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Abstract

:

Sustainable development is a global challenge addressed by the 2030 Agenda with internationally adopted goals. The consideration of the three major sustainability strategies of efficiency, consistency, and sufficiency can guide us toward more sustainable policy approaches, product manufacturing, service offers, and consumption lifestyles. We select the growth form “liana”, which has evolved several times independently, to identify traits of lianas and general biological concepts derived therefrom. Even though sustainability is an anthropocentric approach and does not exist in biology, we can attribute biological concepts to sustainability strategies. The biological concepts of lightweight construction, modularity, function-related tissue formation, and trade-off can be attributed to efficiency; the concepts of zero waste, best fit, and damage repair to consistency; and the change of growth form and the concept of less is more and good enough to sufficiency. We discuss the analogies between parasitic architecture and the “structural parasitism” of lianas on host trees and between polymers with switchable autonomous properties and ontogenetic changes in the lianescent growth form. Efficiency can be analyzed quantitatively and consistency qualitatively, whereas sufficiency, as an aspect of human consumption patterns, cannot be mathematically measured. Biological concepts can thus serve as a source of inspiration for improving sustainability in the technosphere.
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1. Introduction


The understanding of sustainability has repeatedly changed over the last 300 years [1]. Its inflationary use in politics, science, and society in the last few decades has rendered it increasingly arbitrary, and it often blurs the view of its core meaning. The term “sustainability” was originally introduced more than 300 years ago by chief miner Hans-Carl von Carlowitz with regard to economic motives during a serious timber shortage [2]. Sustainability as a mission statement for the technosphere was taken up in the debate about the scarcity of natural resources in the 1970s [3] and experienced a renaissance through its further development in terms of content. An important milestone in the framing of sustainability as a statement with normative relevance was achieved in the World Commission on Environment and Development. Its report, the so-called Brundtland Report, describes sustainable development as a necessary transformation process of the economy and society toward a sustainable development, with particular emphasis on innovations in the technosphere that respect the link between humans and nature [4]. Finally, the adoption of the 2030 Agenda by the member states of the United Nations in the year 2015 led to an internationally agreed set of 17 Sustainability Development Goals (= SDGs) and 169 targets [5]. These goals can be considered as the interdisciplinary normative basis of sustainability research, covering ecological, economic, and social aspects.



Beyond the goals and targets of the 2030 Agenda, three major strategies have emerged from the aforementioned mission statements and milestones for targeted action toward a sustainable development. Efficiency, consistency, and sufficiency offer a range of possibilities and guidance that help us achieve more sustainable policy approaches, product and service manufacturing, and consumption lifestyles. Efficiency raises the question: “How can we reduce the use of resources and associated environmental impacts at the lowest possible input?”. The strategy can be applied not only to the manufacturing process and the usage of products and services but also to policy strategies (e.g., funding schemes for CO2 reduction). Following the approach “doing more with less”, efficiency strategies primarily aim to optimize manufacturing and/or the use of products and services in order to reduce resource use and environmental impact throughout their entire life cycle. Consistency involves the question: “How do we use resources while reducing the associated environmental impacts?” and is aimed at various technological or product-related solutions that are embedded in nature [6]. Hence, the ultimate objective of consistency is not less resource utilization but rather the integration of anthropogenic material and production systems and the related material and energy flows into natural cycles [7]. Consistency as a sustainability strategy has been further cemented by the development of product life cycle analysis [8] and product sustainability analysis [9,10] and by the concepts of industrial ecology [11] and of cradle-to-cradle [12] and circular economy [13]. Sufficiency deals with the question: “How much do we need and what is superfluous?”, with the primary goal of reducing resource use and environmental impacts through changes in political framework conditions and consumption patterns [14]. The discourse on sufficiency is often associated with the discourse on the needs for a “good life” [15], renunciation, and the correct level of consumption [16]. According to Paech [17], sufficiency can be perceived more as liberation rather than renunciation because by decluttering consumption patterns, one can turn to the remaining consumption activities intensively and with pleasure. Moreover, sufficiency embraces aspects of efficiency and consistency.



Interestingly, the proclamation of the Anthropocene [18] occurred simultaneously with considerations that biomimetic products ought to contribute to a more sustainable future. Since 2000, there has been an exponential increase in publications dealing with “sustainability and Anthropocene” and ”biomimetics and Anthropocene” [19]. Figure 1 shows publications that study the relationship of “biomimetics and sustainability” also increasing exponentially from 2000 to 2021. However, the question arises as to whether this scientific interest is also a safeguard for targeted action in the direction of sustainability. For instance, policymakers need to translate scientific findings into legislative frameworks as well as entrepreneurs into products and services that create the basis for more sustainable consumption and lifestyle patterns among the population.



