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Abstract

:

The world’s five Mediterranean-climate regions (MCRs) share unique climatic regimes of mild, wet winters and warm and dry summers. Agriculture in these regions is threatened by increases in the occurrence of drought and high temperature events associated with climate change (CC). In this review we analyze what would be the effects of CC on crops (including orchards and vineyards), how crops and cropping and farming systems could adapt to CC, and what are the social and economic impacts, as well as the strategies used by producers to adapt to CC. In rainfed areas, water deficit occurs mostly during the flowering and grain filling stages (terminal drought stress), which has large detrimental effects on the productivity of crops. Orchards and vineyards, which are mostly cultivated in irrigated areas, will also be vulnerable to water deficit due to a reduction in water available for irrigation and an increase in evapotranspiration. Adaptation of agriculture to CC in MCRs requires integrated strategies that encompass different levels of organization: the crop (including orchards and vineyards), the cropping system (sequence of crops and management techniques used on a particular agricultural field) and the farming system, which includes the farmer.
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1. Introduction


There are five Mediterranean-climate regions (MCRs) in the world (the Mediterranean basin, California, Central Chile, the Cape Region of South Africa, and the southernmost regions of Australia) that share mild wet winters and warm and dry summers. As a whole they represent 2% of the Earth’s land surface, contain 20% of the world’s plant species, and are inhabited by about 5% of the world’s population. The percentage of agricultural land ranges from 6% in California to 37% in Australia and reaches 55% in the central valley of Chile [1]. Farming systems in MCRs cover a large variety of crops, the most relevant and distinct being cereals, pulses and pastures in rainfed areas, and orchards and vineyards that are mostly under irrigated conditions and intensive productive systems.



Agriculture in MCRs is threatened by increases in the occurrence of drought and high temperature events associated with climate change (CC) [2,3]. In semi-arid zones the instability of water resources will not only be detrimental to crop productivity but will also generate substantial socioeconomic impacts [4]. Adaptations of crops (including annual crops, vegetables, orchards, and vineyards), cropping systems, which are understood as the sequence of crops and management techniques used on a particular agricultural field [5], and farming systems will be necessary to overcome the vulnerability of MCRs to CC (Figure 1). Adaptation implies a process of adjustment to the climate and its current or expected effects in order to moderate or avoid negative impacts or take advantage of the beneficial effects. A wide range of technological approaches is available to improve the adaptation of crops and farming systems to CC. However, technological demands as well as extension and training approaches need to be further evaluated to better understand the role of technology in adaptation [6]. In light of the Paris Agreement in 2015, 173 countries agreed to strengthen the ability to withstand the impacts of CC by providing financial flows, developing technology and enhancing capacities of the agricultural sector, among which adaptation occupies an important part of the agenda [7]. This effort requires a multidisciplinary approach in which agronomists, physiologists, breeders and molecular biologists, sociologists, economists and other social sciences contribute with specific tools to understand complex farming systems in regions where the threat of CC is placing the future of sustainable agriculture at risk [8].



The purpose of this review is to analyze the effects of CC in MCRs and how technologies can contribute to the adaptation of major crops, orchards and vineyards to maintain food security and agricultural sustainability (economic, environmental and social dimensions). In addition, we analyze the economic and social perspectives associated with CC. This paper aims to tackle the following questions: what changes in environmental conditions are expected in MCRs as a consequence of CC, and what will be the effects on annual crops, orchards and vineyards? How can crops and the cropping and farming systems in MCRs adapt to CC? What are the social and economic impacts of CC and strategies used by producers to adapt to CC? These questions are addressed in three sections: the CC effects on Mediterranean agriculture; adaptation of agriculture to CC and; economic and social impacts, and producer adaptation.




2. Climate Change Effects on Mediterranean Agriculture


The main characteristic of the MCRs is the concentration of rains into a short period of time during the year, which in the case of California and Chile occurs during four months in winter when nearly 80% of the precipitation falls. In addition, precipitation in MCRs presents large intra and interannual variability associated with climate oscillation phenomena like the North Atlantic Oscillation (NAO) and East Atlantic (EA) pattern that affect the Mediterranean basin [9], and the El Niño-Southern Oscillation (ENSO) that affects central Chile and southern Australia [10].



