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Abstract

:

This review analyzes the potential role and long-term effects of field perennial polycultures (mixtures) in agricultural systems, with the aim of reducing the trade-offs between provisioning and regulating ecosystem services. First, crop rotations are identified as a suitable tool for the assessment of the long-term effects of perennial polycultures on ecosystem services, which are not visible at the single-crop level. Second, the ability of perennial polycultures to support ecosystem services when used in crop rotations is quantified through eight agricultural ecosystem services. Legume–grass mixtures and wildflower mixtures are used as examples of perennial polycultures, and compared with silage maize as a typical crop for biomass production. Perennial polycultures enhance soil fertility, soil protection, climate regulation, pollination, pest and weed control, and landscape aesthetics compared with maize. They also score lower for biomass production compared with maize, which confirms the trade-off between provisioning and regulating ecosystem services. However, the additional positive factors provided by perennial polycultures, such as reduced costs for mineral fertilizer, pesticides, and soil tillage, and a significant preceding crop effect that increases the yields of subsequent crops, should be taken into account. However, a full assessment of agricultural ecosystem services requires a more holistic analysis that is beyond the capabilities of current frameworks.






Keywords:


agroecosystem; assessment; legume–grass mixture; wildflower mixture; perennial crop; mixed cropping












1. Introduction


Many agricultural systems worldwide have been developed to productive high-input and specialized cropping systems with limited options for versatile rotations, perennials, and polycultures (mixed crops). This development led to negative environmental impacts and affected a wide range of benefits obtained from the agroecosystem [1]. In contrast to high-input agriculture, agroecology evolved as a science and a movement [2], providing alternative farming strategies such as emphasizing rotations, legumes, cover cropping, etc. Through a more efficient use of resources, a partial substitution of crops in a rotation, or a total redesign of the cropping system [3], agroecology provides opportunities for the integration of perennial polycultures. The strategy of sustainable intensification has been developed to simultaneously reach or maintain high levels of production and reduce negative environmental impacts and biodiversity loss [4,5,6,7,8]. This strategy also gives opportunities for the use of perennial polycultures through enhancing internal agroecosystem regulation processes [9] while reducing external human regulation such as intensive fertilization or soil tillage.



In contrast to annual or biennial plants, perennial plants grow for several years, are typically harvested annually or cut several times per year, and are removed after two to five years. In current agriculture, perennial grasses and legumes for forage (e.g., Glover et al. [10], Asbjornsen et al. [11]) and some perennial energy crops (e.g., Franzluebbers [12], Mast et al. [13]), are used, while perennial grains for food are under development (e.g., Reganold [14], Zhang et al. [15]). Perennial polycultures combine a multispecies approach with perenniality. For agriculture, polycultures can be defined as the growing of two or more crops together simultaneously on the same piece of land [16,17]. Terms with similar meaning include mixed cultures, crop mixtures, and intercropping.



To identify and assess benefits from natural systems, the concept of ecosystem services (ES) was developed and is frequently used. In agricultural ecosystems, ES contributions to human well-being depend on inputs such as seed, fertilizer, and labor/machinery [18,19]. Agricultural ecosystems are key providers of several ES [20]: (i) the provision of food, feed, fiber, biogenic chemical matter, and fuel; (ii) the regulation of pollen transfer and agricultural pests; and (iii) recreation, education, cultural heritage, and sense of place. The traditional aims of agriculture can be described as maximizing the provisioning ES, while at the same time, agriculture depends on a range of other ES, including regulating services and services that support provisioning [21]. In particular, agriculture benefits from the suppression of pests [22,23], pollination [24,25], water availability in appropriate quantity and quality [26,27], and the maintenance of soil fertility and a favorable soil structure [28].



To achieve the intended provisioning of ES, agricultural management typically applies several strategies, and crop rotations are one of the most important strategies [29,30,31]. Crop rotations are the sequence of different crops grown on a specific field, often in a generally fixed cycle over several years [32]. Crop rotation is considered the starting point for the analysis of cropping systems [33], and supports the evaluation of long-term effects of the cropping system on ecosystem services that are not visible at the single-crop level [30]. We argue that there is a large potential for enhancing ES in several agricultural systems through the integration of perennial polycultures (e.g., Cattani [34], Oates et al. [35]) in crop rotations. A good example for livestock farming systems are legume–grass mixtures grown for forage to save inputs and yield synergies between productivity and biodiversity [36,37,38]. Farms that grow crops to produce biogas can grow novel crops such as wildflower mixtures with potential benefits regarding low production costs, high yields, and the support of biodiversity [39,40]. This review investigated the additional ES that perennial polycultures provide, and how their integration could increase the sustainability of agricultural land use.



Comprehensive assessment protocols are needed for effective management strategies, including trade-off analyses [41,42,43]. Although there is no standard set of ES from agricultural ecosystems, this review suggests principles to derive a comprehensive and efficient set using the example of perennial polyculture cropping systems.