Generally, learning from nature is linked with the hope that we can thereby promote the discovery and development of sustainable solutions in the technosphere. The idea flow from living nature to technology seems to promise technical solutions with extraordinary qualities, namely ones that are low risk, evolutionary optimized, and ecologically adapted. Von Gleich et al. [20] have summarized this normative aspect under the term “biomimetic promise”. Without question, sustainable development is a human-made mission statement that puts humankind and intergenerational equity at the center and provides targeted guidance for achieving the goal of sustainability. Living nature, however, is the result of biological evolution, which is characterized by the evolutionary factors of mutation, recombination, and selection, and it is indisputably neither anthropocentric nor teleological. In general, learning from nature can take place on three levels that differ with respect to the biological model, the knowledge transferred, and the technical development (Table 1).



Since biological models and mechanisms and processes of evolution are not per se sustainable, biomimetic products, biomimetically optimized components, and bioinspired strategies cannot automatically be sustainable either [27]. However, engineers can ensure a contribution to more sustainability of their biomimetic developments if a special ethos and respectful interaction with nature complement their practice [28]. Even though sustainability is an anthropocentric approach and does not exist in biological models, we can attribute several biological concepts to the sustainability strategies of efficiency, consistency, and sufficiency.



Against this background, in this paper, we will focus on the example of the plant growth form “liana”, which has evolved independently several times during the course of biological evolution, and present biological concepts that can sharpen and develop our understanding of efficiency, consistency, and sufficiency. The aim of this work is not to write a comprehensive review on the subject of sustainability strategies and/or the growth form of plants but to find answers to the following scientific question: “Can the sustainability strategies of efficiency, consistency, and sufficiency be sharpened and further concretized through the attribution of biological concepts?“




2. Biological Concepts of the Growth Form of Lianas


In the following, we will introduce our selected plant model, the growth form “liana”. We decided against randomly searching for as many unlinked examples as possible from the animal and plant kingdom. Instead, we wish to show that the characteristics of lianas are in a form–function relationship, which, despite its complexity, only allows a limited range of biological concepts and attributions to sustainability strategies (Table 2).



In addition to the systematic classification of family, genus, and species, growth forms classify categories of plants that have the same growth habit but that are not necessarily related [29,30,31]. The growth forms of plants are, for example, trees, shrubs, lianas, semi-self-supporters, succulents, epiphytes, and herbs. In the following, we focus on woody plants that have the most interesting features for our study. In contrast to the typically smaller annual to perennial herbaceous plants, woody plants have a typically longer lifetime and larger plant body. Climbing plants differ drastically from self-supporting plants or semi-self-supporting plants in their mechanical performance, their underlying stem structure, and especially the changes of these features during ontogeny (= development of an individual organism).



The growth form liana is evolutionarily highly successful, which is reflected by the fact that climbing plants exist in at least 133 families of spermatophytes and that more than half of the families of vascular plants have climbing species that all originated from originally self-supporting ancestors (best fit concept) [32,33,34,35].



Lianas and their interplay with host trees represent prime examples for the complex mutual influence and interdependence of various plant species that are nevertheless viable independently of each other. Furthermore, lianas play an important role in highly complex and interconnected ecosystems, such as tropical rainforests. Because of the high temperature and humidity in the rainforest, microorganisms rapidly and completely decompose dead plant parts that have fallen to the ground (zero waste concept).



In contrast to self-supporting shrubs and trees, which merely increase in plant body size (i.e., basal stem diameter and stem height), lianas change their growth form during ontogeny (change of growth form concept). Young liana saplings and young terminal searcher stems of lianas are mechanically self-supporting until they find support. Figure 2a shows a young self-supporting sapling and Figure 2b an old lianescent ribbon-shaped stem of Bauhinia guianensis. In their establishment phase, lianas have to overcome three main challenges: they need (1) to find new support (typically by autonomous circumnutation movements), (2) to bridge the distance to a new (distant) support (by stiff searcher stems), and (3) to attach safely to the new support (by various attachment structures). For these partly conflicting requirements, the most apical stem parts of a liana, the searcher stems, have developed trade-offs in terms of being sufficiently stiff and lightweight to prevent them drooping under their own weight. However, they must also be flexible enough to enable circumnutation movements that cover a large space volume and that are essential for finding new supports (trade-off concept) [36,37,38,39].