There is evidence that precipitation has decreased and temperatures increased in MCRs over the last century, which are probably associated with CC [11,12,13,14]. In addition, most climate models forecast further decreases in precipitation and temperature increases in MCRs by the end of the 21st century [2,15,16]. Another study predicted that the frequency of winter precipitation would decrease in MCRs, although extreme rainfall would increase in some areas [4]. These changes in the amount and distribution of rainfall, together with high evapotranspiration during spring and summer, will increase water deficit over prolonged periods of time in the MCRs.



The environmental constraints associated with CC will not only reduce the yield and quality of crops [17,18], orchards [19,20], and vineyards [21], but will also affect the distribution and planted area of many crops.



2.1. Effects of Water Deficit on Seed/Fruit Growth, Yield and Quality


Drought stress has a great impact on the yield of major crops [22]. In rainfed areas in the MCRs and semi-arid tropics, annual crops like cereals and legumes are exposed to a progressive water deficit during the flowering and grain filling stages, leading to what has been called ‘terminal drought stress’ [23,24,25] for cereals; [26] for grain legumes). The water deficit during these phenological stages reduces leaf photosynthesis and the production of photosynthetic assimilates that are directly transferred to the grain [27]. As a consequence, the number of grains per spike/pod is strongly reduced and so is grain weight, but to a lesser extent, all leading to lower grain yields [25,26]. The harvest index, i.e. the proportion of aboveground biomass distributed to the grain, also decreases under terminal drought stress [28]. In cereals, the assimilates necessary for grain growth are not only provided by photosynthesis in the leaves, but also by the photosynthetic activity of the spike [29,30] and the remobilization of stored reserves in stems during the pre- and/or post-anthesis periods [31,32,33,34]. Thus, under terminal drought stress when the photosynthetic activity of the leaves declines, the contribution of stem reserves (mainly water soluble carbohydrates; WSCs) to the grain is of great importance [25,32]. In legumes, the reserves in vegetative organs (stems and roots) are also remobilized to the grain and play an important role in sustaining grain yield under terminal drought [26,35].



In irrigated lands in most MCRs, the water available for irrigation is diminishing due to frequent drought and strong competition for water resources among agriculture, industry and urban areas. On the other hand, higher temperatures increase evapotranspiration and therefore the irrigation requirements of the crops [19]. Thus, the challenge is to reduce the amount of water used for irrigation, but doing so with the lowest negative impact on seed/fruit yield and quality. It is well known that the effects of water deficit on seed/fruit yield and quality are highly dependent on the development stage of the crops. In general, the reproductive and seed/fruit growth stages are more sensitive to water deficit than the vegetative or maturity stages. For instance, in maize, water deficit during silking-pollination (R1 stage) and blister (R2 stage) stages reduces seed set and increases grain abortion, causing major yield loss [36]. In orchards, water deficit during flowering and the fruit-growth stages usually causes greater reduction in fruit yield than reductions close to the fruit maturity stage [37,38]. In grapevine (cv. Sultanina), water deficit imposed between bud break and flowering caused more reduction in yield than deficits applied between the pea size and ripening stages [39]. In addition, the effects of water deficit on fruit growth and quality depend on the severity and duration of the stress [40,41,42]. Severe water stress reduces fruit yield and quality, but mild water deficits can have positive effects on fruit quality [43,44].



A better use of the water available from rainfall and irrigation should be a priority in MCRs, in order to increase water productivity (WP), defined as the yield per unit of water used in evapotranspiration [23,45]. This can be achieved through the development of better-adapted cultivars, together with the implementation of efficient agronomic practices and irrigation techniques, which are described in Section 3.




2.2. Effects of High Temperatures on Yield and Quality


Temperature is expected to increase by 2–4 °C in MCRs by the middle of the 21st century [13]. High temperatures can affect a number of physiological and metabolic processes, influencing plant development, growth, and productivity. There is evidence that the increase in temperatures associated with CC may reduce the yield and quality of crops [17,46,47]. Even moderate increases in temperature accelerate plant development, reducing the growing period and plant biomass, probably as a consequence of changes of phenological dates, length of crop seasons, and crop water requirements [48,49]. Locations with already warm spring and summer seasons (severe scenario, up to 4 °C) will see yield reductions if temperatures and evapotranspiration increase [50]. However, in cases where temperature limits the length of the growing season, warmer conditions (moderate scenario, up to 2 °C) might be beneficial to crop yields [50,51].