This work aims to review the effects of perennial polycultures on agricultural ES. First, the concept of crop rotation is introduced as a means for a multi-year perspective on ES assessment, and crop rotation principles are translated to particular ES. Second, a comparative assessment of legume–grass mixtures and wildflower mixtures was performed to exemplify the effects of introducing perennial polycultures on ES. Third, reflections are added on the appropriateness of the ES assessment procedure, the limitations of perennials and polycultural cropping, and the potentials of perennial polycultures for nature conservation.




2. Crop Rotation and Perennial Polycultures


2.1. Crop Rotation and Ecosystem Services


The choice of appropriate crop rotations is the main agroecosystem management strategy to secure agricultural production by maintaining soil fertility, suppressing harmful organisms (weeds, diseases, pests) [29], and increasing the overall resilience of agricultural systems [44,45]. A recent analysis of European crop rotations, however, revealed that the most practiced crop rotations in arable farms are on average three to four years long, and focus on market crops. Cereals often dominate, with a proportion of 75% or more [46], while legumes, which are well known for multiple beneficial rotational effects, are rare [47]. This shows that the use of agricultural inputs such as pesticides and fertilizers, nowadays substitute several of the rotational benefits [3], and consequently lead to more narrow crop sequences [48]. Rotations might gain a greater appreciation again due to plant protection issues such as weeds, animal pests, pathogens, and viruses [49], especially considering the rapid development of pesticide-resistant populations globally (e.g., Nicholson [50], Whalon [51]) as crop rotations may be the principle method to suppress these harmful species [52].



Some aims of crop rotations refer to the farm organization, e.g., the temporal spread of the workload and machine usage for growing different crops. Other important considerations such as the avoidance of risks add to the complexity of deciding upon the optimal crop rotation [29]. The main aims and constraints of crop rotations can be summarized as “crop rotation principles” [30]. To our knowledge, agricultural ES in relation to the corresponding crop rotations have not been studied. Therefore, a conceptual translation of generalized crop rotation principles to ES seems beneficial (Table 1). Various ES are targeted by crop rotations, especially provisioning and regulating ES. However, cultural ES are not a focus. In some cases, crop rotation principles are not directly linked to an ES as defined above, and therefore, an intermediate translation step is helpful. For this intermediate step, we suggest referring to an underlying ecosystem process or function [53]. The Millennium Ecosystem Assessment [54] classified such processes or functions, for example, nutrient cycling—which includes fixation, storage, transformation, and release—as supporting services, which should be considered an ecosystem function rather than an ES [55], and have been recently excluded from ES classifications (e.g., [56]). For example, one goal of crop rotation is maintaining soil organic matter (SOM), which is closely related to the ecosystem function carbon cycling and thus further to the ES of soil protection, climate regulation (carbon sequestration), and biomass production.




2.2. Examples of Perennial Polycultures


Although a few examples of combining the principles of polyculture and perenniality are well known, i.e., legume–grass mixtures, such combinations are still seen as an innovative approach in current farming systems, and experiences are limited as a result. Our analysis looks at perennial polycultures suitable for integration in crop rotations on arable fields. Here, we focused on legume–grass mixtures and wildflower mixtures as examples for the contribution of perennial polycultures to ES in agricultural systems.



Legume–grass mixtures for forage often contain red clover (Trifolium pratense), alfalfa (Medicago sativa), and different grass species adapted to regional conditions (e.g., Braun et al. [57], Biewer et al. [58], McElroy et al. [59], Sleugh et al. [60]). The species combination can be adjusted for different environmental conditions and aims, such as aboveground biomass, feed quality, and preceding crop effect (belowground biomass, nitrogen or carbon balance) by varying the shares of grasses and legumes [61]. Legume–grass mixtures are of importance for large parts of Europe [38], while the legume species used and the mixtures differ between temperate and Mediterranean areas [62].



From the context of energy crops, which have increased significantly within the last decades e.g., in Germany [63], wildflower mixtures comprise a set of core species accompanied by a variety of additional plant species that are adapted to local conditions and developed for its use purposes. Wildflower mixtures of approximately 25 species [40] harmonize plants with complementary life cycles, e.g., annuals, biennials, and perennials over an entire cultivation period of up to five years. So far, results from field trials with wildflower mixtures have been reported for sites in Germany only, but the potential growing region may exceed Central Europe.





3. Methods


3.1. Literature Search


Our qualitative analysis of ES provided by the integration of perennial polycultures in crop rotation is based on published results. As the topic of perennials and polycultures has been rarely considered in connection with ES, a search query was applied with few restrictions (all years, databases, and document types) for titles that included the term “ecosystem service*” in connection with the term “intercrop*” or in connection with the terms “perennial*”, “mix*”, or “polycult*” with the terms “crop*” or “agricult*” in a range of three words. The searches on Web of Science (WoS) and Scopus revealed almost the same results, and returned only 14 useful papers. Therefore, Scopus was employed to extend the search to the abstracts. Of the returned 126 entries (including those 14 useful articles), 50 articles were derived that concerned perennial crops or crop mixtures on arable land. The other articles were out of scope, because they focused on permanent grassland, agroforestry, orchards, or vineyards.



