation.

Interestingly, the farmers associated with the perspective of the ecologists in our study are not all organic farmers, indicating that a number of conventional farmers take on this perspective. Furthermore, not all organic farmers among our respondents are assigned to this group; some take the perspective of the “pioneers” or “skeptics.” Therefore, the preference for biological approaches cannot be directly linked to organic farming, whereas earlier findings suggest that farmers with environment-conscious attitude are more likely to be engaged in organic farming (Fairweather, 1999; Cranfield et al., 2010). More generally, there is a public discourse on the impact of land use on resources such as water, soil, climate, and biodiversity e.g., through the discussion on the need to better align the European Union's Common Agriculture Policy (CAP) with sustainability objectives (Pe'er et al., 2019, 2020). The regular survey of EU citizens, which explores public opinion about agriculture, rural areas and the CAP, shows that in addition to providing safe and healthy food of high quality, one third of respondents believe that protecting the environment and tackling climate change are among the two most important tasks of farmers (European Commission, 2020). Societal pressure on farmers is growing, which can have an impact on their environmental awareness and, consequently, on their decision-making (Bartkowski and Bartke, 2018; Dessart et al., 2019).

The respondents emphasized the possibility of contributing to increased carbon storage and thus to climate change mitigation through subsoil amelioration. The introduction of CO2 certificates in agriculture, which is increasingly discussed in Germany (Hermann et al., 2017; Jacobs et al., 2020) and Europe (Eory et al., 2018; Cevallos et al., 2019; Leinonen et al., 2019), could represent an additional incentive to implement such measures, whereby the permanence of the sequestered carbon in soils needs to be ensured (Wiesmeier et al., 2020).



Risk Perception

Risk perception of farmers has been intensely researched (Flaten et al., 2005; Trujillo-Barrera et al., 2016; Dessart et al., 2019; Duong et al., 2019; Sulewski et al., 2020). It is well-known that the willingness to take risks is closely linked to economic aspects, but also to personality (Ghadim et al., 2005; Prager and Posthumus, 2010; Dessart et al., 2019; Sulewski et al., 2020). This is mirrored in our results: the personal risk perception varies between the three identified perspectives and is influenced by economic considerations. While both the “pioneers” and “ecologists” demonstrate willingness to take certain risks, the group of “skeptics” is markedly risk-averse. At the same time, a positive cost-benefit ratio of subsoil amelioration techniques is essential for them. Particularly for this group, a targeted financial support for the first-time cultivation of alfalfa or application of DLC can cushion the risk for farm businesses and could thus help overcoming an important obstacle. In addition, skeptics expressed their unwillingness to adopt specific subsoil amelioration measures, in particular the DLC technique, as in their view the current information base does not yet allow for an adequate risk assessment. Similarly, Duong et al. (2019) found that for farmers around the globe, lacking access to information is an important barrier for risk management. Providing information regarding the effectiveness and side-effects of specific subsoil amelioration techniques seems to play an important role and should be taken up in future research (compare section Options to Enhance Acceptance for the DLC Technique) and addressed in targeted communication strategies that aim at promoting subsoil amelioration.



Individual Norms and Beliefs

Individual norms and beliefs are closely related to moral attitudes and are often influenced by societal views. Furthermore, moral concerns may influence farmers' behavior (Bartkowski and Bartke, 2018; Dessart et al., 2019). As factors like social capital, social norms and peer orientation are difficult to capture, these factors are studied relatively rarely (Bartkowski and Bartke, 2018). In our study design, one example of a relevant individual belief that influences acceptance is concern about the public opinion on subsoil amelioration. Specifically, the “ecologists” have the strongest concerns about the implementation of DLC and have doubts about the societal acceptance of this measure. Some participants pointed out that “invasive” methods such as DLC would be rejected by environmental organizations as well as by the general public. They thus questioned whether farmers—who already face prejudices among the general public—would implement such methods in their fields. Increased yields alone would not compensate for the risk of a lack of societal acceptance. In contrast, the “pioneers” are not concerned that DLC could worsen public opinion about agriculture. Participants mentioned the “marketing” of subsoil amelioration measures as a CO2 sink, i.e., the incorporation and stabilization of carbon in the subsoil, as one way of fostering societal acceptance.