The projected increase in extreme weather events (e.g., periods of high temperature and droughts) especially in the MCRs of Europe will increase yield variability [52,53,54,55]. Simulation studies indicate that grain yields of corn, sorghum and wheat will increase under equivalent doubling of atmospheric CO2 levels and upon addition of 2 °C to the mean daily air temperature, and will decrease when the mean daily air temperature increases by 4 °C, as compared with the baseline climate yield [50,51,56]. Also, higher temperatures increase the accumulation of growing degree days and reduce chilling hours during wintertime dormancy, both affecting the flowering time of temperate fruit trees [57,58,59]. In the case of vineyards, future temperature increases may change the timing of grape ripening and the harvest date, and may affect yield and the quality of grapes and wine [21,60,61].





3. Adaptation of Agriculture to Climate Change


The adaptation of agriculture in MCRs should be a priority for improving crop performance and resilience to environmental constraints. Indeed, the predicted scenarios for CC, leading to higher temperatures and water deficit, will impose severe limitations on crop yield and harvested area [18,47,62], and will restrict the latitudes and soils where economically important species can be grown. Adapting agriculture to CC requires integrated strategies that encompass different levels of organization: the crop (including orchards and vineyards), the cropping system (sequence of crops and management techniques used on a particular agricultural field) and the farming system, which includes the farmer (Figure 1). The adaptation strategies for crops and cropping systems include genetic improvement [28], i.e. the development of new cultivars with high yield potential and better adaptation to water deficit conditions and high temperatures; the use of efficient agronomic practices in rainfed and irrigated areas [63,64,65], and; exploring functional symbiosis between plants and microorganisms [66], which can produce plants with greater tolerance to abiotic stresses (Figure 1). At the farming system level, the adaptation strategies include farmer behavior and economic incentives (Figure 1). While plant breeding is a long-term process that directly addresses the problem [67], agronomic practice is the most immediate strategy, but also strongly influenced by CC [18]. On the other hand, influencing farmer behavior towards adopting new practices can be addressed in the short- and long-run by designing appropriate economic incentives.



3.1. Genetic Improvement for Changing Environments


Most cultivars of the current crops have been selected under conditions of high resource input and this selection has been extremely successful. However, the environmental constraints on crops as a consequence of CC in MCRs highlight the necessity of developing new cultivars with high yield potential and better adaptation to water-limiting conditions and high temperatures.



Genetic improvement is the science of applying genetic and plant breeding principles as well as physiology and biotechnology to improve crops for human use. Traditionally, genetic improvement has been mainly based on empirical selection of crop yield (and quality). However, this methodology is not optimal because yield is a character with low heritability and high genotype (G) × environment (E) interaction [68]. Unfortunately, due to the large number of genotypes to be evaluated, traditional breeding has not been able to address the challenge of deep phenotype characterization [69], which has also represented a significant limitation in the understanding the G × E interaction [70,71,72,73]. The scenario is even more complex if agronomic management (M) is considered as a third influential factor, which would make it even more difficult to understand this complex interaction in the field (G × E × M) [74].



Although the relationship between genotype and phenotype has been studied for over 20 years, the results show that researchers are still far from fully understanding this ‘black box’ [75]. This has forced breeders to continue using traditional methodologies, focused on the evaluation of various visual characteristics (plant height, resistance to diseases, growth habit, date of bloom and harvest, etc.) and a few that require measurements of moderate complexity (yield and its agronomic components, grain or fruit quality, etc.). This approximation not only leaves aside traits that might be relevant for plant improvement under adverse conditions, but also jeopardizes the understanding of G × E or G × E × M.



There is evidence that an analytical or indirect selection methodology, based on comprehension of crops at the physiological and molecular level, may help to identify key features that limit crop yield [72,76,77,78,79]. Most of the stress tolerance-related traits are complex because many genes are involved [28,80,81,82]. This highlights the urgency of developing technologies and methodologies that could facilitate understanding of the vulnerability or adaptation of a genotype in a given environment, contributing at the same time to improving the predictive capacity of marker-assisted breeding [67,70,79,83]. Hence, in order to develop cultivars well adapted to environmental fluctuations or constraints, breeders will be forced to evaluate the maximum number of possible traits that allow characterization of a genotype’s performance under different conditions. The only way to satisfy all these demands is through the use of high-dimensional phenotypic data (high-throughput field phenotyping) or “Phenomics” [84]. This new approach would allow a reduction in breeding program costs [85] and, by allowing the early selection of genetic material of interest, increase the chances of releasing more cultivars [86] and in a shorter time [20,67].