As the review focused on ES derived from the integration of legume–grass mixtures and wildflower mixtures, a WoS search was employed for topics with the term “ecosystem service*” in connection with “legume” and “grass” or in connection with “wildflower”, while excluding the terms “agroforestry”, “prairie”, “permanent grassland”, “wildflower strips”, “blueberry”, and “blackberry”. The query returned 49 entries, 15 of which were relevant.



The 75 useful articles provided sufficient evidence for most of the investigated ES (see Section 4) regarding legume–grass mixtures, although in some cases, additional specific literature was considered. Regarding wildflower mixtures, only the pollination service was repeatedly mentioned. Thus, we extended our literature search to publicly available reports and documents to incorporate relevant knowledge sources. The analysis of wildflower mixtures mainly relies on project results from several locations in Germany (Lower Saxony, Brandenburg, Bavaria, and Baden-Württemberg, as reported by Vollrath and Werner [64], Vollrath et al. [65], and von Cossel and Lewandowski [40], respectively).




3.2. Definition of Ecosystem Services


A comprehensive set of ES aims to avoid excluding relevant aspects of ecosystem management. Particularly, agricultural ES are only provided in combination with human input [18]. Agriculture manipulates and utilizes the ecosystem to produce commodity outputs (i.e., the harvest), which are intertwined with non-commodity outputs—whether positive or negative externalities—such as the preservation of cultural landscapes or environmental pollution [66]. Both types of output should be reflected in a comprehensive set of ES with a manageable number of ES. The ES assessment includes ES on the farm level and on higher levels, e.g., on a landscape scale. The distinction of ES avoids double-counting due to overlap, though interrelations between the different ES are very likely.



To adapt the ES concept to agricultural ecosystems, general ES literature was selected (e.g., MEA [54], Costanza et al. [67], de Groot et al. [68]), as well as ES studies with an agricultural context [21,69,70,71,72]. As trade-off analyses between multiple ES were of special interest, the concept of ‘ES bundles’ may also seem promising, as it combines sets of services that appear together repeatedly and have close interactions [73,74]. However, this review did not structure the investigated ES in bundles, as they are very case-specific, and socio-economic background influences the aggregation of ES.



After considering this background and the need to maintain a manageable sample number, eight ES were derived to provide a comprehensive overview, covering, inter alia, the ES derived from the crop rotation principles (cf. Table 1). They include biomass as the aggregated key provisioning ES from agroecosystems, and several central regulating services, which cover the core environmental spheres: soil (the pedosphere), water (the hydrosphere), climate (the atmosphere), and biodiversity (the biosphere). Landscape aesthetics may stand in for the cultural ES as it is the most commonly investigated and least-formalized issue in the scope of the ES concepts [75]. The identified eight ES are described in the following Section 4.1, Section 4.2, Section 4.3, Section 4.4, Section 4.5, Section 4.6, Section 4.7 and Section 4.8, which analyze the literature on the two examples of perennial polycultures.





4. Review of Ecosystem Services Provided by Perennial Polycultures


4.1. Soil Fertility


Soil fertility is one of the most fundamental ES considering agricultural benefits, and has a primarily indirect value. Soil fertility is composed of many underlying ecosystem processes and structures. Important indicators for soil fertility are SOM content and the ratio of carbon (C) and nitrogen (N). The natural supply of SOM predominantly results from the roots and stubble residues [48]. Temporary agricultural grasslands are known to increase soil fertility over time and result in an economical preceding crop effect (greater yield from successive crops). Even short-term (<3 years) grasslands in a crop rotation can provide benefits to soil quality [76].



The empirical data from legume–grass mixtures optimized for carbon sequestration on fertile soils show quantities of fixed carbon during the first year of 10.8 t C/ha during the mulch process, and 3.6 t C/ha with cutting. After SOM formation, this corresponds to 2.4 t C/ha and 1 t C/ha, respectively [61]. These results consider the roots at the time of harvesting, but only account for 30–50% of roots during vegetation, so the fixed carbon should be even higher. Standard values for soil carbon balances of silage maize cropping estimate losses from 0.56 t C/ha to 1.04 t C/ha, compared with a soil carbon supply from legume–grass mixture cropping between 0.6 t C/ha and 0.8 t C/ha [77]. A very high proportion of grasses in the mixture exhibits a high carbon capture rate, but results in a poor trade-off with the nitrogen balance, whereas a mixture with a high proportion of legumes in the seed (≥80%) exhibits high carbon capture rates and fixes more nitrogen, up to 540 kg N/ha per year [61]. The N accumulation from the grass component of the mixture is also important for the soil fertility increase, and appears to be influenced more by the grass N demand than the legume N supply [59]. The effects of perennial legume cultivation on the subsequent crops are apparent until the third and fourth year [48,78]. Forage legumes have a high preceding crop effect due to the large amounts of roots and residues left after harvesting [79].



