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Abstract:

 A new methodology to extract crop yield response to climate variability and change from long-term crop yield observations is presented in this study. In contrast to the existing first-difference approach (FDA), the proposed methodology considers that the difference in value between crop yields of two consecutive years reflects necessarily the contributions of climate and management conditions, especially at large spatial scales where both conditions may vary significantly from one year to the next. Our approach was applied to remove the effect of non-climatic factors on crop yield and, hence, to isolate the effect of the observed climate change between 1961 and 2006 on three widely crops grown in three Mediterranean countries—namely wheat, corn and potato—using national-level crop yield observations’ time-series. Obtained results show that the proposed methodology provides us with a ground basis to improve substantially our understanding of crop yield response to climate change at a scale that is relevant to large-scale estimations of agricultural production and to food security analyses; and therefore to reduce uncertainties in estimations of potential climate change effects on agricultural production. Furthermore, a comparison of outputs of our methodology and FDA outputs yielded a difference in terms of maize production in Egypt, for example, that exceeds the production of some neighbouring countries.
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1. Introduction

Crop yield response to climate change has received major attention for about three decades now, which is easily justified by the critical ramifications that such a response could have on global food security, human health and worldwide socio-economic stability [1,2,3,4]. The critical importance of understanding crop yield response to climate change triggered the development of numerous crop models varying from simple statistical to complex process based schemes that simulate mechanistically key physical and physiological processes involved in crop growth and development (e.g., [5,6]). However, despite the tremendous progress made so far in crop modelling science, existing crop models are still suffering serious shortcomings [7,8,9]. It has been shown for instance that crop models are still unable to reliably reproduce some critical processes governing crop growth and yield, such as CO2 fertilization and crop rotation effects on yield [10,11]. Effects of climate extremes on plant growth and development, and on crop yield are also still poorly represented in current crop models [12,13]. Consequently, the important deficiencies that are still associated with their simulations contribute greatly to the large uncertainties in estimates of climate change effects on crop production.

To reduce these uncertainties, the use of statistical models has been suggested [14], especially at broad spatial scales because of their flexibility and usefulness at such scales at which climate change projections are also usually available and most reliable. Though there is reasonable justification supporting that argument, there is a common general belief that it is preferable to use process-based crop models at any scale, especially when the predictions are made under changing environmental conditions [13]. Process-based models can, indeed, account for some important physiological processes and their interactions that could affect crop yield such as plant acclimation to CO2 and temperature [15,16], while statistical models cannot. Thus, that sound common belief implicitly suggests that efforts to reduce uncertainties in estimations of large scale crop production under changing environmental conditions must focus on those made by process-based crop models as a priority. To carry-out such an objective, one may consider the following actions:


	i.

	Carefully analyse available long-term observations of crop yields in order to infer the most likely crop yield response to climate variability and change;



	ii.

	Use the inferred response to test and calibrate crop models under current conditions.





Current conditions in point (ii) refer to relatively long periods over which significant changes in climate conditions have been detected already, as further discussed in Section 3.1. Preferably furthermore, the spatial scale of the analysed observations (point (i)) should be compatible as much as possible with the scale of application of the inferred crop yield response. This is because one may argue, for example, that the crop yield response to climate change that could be extracted from observations made at a farm level would hardly reflect regional or national level conditions where soil, climate and grown cultivars among other conditions may vary from one region to the other. Consequently, that extracted farm-level response may not be ideal to test and calibrate a model that is intended to be used for large scale estimations.

This study where the ultimate goal is to contribute to the improvement of large scale estimations of climate change effects on crop production emphasizes on the investigation of the abovementioned point (i). To satisfy the spatial-scale requirement discussed in the previous paragraph, time-series of national-level crop yield observations were used. These observations that cover the 1961–2006 period were analysed and a methodology to extract the contribution of climate change to crop yield trends throughout long periods, such as the 46 years’ time interval of our study, is suggested, analysed and discussed.



2. Method


2.1. Approach and Formulations

The main objective of this study is to infer the observed crop yield response to climate variability and change from long-term crop yield observations, especially at a scale that is relevant to large-scale estimations of climate change impacts on crop production and food security. National level crop yield datasets of the Food and Agricultural Organization (FAO; see Section 2.2) that were used in this study are a concrete example of such observations. Because crop yield is generally influenced by climatic and non-climatic factors, a simple methodology was developed to split between the contributions of each of these factors to the observed crop yield evolution so that the effect of the climate component on crop yield could be extracted and analysed.

The starting point in our methodology is the first-difference approach (hereafter referred to as FDA), that was suggested by [17] and used in various studies to assess the effect of climate change on crop production in various part of the world (e.g., [17,18,19,20,21,22]). FDA assumes that the trend of the first-difference crop yield time-series (i.e., constructed time-series using the difference in crop yield from one year to the next), reflects exclusively the effect of climate. FDA assumes indeed that non-climatic factors, such as crop management, change slowly from one year to the next so that the crop yield first-differences eliminate the influence of these factors on the constructed time-series. Here, we believe that such an assumption and its reliability is questionable. In fact, at large spatial scales, for example (e.g., national or continental), where farming policies and orientations among regions may vary considerably, that assumption becomes particularly weak and even not valid because factors that influence crop production, such as fertilizer applications and crop chemical treatments, may vary substantially from one year to the next (e.g., [23]; see also Figure 1). Furthermore, it is well known that non-linearity characterizes the effect of climate and crop management interactions on crop yield variations (e.g., [24,25,26,27]). A small change in crop management may lead to an important change in crop yield. Consequently, crop-climate trend analyses based on FDA will undoubtedly lead to unwarranted conclusions about the crop yield response to climate change, especially at large spatial scales.