With their thin stems, young liana saplings are just stiff enough not to bend. However, even a thin woolen thread attached to the stem tip as an additional weight leads to a drooping of the stem [30]. Young lianas form just enough material to provide them with a safety factor of slightly over 1.0 (good enough concept), i.e., they can carry their own weight and extremely small additional loads, such as light wind gusts or raindrops. In contrast, other herbaceous plant stems have safety factors of between 1.7 and 2.9, whereas large old record-size trees are mechanically “overbuilt” with safety factors of approximately 4.0 [40,41]. In many liana species, the searcher stem can intertwine and form braided systems (modularity concept). Figure 2c shows the intertwining stems of Aristolochia macrophylla. In these braids, several stems of the same specimen are intertwined around each other and provide mutual support. Braiding typically occurs only in limited segments and not over the entire length of the nearly parallel searcher shoots. The longest (typically oldest) searcher stem of the braid can thus achieve a considerable lateral reach and reliably maintain its posture and the apical flexibility necessary for circumnutation [42].



Older lianas, however, climb plants with mostly woody stems that are rooted in the ground and that climb up trees or other supporting structures (Figure 2b). Liana stems remain much smaller in diameter and volume compared with self-supporting trees of a comparable age. Figure 2d shows the difference in cross-sectional diameter between the coiled liana stem of Condylocarpon guianense and the trunk of its host tree. Compared with trees, lianas can grow over crowns of several supporting trees because they invest in enormous stem length (500 m and more have been recorded), which is much more than the maximal stem height of trees at approximately 130 m (Figure 2e) [35,38,43]. Furthermore, huge diameter vessels in the flexible wood allow for sufficient water transport and for mechanical stability and elasticity in the long thin stems (vessel diameter up to 800 µm) (multifunctionality concept) [30,37,38,44]. Thus, the non-self-supporting growth form enables climbing lianas in dense forests to reach the canopy and thus an advantageous position for pollination, fruit, or seed dispersal and for receiving direct sun light for photosynthesis but with little investment in their own stem material (concept of external support). The resource savings from the exploitation of external climbing support allows the liana to use its metabolic energy for other tasks. One of the most important of these tasks is the production of various attachment structures, such as hooks and tendrils with or without adhesive pads, adhesion roots with root hairs, and twining stems (Figure 2f) that allow climbing lianas to secure their contact with the supporting trees and that represent an inevitable consequence of the non-self-supporting growth form (change of function concept) [38,45,46,47].



The growth of the woody plant body of climbing plants is generally accompanied by a marked change in rigidity with increasing age. Flexural rigidity and torsional rigidity are determined by the size and the mechanical properties of the stems, branches, or twigs. In this context, the bending modulus and the torsional modulus are measures for resistance to bending or torsion deformation, ultimately resulting in a trade-off between being stiff enough to withstand drooping by gravity and flexible enough to be streamlined under wind loads and, in lianas, to follow the movement of the host trees (trade-off concept). With respect to material properties, the bending elastic moduli of old basal stem parts of self-supporting plants are typically up to 10 times higher than those of young flexible apical twigs. In semi-self-supporting plants, the bending elastic modulus remains mostly constant during ontogeny. In non-self-supporting climbing lianas, a significant decrease in the bending elastic modulus and torsional modulus by a factor of up to 15 occurs from the relatively stiff young apical searcher stems or saplings (Figure 2a) to the old basal stem part, which is highly flexible in bending and torsion (Figure 2b) [30,31,34,35,36,38,39]. What is the basis of the described changes of material properties that occur during the ontogeny of lianas? Plants can form various tissues with different material properties (concept of function-related tissue formation). Stiff young searcher stems are either stabilized by dense stiff wood (e.g., Condylocarpon guianense, Bauhinia guianensis) or by a closed peripheral ring of sclerenchyma fibers (e.g., Aristolochia marcophylla, see magenta arrows in Figure 2g, left, and Clematis vitalba). In contrast, old stems are flexible in bending and torsion caused by less dense flexible wood (concept of lightweight construction), huge wood rays, a thick flexible cortex, ribbon-like or indented stems (e.g., Bauhinia guianensis, Passiflora glandulifera), and/or a highly segmented (e.g., Aristolochia marcophylla, see yellow arrows in Figure 2g, right) or a star-shaped (e.g., Maripa scandens, Condylocarpon guianense) wood cylinder.