In theory, the effects of cropping wildflower mixtures are favorable in two ways. First, the suspension of soil tillage for up to five years enables undisturbed development of soil biota. Second, the nutrient availability benefits from the increased supply of carbon after intensive perennial root development and, in the case of legume-based mixtures, from the supply of nitrogen [64]. However, there was no increase in SOM found after growing wildflower mixtures [65].




4.2. Biomass Production


Usable biomass includes all of the products from arable plants, such as the seed, fruit, leaf, straw, and tuber that supply food, feed, fiber, and fuel. Typically, crop mixtures produce more biomass as species richness increases [80], but the biomass is lower than high-yielding monocultures [81]. In general, for forage and biofuel production, both the yield quantity and quality are important; as such, they are both considered for the analysis.



With repeated cutting of legume–grass mixtures, nearly as much dry matter can be obtained as silage maize cropping. For example, on sandy soils and in a dry temperate climate in Brandenburg, legume–grasses are estimated to yield 9.1 t/ha compared with 9.4 t/ha from silage maize [47]. On more fertile soils, legume–grass mixtures yield approximately 16.5 t/ha [61]. Instead of the common dry matter, other studies quantify the fresh matter yield from approximately 20 t/ha for soils with medium soil fertility to approximately 60 t/ha for soils with higher fertility [82]. The main value of the yield is for animal feeding, as the protein content of alfalfa and clover grasses is very high. For example, dairy cattle obtain 60–70% of their protein requirement from such roughage [83], and it supports a healthy digestion. The lower production of milk and meat from ruminants are not expected if soya meal is substituted with protein from forage legumes [79,84], and soya imports can be reduced. In energy crop cultivation, legume–grass mixtures have proven to be a marketable intermediate crop for best-yielding crop rotation at a cool and moist calcareous brown soil location. However, the costs of multiple cutting each year have a negative impact if it is a perennial main crop [85].



Wildflower mixtures optimized for biogas production must compete with the currently economically favored silage maize cultivation that has an average annual dry matter yield of 16 t/ha [64]. For wildflower mixtures, mean dry matter yields of approximately 9 t/ha [64] and 12 t/ha [40,86] were reported. Zürcher et al. [87] reported wildflower mixture yields from 8 t/ha to 14 t/ha, which is approximately 50% of the yield of silage maize under the same conditions. However, there is potential for improvement, because some weak species in the mixture lower the average yield. The mean yield of the first crop year of wildflower mixtures by annual plant species is predominantly between 4 t/ha and 9 t/ha, but can reach 22 t/ha in good locations. Eight to 15 t/ha can be realized in the second year by the biennial plant species, and up to 17 t/ha from the third year on with native perennials [64]. For biogas production, the methane yield is of importance, and is compared using the specific methane yield of crops. The produced methane per kg of dried biomass of wildflower mixture harvest amounts to approximately 250 standard liters compared with approximately 360 standard liters for silage maize [87]. Vollrath et al. [39] reported higher yields for their wildflower mixtures of 270–320 standard liters, translating to a 15% lower specific methane yield than silage maize. Slight increases in yield quality (better specific methane yield) are possible through earlier cutting, at the expense of yield quantity (biomass yield). Through the use of several complementary-yielding plant species, a higher yield stability was reached. If one main yielding species fails, for example due to dry spring conditions, other species grow stronger and compensate for the otherwise occurring yield loss [64].




4.3. Soil Protection


For this review of agricultural ES, soil protection was determined by the vulnerability of a soil to compaction, contamination, and erosion. As the soil compaction sensitivity is essentially determined by the soil moisture content [88], conditions for rapid drying are beneficial. Erosion can primarily be controlled by a protecting vegetation cover, which protects the soil from silting that disturbs infiltration capability and reduces the sediment transport capacity of the runoff. Further, the soil is stabilized at the aggregate level by a high proportion of organic material in the soil particles, and at the field level by intensive rooting [89].



Legume–grass mixtures provide increased resistance against soil erosion and soil compaction through a permanent ground cover, improved aggregate structure, high porosity and higher water demand from the culture [48]. The intensive root development works against existing soil compaction; for example, the deep rooting alfalfa can break up compacted soil layers. The outreach of the roots and root mass of legume–grass mixtures increases with the proportion of legumes, while the overall root length increases with the proportion of grasses [61]. The reduced need for fertilizers and pesticides also reduces the exposure to contaminants.



