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Abstract

:

Climate change continues to have adverse effects on crop yields in Africa and globally. In Morocco, rising temperatures and declining precipitation are having daunting effects on the vulnerability of crops. This study examines the vulnerability of barley, maize, and wheat to variations in growing season precipitation and socio-economic proxies of adaptive capacity such as literacy and poverty rates at both national and sub-national scales in Morocco. The methodology is based on a composite vulnerability index (vulnerability is a function of exposure, sensitivity, and adaptive capacity). National and sub-national crop yield data used to compute the sensitivity index were downloaded from FAOSTAT and the global crop yield gaps Atlas. The mean annual growing season precipitation data at both the national and sub-national scales used to compute the exposure index were downloaded from the world bank climate portal. Proxy data for adaptive capacity in the form of literacy and poverty rates were downloaded from the world bank, figshare, and MPR archives. The CANESM model was used to validate the crop yield observations. The results show that wheat shows the lowest vulnerability and the highest adaptive capacity, while maize has the highest vulnerability and lowest adaptive capacity. Sub-nationally, vulnerability indexes decrease northwards while adaptive capacity and normalized growing season precipitation increase northwards. Wheat also shows the lowest vulnerability and highest adaptive capacity and normalized growing season precipitation at each latitude northward. Model validation shows that the models used here reproduce most of the spatial patterns of the crops concerned. These findings have implications for climate change adaptation and climate policy in Morocco, as it becomes evident which of these most cultivated crops are more vulnerable nationally and spatially. These results have implications for future research, as it might be important to understand how these crops perform under growing season temperature as well as what future projections and yield gaps can be observed.
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1. Introduction


Climate change is an important challenge for the world in general and Africa in particular. Globally, warming of about 1.5 °C and a reduction in rainfall are already being recorded, with daunting consequences on agriculture [1]. The COP26 has set a target of stabilizing temperature increase at 1.5 °C while reducing deforestation and methane by 2030. The impacts of climate change are negatively affecting the agricultural sector and, in turn, food security. Each degree of warming reduces wheat yields by 6%, rice and soybean yield by 3%, and maize yields by 7% [2]. Although no country is spared the effects of climate change, Africa is among the most vulnerable continents. In West Africa today, rainfall generally decreases from the south to the north [3,4,5] while in North Africa, precipitation is characterized by a rainy winter season and dry summer conditions. The rainy season begins in October and lasts until April, with the months of December and February are the wettest [6,7]. Additionally, the entire region is marked by high inter-annual precipitation fluctuation. The effects of climate change are becoming more visible in Morocco, which has been designated as a very vulnerable country [8]. In Morocco, drought, rising average temperatures, heat waves, and shifting rainfall patterns are affecting more locations. “Since the 1960s, an increase of 1 °C has been observed throughout Morocco and projections show an increase of 1 to 1.5 °C by 2050 (3rd NC Morocco 2016) [9].”



It has been projected that between 2018–2050, there will be a downward trend of annual rainfall for various Representative Concentration Pathway (RCP) 4.5 (17.29%) and RCP 2.6 and RCP 8.5 (12.50% and 21.33%, respectively) [10]. The annual mean temperature was found to increase by 0.72 °C, 0.57 °C, and 0.69 °C under the RCP 2.6, 4.5, and 8.5, respectively [11]. In addition, a relative Standardized Precipitation Index (SPI index) computed to evaluate the impacts of climate change on drought occurrence in Morocco and based on the projected precipitation (2006–2100) from five high-resolution CORDEX regional climate simulations, under two emission scenarios (RCP 4.5 and RCP 8.5) shows a decrease in precipitation towards the future of up to −65% compared to the historical period. In terms of drought events, the future projections indicate a strong increase in the frequency of SPI events, considered as severe drought conditions [12]. In addition, the mean annual rainfall varies from 500 to 2000 mm in the northwest of the country (subject to Atlantic and Mediterranean influences), from 200 to 1000 mm in the west and center (subject to Atlantic influences), from 100 to 200 mm in the eastern part of the country, and to less than 100 mm in the south [13]. The consequences of this decline in rainfall in Morocco are northward shift in arid conditions, higher temperatures, reduced growing season precipitation, and increased crop vulnerability [14].



In Morocco, crop yields are being driven by the increased frequency of extreme weather events and unpredictable weather patterns. Extreme droughts were recorded during the seasons 1986–1987, 1991–1992, 1994–1995, and 1998–2000, and floods in 2014, 2011, and 2009, inter alia [15]. Due to the negative future climate estimates for Morocco (1.3 °C increase in yearly mean temperature and 11% drop in the annual average rainfall by 2050), the country will be facing economic and food security issues, as agriculture is highly climate dependent in Morocco [15]. For example, summer droughts affect the Gharb in Morocco, but their intensity and length vary from one year to another, and between the Atlantic Gharb and the High Gharb. When the summer droughts exceed 6 consecutive months, a major constraint for crops in the Gharb is easily triggered. Although the Rif mountains and the Middle Atlas Mountains provide most of the water that contributes to supporting the summer discharge in the Sebou basin, the amount of water available in summer—especially during the less rainy months of the year (July and August)—is generally insufficient for the agricultural needs of the Gharb [16]. To grapple with the decline in discharge, dams have been built upstream of the Sebou basin to mobilize winter water resources for summer use. Some dams also help in controlling floods that used to ravage the Gharb plain—for example, the Al Wahda dam [17].



Cereal seeds play a vital economic role in Morocco by providing certified seeds with enhanced genetic capabilities that are drought- and pest-resistant and have a short growing season. The cereal seed industry is a vital part of the larger agricultural system that generates jobs and economic growth in the agricultural sector. According to the Ministry of Agriculture (MoA), the cereal seeds sector earned over MAD 600 million in revenue in 2009 (2009, Kingdom of Morocco) [18]. The current turnover is projected to be more than MAD 1.2 billion (around USD 140 million). As a result, the cereal seeds sector is critical to the Green Morocco Plan (GMP), as it promotes agricultural production while also improving the capacity of other agricultural (such as legume, vegetable, and fruit) and animal sectors [19].