Figure 2g shows transverse sections of a one-year-old stem and of a two-year-old stem of Aristolochia marcophylla. The transverse section of the one-year-old stem reveals a peripheral closed ring of sclerenchyma (Figure 2g, left, see magenta arrows) that is responsible for the high flexural and torsional rigidity of the self-supporting young plant stems and searcher stems that cannot yet rely on support from a host tree. During secondary growth, following the secure attachment of the stem to a host tree (in the case of Aristolochia marcophylla by twining around host stems and branches), the newly formed flexible wood inside the closed ring increases in volume to such an extent that, in the two-year-old stem, the strengthening ring is ruptured (concept of less is more). The fissures of the ring are rapidly sealed by adjacent thin-walled sealing cells (concept of damage repair). In the subsequent healing phase, further thin-walled sealing cells are formed that can safely seal the fissures but that cannot restore the original mechanical property (good enough concept). Some of the thin-walled parenchyma cells develop into thick-walled strengthening cells (sclerenchyma), leading to a partial recovery of the original mechanical property (Figure 2g, see yellow arrows). Compared with the stems with a closed ring of lignified sclerenchyma cells, the stems with a segmented ring exhibit a more flexible behavior in bending and torsion. The described sealing principle provided the inspiration for a self-sealing foam coating for pneumatic systems in technology [48].



The high flexibility in bending and torsion of their older stems enables lianas to survive the breaking off of large branches to which they are attached and even the falling down of entire support trees. After such an event, the lianas slip down the main stem (Figure 2d) or may even be found coiled like a rope on the forest floor (Figure 2e) and are then able to colonize new support trees with the aid of stiff reiterative axes built on the old stems (Ref [30]; TS: field observations). On the other hand, climbing lianas rely on the existence of self-supporting host trees, which makes them dependent on the existence of stable forest ecosystems. This can be observed in disturbed areas, e.g., after natural tree breakage or logging, where lianas, because of their vigorous growth, may densely cover the area and can hinder and/or delay the emergence and growth of young trees that would provide new support (TS: field observations).




3. Analogies in the Technosphere


In this study, we compiled numerous evolutionary characteristics from which we derived various biological concepts (Table 2). These characteristics are of high selective advantage for the growth form “liana“. The particularly remarkable characteristics in this respect include the small investment in liana’s own stem material as part of a “structural parasitic” growth habit and the change of material properties, i.e., the transformation from stiff self-supporting searcher stem or sapling to flexible climbing plant stem. Our scientific motivation was to investigate whether these biological concepts can sharpen and develop our understanding of efficiency, consistency, and sufficiency. In particular, we will use these two extraordinary characteristics of liana as examples in order to investigate to what extent they can act as inspiration for the technosphere. Indeed, some rare examples can be found here that demonstrate the existence of comparable strategies in the technosphere: parasitic architecture and polymer systems with switchable autonomous properties.



3.1. Parasitic Architecture


Based on the definitions of biology, most lianas are not parasitic plants that harm their host by means of extracting water and nutrients from the host plant. However, with regard to the climbing support provided by the host, we can speak of a “structural parasitism” that can be used as a source of inspiration in the field of architecture.



Analogies with the interplay of lianas and their host trees can thus be found in the approach of parasitic architecture, which refers to a wide array of small-scale architectonic “additions” to existing larger buildings. Independent of being legal or illegal, temporary or permanent, all of these additions aim to expand volumes of their architectonic “hosts” and sometimes even further develop their functions [49,50]. An example of a cutting-edge application of parasitic architecture is the concept of tiny houses (i.e., small stand-alone homes that mimic a modern home on a smaller scale) as complete living units occupying the roofs of existing buildings but making use of the staircases and installation ducts of the latter [49]. With “solar rooftops” (Figure 3), a solar-plus-energy residential unit also aims to create additional high-quality living space on the top of existing buildings. Previously unused roof space is replaced by a pre-fabricated, one- or two-story lightweight wooden construction, with the roof cladding almost completely covered with photovoltaic modules. On an annual average, these photovoltaic modules produce more electricity than the rooftop residential unit’s own requirements. The energy surplus can be used by the residential units of the existing buildings below or fed into the public grid [51]. Essentially, with the latter characteristics, parasitic architecture harbors great potential to contribute to net-zero CO2 emission scenarios in urban settings [52].