Figure 1. Temporal evolution of total nitrogen (N) consumption in four Mediterranean countries. It is shown that in all countries, important interannual variations in N consumption may occur (see Section 2.1 for more details).
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Thus, it is obvious that the trend of the crop yield first-difference time-series reflects crop yield response to climate variability only when factors other than climate (i.e., fertilization, technology, etc.), that influence crop yield do not vary or vary very little. As an illustration, the fertilization effect of the annual increase of atmospheric CO2 (less than 2 ppm) on crop yield, which is very small from one year to the next [11,28], can be easily removed by FDA. In the extreme case where climate conditions do not vary, the crop yield first-differences reflect exclusively the effect of non-climatic factors. In all other intermediate cases, where both climatic and non-climatic factors influence crop yield significantly, it becomes difficult to distinguish the contribution of each of these factors to crop yield variability given the complex interactions between crop growing conditions and the non-linear crop yield response to these interactions. Hereafter, we describe our methodology to separate between climatic and non-climatic contributions to crop yield trends.



At any time (year), crop yield (y) can be expressed as the sum of management and climate contributions, as follows:



y = yc + ym



(1)




where yc and ym are the climate and crop management (including technology and any other non-climatic factor) induced crop yields, respectively.
The temporal variation of y can then be expressed as:
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(2)




Because ym depends exclusively upon crop management variations, Equation (2) can be further expressed as follows:
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(3)




or
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(4)




Though Equations (3) and (4) are strictly identical, the use of Equation (4) is, hereafter, preferred to Equation (3) because crop yield data are usually available only in y form. The two equations are identical for the following reason:
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yc is indeed the climate-induced crop yield, which is independent from crop management.
The subscript c outside the brackets refers to constant climate (see below for more details). In order to avoid any potential confusion in what follows, it is very important to note that according to the differential calculus [29], constant climate conditions are required to compute the second term of the right side of Equations (2–6) (management contribution), while constant management conditions are required to compute the first term of the right hand side of the same equations (climate contribution). In this study, the climate contribution is obtained by subtracting the calculated management contribution from the total yield (left hand side of Equations (2–6)).

Equation (4) can be further expressed as:
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(5)




Leading to the following more simplified expression:
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(6)




where am (=  [image: Atmosphere 04 00365 i007]) is the crop yield variation as a function of crop management. Δm, Δy and Δyc are the annual variation of crop management, total crop yield and climate-induced crop yield first-differences, respectively.
Yearly time-step computation of the second term of the right hand side of Equation (6) and subtraction of its value from Δy will provide us with estimates of Δyc, which represents the core objective of this study. The obtained Δyc time-series represents indeed the crop yield response to climate change.

As shown in Equation (4), the computation of the management term am requires constant climate conditions because, as explained above, am depends exclusively upon management practices as it represents the variation of crop yield that is inherent to the sole variation of crop managements. While in reality climate vary from one year to the next, such a requirement implies in practice that a relationship between crop yield and crop management over a given time interval can be used to compute am only under the condition where climate does not show any statistically significant change. To satisfy this condition, our approach was then:

To select a sub-period within the 1961–2006 time interval during which the change in climate was statistically not significant. Such a period could be either continuous or discontinuous in time;


	i.

	To use crop yield and management observations over the selected sub-period to derive a relationship that statistically links interannual crop yield and crop management variations; and



	ii.

	To apply the obtained relationship between crop yield and management to the entire period of study (i.e., 1961–2006), since that relationship satisfies the climate constant conditions and is time independent.





To avoid any possible confusion, we strongly remind here that the “statistically constant climate condition” mentioned above apply only for the computation of the management term am, and does not mean that the climate is considered as “constant” for the whole study.

Moreover, because agricultural practices may involve various types of management, the crop management term in Equation (6) can be further expanded to include different individual management contributions, such as crop fertilization, irrigation, pesticide application, and genotype improvement. More specifically, the management term could be expressed as follows:



amΔm = aFΔF + aIΔI + aGΔG +, … , + aXΔX



(7)




where F, I, G and X refer to fertilizer application, irrigation, genotype improvement, and any other potential management practices including technological improvements, respectively.
The form of Equation (7) stems from the fact that crop yield has a climate component and one or more management components (fertilization, irrigation, etc.). For simplification, in fact, only one management term was represented in Equation (2) (a generic term). By incorporating various management components that contribute to the final crop yield in Equation (2) and following the same mathematical development shown in Equations (3–6), we obtain Equation (7). Hence, each specific term ax that reflects the contribution of each individual crop management practice to crop yield can be calculated as follows:
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(8)




Equation (7) attempts to capture the effect of various management practices on crop yield. Its applicability depends obviously upon the availability of sufficient observations related to each individual management practice. In fact, it could be used whether data time-series describing the effect of one or more individual managements on crop yield are available or not; as it is illustrated below in our case studies.



2.2. Data

Three different crops widely cultivated in three Mediterranean countries were selected for our analyses: maize in Egypt, wheat in Greece and potato in Morocco. National level crop yield observations between 1961 and 2006 [30]; and Climate Research Unit (CRU—version TS3) gridded monthly climate data at 0.5° for the same period [31] were used. For each country, our use of the climatic data was restricted to the cultivated areas as documented in [32,33].