Assessing the vulnerability of crops to growing season precipitation and socio-economic variables is very important because it enhances understanding of the role of climatic and non-climatic variables in impacting vulnerability. For example, at the level of sub-Saharan Africa, a few such assessments have been performed in the scientific literature as follows: Epule [20] developed a crop yield vulnerability index for maize yields to droughts in Uganda; this approach was later applied to assess the vulnerability of five crops to droughts in Uganda, as well as three crops in Cameroon [20,21]. In Morocco, a few studies have looked at how vulnerable crops are to droughts from various viewpoints. For example, Ouassou [22], discussed the application of drought management guidelines in Morocco as well as the national drought observatory in the form of an institutional zone. Within this, they also present the characterization of drought risk and vulnerability assessment in agricultural systems in the Oum Er Rbia river basin. Additionally, Imani [23] observed that the drivers of vulnerability in Morocco at the river basin level are average annual rainfall, the proportion of irrigated land, land status, literacy ratio, and access to drinking water. Additionally, Karmaoui [5] noted that oasis agriculture is vulnerable to climate change, and that biofertilizers could be a possible technique in reducing the effects of climate change on oasis agriculture in Morocco. Furthermore, Fniguire [24] discussed the spatio-temporal variations of drought vulnerability and risks through the SPI and observed that the inter-annual variability of rainfall is partly responsible for the vulnerability of agricultural systems in Morocco. Finally, Schilling [25] looked at climate change vulnerability and adaptability in Morocco, observing that a combination of declining supplies and rapid population expansion are exacerbating the country’s difficult water sanitation situation.



Despite the proliferation of literature on vulnerability in Morocco, there are still no studies that have used and perfected the vulnerability index reported in [20,21] to analyze the vulnerability of several crops in Morocco at both the national and sub national scales. The index employed in this study is largely relevant in determining how vulnerable cropping systems are to droughts in African crop production contexts by integrating crop yield, climatic, and adaptive capacity data. Indeed, this method is helpful as it can meet the objectives of offering a comprehensive approach that includes climatic and socioeconomic factors into vulnerability assessments and mapping [21]. Additionally, it is based on historical data for field verifications of the actual stress that agricultural systems may face [21,26]. The adaptive capacity component of this indicator specializes in two factors which are particularly important in the African context: namely, literacy and poverty rates [27]. This work therefore seeks to assess the vulnerability of barley, maize, and wheat to changes in growing season precipitation in Morocco at both the national and sub-national scales. These crops were selected because they are among the most widely grown crops in Morocco [28]. In other words, this study’s goal is to evaluate the vulnerability of these three crops in Morocco by assessing their sensitivity index, exposure index, and adaptive capacity index at the national and sub- national scales using growing season precipitation and two socio-economic indicators, which are poverty and literacy rates (Figure 1).




2. Conceptual Framework


2.1. Vulnerability Index


The vulnerability index represents the susceptibility of a system to loss or damage or its propensity to be adversely affected by something else. It also contains a range of concepts such as sensitivity and lack of adaptive capacity [29]. Closely linked to vulnerability is the concept of risk, which is based on of the interactions of vulnerability, exposure, and hazard [29]. Hazards on the other hand represent the potential occurrence of a natural or human-induced physical event or physical impact that may cause loss of life, injury, or other health impacts, as well as damage and loss of property, livelihoods, services, ecosystems, and environmental resources. In other words, hazards refer to physical events and trends or physical impacts [29]. To further support the above, the vulnerability sourcebook [30] reaffirms the definition of vulnerability as, “The propensity or predisposition to be adversely affected. Vulnerability encompasses a variety of concepts and elements including sensitivity or susceptibility to harm and lack of capacity to cope and adapt.” The vulnerability assessment reveals that tailored support can play an important role in assisting the rural poor in adapting to climate change [30]. Vulnerability is frequently influenced by the amount and rate of climate change, as well as the variability to which any specific cropping system is subject (wheat, barley, and maize yields) [20]. Vulnerability is a function of (1) the exposure index, which describes the effects of climate change on components of the climate such as precipitation and temperature; (2) the sensitivity index, which describes the extent to which climate change has a detrimental effect on a cropping system; and (3) the adaptive capacity index, which measures a production system’s ability to react to shocks produced by precipitation reduction. Literacy and poverty rates, for example, can serve as proxies for adaptive ability [20,31] (Figure 1).



In this study, the vulnerability index is based on time series crop yields, precipitation, and socio-economic proxies of adaptive capacity [21,32,33]. The approach used by this study for framing vulnerability improves the quantification of variables, such as adaptive capacity, that cannot be easily quantified. Data on adaptive capacity are difficult to come by throughout most of Africa, forcing scientists to rely on proxies. Literacy and poverty rates are the two most important proxies of adaptive capacity in Africa in general and Morocco in particular [21] (Figure 1). This is because poverty reduction and enhancement of literacy have been identified as key drivers of development across Africa, including Morocco.




2.2. Sensitivity and Exposure Indexes


The sensitivity index describes responses to climatic stimuli or climatic extremes [29]. It also represents the impact of climate forcing on the yields of the crops concerned [29]. In other words, the sensitivity index measures the quantitative decrease in agricultural yields because of climate change, climatic variability, and severe events [31,34,35,36]. Thus, the sensitivity index examines how actual yields respond to precipitation during the growing season. In theory, the sensitivity index (crop vulnerability index) is directly related to the exposure index (drought vulnerability index)—mostly via evapotranspiration (Figure 1). According to the vulnerability sourcebook [30], “sensitivity is determined by those factors that directly affect the consequences of a hazard. Sensitivity may include physical attributes of a system (e.g., building material of houses, type of soil on agriculture fields), social, economic, and cultural attributes (e.g., age structure, income structure). Thus, the understanding of sensitivity largely remains unchanged from the AR4 concept.”



The exposure index depicts the presence of people, livelihoods, species or ecosystem functions, services, resources, infrastructure, economic, social, and/or cultural assets in places and settings that could be adversely impacted by climate change [29]. The exposure index is therefore related to the climate stress level of a given analysis unit or system [29]. Furthermore, the vulnerability sourcebook [30] affirms the definition of exposure as, “the presence of people, livelihoods, species or ecosystems, environmental functions, services, and resources, infrastructure, or economic, social, or cultural assets in places and settings that could be adversely affected”. The term “exposure” in AR5 differs from the way it is used in the AR4. Exposure is related to specific exposed elements (or elements at risk), e.g., people, infrastructure, ecosystems. Exposure can be expressed by absolute numbers, densities, or proportions, etc., of the elements at risk (e.g., population density in an area affected by drought). A change in exposure over time (e.g., change in the number of people living in drought-prone areas) can increase or decrease risk [30]. In this study, the exposure index describes the level and character of the stimulus as represented in the quantity, severity, and length of droughts, or quantitative changes in precipitation or temperature caused by climate change [20,31,34,35,36,37]. The exposure index concentrates on how precipitation reacts to changes in climate. As with sensitivity, vulnerability has a positive correlation with exposure [38] (Figure 1).