In addition, biotechnological tools can be used to help crop adaptation to climate and socioeconomic changes. However, genetically-modified plants are still not accepted in some countries of the MCRs (e.g., most of the European countries, Chile) because GMOs are considered a technology with high potential risk for the people and the environment.




3.2. Efficient Agronomic Practices


Efficient agronomic practices should focus on preventing further degradation of soil and water resources [87] and maximizing the use of available water, according to the type of agriculture. Indeed, a number of agronomic practices are available for rainfed and irrigated production systems.



In rainfed areas of MCRs, the amount of soil water available for the crop during grain filling is the main limiting factor for yield. Thus, the distribution of rainfall in spring and early summer could be even more important than the total amount of precipitation during the growing season [88,89]. Also, soil properties (texture, porosity, organic matter, impeding layers in the soil profile, among others), tillage systems and crop residue management that promotes water infiltration and accumulation in the soil are of great importance for the effective use of water during drought periods [90,91]. Conservation tillage systems, like zero-tillage or minimum tillage, are good options to increase soil water retention and crop productivity under water-limited conditions [91,92,93,94]. In fact, higher crop yields have been reported under conservation compared with conventional tillage in drier years [92,94,95,96]. The amount of crop residue on the soil surface is also relevant for increasing soil water availability because it reduces the incident solar radiation and decreases soil evaporation [49]. Other management practices such as adjustment of sowing dates, the use of better adapted cultivars and water harvesting systems can provide more access to water at critical stages and a better synchronization between crop water demand and soil water availability [65,97]. However, many of these agronomic practices need to be adjusted to local hydrological conditions and to the socio-economic reality of farmers [65].



In irrigated lands, the instability of water resources will not only be detrimental to crop productivity, but can also generate substantial socioeconomic impacts [4]. In this regard, agricultural water management is shifting from an emphasis on production per unit soil area towards maximizing water productivity (production per unit of consumed water) [45]. Over 80% of the agricultural production in the Mediterranean basin comes from irrigated areas, and this is why it is essential to improve irrigation efficiency to continue satisfying the future demand for food [98,99]. To tackle the low irrigation efficiency observed in many countries within the MCRs it will be necessary to improve water transport infrastructure to reduce water losses, improve irrigation system distribution and on-farm application, and adopt irrigation-efficient technology [100].



Consideration must be given not only to the total seasonal water available in a region but also to when water deficits are likely to occur so as to adjust water needs to the available resources and use limited water supplies in the most effective way [101]. Strategies such as a) regulated deficit irrigation b) site-specific irrigation management and c) modification of the microclimatic conditions (using shading nets, plastics cover, and mulch) can be applied to increase water productivity, yield, and quality [102]. Although there are several technical alternatives to implement efficient irrigation systems, the main limiting factor will be the capacity of the region or the farmer to invest in irrigation [99]. Also, adaptation strategies could include the replacement of crops with significant water needs, such as maize or fruit trees, with others (annual or perennial) that have lower or no irrigation demands [103].




3.3. Functional Symbiosis


Functional symbiosis, defined as the permanent association between two or more specifically distinct organisms, at least during a part of the life cycle, is an ancient biological phenomenon known to be a ubiquitous and important aspect of life on Earth. Most studies do not consider the fact that all plants in natural ecosystems or agroecosystems are thought to be symbiotic with microbial organisms, which has profound effects on plant performance and productivity under stress environments [104]. Recently, it has been reported that fungi in symbiosis with plants can also act as conduits for signaling between plants, even between plants of different species, acting as an early warning system or network for environmental constraints [105].



