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A meta-analysis of crop yield under climate change and adaptation2

Data collection and analysis methods3

The AR4 dataset [3], which collated projections of the response of maize, wheat and rice to local4

warming, was extended and the entire dataset reanalysed using consistent methods. New5

information was added for a large number of entries on the projection period of the study.6

Adaptation was categorised according to whether planting date, irrigation, cultivar or “other7

agronomic” (e.g. referenced in the study as “technology change”) adjustments were simulated by8

the crop model. Multiple entries were made where many crops, regions, temperatures, projection9

periods or adaptations were used. Each entry in the dataset was designated as either a tropical or10

temperate system, according to the location and the crop studied. Where the classification was not11

clear through direct reference in the paper, some countries and regions were designated as tropical12

for all crops (Brazil, Central Africa, Central America , East Africa, Sahel, South Asia, Southeast Asia,13

West Africa, West Asia) and others as temperate (Europe, US, Andean region, Southern Africa).14

China was categorised as temperate, with the exception of rice, which was designated as tropical.15

Country-scale studies of Argentina were given neither a tropical nor temperate categorisation.16

The procedure for adding to the dataset was similar to that of the original AR4 study, with the17

exception that we considered all published studies of crop yield response to climate change,18

whether from a process-based or statistical model; whereas AR4 included the former only. All the19

statistical models included in the meta-analysis use aggregated regional-scale data. Most studies20

(>75%) were climate impact studies, i.e. they used a climate model, but some were sensitivity21

studies and two, from the AR4 dataset, were field experiments. The literature search was broad and22

inclusive, with no preference given to any particular region and no assessment of the methods used23

in the studies. Instead, we devised a quality control procedure in order to remove datapoints that24

are not representative of global production.25

Quality control consisted of first examining outliers in order to understand the reasons for the26

differences. All site-scale studies that produced changes of greater than 50%, in either direction,27

were examined in detail. Nine studies included reported yield changes of greater than +50% and ten28

studies were in the corresponding category for negative changes. This procedure resulted in the29

removals of 8 data points. Four studies produced high yields since they focused on high elevation30

areas and/or large increases in rainfall or CO2. These studies were retained. In two cases, a single31

study contained a large number of data points in disagreement with consensus from the literature32

for the same crop in the same region. Those data points were removed in order to remove bias due33

to a single study. A final quality control procedure was conducted immediately prior to the use of34

the data in the first full draft of Chapter 7 of IPCC AR5, in order to remove any biases in the number35

of adaptation vs no-adaptation data points reported from within one study. This resulted in the36

removal of a further total of 44 datapoints, from two studies. All entries that passed the quality37

control procedures are treated equally in the meta-analysis. Appendix 1 provides a summary of the38

references used for each of the figures in this study.39

Multiple entries from single studies are a potential source of bias, particularly given a number of40

regionally-differentiated global studies that have been published in recent years. These studies can41
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have a large number of entries in the database, since projected crop yields were available by region42

or country in many cases, and for numerous crops. Therefore, a small number of studies could have43

a disproportionate impact on the meta-analysis. The frequency count of the number of entries per44

study (Supplementary Fig. 3) shows that the top six studies, which are the only studies that45

individually make up more than 5% of all entries, are a natural choice for testing this hypothesis. All46

analyses were repeated for these six studies [39-44] alone, and for the full dataset minus these six47

studies. Yield changes were generally lower in the top six studies alone (-7.9% on average) than in48

the full dataset (-4.5% on average). However, the underlying responses across climate variables were49

not significantly distinct between the two categories. This indicates that the emerging literature on50

global crop impacts is broadly consistent with regional studies.51

A second potential source of bias in the meta-analysis is the geographical spread of data points. The52

regions where the major crops are grown are not necessarily the same regions that are studied in53

the literature. Supplementary Table 1 presents data on area harvested for 2011, together with the54

percentage of data points in the meta-analysis (by crop and region) that come from those countries.55