2.3. Adaptive Capacity Index


Adaptive capacity, which is a component of resilience development, refers to the ability to shift and capitalize on opportunities or cope with the repercussions of climate change. Adaptive capacity is often context-specific and depends on the availability of resources and the capacity to learn, as well as governance measures. Often, adaptive capacity must be translated into actions, without which vulnerability will be enhanced [29]. The adaptive capacity index indicates therefore the inherent characteristics of a system that allow it to adjust. In addition, adaptive capacity can be framed as, “the ability of systems, institutions, humans, and other organisms to adjust to potential damage, to take advantage of opportunities, or to respond to consequences’ (e.g., knowledge to introduce new farming methods)” [30]. In the context of this current work, this refers to a production system’s (wheat, barley, and maize) capacity to adapt to and deal with a variety of stresses and shocks, such as climate change, climate variability, and extreme occurrences [31,35,36,39]. In this work, the adaptive capacity of farmers to produce crops to manage droughts regularly reduces the severity of drought effects on agricultural production [21]. The effect of the adaptive capacity index on the exposure, sensitivity, and vulnerability indexes are determined through proxies such as literacy and poverty rates. Poverty and literacy rates were chosen as the primary socioeconomic proxies because they fully contain and influence all other variables. For instance, poverty alleviation might result in increased literacy rates, and the ramifications of this might be shown in improved social networks, connections, safety nets, enhanced transportation and route networks, greater property ownership, and more discretionary income, as well as the capacity to irrigate rivers and streams [20,39]. All these sub-indices (sensitivity, exposure, and adaptive capacity) combine to form the vulnerability index (Figure 1).



As seen above, the vulnerability sourcebook presents two perspectives of vulnerability based on the AR4 and AR5. The AR4 perspective frames vulnerability as a function of exposure, sensitivity, and adaptive capacity, while the more recent AR5 frames vulnerability as a function of hazard exposure and adaptive capacity. In the current work, we adopt the AR4 definition of vulnerability for our methodology based on the following reasons: (1) It involves a broader perspective of vulnerability that already encompasses three elements of the AR5 perspective (exposure, sensitivity, and adaptive capacity); (2) the different components of vulnerability introduced here have specific contributions towards the climate-agriculture and socio-economic proxies (exposure reflecting the effects of climate forcing, sensitivity representing yield changes, and adaptive capacity reflecting the ability to cope through specific proxies), which all correspond to the precipitation, yield and adaptive capacity data; (3) the equation which states that vulnerability is a function of exposure, sensitivity, and adaptive capacity has recently been cited by several studies [20,21,40] and used to frame vulnerability; and finally (4), this work aims at incorporating the hazard element of vulnerability into exposure, which is also a reflection of the effects of climate on vulnerability. This is important because including a separate variable for hazards might lead to double counting, since exposure already covers that dimension.





3. Materials and Methods


3.1. Study Site


Morocco is situated in the northwest of Africa between latitudes 20.5 ° N and 36 ° N. It spans an area of 446,550 km2 with a population of roughly 37 million, as well as a semi-arid climate affected by the Atlantic Ocean, the Mediterranean Sea, and the Sahara Desert [40]. Its topography is dominated by two big mountain ranges (Rif and Atlas), the highest of which stands at 4165 m. This sort of topography causes a lot of precipitation anisotropy. Morocco’s precipitation is characterized by a high degree of spatiotemporal variability and a rainy season extending through winter and spring from November to April, which coincides with the cereal growing season. Morocco’s northern region receives more precipitation, which may reach 900 mm, whilst the country’s central region receives less than 350 mm (Figure 2). Similarly, the temperature has a considerable degree of geographical fluctuation. When compared to other parts of the nation, high-elevation locations (such as the high Atlas Mountains) have cooler temperatures [41,42]. The cereal sector is one of Morocco’s most important agricultural output industries; it occupies up to 90% of the rainfed agricultural area in Morocco, employs a huge population, and contributed to the agricultural value added over the period 2008–2018 of, on average, around 15.6% [43]. Early sowing takes place in November, if significant precipitation occurs at that time—while the sowing can be extended to January if precipitation is delayed. Late sowing usually results in lower production compared to early sowing, due to both a decrease in cropped areas—because many farmers will not plant if rain occurs late in the season—and the period of high temperatures which coincides with the latter part of the season, which may wreak havoc on yields [44,45]. Harvests take place generally around the end of May. Common wheat accounts for about half of the gross value of cereals, followed by durum wheat (27%), barley (23%), maize (2%), and other cereals (sorghum and rice) (1%). The average yields are still low and considerably below the potential of each region [19].




3.2. Data Collection


Several datasets and both the national and sub national scales were employed in this study. Data collection started at the national scale as the main unit of analysis, down to the sub-national scale, based on the data from nine stations from the south to the north of Morocco. All data on the different sub-components of vulnerability were collected to attain the objectives of this study. The annual yield data for the national scale assessment for the three crops chosen: wheat, barley, and maize over the period 1991–2019 in hg/ha/year were collected from FAOSTAT [46], aiming to calculate the national scale sensitivity index. At the sub national scale, crop yield data (hg/ha/year) for the period 1989–2014 were downloaded from the Global Yield Gap Atlas [47] (https://www.yieldgap.org/ accessed on 3 November 2021) for nine stations in Morocco where these crops are mainly grown: Agadir, Beni Mellal, Fes Sais, Marrakesh, Meknes, Nador Arwi, Nouasser, Safi, and Tanger. The historical period for this sub national scale perspective was limited to 1989–2014 due to data availability. As with the national scale, the sub national perspectives helped to give us a spatial context of changes in the sensitivity index.