The continuity of microbial associations with plants suggests that plants do not function as autonomous individuals, but their internal tissues provide a unique ecological environment for diverse communities of symbiotic microbes, which have had a major influence on plant productivity [106,107]. Several studies indicate that benefits conferred by mutualistic fungi contribute to or are responsible for plant adaptation to environmental stress [108]. Mutualistic fungi may confer tolerance to drought, heavy metals, disease, heat and plagues, and/or promote growth and nutrient acquisition, and improve water use efficiency [109,110]. Thus, in agreement with the current literature, it is important to consider functional symbiosis (plants associated with microorganisms) as part of a broader approach to study the adaptive responses of Mediterranean agriculture under stressful environments. Moreover, it is necessary to explore the nature of functional symbioses under future scenarios imposed by CC such as increased desertification in MCRs.



Functional symbioses in turn pose fewer risks to human health, have little or no residual effects, and they possess low risks with positive impacts for yield and environmental tolerance, having already been accepted in organic farming [111]. Therefore, there is plenty of room for research and development of novel microorganisms for pest management and for increasing plant environmental tolerance. Indeed, research on functional symbioses that produce plants with greater tolerance to new environmental challenges, such as those imposed by CC, is also expected. Therefore, functional symbioses, with their peculiarities in different MCRs (different microbiota composition in different Mediterranean zones), represent an opportunity to understand complex molecular interactions at the interface between crop/soil/climate and have great potential as a strategy for agriculture adaptation/mitigation.





4. Economic and Social Impact and Farmer Adaptation


Agriculture is the main land user and largest water consumer across large areas of the MCRs [103], and is also an important source of income and employment, and thus the economic and social perspectives associated with CC are crucial for understanding the sustainability of farming systems. A number of studies have reported economic and social impacts of CC worldwide, including impacts on welfare, income, and gender inequality [112,113,114], and migration and agricultural productivity [115,116,117]. Studies conducted in MCRs have shown impacts on the value of ecosystem services [118], but most importantly on crop productivity [3,55,103,118,119].



The implementation of adaptation practices at the farm level is an effective way to reduce the impacts of CC and to increase agricultural productivity. For example, in Nepal, small-holders adopting a larger number of adaptation practices were on average 13% more efficient than those adopting fewer practices [120]. Also, in Central Chile, adaptation practices, in particular improvements in irrigation, had positive effects on productivity [121]. This highlights the relevance of CC adaptation to farmers’ productivity and enriches discussions of the need to implement adaptation practices. However, despite the specific and global impacts, the rate of adaptation to CC is still low [121,122]. In addition, it has been noticed that there is a divergence between the adaptation practices recommended by experts and those adopted by farmers. This indicates that it is not only important to generate adaptation technologies but also to understand the factors associated with the ability to adapt, as well as to develop effective strategies for transferring such technologies to farmers [123]. The urgency of this matter leaves open questions about the factors that might limit or encourage adaptation practices [124,125,126,127,128].



Understanding farmers’ behavior towards adaptation practices requires a broad view of different approaches that include public policy, economics, geography, sociology and psychology, as well as different layers of analysis. Moreover, decisions are dynamic processes that require a temporal and cross-sectional analysis [129]. From an economic perspective there is an agreement that production scale, access to credit, costs, and benefits, among others, have a positive impact on adaptation [126,127,130]. From the field of psychology, perceptions and motivational aspects become relevant drivers. Farmers´ own perceptions about CC, which are affected by access to information and socio-demographic characteristics [131], also shape adaptation decisions. As Pashen and Ison [132] argue, “how we understand the environment is how we behave”, so more attention has been focused on the farmer’s perception of CC. According to Raymond and Spoehr [133], farmers that accept the concept of CC worked on adaptation responses within their farms, such as increasing their water storage capacity, in contrast to those that reject the phenomenon. The literature also shows that, in general, farmers perceive the changes in climate variables differently depending on their location [123,134,135,136]. The above makes clear that a target for public policy is to create and transfer knowledge to farmers so they can move towards making informed decisions [137]. Other psychological aspects within the decision to adapt as an individual cognitive process, such as beliefs, values, and attitudes, have been demonstrated to be relevant in the farmer’s decision to adapt [138,139].