Economic Considerations

According to Bartkowski and Bartke (2018), economic considerations are the most frequently studied factor related to farmers' behavior. Our results show that economic aspects, such as the utilization options of the alfalfa harvest and the overall cost-benefit ratio, play an important role for the acceptance of subsoil amelioration techniques. Yet, economic factors are not the only decisive factors for farmers and other agricultural stakeholders, and they are not necessarily the most decisive factor. These observations are consistent with the findings of other recent studies on farmers' decision-making regarding soil management (Lastra-Bravo et al., 2015; Bartkowski and Bartke, 2018; Braito et al., 2020; Fantappiè et al., 2020).

With regard to the importance of subsidies, respondents revealed opposing points of view during the focus group discussions. Some favored subsidies for subsoil amelioration measures as an incentive for implementation, whereas others clearly opposed this option. One farmer pointedly expressed his concern, shared by other respondents, that subsidies can prevent a farmer to “really try to find efficient or creative ways” (25) to operate in an economically efficient manner without relying on external financial support. This is in line with Dessart et al. (2019), who summarized that in some cases subsidies may have a negative effect on the intrinsic motivation of farmers.



Farm-Level Considerations

With regard to farm-level considerations, a homogeneous view emerged across the three perspectives. Our results show that neither farm succession nor the ability to use one's own equipment play an important role in the acceptance of measures such as DLC. However, the “ecologists” are of the opinion that DLC would be more likely to be implemented on owned land than on leased land. This is supported by Viaene et al. (2016), who have shown that farmers who lease land are more reluctant to undertake long-term investments such as the application of compost, as they may not be able to continue farming this land in a few years.

With regard to the cultivation of alfalfa, the farming system seems to play a role as organic farms generally have an advantage in growing alfalfa as they have more experience with the crop. Moreover, the advantage of the alfalfa plant—i.e., that it can supply itself with water from deep soil layers—can also be a disadvantage under certain circumstances. When for example sandy subsoils are not able to store sufficient water, alfalfa will not grow well.




Options to Enhance Acceptance for the DLC Technique

Regarding the DLC technique, we found that acceptance among the farmers and soil experts interviewed in our survey was mixed; concerns about the technique were present in all three perspectives that have been identified. In particular, our analysis identified a number of barriers for the practical implementation of the DLC technique. This suggests that the design of the technique should be adapted in order to improve its practical feasibility and to increase its attractiveness for farmers.

A specific concern among the respondents was that incorporating compost stripwise into the subsoil is likely to cause a wave formation in the plant stock and consequently lead to heterogeneity in the crop. This runs counter to the farmers' aim of having as homogeneous a crop as possible in the field. Particularly, this could affect the harvesting technique (e.g., threshing) as well as other processes such as application of pesticides, and eventually make it difficult to sell the produce (e.g., due to uneven grain size and quality). Farmers and other soil experts participating in our study see a possible solution in reducing the distances between the furrows that receive treatment. This could contribute to achieving more even effects. Further research could help define ideal spacing for different soil types.

Another potential barrier was seen in the quality and regional availability of compost. The idea of using compost based on biological household waste (as tested by Jakobs et al., 2019) was strongly rejected by many participants, as it was thought likely to contain plastic and other contaminants. Certification of compost was seen as an important means for quality assurance, although some respondents questioned whether it could indeed guarantee that compost is plastic-free. Respondents overall expressed a preference of well-rotten compost based on green waste. Another concern conveyed by many respondents was whether sufficient compost was available in their region, as delivering compost over larger distances would cause high transport costs and make DLC unattractive for farmers. Viaene et al. (2016), who explored barriers to compost application on topsoils in Flanders, came to similar conclusions: The authors found that, among other reasons, issues about compost quality, uncertainties about local availability of compost and high transport costs prevented farmers from applying compost on their fields as a soil-improving measure. We conclude that in order to make DLC more acceptable, a careful choice of regionally available composts is key.

Furthermore, our research results deliver clear indications for further research needs from a practical point of view. First, field experiments should investigate the nitrate leaching potential of DLC in detail and it should be ensured that the risk of leaching and endangering of groundwater resources is minimal when the technique is applied properly, particularly with a view on societal acceptance of the measure. Second, the added value of DLC compared to superficial compost application should be verified on test plots.




CONCLUSION

The results of our acceptance analysis show that while subsoil currently receives little consideration in agricultural practice in Germany, farmers and other relevant stakeholders in the two case study regions are generally aware of the subsoil and the role it can play in climate change adaptation strategies. The respondents regard subsoil amelioration as an effective tool to improve the water storage of the subsoil and thereby to better bridge temporary water deficits. In addition, they acknowledge that subsoil amelioration can mitigate heavy rainfall events, as infiltration and percolation of water in the soil are improved.