To ideally extract the climate-induced crop yield trend using our approach, it is preferable to use observations of yearly variation of each crop management practice relatively to each crop and each country. To our best knowledge, however, such national-level observations do not exist yet, neither for a period as long as the period of our study (46 years), nor for a shorter period. Alternatively, we used the best available observations on crop management that are relevant to our study. These management observations, shown in Figure 2a,b along with crop yield observations (Figure 2c), include total fertilizer consumption (TFC) data as provided by the international fertilizer association [34], and national-scale estimates of total irrigated agricultural lands (TIL) given in [35]. Though not ideal to reach the best possible accuracy when splitting between climate and management contributions to crop yield trends, TFC and TIL data represent an acceptable alternative, considering that the rate of annual changes in these two variables at the national level reflects the annual changes in crop production. A consideration that is strongly supported by the high and statistically significant (95% confidence limit) correlation between annual changes in crop yield and each of the two variables (Figure 3a–c). Interestingly, furthermore, a literature review shows that some other authors have also used national-level fertilizer applications to analyse national-level crop yield evolution (e.g., [36]—for cereal crops in Poland; [37]—for various crops in Brazil).

Figure 2. Temporal evolution of total fertilizer consumption (a), irrigated cropland (b), and crop yield (c); between 1961 and 2006 in Egypt, Greece and Morocco. Crop yield refers to maize and wheat crops (primary y-axis) in Egypt and Greece, respectively; and to potato crop in Morocco (secondary y-axis).
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Figure 3. Variation of crop yield changes (y − yo) as a function of total fertilizers consumption changes (F/Fo; filled circles—primary x-axis (bottom)), and as a function of irrigation changes (I/Io, open squares—secondary x-axis (top)), for maize-Egypt (a), wheat-Greece (b) and potato-Morocco (c). The coefficient of determination (R2) of the relationships between crop yield and each of the two variables is also shown. All the relationships are statistically significant at the 95% level (p < 0.05). The subscript “o” denotes initial values (i.e., values at year 1961); while for the sake of a better visualization, y − yo = f(F/Fo) and y − yo = f(I/Io) are illustrated instead of y = f(F) and y = f(I), respectively. The relationships y − yo = f(F/Fo) and y = f(F), and y − yo = f(I/Io) and y = f(I) are indeed strictly similar.
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It is worth noting that, like almost everywhere in the world, irrigation spread-out continuously throughout the last five decades in the three countries. Fertilizer consumption increased steadily until the mid-1980s and decreased thereafter in Greece, while it slightly decreased in Egypt and Morocco between the mid-1980s and the mid-1990s before it increases again (Figure 2a,b). Overall, crop yield trajectory has evolved in a similar way to TFC in the three countries (Figure 2a,c).




3. Results


3.1. Climate

Our climate trend analyses refer to the periods of May–September, October–June and August–March for maize, wheat and potato crops, respectively. These periods correspond roughly to the growing season of the selected crops in each of the three selected countries [38].

Annual variations of temperature and precipitation for the period of the study are shown in Figure 4a–d. In the three countries, temperature decreased from the early 1960s until the mid-1970s, but increased thereafter. The overall temperature increase (1961 through 2006) reached 0.64 °C, 0.35 °C and 1.15 °C in Egypt, Greece and Morocco, respectively (Figure 4a,b and Table 1). Since the mid-1970s, however, its increase was more substantial, reaching 1.2 °C (0.4 °C/decade), 1.4 °C (0.47 °C/decade) and 1.75 °C (0.58 °C/decade) in Egypt, Greece and Morocco, respectively. Such temperature changes since the mid-1970s are much larger than the observed 0.6 °C global temperature increase since 1950. They are even larger than the IPCC’s projected 0.2 °C/decade increase for the next two to three decades [39]. Precipitation decreased in Greece (5%) and Morocco (30%), but increased in Egypt (9%). Several modelling studies have suggested that combined changes in temperature and precipitations that are comparable to the observed changes in the three studied countries could have important effects on yield of various crop species [11,40].

Figure 4. Annual variation of average temperature (a) and its anomalies (b) along with annual variation of total precipitation (c) and its anomalies (d), during the growing season between 1961 and 2006 in Egypt, Greece and Morocco. Temperature anomalies were calculated as the difference between current and average values, while precipitation anomalies were calculated as the ratio between current and average values. Precipitation anomalies are shown on the primary y-axis for Greece and Morocco, and on the secondary y-axis for Egypt.
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Table 1. Temperature and precipitation trends in the selected three countries, for the 1961–2006 and the 1971–2006 periods. T, P and t refer to temperature (°C), precipitation (cm) and time (year), respectively. p1 and p2 are the two-tailed t-test values for the 1961–2006 and the 1971–2006 periods, respectively. The relationship is statistically significant at the 95% confidence limit when p is lower than 0.05. While our study encompasses the period from 1961–2006 period, statistical analyses are given here as additional information for the 1971–2006 period also, where the trend in temperature change was more evident (see also Figure 4).