Furthermore, the mean annual precipitation data and the mean crop growing season precipitation for each crop over the periods 1991–2019 and 1998–2014 for the national and sub national scale assessments were collected from the World Bank Climate Change Knowledge Portal [48] (https://climateknowledgeportal.worldbank.org/download-data accessed on 31 October 2021). The latter were used to compute the exposure index. As shown in Figure 3, the growing seasons for wheat and barley are the same, but different for maize. On the other hand, the mean growing season precipitation data for each year is an average aggregate for that year’s growing season months. The national scale exposure index was validated at the sub-national scale using the mean annual crop growing season precipitation and the mean annual precipitation data collected from the World Bank Climate Change Knowledge Portal [48].



To compute the adaptive capacity index, two proxies of adaptive capacity were used. It turns out that poverty (%) and literacy rates (%) are major indicators of the variations in the adaptive capacity and resilience to climate disturbances. These two proxies were selected to assess the adaptive capacity. The poverty rate involves the material and financial assets that reflect the capacity of populations to maintain their functioning in the face of the external constraints imposed by climate change by appealing to resilience and evolving more desirable tools and livelihoods that help improve the sustainability of the crop system. The literacy rate on the other hand involves the ability of a farmer to read and be able to grasp knowledge on climate change. The national-scale poverty and literacy rate data were collected for the period 1991–2019 from [49] (doi.org/10.6084/m9.figshare.16903483.v1 accessed 31 October 2021), while those for the sub-national scale sites were collected for the period 1989–2014 from the Regional Disparities in Development in Morocco [50]. Since the vulnerability index is a composite index, it is a function of the three indexes already mentioned (the sensitivity index, exposure index, and adaptive capacity index). Therefore, the simulation of the vulnerability index will be based on the data collected from these three indexes. This computation will be explained in the subsequent parts of this paper.




3.3. Data Analyses


3.3.1. Vulnerability Indexes


This work is based on a composite vulnerability index developed by [20,21,39]. This index was created with the intention of being used in the context of African agricultural growing. This composite index is a combination of three sub-indexes that are subcomponents of the vulnerability index (sensitivity index, exposure index, and adaptive capacity index). These indexes are used to determine the degree of vulnerability of (wheat, barley, and maize) in Morocco and to incorporate some crop parameters such as yield, precipitation, and socio-economic proxies (poverty and literacy rates). This methodology is based on other vulnerability indexes, including the Notre Dame Global Adaptation Index (ND-GAIN) [51], the crop-drought indicator [52], and the water-poverty index [53]. Equation (1), shown below, was used to compute the vulnerability index:


  V  U  x i n s n   = S  E  x i n s n   + E  X  x i n s n   − A D  C  x i n s n      



(1)




where VUxinsn is the crop yield vulnerability index for wheat, barley, and maize at the national and sub-national scale, SExinsn is the crop yield sensitivity index at both the national and sub-national scale, and EXyinsn is the yield crop exposure index—also at the national and sub-national scale. ADCxinsn is the crop yield adaptive capacity index at both the national and sub-national scale, while x indicates the year and i is the given crop.




3.3.2. Sensitivity Index


To determine the sensitivity index of crop yields to rainfall perturbations, a crop yield sensitivity index was calculated at both the national and sub-national scale, from the period 1991–2020 for the national scale and 1989–2014 for the sub national scale, respectively, using methods adapted from [21,51]. Detrending was used to eliminate a linear model of the actual yield time series from the data [54,55,56], which was carried out by dividing the projected linear trend value by the actual observed value (Equation (2)). Detrending reduces the consequences of agricultural technological advancements and has the capacity to illustrate annual crop yield variations due to rainfall, reducing the effects of consistent reporting or bias errors resulting from estimations of expected crop yields [21,55,56]. For the three crops selected (wheat, barley, and maize) the expected crop yields were projected by using a trend line equation for a simple linear regression (Equations (3)–(5)). The observed and expected crop yield data were regressed against the precipitation data. Then, the sensitivity indexes for each crop were computed by dividing the mean expected crop yields by the mean observed crop yields (Equation (6)).


  E X  P  y n s n   = a x + b  



(2)




where EXPynsn is the projected crop yield at both the national and sub-national scales, a is the linear trend, b is the intercept when EXPynsn = ax, and x is the year.


  E X  P  y w h e a t n   = − 640196.62 + 326.62 x ,    R 2  = 0.244  



(3)






  E X  P  y b a r l e y n   = − 328425.38 + 168.63 x ,    R 2  = 0.1075  



(4)






  E X  P  y m a i z e n   = − 213037.54 + 109.67 x ,    R 2  = 0.1035  



(5)




EXPywheatn, EXPybarleyn, EXPymaizen represent the expected wheat, barley, and maize yields in Morocco at the national scale; the numbers in the equations are the slopes and intercepts from left to right, respectively, and x represents the years.


  S  E  s y n s n   =   E X  P  y x y n s n     A C  T  x y n s n      



(6)




where SExynsn represents the crop yield sensitivity index at both the national and sub-national scale, EXPxynsn is the mean expected crop yield—also at the national and sub-national scale, and ACTxynsn is the mean actual crop yield at both national and sub-national scale. y and x represent the yield and the year respectively.




3.3.3. Exposure Index


This index was computed following similar approaches in studies by [20,21,51,57]. The exposure index was fitted by dividing the mean annual precipitation by the mean growing season precipitation for each crop at the national scale for the period 1991–2020, and from 1989 to 2014 for the sub-national scale. Precipitation data were used because agriculture in Morocco is essentially driven by precipitation [58]. Equation (7), shown below, was used to compute the exposure index:


  E  X  y p n s n   =   μ L  T  a n n u a l p p t n s n   1991 − 2020     1989 − 2014       μ S T  Y  G S p p t n s n   1991 − 2020     1989 − 2014        



(7)




where EXypnsn represents the crop yield exposure index at the national and sub-national scale, μLTannualpptnsn (1991−2020 and 1989–2014, respectively) is the mean annual precipitation at both the national and subnational scale, and μSTYGSpptnsn (1991−2020 and 1989−2014, respectively) is the mean growing season precipitation at both national and sub-national scale, while y represent years and p is the precipitation.