Wildflower mixtures also aid the rapid drying of the soil through supporting soil porosity and high water demands. A fully soil-covering vegetation layer will be established approximately four weeks after sowing, thus reducing erosion almost year-round [64]. The intensive rooting of perennial plants further stabilizes the soil structure. The severely reduced necessity for fertilization, pesticides, and the associated machinery traffic on the fields considerably reduces the exposure to soil compaction and contamination [65].




4.4. Water Availability


The ES related to water are manifold, because they include aspects of water quantity and quality. As contamination is already covered (see Section 4.3), this section is focused on the influence of perennial polycultures on the water balance, not on water quality. Water storage and discharge capacity are mainly governed by soil and climate variables and, to a limited extent, by the crop. The draining capacity benefits are closely bound to erosion control, and are primarily related to soil infiltration characteristics (see Section 4.3). Water availability benefits in this analysis relate to influences on the amount of plant-available water rather than drinking water resources, although the ground water recharging rate is influenced by the crop [90]. In general, annual crops favor water infiltration, but not maize [91].



Deep rooting species of legume–grass mixtures, such as alfalfa, can take up water and nutrients from deep soil layers, and are well adapted to dry conditions. However, this high consumption of soil water could be limiting for the subsequent crop [48].



Wildflower mixtures usually benefit from a high availability of water, but could be adapted to local conditions [64]. No reliable statements were found regarding its effects on soil water.




4.5. Climate Regulation


The impact of agricultural systems on drivers of climate change is typically expressed in terms of greenhouse gasses, SOM, and carbon balances. The quantitative findings regarding the carbon balances and SOM are frequently assigned to soil fertility, but can also be used as an indication of the sink function regarding atmospheric greenhouse gases. Another role of cropping in climate protection involves determining the amount of emissions from the use of fossil fuels to produce the machinery and fertilizer, and to run the machines. Further, emissions from the microbial decomposition of fertilizers and other agricultural chemicals have to be considered.



Legume–grass mixtures are beneficial compared with agricultural grasslands with the same yield. Clover grass undergoing a three-year cultivation exhibits average annual emissions of 2.4 kg nitrous oxide (N2O) per hectare compared with approximately 9.9 kg N2O per hectare for agricultural grassland fertilized with 360 kg N/ha [92]. In general, compared with annual corn monocultures, perennial grass–legume mixtures show significantly lower N2O emissions [93]. Savings made on the technical fertilization quantities through the symbiotic N2 fixation will result in an improved climate balance for the crop rotations, initially indirectly through the reduced use of fossil energy, and later through fewer nitrous oxide emissions from the fields, which amounts to 8.35 kg N2O/ha for silage maize cropping compared with 1.54 kg N2O/ha for clover grass (as reported by Reckling et al. [47], which is calculated using IPCC Tier1 methodology). Furthermore, perennial mixed grasses are reported to facilitate microbial methane consumption at an order of magnitude higher than that of maize, and therefore contribute to greenhouse gas reduction [94]. The favorable soil structure under legume-grass mixtures leads to easier tillage and fuel savings. Notably, the workload is relatively low, and expensive peak-working periods can be broken up to reduce energy and machinery input.



A five-year cultivation of wildflower mixtures builds up significant belowground biomass, which boosts the sink function regarding atmospheric carbon. Furthermore, due to a low level of intervention, with approximately half of the working steps and operating resources of silage maize [65], growing wildflower mixtures showed reduced greenhouse gas emissions at several stages of the production chain.




4.6. Pollination


The pollination service is dependent on vital pollinator communities, which are threatened in intensively used agricultural landscapes [95,96]. They need floral resources throughout the growing season to forage, and nesting resources as well [97,98]. Additionally, the distance to the benefitting crops [99] and the specific pollination dependence of these crops [24] must be considered to estimate the actual service provision level.



Legume–grass mixtures contain alfalfa and red clover as nectar-bearing crops. Although alfalfa is inefficiently pollinated by honeybees (Apis mellifera), it supports many wild pollinators [100]. However, if cutting is conducted frequently, the flowering aspect is usually suppressed, and an adapted harvest regime and appropriate species mixture are necessary to provide floral resources [101].



Honeybee colonies benefit from the richer availability of pollen and nectar in wildflower mixtures [65], and the diversity and density of hoverflies and wild bees also increase in relation to the size of the flowering plant area [102]. Depending on the particular spectrum of species, wildflowers allow for pollinator foraging until the beginning of autumn, and thereby increase the survival of honeybee colonies over the winter [64].




4.7. Pest and Weed Control


Keeping agricultural pest populations at bay can primarily be facilitated by appropriate crop rotations and reinforcing natural enemies. Regarding different crop types, the greatest biocontrol services are expected from perennial crops [103,104]. Variable flowering aspects throughout the vegetation period and differences in plant architecture indicate higher insect biodiversity [105], including potential natural enemies. This is related to crop rotation principles for limiting habitat opportunities for pests, diseases, and weeds (see Table 1), and is also related to the function of a break crop [106,107].