	

	
1961–2006

	
1971–2006

	
p1/p2






	
Egypt

	
T = 0.014t − 6.56

	
T = 0.026t − 30.28

	
9e4/~0




	
P = 0.017t − 24.26

	
P = 0.024t − 37.86

	
0.62/0.64




	
Greece

	
T = 0.0075t + 0.55

	
T = 0.03t − 44.36

	
0.17/~0




	
P = −0.0684t + 194.13

	
P = −0.011t + 79.5

	
0.51/0.94




	
Morocco

	
T = 0.025t − 31.33

	
T = 0.038t − 58.31

	
0/0




	
P = −0.233t + 496.7

	
P = −0.169t + 369.43

	
0.025/0.22















3.2. Crop Yield

To further expand our argument on the limitation of FDA to isolate the effect of climate (and climate change) on crop yield (see Section 2.1), we compared year to year variations of crop yield and TFC (Figure 5a–c). Although very brief, this comparison suggests an interdependence between the variations of the two variables though not always evident. Such an interdependence is sometimes obvious, when both variables vary in the same direction at the same time (e.g., Figure 5a around year 1970), and sometimes lagged when a variation in crop yield corresponds to a similar variation of TFC during the previous year (e.g., Figure 5b around year 1994). That “time-lag” in variation could be at least partly explained by the climatic conditions that prevail during the year of fertilizer applications. During dry years for example, a portion of applied fertilizers remains in the soil after crop harvest and get used by crops during the following year, leading to an abnormal enhancement of yield. In some years, however, crop yield and TFC vary in opposite directions (e.g., Figure 5b,c around year 1967), likely reflecting stronger crop yield response to factors other than fertilization (e.g., extreme climate conditions, plant diseases, etc.).

Figure 5. Year to year changes in crop yield (∆y; solid line) and in total fertilizer consumption (∆F; dotted line). For a better visualisation, ∆y and ∆F are expressed as the difference and the ratio between values of two consecutive years, respectively. Panels (a), (b) and (c) refer to maize-Egypt, wheat-Greece and potato-Morocco, respectively.
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In our case studies, as illustrated in Figure 3a–c, crop yield changes as a function of fertilizer changes is best explained by a third order polynomial expression:



y = αF3 + βF2 + γF + δ + ε(t)



(9)




where α, β, γ and δ are the best fit parameters for each location and crop (Table 2). ε(t) is the residual error. We remind that such a relationship (or any other statistical relationship) must be obtained for a period of time (continuous or discontinuous) where, in statistical terms, climate does not change significantly (see Section 2.1). Moreover, it is worthwhile mentioning that it is not necessary to always use a third order polynomial expression to express the relationship between crop yield and any crop management practice. For instance, a linear relationship (first order polynomial expression) might be enough if it gives satisfactory results.


The first order derivation of Equation (9) with respect to F yields:
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(10)




Equation (10) represents the expression needed to compute the term am in Equation (6), or more specifically, the term aF in Equation (7).

In cases where sufficient data to constraint crop yield variations with more than one single management practice do exist, Equation (9) could be expanded to include other variables. For instance, assuming that we want to link crop yield variation to both fertilization and irrigation variations, as it is shown below in one of our case studies (see also Table 2), a relationship that expresses crop yield as a function of these two variables must be used. In our case study, the relationship that gives the best-fit is expressed as follow:
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(11)




The subscripts F and I refer to the best-fit parameters for fertilization and irrigation, respectively.

The first order derivations of Equation (11) with respect to F and I yield, respectively:
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(12)
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(13)




Equations (12) and (13) allow for the computation of aF and aI terms in Equation (7), respectively.

In the following subsections, we will use our approach to analyse the resulting crop yield trend after the removal of the effect of fertilizer applications for maize and wheat crops, grown in Egypt and Greece, respectively. In the last case study, namely potato crop grown in Morocco, we will firstly analyse the resulting crop yield trend after the removal of the effect of fertilizer applications. We will secondly illustrate how the same resulting trend evolves when we further remove the effect of an additional management practice (irrigation).


3.2.1. Maize—Egypt

The case of Egypt is particularly interesting because agriculture is fully dependent upon irrigation [35], which reduces the dependency of crop yield to fluctuations in climatic variables other than precipitation (mostly temperature), and to fluctuations in management practices other than irrigation (fertilization, pesticide application, etc.).

In this case, the best-fit relationship between crop yield and fertilization was obtained for a 41 year sub-period where changes in climate conditions (temperature and precipitation; the two climatic variables responsible for the largest variations in crop yields [41]) were statistically non-significant (see Section 2.1). That relationship (not shown but very similar to the one shown in Figure 3a; see Table 2) was applied thereafter to the entire period of the study (1961–2006), and was used to compute the term aF in Equation (7). This allowed us to infer an approximation of the contribution of crop management to maize yield evolution throughout the entire period of study, and thus to isolate the effect of climate on the crop’s yield trend.

Obtained results indicate that our methodology and FDA yielded different trends (Figure 6a and Table 3). Though both trends are statistically non-significant, some interesting strong dissimilarities must be noticed when analysing results of the two approaches. The first of these differences is related to the sign of the trends. While FDA yielded a positive trend, suggesting a positive crop yield response to the observed temperature increase, our approach yielded a negative trend (Table 3). In reality, the difference between the two trends could be more important if the effect of other crop management practices that influence crop yield, such as genotype improvements and changes in planting dates, were removed as well. The different trend signs may also lead to different physiological interpretations of the response of maize yield to climate change in Egypt in particular, and in the Eastern Mediterranean region in general. Since agriculture is fully irrigated in Egypt, a positive and a negative trend could be interpreted as resulting from a shift towards more and less optimal temperature growth conditions, respectively. Maize belongs in fact to the family of C4 crop species, whose optimal growth is physiologically met within the 25–35 °C temperature range [42]. Although much beyond the scope of this paper, one may suggest on one hand that the observed average temperature increase in Egypt during the study period (0.97 °C) is sufficiently low to not cause any noticeable shift in crop growing conditions (inside or outside the optimal range for maize growth). On the other hand, the increase in the frequency of extreme climatic events in the eastern Mediterranean region during the second half of the last century [8,43] could support the idea that the evolution of climatic conditions during the period of our study has had a negative impact on maize crop yield, which is in agreement with the obtained negative trend using our approach. Moreover, a study by [40] suggests also a negative response of maize yield in response to a 2 °C temperature increase in Egypt, which is in agreement with our approach’s estimation.