3.2. Polymer Systems with Switchable Autonomous Properties


The transformation from stiff searcher stems to flexible old stems represents another characteristic feature of lianas that could be mimicked and further developed in the technosphere. The corresponding engineering analog would be polymer systems with switchable autonomous properties, as chosen in our second example. An interesting approach in this respect are hydrophilic porous polymer coatings (PPC) that are based on ethyl cellulose and that are capable of switching upon being wetted with water (Figure 4). If applied in exterior paint coatings, ethyl cellulose systems can switch in response to precipitation. In the dry state, PPCs are opaque and reflect sunlight; once exposed to rainwater, they turn transparent, and sunlight is transmitted. Such coatings can passively heat or cool buildings, depending on the season, in regions with dry summers and wet winters [53]. It is passive nature makes this functionality highly appealing in terms of sustainability, since cooling is achieved without electricity, refrigerants, or mechanical pumps. In this sense, ethyl cellulose-based PPCs can be considered as an autonomous (pre-) programed material system in which complex structural and mechanical changes occur interactively, triggered by an external environmental stimulus.





4. Concretization of Sustainability Strategies by Means of Biological Concepts


As a basis for the discussion of our answers to the scientific question “Can the sustainability strategies of efficiency, consistency, and sufficiency be sharpened and further concretized through the attribution of biological concepts?“, we now provide some preliminary remarks that are important in this interdisciplinary context in order to avoid any misunderstandings.



4.1. Preliminary Remarks


Nature and culture represent a dualistic word pair, with culture denoting everything anthropogenic as opposed to nature, which is not human made [54]. The natural sciences (e.g., physics, chemistry, biology) and technology (e.g., engineering, design) also represent a dualistic word pair. Unfortunately, nature and technology are often juxtaposed, but they obviously do not belong to the same category [27]. In the study presented here, we make a clear distinction between biological concepts and sustainability strategies. Biological concepts have developed during biological evolution, which is characterized by the evolutionary factors of mutation, recombination, and selection. Sustainability strategies, however, are guidelines for human action designed to achieve predetermined sustainability goals. In contrast to biological concepts, sustainability strategies are anthropocentric and teleological. Since the term function is used in both biology and technology, we will provide two brief explanations. In the life sciences, no experiments can be conducted to determine the function of a biological structure that has evolved during the course of evolution; rather, functional attributions are made, since organisms are not deliberately constructed machines whose components serve intended purposes or goals [55]. Therefore, in the biological context, function is understood in the sense of traits that have evolved to contribute to fitness [27]. In a technical context, however, function is understood as the performance characteristics of a product or service system that can be quantified in the form of a functional unit [8]. The function of a technical product system needs to be evaluated based on its benefits [56]. Finally, we will discuss the difference between goals and targets, two terms that play a major role in the 2030 Agenda, which includes 17 Sustainability Development Goals (SDGs) and 169 targets. Goals are general statements of what is to be achieved but without giving precise figures or setting deadlines for completion. By contrast, targets define specific and measurable results to be achieved within a given time period.




4.2. Efficiency


Originally, the definition of efficiency referred to economic performance and costs. Within the context of sustainability research, the definition focuses more on physical resources, such as raw materials and energy carriers. According to Behrendt et al. [57], efficiency means the creation of economic performance with the lowest possible use of materials and energy by improving the input–output ratio. Since the economic performance of a product or service system is defined by its function (as defined above), the following Equation (1) can be derived that is applicable to both technical products and biological structures.


  efficiency =   function  s     resource   use     



(1)







Thus, efficiency can be compared quantitatively. Basically, the more functions that a technical product/service or biological structure has and the fewer resources that are needed (or associated impacts are generated) to produce or build it, the greater the efficiency. The calculation is rather simple when only one resource or one impact is considered. It becomes more complicated, however, when the total environmental impact needs to be assessed, since the individual impacts have to be weighed against each other, and aggregations are necessary [58]. According to the biological concepts, the input–output ratio [57] can be improved by reducing the input for a function in the sense of using the minimum quantity of resources and/or by increasing the output in terms of considering multiple, (partly) conflicting, and improved functions while minimizing resources.



Within this context, we should note that efficiency and effectiveness are often used synonymously or confused with each other. However, they are clearly defined: efficiency means doing things right, whereas effectiveness means doing the right things.



Furthermore, after the implementation of efficiency strategies, rebound effects can often be observed in practice. Rebound effects are secondary effects that occur as a result of an efficiency measure but that counteract the original objectives of the primary measure (i.e., energy or resource savings). Hence, rebound effects are triggered by the measure and reduce its associated and usually intended effect or, in the worst case, even overcompensate for it [59]. Energy-efficient LED bulbs are a striking example in this respect; since they consume less energy than conventional light bulbs, many users tend to switch on more bulbs or leave them switched on for longer periods of time.