We showed that a variety of acceptance factors and barriers can influence the decision to implement biological and mechanical subsoil amelioration techniques. Economic considerations, including a positive cost-benefit ratio, are key for successful implementation of subsoil amelioration. Our analysis has shown that government incentives, including subsidies, might be required to encourage farmers to cultivate alfalfa, for which often no attractive market exists. Appropriate support measures could be integrated into relevant policies, such as regional development programs. Furthermore, a financial reward for carbon storage and sequestration in the subsoil is seen as an additional motivation factor for farmers to implement subsoil amelioration techniques. In addition to economic considerations, individual psychological factors such as awareness of subsoil, environmental awareness, individual norms and beliefs as well as risk perception play an important role. It is important to understand this diversity of influencing factors and to take it into account when designing policy measures that shall promote and support the uptake of subsoil amelioration.

While there was overall consensus that subsoil amelioration can be an effective means for farmers to adapt to climate change, opinions differed on which technique should be applied under which conditions. With regard to technical subsoil amelioration techniques such as DLC, farmers will require assistance in assessing whether their local conditions are suitable for applying the technique. As many regions of the world are facing similar challenges related to changing climate conditions, particularly the increasing frequency and duration of droughts, we believe that subsoil amelioration can be a valuable tool to sustain crop production worldwide. Specific techniques to improve subsoils can be adapted to local conditions and needs.

Our results illustrate that, instead of focusing on one specific technique, it might be more effective to promote a wider range of subsoil amelioration measures that, depending the site conditions and the priorities of the individual farmer, can be applied individually or combined as part of an array of different measures. This include the choice of suitable pre-crops or the choice of available, suitable organic substrates to implement in subsoil layers. Targeted implementation guidelines could be provided through agricultural consultancies and regional chambers of agriculture.
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Stakeholder group
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Farmers 50(58%) 25 5 10
Farm type

Mainly arable farming 28(54%) 17 1 2
Mainly livestock farming 3(6%) 0
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Farm size
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Statement

Improving the living conditions of plants and soil organisms in the
subsail is important to me.

Improving the water storage of the subsoil is important to me.
Improving root penetration in the subsall s important to me.
When a new method is introduced, | prefer to wait until it has
proven itself in practice.

‘The subsoil should remain untouched by humans.

1 consider the subsall to be *dead” soll.

Avaried crop rotation is very important to me.

Redlucing yield fluctuations is important to me.

I have no concerns about the implementation of DLC.

Ithink DLC is a good measure for low-yield or degraded sois.

Even in cases in which the sail is highly productive, | would
consider implementing DLC,

1 would only consider implementing DLC if sound, long-term
research results were avalable.

For me, the implementation of DLC depends primrly on the
cost-beneit ratio.

Ifind it difficult to imagine the implementation of DLC in practice:
because the method is very laborious.

I think DLC would only be implemented on privately owned land
and not on leased land.

I think DLC can only be implemented once the farm succession
has been settled.

1 have some concerns that the implementation of DLG might
worsen public opinion on agriculture.

It is important to me that farmers should be able to implement
DLG by using their own equipment.

1 am concerned that the mixing of organic compost into the
subsol might lead to fermentation processes.

From my point of view, DLC permanently destroys the structure of
the upper soil horizons.

I think it makes sense to use a more expensive catch crop mixture
with deep rooters to improve the subsoil.

I think it makes sense to grow clover to improve the subsoil.
I think it makes sense to grow alfalfa to improve the subsoil.
Growing alfalfa only makes sense if the harvested product can be
utiized

The cultivation of alfalfa has positive ecological effects and should
therefore be subsidized.

‘The cultivation of alfalfa is not commercially competitive even
when the harvested products are used.

I prefer biological measures to improve the subsoil to mechanical
measures.

Acceptance factor

Awareness of subsoils role in plant cultivation

Awareness of subsoil's role in plant cultivation
Awareness of subsoil's role in plant cultivation
Risk perception

Individual norms and beliefs

Awareness of subsoil’s role in plant cultivation
Individual norms and beliefs

Economic consideration

Risk perception

Individual norms and beliefs

Individual norms and beliefs

Risk perception

Economic consideration
Economic consideration
Farm-level considerations
Farm-level considerations
Individual norms and beliefs.
Farm-level considerations
Risk perception
Environmental awareness
Environmental awareness

Environmental awareness
Environmental awareness
Economic consideration

Individual norms and beliefs
Economic consideration

Environmental awareness
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