Figure 6. Year to year changes in the climate-induced crop yield (∆yc) obtained using the first-difference approach (dotted line), using our approach after the removal of the effect of crop fertilization on the temporal/annual crop yield evolution (black solid line), and using our approach after the removal of both effects of crop fertilization and irrigation (gray solid line; panel c only). Panels (a), (b) and (c) refer to maize-Egypt, wheat-Greece and potato-Morocco, respectively. Note that the black and the gray solid lines in panel c almost always overlap.
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Table 3. Results of crop yield trend analyses. Year to year variation in the climate-induced crop yield, ∆yc (t.ha1), is expressed as a function of time, t (in years). FDA refers to the first-difference approach, while F and I refer to fertilizers and irrigation applications (i.e., when their effects on the temporal crop yield evolution were removed).






	Case Study
	Y = f(time)





	Maize—Egypt
	



	FDA
	∆yc = 0.00245.t − 4.78



	Our approach
	∆yc = −0.0011.t − 2.1423



	Wheat—Greece
	



	FDA
	∆yc = −0.0026.t + 5.3028



	Our approach
	∆yc = 0.0013.t − 2.5148



	Potato—Morocco
	



	FDA
	∆yc = 0.0177.t − 34.8



	Our approach (effect of F removed)
	∆yc = 0.0099.t − 19.531



	Our approach (effects of F & I removed)
	∆yc = 0.0086.t − 17.162









3.2.2. Wheat—Greece

The case of cultivated wheat in Greece is particularly interesting because wheat is a major crop grown in Eastern Europe [32]. Again, the two approaches resulted in opposite trajectories of the climate-induced wheat yield trend. FDA and our approach resulted in a negative and a positive trend, respectively (Table 3); suggesting a negative and a positive response of wheat yield to climate change, respectively.

In contrast to the estimated negative trend by FDA, our approach estimated a positive climate-induced crop yield trend, suggesting that the abrupt change in the TFC’s trajectory around the mid-1980s (Figure 2a) has influenced negatively the overall yield trend (i.e., the trend before the removal of the management effect). A negative influence that clearly exceeded the effect of climate on the crop’s yield trend, yet it was overlooked by FDA. In absolute terms, indeed, the effect of management calculated as the difference between the two trend slopes shown in Table 3 was about three times larger than the effect of climate; We remind that our approach = FDA − management effect.

As discussed above in Section 2.2, although much caution should be made to not draw definitive conclusions about the accuracy of our approach’s estimates, this case study shed light once again on the importance of splitting between the contributions of the various factors that influence crop growth and yield (climate, management, etc.), before estimating crop yield response to climate change using large-scale observations. Such an argument is moreover supported by [40]’s study, which predicted in agreement with our approach’s estimation a positive wheat yield response to a 2 °C temperature increase in Greece.



3.2.3. Potato—Morocco

Potato is the major cultivated root crop in the Mediterranean region in general and in Morocco in particular [30]. In this case, both approaches yielded a positive climate induced crop yield trend (Table 3). As we may expect, however, the trend that resulted from FDA was stronger than the one that resulted from our approach; because the effect of crop fertilization on crop yield was removed in our approach. A further weakening of our approach’s trend was obtained consequently to the removal of the effect of an additional management practice on crop yield, namely irrigation (Table 3). Moreover, the difference between FDA’s slope and our approach’s slope (when both soil fertilization and irrigation effects on yield were removed) is equivalent to an annual production of approximately 9,000 tons, which amount may appear negligible when compared to the average total annual production (14.6 × 106 tons). One may anticipate, however, that the difference between the two approaches, in terms of annual production, would have been much larger if the effect of all management practices on the crop’s yield trend were eliminated, as well as for regions/countries where crop managements are more intense.




Table 2. Statistical relationships between crop yield and crop managements (fertilizer and Irrigation applications) for the three case studies. y, F and I refer to crop yield, total fertilizer consumption and irrigation, respectively (see text for details). y expresses the crop yield difference between any given year and the initial year (i.e., year 1961), while F and I is the ratio of fertilizer consumption and Irrigation, respectively, between any given year and the initial year. R is the correlation coefficient and p is the two-tailed t-test value. The relationship is statistically significant at the 95% confidence limit when p is lower than 0.05.








	
	y = f(F,I)
	R2
	p





	Maize—Egypt
	y = −0.0304F3 + 0.4003F2 − 0.5656F + 0.9769
	0.90
	<0.05



	Wheat—Greece
	y = −0.1027F3 + 0.6308F2 − 0.6045F + 0.1372
	0.70
	<0.05



	Potato—Morocco
	y = (−0.0166F3 + 0.3029F2 − 0.9418F) + (28.3442I3 − 100.1485I2 +120.412I) − 48.1972
	0.89
	~0









4. Discussion and Conclusion

The large uncertainties associated with the most recent estimations of future crop production provide salient evidence that much effort is still needed to unravel the complexity of crop response to environmental changes; hence, our attempt to enhance our understanding of crop yield response to climate change using long-term observations. Our approach consisted of using available national-level observations of crop yield and crop managements to extract the sole contribution of climate to crop yield trends throughout the 1961–2006 time period. A simple methodology was proposed to eliminate the contribution of any particular crop management practice to crop yield evolution whenever sufficient information on that practice is available. Though national-level data were used for its development, the proposed methodology is scale independent and is flexible in such a way that it can be used whether information about one or more crop management practices is available or not. In case where no data about crop management are available, it simplifies to the first-difference approach.