Interestingly, we can observe an analogous effect in lianas. As mentioned above, resource saving by exploitation of the external climbing support allows the use of metabolic energy for other tasks of the lianas, such as the development of attachment structures for a secure adherence to the host tree or the increased formation of leaves in the canopy for photosynthesis. The load that climbing lianas apply to their host trees and the potential increase in crown size and density caused by the additional liana leaves increase the danger of mechanical failure (mostly by wind loads) of branches or the entire support tree. In these cases, the resource savings do not lead to energy efficiency but even result in increased consumption; this is called the “rebound effect” in the technosphere.




4.3. Consistency


Consistency stands for the compatibility of technological production processes with nature. Huber [6] claims that consistent material flows are those “which are operated largely fail-safe in their own closed technical cycle, or which correspond to the metabolic processes of the surrounding nature in such a way that they can be integrated into them relatively easily, even in large volumes.” (Ref. [6], p. 81; translated into English by the authors). Thus, when focusing on resource use and waste, consistency can be achieved by the establishment of closed-loop material cycles as postulated by the concept of a circular economy [13]. In contrast to a linear economy, in which each product eventually becomes waste (cradle-to-grave), the circular economy creates closed-loop material cycles with a constant reuse of the resources employed (cradle-to-cradle). The circular economy thus describes a socio-economic system that aims at using equipment, materials, and products as long as and as efficiently as possible in order to minimize waste. Waste can be avoided either by the use of fully biodegradable materials or by keeping the products in the cycle with strategies such as reuse, repair, refurbishment, remanufacture, repurpose, recycling, and recovery [60]. Nevertheless, we need to stress that waste minimization is not the exclusive goal of the consistency strategy; instead, resource utilization should also be improved.



Against this background, a quantitative formulation of consistency has to refer to the aspect of circularity (Equation (2)). In this sense, the ideal consistency in terms of optimized resource use and a minimum of waste generation is achieved if perfect circularity is created.


   ideal   consistency  =  perfect   circularity   



(2)







In the technosphere, however, circularity is currently more of a vision than an established approach; other than a few material flows (such as paper/cardboard, glass or aluminum), recycling rates are still comparatively low, especially with regard to material recycling [61]. Haas et al. [62] also report a low level of circularity when material flows are used as a proxy. They calculated that only 7% of all materials entering the global economy are in closed loops.



In the context of the biological concepts found in lianas, we learned that the growth form liana has evolved independently in at least 133 plant families, and despite all differences, each of them is well embedded in its respective ecosystem. Especially in the tropical rain forests, microorganisms completely and rapidly decompose dropped liana parts, following the zero-waste concept. However, under anaerobic decomposition, nature itself produces natural waste in the form of fossilized organic material below ground level. Fossil fuels, such as coal, natural gas, and crude oil, consist mostly of carbon, which reacts with oxygen to produce the greenhouse gas carbon dioxide (CO2) when burnt by humans for heating or transportation [63]. Nevertheless, waste reduction through damage prevention and damage management is widespread in plants. Plants can prevent damage through the formation of gradient transitions by means of geometric characteristics and biomechanical properties, or they can respond and acclimate structurally and mechanically to withstand higher loads without damage. Damage management of plants includes the sealing and healing of wounds (concept of damage repair) and the formation of abscission zones, where damage is controlled spatially and temporarily, such as during leaf fall [64]. The concept of function change is common in the plant kingdom. Several types of structures have evolved that allow the support and attachment of liana and that originate from various plant organs or tissues. Tendrils, for example, are specialized stems, leaves, or petioles; thorns are modified branches or stems; and prickles are extensions of the epidermis.




4.4. Sufficiency


Although the strategies of efficiency and consistency are centered on technological progress, sufficiency requires personal lifestyle changes that respect ecological limits and the ability to restrain superfluous consumption [61]. Fischer and Grießhammer (Ref [14], p. 10; translated into English by the authors) define sufficiency as “changes in consumption patterns that help remain within the Earth’s ecological carrying capacity, whereby the benefit aspects of consumption change”. Paech [17] defines sufficiency as a process of decluttering by means of discarding superfluous items. In practice, the sufficiency approach involves borrowing instead of possessing things, traveling by train instead of flying, repairing damaged products instead of throwing them away or buying new consumer goods, and eating local foods instead of exotic ones [17].



However, we cannot analyze the degree of sufficiency solely by the quantity of renounced items. Sufficiency has to be conceived of in a much more multifaceted manner than the individual renunciation of superfluous consumption. According to Heyen et al. [65], the practice of sufficiency cannot be left to the individual alone. Instead, the demanded changes in consumption patterns must be operationalized, i.e., encouraged and promoted by a targeted sufficiency policy and with a suitable framework. For example, one can appeal to people to fly less; a governmental fixed CO2 price of EUR 180 per ton of CO2 would, however, act as a more effective control, leading to less air traffic.