3.3.4. Adaptive Capacity Index


In our approach, poverty and literacy rates were used to assess and compute the adaptive capacity index. These proxies were selected because of the scarcity of data for other proxies such as transportation, safety nets, and natural resources. Furthermore, these two proxies accurately reflect adaptive capacity and have an impact on all other proxies. These proxies have an inverse connection, although they are not completely independent. Poverty reduction can boost literacy rates and resistance to climatic shocks by increasing access to climate knowledge and investing in more resilient farming systems [59]. It can be observed through the Green Morocco Plan (GMP) that the technical and material support offered to help small and medium scale farmers is able to somehow reduce the poverty rate in the agricultural sector in Morocco. Therefore, it turns out that reducing the poverty rate can lead to improved access to irrigation through easy access to knowledge and rationalization of new irrigation practices, which can also help in reducing the effects of problems associated with declining rainfall, as well as rainwater harvesting. Equation (8) was used to compute the adaptive capacity index:


   A d  C  y n s n   =     10  2  −  P  y t n s n       10  2      +    L  y t n s n       10  2      



(8)




where AdCynsn is the crop yield adaptive capacity index at the national and sub-national scale, Pytnsn and Lytnsn are the poverty and literacy rates (%) at both the national and sub-national scale, respectively, and y represents the year notation.




3.3.5. Validation of Crop Yield and Growing Season Rainfall Trends at the Sub-National Scale


To validate the results at the sub-national scale and to ensure that the models used here to assess vulnerability adequately reproduce the variations in the yields of the concerned crops, a validation model was employed. For the sub-national spatial variations in crop yield and precipitation, this work used yield data for the period 1919–2020 for the CANESM model to validate the yield and precipitation observations. The yield model was first run for the RCP 4.5 scenario for wheat and barley, for which data were available for the period 1991–2020. Later, the RCP 8.5 scenario was used to evaluate wheat and barley. This was also conducted for precipitation under the RCP 4.5 and RCP 8.5 scenarios. The spatial yield and precipitation models were run within the MOSAICC simulator interface available at [60] (http://196.200.148.123/mosaicc/ accessed on 3 November 2021), within which all model parameters were selected and specified, and the model was run. The models used here are considered reliable as they reproduce most of the spatial variations in yield and the error terms of the regression equations are considered valid.






4. Results


4.1. Patterns of Growing Season Precipitation and Crop Yield at the National Scale in Morocco


The results from the vulnerability indexes previously discussed were consistent with the patterns of observed yields for the three crops involved in this analysis in Morocco. For example, wheat showed the lowest vulnerability index and the highest adaptive capacity index, and its yields were observed to be higher when compared to the other crops throughout the time series 1991–2020. This is consolidated by the fact that wheat has an equal, relatively higher R2 for all the three crops of 0.24 or 24% (Figure 4a). Just as with the vulnerability indexes, barley showed the second highest yield trends throughout the series, while maize had the lowest. This are also consistent with their R2, which was 0.107 (10.7%) and 0.103 (10.3%) for barley and maize, respectively.



While wheat had higher yields throughout the time series, an interesting observation was that the highest R2 for wheat was only around 24%, an indication that in general these crops are highly vulnerable, as shown by their recurrent up and down cyclical trends. These frequent cyclical trends of up and downs are indications that these crops have fluctuating yields and that the country experiences frequent droughts. This can be confirmed from the observations in the patterns of growing season precipitation (Figure 4b). In this context of growing season precipitation, it can be observed that throughout the series, wheat and barley showed the highest—and the same—amounts of precipitation during their growing season, while maize showed lower growing season precipitation throughout the series. The consistency in the growing season precipitation for wheat and barley is associated with the fact that the two crops are grown over the same growing season months (Figure 3).



The results also showed the same R2 for wheat and barley, which was higher than that of maize (Figure 4b). Another common phenomenon of the observed growing season precipitation was frequent fluctuations which tallied with those for yields, and consequently—like the vulnerability indexes—further depicted the influence of growing season precipitation on the yields of these crops. Evidently, maize is more affected, as reflected in its lower yields throughout the time series—trends that tallied with highly fluctuating growing season precipitation (Figure 4b). The parallel scatter plots for these three crops showed a general positive relationship between yield and growing season precipitation (Figure 5a–c). This is an indication that the cultivation of these crops is dependent on the growing season precipitation. However, due to high levels of variability in growing season precipitation in Morocco, the cultivation of these crops is likely affected. Barley showed the highest r and R2, followed by wheat, and maize showed the lowest (Figure 5a–c). However, though these correlations and R2 were positive, they were generally weak, meaning that there is a weak relationship between these crops and precipitation. This means that even though agriculture is essentially rainfed, other potential drivers of agriculture might be irrigation and fertilization. The results of declining precipitation in Morocco go a long way to supporting this finding.




4.2. Patterns of Vulnerability, Exposure, and Adaptive Capacity at a National Scale


At a national scale in Morocco, the vulnerability, exposure, sensitivity, and adaptive capacity indexes varied for barley, maize, and wheat. The initial results from the vulnerability indexes confirmed this assertion. For example, wheat showed the lowest rates for all the indexes except for the adaptive capacity index, where it showed the highest rate. The vulnerability index for wheat was 0.15 and the exposure index was 0.75, while the sensitivity index was 1.1. The adaptive capacity index of wheat was 1.7 (Figure 6). These initial results show that wheat is the least vulnerable of the three crops and the most adaptive, due to the higher adaptive capacity of the farmers. Barley on the other hand is the second, as it showed the second lowest vulnerability index of 0.42, the same exposure index as wheat of 0.75, the second lowest sensitivity index of 1.2, and the second highest adaptive capacity index of 1.53 (Figure 6). Finally, maize showed the highest vulnerability index of 0.84, the highest exposure index of 1.01, the highest sensitivity index of 1.3, and the lowest adaptive capacity index of 1.47 (Figure 6). From these results, wheat is the least vulnerable and the most adaptive of the three crops, followed by barley—while maize is the most vulnerable and the least adaptive, as indicated by the low adaptive capacity of the farmers.