It is well recognized that a major source of uncertainty in crop model simulations is closely inherent to our incapacity to test the performance of these models under long-term changing conditions, under climate change conditions, and over spatial scales that are relevant to regional or national estimations. Now that long-term national scale observations of crop yield became available and since these observations extend over a time interval of several decades during which a statistically significant change in climate has been observed in several parts of the world, our methodology represents a tool to overcome the three abovementioned major crop model testing difficulties. It undoubtedly provides us with a new opportunity to better understand crop yield response to climate change, and thus to better calibrate and improve crop model simulations. Furthermore, by deriving the correct crop yield response to climate change, our approach could also help us build statistical relationships between crop yield and relevant climate variables to investigate potential impact of climate change on crop production at large spatial scales (regional, national, etc.).

Nonetheless, the accuracy of the proposed methodology is particularly dependent upon the accuracy of crop management information used to extract the climate-induced crop yield trend. In this study, for instance, we are much aware that it would have been preferable to use observations of fertilizer applications by crop and by country (see Section 2.2). Given that these observations do not exist yet, we have alternatively used observations of total fertilizer consumption by country which may had caused some biases in the resulting climate-induced crop yield trends presented in Table 3. This, obviously, stresses out the need for sustained efforts to enhance the scientific community access to more detailed and accurate observations about crop yield and all factors that contribute to its annual and decadal variations if we want to take seriously the issue of future food security.

Our results indicated that climate change-induced crop yield trends using our approach could be significantly different from the trends that would be obtained using the FDA approach, both in term of magnitude and sign. This is an important finding as that trend difference might have important ramifications in terms of production and food availability and, therefore, on any subsequent food security analyses. For the maize-Egypt case, for instance, the slope difference between the inferred yield trends by our approach and by FDA approach (0.00355 t/ha/year) is equivalent, when converted to annual production, to about 2,700 tons/year (calculated as the product of maize yield and total harvested area). Such an amount could be considered as negligible when compared with total maize production in Egypt or other important maize producer countries. It represents, nevertheless, more than the total annual production of some neighbouring countries that heavily rely on maize grain importation to satisfy their consumption needs [30], such as Algeria, Libya and Lebanon.






Acknowledgments

Authors would like to thank Leonard Barrie, Adriana Bruggeman and Panos Hadjinicolaou for insightful discussions and comments. This study has been partly supported by and is a contribution to the EU-COMBINE project (“Comprehensive Modelling of the Earth System for Better Climate Prediction and Projection”; COMBINE is a collaborative and large-scale integrating project of the European Commission’s 7th Framework Programme, Area 6.1.1.4 Future Climate). We are grateful to three anonymous reviewers whose comments improved the content of this manuscript.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
Fischer, G.; Shah, M.; Tubiello, F.N.; van Velhuizen, H. Socio-economic and climate change impacts on agriculture: An integrated assessment, 1990–2080. Philos. Trans. Roy. Soc. B 2005, 360, 2067–2083. [Google Scholar] [CrossRef]

	2. 
Burke, M.; Miguel, E.; Satyanath, S.; Dykema, J.; Lobell, D. Warming increases risk of civil war in Africa. Proc. Natl. Acad. Sci. USA 2009, 106, 20670–20674. [Google Scholar]

	3. 
Bloem, M.W.; Semba, R.D.; Kraemer, K. Castel Gangolfo workshop: An introduction to the impact of climate change, the economic crisis, and the increase in the food prices on malnutrition. J. Nutr. 2010, 140, 132–135. [Google Scholar] [CrossRef]

	4. 
Brinkman, H.-J.; de Pee, S.; Sanogo, I.; Subran, L.; Bloem, M.W. High food prices and the global financial crisis have reduced access to nutritious food and worsened nutritional status and health. J. Nutr. 2010, 140, 153–161. [Google Scholar] [CrossRef]

	5. 
Challinor, A.J.; Ewert, F.; Arnold, S.; Simelton, E.; Fraser, E. Crops and climate change: Progress, trends, and challenges in simulating impacts and informing adaptation. J. Exp. Bot. 2009, 60, 2775–2789. [Google Scholar] [CrossRef]

	6. 
Roudier, P.; Sultan, B.; Quirion, P.; Berg, A. The impact of future climate change on West African crop yields: What does the recent literature say? Glob. Environ. Chang. 2011. [Google Scholar] [CrossRef]

	7. 
Long, S.P.; Ainsworth, E.A.; Leakey, A.D.B.; Morgan, P.B. Global food insecurity. Treatment of major food crops with elevated carbon dioxide or ozone under large-scale fully open-air conditions suggests recent models may have overestimated future yields. Philos. Trans. Roy. Soc. B 2009, 360, 2011–2020. [Google Scholar]

	8. 
Lelieveld, J.; Hadjinicolaou, P.; Kostopolou, E.; Chenoweth, J.; El Maayar, M.; Giannakopoulos, C.; Hannides, C.; Lange, M.A.; Tanarhte, M.; Tyrlis, E.; et al. Climate change and impacts in the Eastern Mediterranean and the Middle East. Clim. Chang. 2012. [Google Scholar] [CrossRef]