Legume–grass mixtures can interrupt pest development cycles if placed in a suitable crop rotation position. The control of aphids, for example, by natural enemies is most promising in grass and herb crops, and is less suited for legume crops [108]. Perennial legume–grass mixtures strongly decrease the risk of annual summer weeds and also reduce annual winter weeds, especially if grown for three years [109]. The dense vegetation structure and the repeated cutting weaken the vegetative organs of the competing weed plants [48], decreasing the broadleaf (and not grass) weed seed bank and increasing weed diversity [110].



Wildflower mixtures support pollinator species and many other flower-visiting species such as parasitic wasps, predatory hoverflies, and pollen beetles, which potentially provide pest control [111]. Organizing the harvest outside the breeding and rearing times supports birds and other potentially beneficial organisms [64]. The weed control is precarious during the establishment of the seeds. If well established, wildflower mixtures normally exhibits high above and belowground stock density, which suppresses weeds [65].




4.8. Landscape Aesthetics


In general, the scarcity value and diversification effect of a field crop depend on its proportion in the local context and its regional or even global conservation value. This refers to landscape complexity as an explanatory factor for landscape preference [112]. Landscape perception and rating is strongly positively influenced by flowering stages and the perceived diversity and naturalness of landscape elements [113].



Legume–grass mixtures contribute to a pasture-like character of the landscape, especially in simple rotations of annual cash crops or landscapes where the grassland area is declining. No reports on the perceived naturalness or beauty were found, although it is obvious that legumes may bloom spectacularly.



Wildflower mixture can grow up to two meters high, and is, compared with silage maize, much more versatile during the vegetation period, as the dominating species are changing. Furthermore, different blooming aspects are visible, and will have a positive effect on the natural scenery several times a year [64].





5. Qualitative Comparison of Alternative Systems


The eight agricultural ES were reviewed regarding legume–grass mixtures for forage and wildflower mixtures for biogas production. Their level of ES provision, which is overviewed in (Table 2), was compared with silage maize as a common crop for forage and biogas production. Therefore, the ES provision level scores have a relative meaning that refers to an agricultural ecosystem under maize cropping and should be understood as a qualitative synthesis of Section 4.1, Section 4.2, Section 4.3, Section 4.4, Section 4.5, Section 4.6, Section 4.7 and Section 4.8. The included study results did not always show a direct link to the ES we paired them with, although their results nevertheless contribute to explanations of the ES provision level. For details on the scoring and references, see the respective ES section. Since all ES differ and may be valued differently by the beneficiaries, a drawback in one ES cannot be simply counterbalanced by a benefit from another ES.



The two perennial polycultures scored very similarly, and had many positive impacts in relation to silage maize. No clear effects were identified for wildflower mixtures regarding the water availability. The poor scoring of both polycultures compared with silage maize in a single ES, i.e., biomass production, is noticeable. This trade-off has also been reported for perennial energy crops in North America [114].




6. Perspectives


6.1. Potentials and Limitations of the Ecosystem Services Concept to Agricultural Ecosystems


In comparison with other methods used for sustainability assessment, the ES concept can examine sustainability from a primarily ecological perspective [115]. The same is valid for our set of ES, which involved socio-economic aspects to a very limited extent, which were integrated in the one cultural ES of landscape aesthetics.



In order to analyze the economic aspects the ES, biomass production alone is not a sufficient indicator, although it is a main variable for agricultural management decisions. For example, the variable costs of wildflower mixtures are below 400 €/ha, which is half that of silage maize cultivation [86], and favors areas with low land prices (e.g., marginal sites). This translates to costs per ton of biomass that are lower than those of silage maize if land prices are excluded [64]. However, if the price of land is higher and ES are not considered, the increased land requirement for the perennial polycultures will result in lower profitability than that of silage maize cultivation. This could be balanced by an economic appreciation for ES, which could be implemented indirectly through restrictions in the greening of the European common agricultural policy or directly through payments for ES (e.g., [116]). Schläfke and Uckert [86] calculated a necessary subsidy of 164 €/ha in order for wildflower mixtures to be economically favorable in eastern Saxony (Germany). However, the monetization of ES does not allow for a comparison or offsetting between each of the ES.



An opportunity for the design of cropping systems with optimal ecological performance lies in structured ES trade-off analyses [117]. Any proposed set of ES might be difficult to compare with other ES studies. For future comprehensive applications of the ES concept to agricultural ecosystems, a more strict orientation to established frameworks, e.g., The Common International Classification of Ecosystem Services (CICES, e.g., Haines-Young and Potschin [56]) could help to harmonize results. Other attempts such as the mapping approaches conducted by Burkhard et al. [118,119], methodological standardization [120], or efforts towards a common national classification system in Germany [121] could also be considered.