When we try to take into account the multifaceted framing of sufficiency, and particularly its political and social implications, we soon see that this strategy cannot be expressed by an all-embracing mathematical–scientific formula.



Biological concepts attributed to sufficiency are associated with the change of growth form concept from a self-supporting searcher stem or sapling to a non-self-supporting climbing liana. In this context, the less is more concept in terms of the growth-induced disintegration of the closed peripheral ring of sclerenchyma cells into individual parts and the good enough concept of filling the gaps of the strengthening ring with thin-walled parenchyma cells demonstrate that these biological concepts are not the expression of the further strengthening of the existing structures but, on the contrary, the abandonment of previous structures. Moreover, the good enough concept of the young searcher stems and saplings is especially interesting, since young plants invest as few resources as possible in this early establishment phase, which is limited in time (time to host contact) and space (distance to host).




4.5. Perception Shift of the Sustainability Strategies


In the framework of this interdisciplinary study between biology and sustainability science, we noted that the boundaries between the three sustainability strategies of efficiency, consistency, and sufficiency are blurred to some extent. For example, the consistency approach often includes efficiency aspects, a phenomenon that has not been adequately taken into account in the classic sustainability discussion so far.



Our attempts to translate the strategies of efficiency, consistency, and sufficiency into formulae in order to generate measurable figures yielded mixed success. Efficiency can be calculated quantitatively, and the resulting numbers can be compared with each other (Equation (1)). Consistency can be captured qualitatively by the level of circularity (Equation (2)). No universal formula can, however, be derived for sufficiency. The performance of a quantitative analysis, as can be undertaken in the cases of efficiency and (to a more limited extent) consistency, has the potential to transfer a general goal into a particular target that can be formulated and evaluated. Since sufficiency is a multifaceted strategy, covering, in particular, consumption patterns and corresponding political frameworks, a quantitative analysis based on a mathematical–scientific formula is not possible.



We were able to identify several biological concepts with the potential to sharpen and further concretize our understanding and management of sustainability strategies. All biological concepts are self-explanatory by their very naming, are further explained by using the liana characteristics described, and can thus be attributed to concepts in the field of sustainability. We attributed the biological concepts of lightweight construction, modularity, function-related material formation, and trade-off to efficiency; the concepts of zero waste, best fit, and damage repair to consistency; and the concepts of change of growth form, less is more, and good enough to sufficiency.





5. Conclusions and Outlook


We provided some answers to our scientific question as to whether we can sharpen and further develop the sustainability strategies of efficiency, consistency, and sufficiency through the attribution of biological concepts. Even though sustainability is an anthropocentric approach and does not exist in biology, we can indeed attribute biological concepts to the three sustainability strategies. However, biological concepts and sustainability strategies are not opposite sides of the same coin or two separate realms of reality. Within our study, we were able to identify biological concepts with the potential of deepening our understanding and sharpening the definition of the three sustainability strategies. In the case of efficiency and consistency, for example, we derived formulae that can be applied in principle in both biology and the technosphere. In the case of sufficiency, however, we were unable to develop a mathematical–scientific formula, since this strategy is based primarily on political and social science principles.



Analogous to the biological concepts, smooth transitions exist between the three strategies. Furthermore, the sustainability strategies are not equivalent to each other in terms of their definition or with respect to their quantitative and qualitative analyses. Efficiency and consistency refer to product manufacturing, whereas sufficiency refers to changes in political frameworks and consumption patterns. Nevertheless, human consumption habits are of great relevance for the realization of all sustainability strategies.