	9. 
Palosuo, T.; Kersebaum, K.C.; Angulo, C.; Hlavinka, P.; Moriondo, M.; Olesen, J.E.; Patil, R.H.; Ruget, F.; Rumbaur, C.; Takáč, J.; et al. Simulation of winter wheat yield and its variability in different climates of Europe: A comparison of eight crop growth models. Eur. J. Agron. 2011. [Google Scholar] [CrossRef]

	10. 
Ainsworth, E.A.; Leakey, A.D.B.; Ort, D.R.; Long, S.P. FACE-ing the facts: Inconsistencies and interdependence among field, chamber and modeling studies of elevated CO2 impacts on crop yield and food supply. New Phytol. 2008, 179, 5–9. [Google Scholar] [CrossRef]

	11. 
El-Maayar, M.; Sonnentag, O. Crop model validation and sensitivity to climate change scenarios. Clim. Res. 2009, 39, 47–59. [Google Scholar] [CrossRef]

	12. 
Moriondo, M.; Giannakopoulos, C.; Bindi, M. Climate change impact assessment: The role of climate extremes in crop yield simulation. Clim. Chang. 2010, 104, 679–701. [Google Scholar]

	13. 
Rötter, R.P.; Carter, T.R.; Olesen, J.E.; Porter, J.R. Crop-climate models need an overhaul. Nat. Clim. Chang. 2011, 1, 175–177. [Google Scholar] [CrossRef]

	14. 
Lobell, D.B.; Burke, M.B. On the use of statistical models to predict crop yield responses to climate change. Agric. For. Meteorol. 2010. [Google Scholar] [CrossRef]

	15. 
Tubiello, F.N.; Ewert, F. Simulating the effects of elevated CO2 on crops: Approaches and applications for climate change. Eur. J. Agron. 2002, 18, 57–74. [Google Scholar] [CrossRef]

	16. 
El-Maayar, M.; Ramankutty, N.; Kucharik, C. Modelling global and regional net primary production under elevated atmospheric CO2: On a potential source of uncertainty. Earth Interact. 2006, 10, 1–20. [Google Scholar]

	17. 
Nicholls, N. Increased Australian wheat yield due to recent climate trends. Nature 1997, 387, 484–485. [Google Scholar] [CrossRef]

	18. 
Lobell, D.B.; Ortiz-Monasterio, J.I.; Asner, G.P.; Matson, P.A.; Naylor, R.L.; Falcon, W.P. Analysis of wheat yield and climatic trends in Mexico. Field Crop. Res. 2005, 95, 250–256. [Google Scholar]

	19. 
Lobell, D.B.; Field, C.B. Global scale climate-crop yield relationships and the impacts of recent warming. Environ. Res. Lett. 2007, 2. [Google Scholar] [CrossRef]

	20. 
Chaudhari, K.N.; Oza, M.P.; Ray, S.S. Impacts of Climate Change on Yields of Major Food Crops in India. In Proceedings of ISPRS Archives XXXVIII-8/W3 Workshop Impact of Climate Change on Agriculture, Ahmedabad, India, 17–18 December 2010; pp. 100–105.

	21. 
Osborn, T.M.; Wheeler, T.R. Evidence for a climate signal in trends of global crop yield variability over the past 50 years. Environ. Res. Lett. 2013, 8. [Google Scholar] [CrossRef]

	22. 
Peltonen-Sainio, P.; Jauhiainen, L.; Trnka, M.; Olesen, J.E.; Calanca, P.L.; Eckersten, H.; Eitzinger, J.; Gobin, A.; Kersebaum, K.C.; Kozyra, J.; et al. Coincidence of variation in yield and climate in Europe. Agric. Ecosyst. Environ. 2010, 139, 483–489. [Google Scholar] [CrossRef]

	23. 
Brisson, N.; Gate, P.; Gouache, D.; Charmet, G.; Oury, F-X.; Huard, F. Why are wheat yields stagnating in Europe. Field Crop. Res. 2010, 119, 201–212. [Google Scholar] [CrossRef]

	24. 
Cassman, K.G.; Dobermann, A.; Walters, D.T. Agroecosystems, nitrogen-use efficiency, and nitrogen management. AMBIO. 2002, 31, 132–140. [Google Scholar]

	25. 
Chloupek, O.; Hrstkova, P.; Schweigert, P. Yield and its stability, crop diversity, sdaptability and response to climate change, weather and fertilisation over 75 years in the Czech Republic in comparison to some countries. Field Crop. Res. 2004, 85, 167–190. [Google Scholar] [CrossRef]

	26. 
Donner, S.D.; Kucharik, C.J. Evaluating the impacts of land management and climate variability on crop production and nitrate export across the Upper Mississippi Basin. Glob. Biogeochem. Cy. 2003, 17. [Google Scholar] [CrossRef]

	27. 
Schlenker, W.; Lobell, D.B. Robust negative impacts of climate change on African agriculture. Environ. Res. Lett. 2010, 5, 1–8. [Google Scholar]

	28. 
Long, S.P.; Ainsworth, E.A.; Leakey, A.D.B.; Nösberger, J.; Ort, D.R. Food for thought: Lower-than-expected crop yield stimulation with rising CO2 concentrations. Science 2006, 312, 1918–1921. [Google Scholar] [CrossRef]

	29. 
Devaney, R.L.; Hall, G.R. Differential Equations, 4th ed.; Brooks-Cole Publ. Co.: Pacific Grove, California, CA, USA, 2006. [Google Scholar]

	30. 
Food and Agriculture Organization of the United Nations (FAO) statistical Databases. Available online: http://faostat.fao.org/site/567/default.aspx#ancor (accessed on 16 April 2012).