From a temporal perspective, the results showed that vulnerability generally declined over time for all three crops, while adaptive capacity increased. The other sub-indexes (sensitivity and exposure indexes) were generally declining in a fluctuating manner but were higher than the vulnerability index (Figure 7). When these indexes were compared with yield trends and growing season precipitation (Figure 4a,b), it was observed that the yields assumed a highly fluctuating but declining trend, while growing season precipitation was also highly variable and unreliable over time. This unreliable growing season precipitation is an indication that precipitation was adversely affecting yields in the study area and that the rising yield trends for some crops can be attributed to other drivers such as irrigation and agricultural mechanization. Indeed, the level of vulnerability for any of these crops was mitigated by the adaptive capacity of the farmers cultivating the crop. This was seen here, as higher adaptive capacities were often linked to lower vulnerability indexes. Thus, the hypothesis was that when the adaptive capacity index is high, the vulnerability index is lower. Over time, the results showed that the adaptive capacity index had been increasing while the vulnerability index had been declining. Additionally, the adaptive capacity and vulnerability indexes were higher and lower, respectively, in the northern parts of the country when compared to the southern parts. Invariably, the adaptive capacity index plays a key role here, as it ultimately determines the level and intensity of vulnerability. Despite the magnitude of the climate forcing, adequate adaptive capacity could mitigate its effects and lower the vulnerability index.



In terms of Pearson correlations, it can be observed that at the national scale, the correlation between the adaptive capacity index and the vulnerability index was generally negative, implying that when adaptive capacity increases vulnerability declines. Additionally, the latter correlation was the highest of all the correlations, indicating that the adaptive capacity index had a stronger impact on the vulnerability index when compared to the sensitivity and the exposure indexes (Table 1).




4.3. Spatial Variations in Precipitation at the Sub-National Scale in Morocco


Model outputs of the spatial patterns of growing season precipitation based on the MOSAICC simulator of the CANESM model and on the RCP 4.5 and 8.5 scenarios basically reproduced the same spatial variation in precipitation. In fact, it could be observed that there was a tendency for precipitation to increase northwards and to decline towards the south (Figure 2). However, unlike the crop model results below (Figure 8), here the precipitation model reproduced the same spatial pattern of precipitation for both the RCP 4.5 and 8.5 scenarios (Figure 2). Consequently, the RCP 4.5 and 8.5 scenarios based on the CANESM model for the period 1991–2020 equally confirmed an increase in precipitation with increases in latitude (Figure 2). This supports the observation of progressive higher yields when we move from stations in the south towards the north (Figure 9, Figure 10 and Figure 11). The models used here are considered reliable as they reproduced most of the spatial variations in yield, and the error terms of the regression equations are considered valid.




4.4. Spatial Variations in Crop Yield at the Sub-National Scale in Morocco


The validation outputs of the spatial patterns of crop yield based on the MOSAICC simulator of the CANESM model and on the RCP 4.5 and 8.5 scenarios basically reproduced the same spatial variation in the vulnerability of yields, as they showed that there was a tendency for the yields of most crops to increase towards the north of the country (Figure 8). However, while this model reproduced the same spatial pattern for barley at both RCP 4.5 and 8.5, there were slight differences in the case of wheat. For example, under the RCP 4.5 scenario, Rabat–Sale–Zemmour was grey and showed between 6 and less than 8 t/ha of wheat between 1991–2020. However, in the RCP 8.5 scenario, the yields for wheat fell to between 4 and less than 6 t/ha for wheat for the period 1990–2020. Another change was observed for the Oriental region, which recorded between 4 and less than 6 t/ha under RCP 4.5 and dropped to between 0 and less than 2 t/ha for the RCP 8.5 scenario during the period 1990–2020 (Figure 8). This goes to support the observations of progressive higher yields when we moved from stations in the south towards the north (Figure 9 and Figure 10). The models used here are considered reliable as they reproduced most of the spatial variations in yield, and the error terms of the regression equations are considered valid.




4.5. Spatial Variations in Vulnerability Indexes and Adaptive Capacity at the Sub-National Scale in Morocco


At the sub-national scale, the results were consistent with what was obtained at the national scale. For example, wheat showed the lowest vulnerability indexes and the highest adaptive capacity indexes as we moved from one part of the country to another. In Figure 11, it can be observed that the vulnerability indexes for wheat—shown by the blue curve—declined consistently from 0.38, to 0.33, to 0.28, and to 0.28, as we moved from latitudes 20.5 ° N, to 25 ° N, to 30 ° N, and 36 ° N, respectively (Figure 11a–c). This indicates that at the sub-national scale, vulnerability declined as we move northwards in the context of wheat.



Still in the context of wheat, the adaptive capacity increased as we move northwards from 0.87, to 1.1, to 1.4, and to 1.8 for latitudes 20.5 ° N, 25 ° N, 30 ° N, and 36 ° N, respectively. Therefore, while the vulnerability indexes reduced northwards, adaptive capacity increased. In the context of precipitation, it could also be observed that the normalized growing season precipitation increased northwards from 0.7, to 0.8, to 1.3, and to 1.6 for latitudes 20.5 ° N, 25 ° N, 30 ° N, and 36 ° N, respectively. This finding shows that for wheat the growing season increased as we moved northwards (Figure 11c). The observations in the case of wheat show that wheat is generally less vulnerable and more adaptive. Wheat was also associated with higher growing season precipitation. When compared to wheat, barley had the second lowest vulnerability indexes and the second highest adaptive capacity indexes, while maize had the highest vulnerability indexes and the lowest adaptive capacity indexes (Figure 11a). However, all these crops showed a declining vulnerability index and increasing adaptive capacity and normalized growing season precipitation from the south to the north. It is important to underscore the fact that these crops showed decreasing vulnerability and increasing adaptive capacity and normalized growing season precipitation from the south to the north. Additionally, wheat generally showed the best rates for vulnerability, adaptive capacity, and normalized growing season precipitation among all the crops. At each latitude, wheat showed the lowest vulnerability index, the highest adaptive capacity index, and the highest levels of normalized growing season precipitation; barley was second and maize showed the least. The results obtained at the sub-national scale were consistent with those at the national scale but went a step further to improve our understanding of the spatial and sub-national variations in vulnerability, adaptive capacity, and normalized growing season precipitation. Again, the correlation between the adaptive capacity index and the vulnerability index at the sub-national scale/latitudes was negative for all three crops and was the highest when compared to the other correlation outcomes (Table 2). This further shows that just as with the national scale correlations, adaptive capacity is a stronger driver of vulnerability relative to the other indexes.



The spatial variations described above can be confirmed by the actual spatial variations in wheat and barley yield for various stations across Morocco. These observations showed increasing yields for both wheat and barley from stations in the south to the north (Figure 9 and Figure 10)—a phenomenon that was closely knit to variations in rainfall and, consequently, vulnerability and adaptive capacity. This is seen as the areas of low yield in the south are more exposed to the Sahara and are host to some of the poorest and least educated populations in Morocco.