We also wish to present here an outlook on the development of sustainability strategies. Efficiency is certainly the best known sustainability strategy in the public perception. In this regard, the public has to rely on future advances in technology for further improvements in efficiency. The Achilles’ heel of efficiency is the rebound effect, of which some people are not even aware. Consistency aims at changing the “quality” of energy and material cycles toward compatibility with nature. This entails a technical and economic structural change with further consequences for legal, political, and cultural changes. The high transformational potential of the consistency strategy is counteracted by the long-lasting processes involved [6,57]. Sufficiency is not a matter of renunciations and prohibitions by politicians but of rethinking and of changing our habits. A compelling argument is that sufficiency measures do not require new, expensive, and time-consuming technologies. Indeed, everyone can immediately commence a sufficient lifestyle [17]. We were able to show that biological concepts can serve as a source of inspiration for enhancing the sustainability performance of specific products in the technosphere; parasitic architecture and switchable polymers are interesting but seldom used approaches in this context. In particular, parasitic architecture can unlock great potential in terms of net-zero initiatives. Thus, our biological concepts can be used to find further ways of dealing with the technosphere. Further studies of biological concepts and their potential applications with regard to the various materials, products, and sectors of the technosphere should certainly help promote sustainability.
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Figure 1. Exponential increase in articles with the words “biomimetics and sustainability” published from 1999 to 2021. Number of publications is given in brackets after the year. (Raw data retrieved from Google Scholar on 27 June 2022). 
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Figure 2. Selected climbing plants. (a) Young self-supporting plant and (b) old ribbon-shaped stem of Bauhinia guianensis; (c) Intertwining stems of Aristolochia macrophylla; (d) Stem of Condylocarpon guianense that has slipped downward after losing its hold on the supporting tree; (e) Climbing plants (Actinida arguta) growing up a house wall and towering over the house; (f) Tendril of the Boston ivy (Parthenocissus tricuspidata) with adhesive pads as an example of an attachment structure; (g) Microscopic images of transverse sections of stems of Aristolochia macrophylla. Left side shows a one-year-old stem with a closed ring of strengthening tissue in the periphery (magenta arrows) causing a high flexural and torsional rigidity of the self-supporting young plant stems. Right side shows a two-year-old stem with newly formed flexible wood with huge vessels (blue arrows) and a segmented but healed ring of strengthening tissue in the periphery that cause a more flexible behavior in bending and torsion (yellow arrows); (h) Coiled stem of Bauhinia guianensis on the forest floor after tree breakage. (a,b,d,h) Tropical rain forest of French Guiana, France; (c,e–g) Outdoor area of the Botanic Garden Freiburg, Germany. 
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Figure 3. Plus-energy rooftop unit positioned on a pre-existing building. Reprinted with permission from Ref. [51]. 2021, UdK Berlin. 
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Figure 4. Spectral hemispherical transmittance of a PPC device in the wet state (sunlight transmitted) and dry state (sunlight reflected) (with permission of Ref. [53]). 
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Table 1. Three levels of learning from living nature for technical development.
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	Biological Model
	Knowledge Transfer
	Technical Development





	Form–function–structure relationship
	Functional principle
	Biomimetic product



	Example: Self-cleaning surfaces [21]
	Micro-rough and hydrophobic surfaces plus surface tension of water droplets
	Self-cleaning products with the trademark Lotus-Effect®



	Mechanisms of evolution
	Algorithm for biomimetic optimization
	Biomimetically optimized components



	Example: Growth laws of trees and bones [22]
	Computer Aided Optimization (CAO) and Soft Skill Option (SKO)
	Mercedes-Benz bionic car [23]



	Processes of evolution
	Biological concepts
	Bioinspired strategies



	Example: Survival of the cheapest [24]
	Modularity concept
	Modular design

ICD/ITKE Research Pavilion 2011 built from wood modules [25,26]
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Table 2. Compilation of biological concepts found in the growth form of lianas (green) and attribution of the concepts to sustainability strategies of efficiency, consistency, and sufficiency (blue).
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	Characteristics

of Lianas
	Biological Concepts
	Strategy Features
	Sustainability

Strategy





	growth form has evolved several times independently in different taxa
	best fit
	optimal embedding in ecosystems
	consistency



	rapid and complete decomposition
	zero waste
	improvement of circular economy through recycling
	consistency



	from a self-supporting searcher stem to a climbing plant stem
	change of growth form
	change of lifestyle with reduction in material use
	sufficiency



	ratio of flexural and torsional rigidity
	trade-off
	creation of different (partly conflicting) functions while minimizing resources
	efficiency



	parenchyma cells instead of sclerenchyma/wood cells fill the fissures
	good enough
	creation of a sufficient function
	sufficiency



	intertwining stems
	modularity
	improvement of a function while minimizing resources
	efficiency



	wood provides water transport and mechanical stability
	multifunctionality
	creation of multiple functions with a minimum quantity of resources
	efficiency



	little investment in own stem material
	external support
	creation of a function with a minimum quantity of resources
	efficiency



	attachment structures newly evolved from an organ with a formerly different function
	change of function
	new function for embedding a product in its environment
	consistency



	various tissue types
	function-related tissue

formation
	creation of a function while minimizing resources
	efficiency



	formation of less dense wood
	lightweight

construction
	creation of a function with a minimum quantity of resources
	efficiency



	disintegration of a continuous strengthening ring into individual parts
	less is more
	renunciation of superfluous functions
	sufficiency



	self-sealing and self-healing
	damage repair
	improvement of circular economy through repair
	consistency
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