	31. 
Mitchell, T.D.; Jones, P.D. An improved method of constructing a database of monthly climate observations and associated high-resolution grids. Int. J. Climatol. 2005, 25, 693–712. [Google Scholar] [CrossRef]

	32. 
Leff, B.; Ramankutty, N.; Foley, J.A. Geographic distribution of major crops across the world. Glob. Biogeochem. Cy. 2004, 18. [Google Scholar] [CrossRef]

	33. 
Monfreda, C.; Ramankutty, N.; Foley, J.A. Farming the planet: 2. Geographic distribution of crop areas, yields, physiological types, and net primary production in the year 2000. Glob. Biogeochem. Cy. 2008, 22. [Google Scholar] [CrossRef]

	34. 
IFA. International Fertilizer Association (IFA) Database. Available online: http://www.fertilizer.org/ifa/ifadata/search (accessed on 16 April 2012).

	35. 
Freydank, K.; Siebert, S. Towards Mapping the Extent of Irrigation in the Last Century: Time Series of Irrigated Area Per Country; Frankfurt Hydrology Papper 08; Institute of Physical Geography, University of Frankfurt: Frankfurt am Main, Germany; April; 2008. [Google Scholar]

	36. 
Oenema, O.; Pietrzak, S. Nutrient management in food production: Achieving agronomic and environmental targets. AMBIO 2002, 31, 159–168. [Google Scholar]

	37. 
Lopes, A.S.; Guilherme, L.R.G.; da Silva, C.A.P. Vocação da terra, 2nd ed.; ANDA: São Paulo, Brazil, 2003; p. 23. [Google Scholar]

	38. 
Sacks, W.J.; Deryng, D.; Foley, J.A.; Ramankutty, N. Crop planting dates: An analysis of global patterns. Glob. Ecol. Biogeogr. 2010, 19, 607–620. [Google Scholar]

	39. 
Intergovernmental Panel on Climate Change (IPCC), Climate Change 2007: The Physical Science Basis. In Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change; Solomon, S., Ed.; Cambridge University Press: Cambridge, UK, 2007.

	40. 
Giannakopoulos, C.; Le Sager, P.; Bindi, M.; Moriondo, M.; Kostopoulou, E.; Goodess, C.M. Climatic changes and associated impacts in the Mediterranean resulting from global warming. Glob. Planet. Chang. 2009, 68, 209–224. [Google Scholar] [CrossRef]

	41. 
Monteith, J.L. Presidential address to the royal meteorological society. Qua. J.Roy. Meteor. Soc. 1981, 107, 749–774. [Google Scholar] [CrossRef]

	42. 
Sage, R.; Pearcy, R.W. The Physiological Ecology of C4 Photosynthesis. Adv. Photosyn Resp. 2004, 9, 497–532. [Google Scholar] [CrossRef]

	43. 
Alpert, P.; Ben-Gai, T.; Baharad, A.; Benjamini, Y.; Yekutieli, D.; Colacino, M.; Diodato, L.; Ramis, C.; Homar, V.; Romero, R.; et al. The paradoxical increase of Mediterranean extreme daily rainfall in spite of decrease in total values. Geophys. Res. Lett. 2002, 29. [Google Scholar] [CrossRef]





© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
+
A

ﬂym

u

—

; because y = y, + Yy (Equation 1)
and

r)

3
o





nav.xhtml


  atmosphere-04-00365


  
    		
      atmosphere-04-00365
    


  




  





media/file11.png
IS
3

n

w
&

w
s

Temperature (°C)
N
8 &

=

Temp. anomaly (°C)

)
o

60 1970 1980 1990 2000

2010

5
1960 1970 1980 1990 2000

2010

~

5 B
38 3

o
3

Precipitation (cm)
P
& 3

N
S

Precip. anomaly

-

0
1960

1970 1990 2000

2010

0
1960 1970 1980 1990 2000

Year

0
2010





media/file18.png
Ay, (t.ha?)

-0.75

-1.50
1.50

1980

Year

1990

2000

2010





media/file1.png





media/file16.png
_y_
12

3apF? + 2B:F + vy





media/file2.png





media/file13.png
Ay (t.ha)

0.5

1.5

1960 1970 1980 1990 2000

Year






media/file7.png





media/file9.png
(z-ey3) path doid

2000

wn o wn o
~ ~ — — o
1 1 1 1
Q0 r
]
o
= 3 [
= o
[}
oo
i = L
T L] T T T T T T T T T T T L]
o o o o o o o
o o o o o (=] o © ™ ©
N S ) S S S S
— =1 <

(3'¢0T) uondwnsuod Jazij13494

o o —
(ey':0T) puejdotd pajesiu|

(z-ey°3) paiA dop

1970 1980 1990 2000 2010

1960

Year





media/file10.png
15

",
1.0

M < o v
(1243) °AA

(:243) °AA

(@)





media/file5.png





media/file15.png
=

= (apF? + BpF? + YeF + 8p) + (P + BiI> + v, +8) +€ (V)





media/file12.png





media/file3.png





media/file0.png
N consumption (10°.t)

2800 -+

2400 -+

2000 -+

1600 -

1200 -+

800 A

400 A

— Egypt

1970

1980

Year

1990

2000

2010





media/file17.png





media/file14.png





media/file8.png





media/file6.png