5. Discussion


The approach employed in this work follows the AR4 classification of vulnerability (where vulnerability is a function of sensitivity, exposure, and adaptive capacity), while future developments and updates of this work may follow the terminology in AR5 and include risk (hazard, exposure, and vulnerability). The above results show that maize has the highest vulnerability index and the lowest adaptive capacity index compared to both wheat and barley nationally and sub-nationally; this is also justified by the relatively low mean growing season precipitation recorded for maize at both scales. When rainfall during the growing season decreases, the humidity of the soil obtained from rainwater vegetation decreases, and water pressure occurs, which results in a drop in crop yield. Other research has looked at the effects of climate change on the growth season of various crops, such as crop shortening and early ripening [60,61,62,63]. For example, Karim et al. [64] detailed that the reduction in yield was proportional to the lengthening of the growth period due to extended periods of high temperatures. In West Africa, growing season precipitation also impacts crop yields [64,65]. Various yield responses have been attributed to changes in growing season rainfall months. Wheat yields in Morocco were the lowest in 1999 due to poor rainfall throughout the growing season [66]. Specifically, the timing of rainfall and its distribution are both important factors in differentiating between a good and a bad year. Below-average rainfall corresponds to an excellent crop year if the timing is good, and if it is well distributed throughout the crop growing season. The low correlation and R2 between yield and rainfall recorded in this study shows that cereal yields can be associated with different elements that were not taken into consideration in our study, consisting of irrigation, fertilization, soil qualities, pests, and different components of management [41].



In terms of cereal production, wheat, barley, and maize are among the grains produced and imported by North African nations. While Egypt is by far the most important manufacturer and importer, Morocco has the best cereal production according to capita manufacturing of wheat [67]. In sub-Saharan Africa, the average consumption of wheat is about 30 kg/capita/year, which is less than the 200 kg/capita/year recorded in North Africa [68]. Many variables can account for this—particularly in Eastern Africa’s highlands—including the high frequency of diseases and the spread of pests, as well as the pre-harvest sprouting in Ethiopia that deteriorates the quality of wheat [67]. While Maize is the staple and most common cereal in sub–Saharan Africa, in Morocco maize production has been shrinking since the 1960s. The decline in maize and barley yields is explained by the fact that these crops have been pushed back by wheat to less fertile plots [69]. This further explains why these crops are more vulnerable. Furthermore, some production elements suffer losses in their returns because of adverse weather. Among the various types of rainfed fields, those in Morocco’s intermediate zone have been the most damaged. Additionally, maize production areas have been hardest hit [70].



In Morocco, droughts during the growing season of maize have also increased the vulnerability of the crop [71]. It has been forecasted that warming paired with a decrease or modest increase in rainfall will cause maize yields to decline [71]. The maize growing season has seen larger warming trends in most northern African countries; this is especially noticeable in Morocco, where average temperature patterns have increased by more than 0.3 °C every decade. To further support this view, Shi [72] showed that yield instability is yet another indicator of how vulnerable agriculture is to climate change across Africa. The study found that some countries, including Morocco and Sudan, had high instability, with huge impacts on mean temperature trends. This means that in these nations, a little variation in average growing season precipitation can result in a significant difference in maize yields. For these reasons, determining seasonal drought danger is critical for growers in selecting appropriate crop species and planting dates, as well as for decision makers in deciding whether to import grains to satisfy local demands [73,74].



In addition, this study has shown that the less vulnerable people are, the more adaptive they are. Fluctuations in the adaptive capacity index are associated with fluctuations in the level of poverty and literacy rates. This means that high levels of poverty are often correlated with low levels of literacy. Even though the study carried out by Epule [75] showed that the north of Africa has the weakest poverty rates and the highest literacy rate compared to the rest of Africa, it appears that Morocco has the lowest per capital income and a relatively higher Gini index (statistic that assesses how evenly a resource is allocated in a population, using income as an example) in North Africa [74]. The distribution of income is the most unequal in north Africa [67], and this explains why low-income farmers usually do not have access to modern agricultural equipment and planting materials, or better access to high-yielding varieties, pesticides, irrigation systems, and fertilizers, which serve as obstacles that limit their ability to adapt [39]—even though nearly half of Morocco’s workforce is hired inside the agricultural sector [25]. Therefore, the high vulnerability indexes recorded in the southern parts of the country are linked to a lower adaptive capacity that is reflected in higher levels of poverty and lower literacy rates. The high vulnerability index is also associated with relatively lower growing season rainfall as you move southwards in Morocco. While this work only examines the role of rainfall, literacy, and poverty rates in impacting vulnerability, it is important to state that other potential drivers might exist such as irrigation, fertilization, pests, and diseases, among others.



These findings are also in line with those of previous African investigations. For instance, in Cameroon, southern maize was found to have a lower vulnerability index and a higher adaptive capacity index, whereas the northern maize had a vulnerability index that was higher, and a lower adaptive capacity index [21]. However, the current study in Morocco indicated geographical differences in vulnerability; wheat, barley, and maize showed highest vulnerability in the southern region, while the lowest was observed in the north—this can be explained by the fact that the timing of crop planting and locations are affected by rainfall, which is lower in the south of Morocco and increases northwards. Cereal crops, especially wheat, are often cropped continuously in the most suitable part of the north of the country, whereas in 250–400 mm rainfall areas, farmers alternate grain with corn, legumes, and other crops. In addition, maize is produced as a fodder crop and as a weed control crop after the land has been farmed multiple times [76]. On the other hand, the adaptive capacity increases northwards [77], indicating that in the southern parts of the country (urban and rural areas), there are higher rates of poverty and lower literacy rates because of the presence of nomadic populations in the south. Contrary to Morocco, another study conducted on the vulnerability of Uganda’s maize production noted that the vulnerability of maize yield was higher in the north the country than in the south. Similar observations were made for adaptive capacity, which showed higher trends in the south and lower trends in the north of Uganda [20]. Furthermore, following the distribution of annual precipitation across Morocco’s major regions for the period 1970–2001, it was observed that normalized rainfall increased northwards, from 30 mm in Dakhla (South) to 700 mm in Tangier (North) [22]. In sub-Saharan Africa (Uganda, Cameroon, etc.) the reverse has been observed, with declining precipitation with every northward move due to climate, soil, and other socio-economic factors.