However, the view of CC has surpassed the concept of an individual process. As Ostrom [140] recognized, global environmental problems are a common good that affects and is affected by everyone. Along these lines, several studies have approached CC through collective actions to increase cooperation in implementing practices that reduce farmers’ uncertainty [140,141,142,143]. Strong governance structures with effective (achieving the desired goals) and efficient (optimal allocation of public resources) policy incentives can favor adaptation among famers. Hence, public policies should not only provide specific individual incentives to adaptation, but also provide incentives to construct networks, systems of innovation and institutional arrangements that aim to create a favorable environment. It has been acknowledged that the ability of society to confront CC and reduce the vulnerability of agro-socio-economic systems will depend on the adaptive capacity of its stakeholders, as politics are embedded in a society facing environmental challenges [126,127,144,145,146].



Adaptation to CC has been recognized to be a nascent domain of public policy, thus it still requires a large amount of information and knowledge for its comprehension, planning, and management [147]. Understanding the context, drivers of farmers decisions toward adaptation, and the role of stakeholders is the first step towards identifying effective policy instruments [122]. The literature has recognized that investing in research, especially in plant breeding and simulation models of climate scenarios, could be a powerful tool to develop adaptive capacity [137]. Additionally, it is necessary to improve water resource management by strengthening the water infrastructure and water distribution system [148].



Various strategies of adaptation in agriculture have been discussed, but uncertainty about the impacts and effectiveness of these adaptations on producers in MCRs will continue [17]. Nonetheless, in light of CC projections, it is important that producers develop resilience in their production and social systems. Improving technologies, seeds and agronomic practices to cope with climatic uncertainty is one side of adapting to CC. It is also necessary to have a deep and multidisciplinary understanding of the factors that drives individuals´ adaptation decisions, and to provide the effective incentives to change behavior towards adaptation to CC. Understanding the individual motivations, perceptions, knowledge networks, barriers, risk aversion, and financial constraints provide evidence on which to base the development of public policy, with the expectation that adaptation rates will increase.




5. Perspectives and Concluding Remarks


This review has revealed the urgent need of linking science and policy design to increase adaptation, as well as the importance of knowing the impacts of CC and adaption strategies to achieve effective results at the farm level. Some authors argue that intensive agricultural systems could be more resistant and better adapted to adverse climatic conditions [103,149], which would be an advantage for MCRs where large-scale farming is common. Nevertheless, we need to take into account not only the productive outcomes, but also the social, economic, and environmental components as determinants for persistence of agricultural systems. Despite the increased consensus on this matter, there are still questions as to how well prepared and sustainable these agricultural systems will be in the face of CC. However, more severe CC could lead to geographical shift of cropping areas and farming systems.



Water has always been considered the most critical resource for sustainable development of agriculture in most Mediterranean countries [127]. Mediterranean agriculture has been developed under the concept of higher productivity with less water, which is why traditional cereal crops, olive trees, and vineyards are, for the most part, tolerant to drought stress, having adapted to long dry seasonal periods [15]. Considering the forecasts, the demand for water will increase in all areas due to increases in crop evapotranspiration [103], and the supply of water resources will be even more unstable due to decreased precipitation in the future. Therefore, it is necessary to continue research on adapting crops and novel technologies to enhance water productivity and ameliorate the negative effects faced by farmers. In fact, there are still many questions that should be resolved such as those related to decreasing climatic uncertainty as well as the strategies deployed by crops and farmers to cope with the environmental and socio-economic consequences imposed by CC in MCRs.



From the point of view of food security, humans are currently challenged by an increasing global population that demands more food, the desire for environmentally and socially sustainable food production, and how to create food distribution networks and avoid food waste that will ensure no further deaths from starvation [150]. Under these pressures, MCRs have been earmarked to produce a significant amount of food despite their small area, globally. This underscores the urgent need for investing in research, development and innovations in MCRs as well as understanding the socio-economic impacts in these Mediterranean zones so that global food demands can be secured in the next few years. As investment in agricultural research and development has proven to be an effective way of stopping food crises, the lack of integrative approaches in responding to agricultural constraints has endangered productivity [151]. The implementation of research clusters composed of multidisciplinary groups of scientists, extensionists, and local farmers, with the explicit aim of translating scientific information into biotechnological solutions, will certainly aid this goal. In addition, the generation of high quality information related to the variation in climate factors, strategies of adaptation, and impacts on farmers could provide suitable and useful material for decision-makers to generate proper policies to face the challenges imposed by CC.
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Figure 1. Schematic representation of adaptation strategies of agriculture to climate change in Mediterranean-climate regions (MCRs). 
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