The ES assessment in this review is based on generalized knowledge from case studies and scientific literature to identify the effects of different cropping systems. Therefore, the qualitative results should be interpreted as a rough estimation. It gives orientation towards the potentials and limits for the provision of ES, but quantitative estimations would be more helpful for the adaptation of perennial polycultures in crop rotations. At this stage, the findings should be tested through applications to several different environments and farming systems that involve conceptual modeling, numerical modeling, and prototyping [117], followed by field trials. Agricultural locations are often heterogeneous, and require detailed field data to improve ES management [122].



Originally, the ES concept was conceived for natural or semi-natural ecosystems. However, agricultural ecosystems are profoundly transformed, and the energy and technology that are used in the agricultural production process are not well covered by the traditional ES framework. Excluding the anthropogenic inputs (e.g., labor, fertilizers, pesticides, etc.), the human benefit provided by the agroecosystem would be much lower [18]. To overcome these conceptual problems and address this anthropogenic factor in ES, an analysis of “agrosystem services” [19] or a complementary life cycle assessment could be useful. In addition to the positive effect on biomass production, the energy and technology use must be considered due to negative externalities such as CO2 emissions, the negative impact on soil fertility and biodiversity, soil compaction, and other environmental damages. The ES soil protection captures the potential of reducing negative externalities of agricultural production, while the protection of water bodies (from pollution) is missing, and should also be included in future comprehensive studies on agricultural ES.




6.2. Potentials and Limitations of Perennial Polycultures


Although perennials offer multiple options for arable farming production in many European crop rotations, its main benefit for forage production is restricted to mixed farms with crop and livestock production. Alternative uses for perennial forages could be employed through farm collaborations with livestock farmers and production for the delivery of green biomass to biogas plants [123], which is the main track for wildflower mixtures. Other agronomic constraints in perennial forage production include reduced operational flexibility, short-term market orientation, crop establishment, and the maintenance of a sufficient proportion of approximately one third of legumes in legume–grass mixtures [37]. This may partly explain why the area of permanent and temporary grassland in Europe is shrinking [124]. Still, higher crop yields in subsequent crops can justify lower economic returns from perennial forages in many cases, and lead to an overall positive economic and environmental result at the cropping system scale [47].



The central advantage of polycultural cropping is based on the complementary utilization of natural resources such as light, water, or nutrients, potentially resulting in higher biomass yields than crops grown individually [125,126]. This is defined by a land equivalent ratio (LER) greater than one, meaning that the yields of each species of the mixture grown in pure stands would require a larger area in total compared with the cultivation in mixture. Thus, polyculture has the potential to save land. Polycultures with LERs greater than one in European cereal–legume intercropping systems include pea with wheat, or barley and faba bean with wheat or barley [127,128,129,130]. Additionally, the use of polycultures was proposed to achieve synergies among ES from agricultural ecosystems [21] or to enhance ecosystem properties that are closely linked to ES [126]. Integrating polycultures into typical market-oriented, narrow crop sequences would contribute to a transition towards more sustainable systems by redesigning agricultural practices based on diversification [3]. For example, a cereal–grain legume polyculture could significantly improve yield stability compared with sole crop production [131]. Above the field scale, diverse cropping systems are less vulnerable to perturbations such as wide-spreading plant diseases, or stresses such as climate change, and thereby increase food security [132]. Still, in practice, the adoption rate of annual polycultures has remained relatively low [133], and it is difficult to select and devise the optimum cultivation design [134]. Sanford et al. [135] could not verify yield advantages of diversity for mixed perennial bioenergy cropping systems. Generally, compared with sole cropping, multispecies systems are potentially more difficult to manage, and require substantial farmer skills and specific research efforts [126]. A greater diversity of pests and diseases can occur in mixtures, and the sanitizing effects of monocultures would be lost [136]. Optimal planting times, and the provision of nutrients, weed control, and harvest activities are some of the serious challenges of polyculture management.



A promising strategy to increase the adoption of perennial polycultures could be a stepwise approach that first promotes perennials as sole crops, such as the perennial cultivation of alfalfa, and annual polycultures, such as intercropping wheat with pea. In a second step the cultivation of perennial polycultures could be encouraged. The adoption strategy may learn from ES trade-offs of polycultural farming systems based on long-living perennials such as grapevine, cocoa plantations, or other agroforestry systems [117]. Additionally, novel perennial crops such as cup plant (Silphium perfolatium), energy dock (Rumex schavnat), giant knotweed (Falopia sachalinensis var. igniscum), and Szarvasi (Elymus elongatus ssp. ponticus cv. Szarvasi-1) [13] have been adopted for biogas production. Regarding yield and ES, many promising perennial grains are under development [14,15,137], and research on perennial staple crops is increasing [138]. Plant breeding efforts aim to integrate a perennial habit into many important annual crops, such as rice, wheat, rye, sorghum, soybean, and several oil crops [139].