In Morocco, the so-called favorable zones, and intermediate zones—where the amount of precipitation ranges from 350 mm to 450 mm—account for an average of 38% of the sown area of cereals, with a predominance of soft and durum wheat. Agricultural practices in these areas are aimed at intensification, which makes it possible to produce nearly 60% of cereal production (average 1998–2003). The areas considered unfavorable contribute a little over 40% of the cereal area, which is mainly sown with barley in a traditional cultivation system characterized by minimal use of selected seeds, fertilizers, and pesticides. Production in these areas is about 30% of the country’s total production of cereal crops. The remaining areas are in the mountains and the Sahara, which account for 10% of the annual cereal production [78]. The increase in common wheat production is essentially due to the extension of areas stimulated by the intensification policies implemented since the early 1980s. An intensification program was set up by the Ministry of Agriculture in 1985, aimed at planting one million hectares. The expansion of the surface area seems to be mainly at the expense of barley, which is increasingly grown in marginal areas with low agronomic potential [78], paired with the population’s lower potential for identifying alternative solutions to climatic limitations in these locations, owing to poverty and restricted access to information—as evidenced by poverty and literacy indicators. This explains why certain recent advances, such as peripheral agriculture areas and the growth of wheat instead of barley, are projected to enhance Morocco’s agriculture sector’s vulnerability to climate change [25,69,79].



Besides this, the vulnerability of crops to climate change is closely associated with poverty and literacy rates [80,81]. In fact, poverty restricts access to resources by denying impoverished people access to agricultural supplies such as drought-tolerant crops with high yields, fertilizers, and irrigation infrastructure. Additionally, information dissemination is a key concern; people with lower levels of education are less likely to comprehend climate-related information and put climate-smart concepts into practice [79,82,83,84,85]. Such disparities in literacy and poverty rates are often remarkable in Africa in general and spatially in Morocco, which makes them particularly highly representative proxies of adaptive capacity [86,87]. However, this study has provided for the first time in Morocco an all-encompassing approach by merging rainfall and socio-economic factors and introducing the three components of vulnerability, opening the door to further studies investigating other climatic and non-climatic variables such as temperature, soils, pests, and diseases affecting crops, high-yielding varieties, and fertilizers to assess the vulnerability of cereal crops in Morocco.




6. Conclusions


This work has shown that at both the national and sub-national scale, wheat is the least vulnerable and most adaptive crop in Morocco because of the expansion of regions prompted by intensification policies and the fact that local farmers of the concerned regions were given better advice and had more understanding about wheat cultivation. Wheat also showed the highest adaptive capacity and normalized growing season precipitation. Spatially, as we move from the south to the north, the vulnerability of wheat, barley, and maize declined, while adaptive capacity and normalized growing season precipitation increased. It is now important to verify how other crops respond to this observed spatial variation in vulnerability, adaptive capacity, and normalized growing season precipitation. It should be noted, however, that the adaptive capacity index of this work is based on the use of proxies such as literacy and poverty rates, for which numerous proxies exist; however, in Africa in general and Morocco in particular, these proxies are very representative and cut across other proxies. Additionally, being that the three crops covered by this work are amongst the most cultivated and consumed in Morocco, it becomes important to further evaluate how these results can inform agricultural policy and adaptation actions. An index of this type might also serve as a forum for numerous actors (civil society, business sector, and governmental sector) to analyze their level of engagement and performance in adapting to climate change. In fact, this will not be sufficient if projections of future trends and the effects of different temperature-change scenarios such as 1.5°, 2°, and 2.5° C on the future yields of these crops are not considered. Creating scenarios and evaluating the consequences of the coming change in temperature might be a useful tool for assessing and forecasting future risk. It could be also important to investigate the drivers of arable production in general in Morocco, as well as to perform a systematic inquiry to verify the current state of vulnerability research in Morocco in terms of models, data inputs, and keys crops, and the results that dominate such studies.
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Figure 1. The conceptual framework of vulnerability. 
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Figure 2. Spatial distribution of pluviometry across Morocco under (a) and (b). 
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Figure 3. Crop calendar for wheat, barley, and maize in Morocco. 
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Figure 4. Trends in (a) actual wheat, barley, and maize yields, and (b) actual mean growing season precipitation for wheat, barley, and maize in Morocco. 
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Figure 5. Scatter plots of mean growing season rainfall vs. (a) barley yields, (b) maize yields, and (c) wheat yields. 
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Figure 6. Vulnerability, exposure, sensitivity, and adaptive capacity indexes of selected crops in Morocco. 
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Figure 7. Temporal variations of vulnerability indexes for (a) barley, (b) maize, and (c) wheat at the national scale. 
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Figure 8. Spatial distribution of crop yields across Morocco under different scenarios for (a) wheat at RCP 4.5, (b) wheat at RCP 8.5, (c) barley at RCP 4.5, and (d) barley at RCP 8.5. 
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Figure 9. Variations in wheat yield over time in various stations in Morocco. 
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Figure 10. Variations in barley yield over time at various stations in Morocco. 
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Figure 11. Spatial/latitudinal variations in vulnerability indexes, adaptive capacity indexes, and normalized rainfall for (a) barley, (b) maize, and (c) wheat in Morocco. 
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Table 1. Pearson Correlations between the Sensitivity (SI), Exposure (EI), Adaptive Capacity (AdCI) Indexes vs the Vulnerability Index (VI) at the National Scale.
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	Crops
	Pearson Correlation

EI vs. VI
	Pearson Correlation

SI vs. VI
	Pearson Correlation

AdCI vs. VI





	Barley
	−0.20
	0.90
	−0.99



	Maize
	0.09
	−0.22
	0.96



	Wheat
	−0.21
	0.11
	−0.99
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Table 2. Pearson Correlations between the Sensitivity (SI), Exposure (EI), Adaptive Capacity (AdCI) Indexes vs the Vulnerability Index (VI) at the Sub-national Scale.
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	Crops
	Pearson Correlation

EI vs. VI
	Pearson Correlation

SI vs. VI
	Pearson Correlation

AdCI vs. VI





	Barley
	0.53
	0.51
	−0.83



	Maize
	0.59
	0.51
	−0.87



	Wheat
	0.52
	0.45
	−0.89
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