6.3. Potentials for Nature Conservation


The integration of perennial polycultures in arable fields provides opportunities for environmental and wildlife-friendly land use, and therefore underpins the concept of land sharing in the debate on whether land sparing or land sharing is more effective (e.g., Green et al. [140]). This can be linked to a dynamic nature conservation approach, as proposed by Bengtsson et al. [141]. They concluded that the existing protected areas and reservations probably cannot maintain the long-term and large-scale ecosystem dynamics on their own, so a large proportion of agricultural area will have to be actively integrated in nature conservation programs. This is supported by conservation research that has appreciated the role of the matrix area between habitat patches of protected species [142].



Polycultures obviously exhibit an increased planned biodiversity (i.e., the species diversity of the crop), which also induces richer associated wild flora and fauna [143]. An additional positive effect on the biodiversity of an agricultural ecosystem could be expected from potentially lower (or less harmful) pesticide application due to better weed suppression [144,145]. Since the addition or loss of species has major effects if the number of species is low [146], any addition to the currently very few crop species in agricultural ecosystems should have significant positive effects on the biodiversity. The design of crop rotations determines the spatial distribution of the fields with different crops across a landscape. Field margins and the integration of crop neighbors that clearly differ from each other in their vegetation architecture and cultivation period are important to biodiversity [105].



Growing a perennial crop for up to five years implies an extended ecosystem development beyond the colonization of bare soils, as is typical for annual crops, and allows the development of more ecological complexity, as is typical for the maturing of ecosystems in general, e.g., in forests, which need several decades for succession processes [147]. However, for microorganism communities in compost [148] or soils [149] and for pelagic ecosystems [150], succession is defined over a duration of weeks to months. Therefore, an arable field with perennial plants should also exhibit the ecosystem characteristics of early or mid-stage secondary succession [151]. This supports the reported contribution of perennial crops to a more sustainable agricultural system [94,114,152]. Perennial crops contribute to a mixture of population communities with different “ecological ages”, which was proposed by Odum [147] for nature conservation in landscape planning [153]. A strategic placement of perennial plants in agricultural landscapes, either on-field or adjacent, likely provides greater benefits than their spatial extent suggests [11,122].





7. Conclusions


The analysis of agricultural ES on the basis of crop rotations was suitable for the assessment of long-term effects that are not visible at the single-crop level. The ES concept proved applicable for the comprehensive assessment of agroecosystems, and for highlighting trade-offs between services. However, the ES concept needs to be further developed in order to integrate agricultural inputs and the resulting negative externalities of farming practices. These include the mitigation or compensation of soil losses, greenhouse gas emissions, energy consumption, pesticide resistance, biodiversity losses, and the contamination of soil or water bodies, among other practices.



Based on the ES evaluation, perennial polycultures as an agroecological strategy in cropping system design have the potential to contribute to the sustainable intensification of agricultural systems. The integration of perennial polycultures as a main component of crop rotation effectively provides diverse ES and opportunities for nature conservation. This calls for an adoption strategy to increase the cultivation of perennial polycultures and transition to more sustainable agricultural systems. To overcome the economic constraints for growing such crops, new incentives must be developed.
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Table 1. Translation of crop rotation principles to ecosystem functions and ecosystem services. SOM: soil organic matter.
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	General Crop Rotation Principle
	Ecosystem Function
	Ecosystem Service





	Inclusion of crops with intensive rooting systems
	carbon cycling, soil aeration, hydrologic balance
	regulating: Soil fertility, soil protection, climate regulation, water availability and drainage



	Integration of legumes
	nitrogen cycling
	regulating: Soil fertility

provisioning: Biomass production



	Green manuring or fallow
	nitrogen cycling, carbon cycling
	regulating: Soil fertility

provisioning: Biomass production



	Alternation of SOM-decreasing and SOM-increasing crops
	carbon cycling, plant hydrologic balance
	regulating: Soil protection, climate regulation

provisioning: Biomass production



	Integration of intercrops and cover crops
	carbon cycling, nitrogen cycling
	regulating: Soil protection, soil fertility

provisioning: Biomass production



	Alternation of winter and spring-sown crops, integration of perennial forages
	(limiting) habitats for pests, diseases, and weeds, habitats for beneficial species, seed bank
	regulating: Pest control, weed control



	Keeping specific frequency limits for each crop and crop type
	(limiting) habitats for pests, diseases and weeds
	regulating: Pest control, weed control
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Table 2. Qualitative scoring of the provision level of each ecosystem service for two perennial polycultures investigated by literature review in comparison with maize cropping.
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	Ecosystem Service
	Legume–Grass Mixture a
	Wildflower Mixture a





	Soil fertility
	++
	+



	Biomass production
	-
	-



	Soil protection
	++
	++



	Water availability
	+
	n/a



	Climate regulation
	++
	++



	Pollination
	+
	++



	Pest and weed control
	+
	+



	Landscape aesthetics
	+
	++







a Scoring: - lower, + higher, ++ clearly higher than silage maize, n/a: No data available; based on study results presented in Section 4.
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