In all cases where the percentage of data points exceeds 20% the corresponding country is one of56

the top two producers globally. This suggests no significant skewing of results towards a particularly57

well-studied non-productive country. Conversely, with the exception of Russian wheat, the top two58

producing countries globally rank in the top two in terms of coverage in the meta-analysis. Thus the59

dataset is reasonably representative of the major global producers, although Brazilian maize and rice60

in Indonesia and Bangladesh are under-represented. Note that the rice production data is for paddy61

rice, whereas the meta-analysis included upland rice.62

A more subtle question regarding the representativeness of the dataset is whether the spread of63

data differs between countries in a way that might bias results. Supplementary Fig. 4 presents the64

data from fig. 1 in the main text decomposed into the top five contributions from individual65

countries. The majority of the data do not show systematic differences between countries.66

Temperate rice is one exception, where China appears to have greater spread than the rest of the67

dataset, perhaps reflecting the large range of production environments in that country. There are68

also some single-country contributions in some cases at high (e.g. Cameroon in tropical maize) and69

low (e.g. East Africa in tropical maize) yield values. The paired analysis of adaptation also showed a70

good geographical coverage: Argentina, Australia, Austria, Bangladesh, Brazil, Bulgaria, Cameroon,71

Canada, India, China, East Africa, Egypt, Europe, France, Germany, Philippines, Indonesia, Japan,72

Kazakhstan, South Africa, Malaysia, Mali, Mexico, Moldova, Myanmar, Pakistan, Nepal, Paraguay,73

Poland, Romania, Russia, South Korea, Sri Lanka, Taiwan, Thailand, UK, Ukraine, United States,74

Uruguay.75

76

Statistical regression models77

Statistical analysis was implemented in the R package Regression Modelling Strategies (RMS) [45]. To78

control for non-independence, we calculated Robust Covariance Matrix Estimates (ROBCOV) of79

parameter standard errors using study (S) as a cluster variable [46,47]. The General Linear Models80

are described in the main paper. Interpretation of individual coefficients in the model requires some81

caution, given a small but statistically significant correlation between ΔT and ΔP (r=0.30; P<0.001) 82 

and ΔT and ΔCO2 (r=0.31; P<0.001). That is, studies that consider larger temperature changes tend83

also to have higher CO2 and more positive changes in rainfall, due to 1. the fundamental link84
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between CO2 and Global Mean Temperature (GMT) and 2. the increase in globally averaged rainfall85

with GMT, albeit with marked regional differences.  Therefore, it is likely that the coefficient on ΔT 86 

(as well as bivariate plots such as Fig. 1) captures some of the positive effects of increased P and CO2,87

and conversely that the coefficients on the ΔP and ΔCO2 capture some temperature effects.88

Nonetheless, co-linearity is low enough that we do not view it as a serious concern for interpreting89

overall trends (see Supplementary Fig. 5).90

In addition to the model presented in the main paper (‘main’) we fit a model which included all first91

order interactions between explanatory variables (‘full’). The results are shown in Supplementary92

Table 2. Some of the interaction terms were significant including P*ΔCO2 (t=-2.57; P = 0.0102) and93

A*R (t=-2.10; P = 0.0362). This implies that the benefits of adaptation have been more clearly94

demonstrated for temperate compared with tropical regions; and that the positive effects of CO295

are less clear under high precipitation (as also reported elsewhere [48]). The A*ΔP term is negative, 96 

and although the interaction falls short of statistical significance (P=0.0618), this result suggests that97

the positive effects of adaptation are less clear under high precipitation (c.f. Main Fig. 2, which98

shows a similar effect).99

We calculated the marginal effects of both models for each of ΔCO2 , ΔP and ΔT. Increasing ΔCO2 by 100 

1ppm caused a 0.06% increase in mean predicted ΔY in both the main and full models. Increasing ΔP 101 

by 1% caused a 0.53% increase in predicted mean ΔY in both the main and full models. Increasing ΔT 102 

by 1°C caused a 4.90% and 4.87 % reduction in mean ΔY in the main and full models, respectively. 103 

These marginal effects suggest there is little difference in mean model predictions between the main104

and full models. However, because the full model masked some of the significant main effects we105

chose to present a parsimonious model including only main effects in the paper. For both models,106

checking plots confirmed residuals were approximately normally distributed and homogenous107

among fitted values (Supplementary Figure 6).108

109

Comparison of results with historical data110

Ongoing evaluation of crop model skill using experimental data (e.g. refs 49, 50) is a critical part of111

building confidence in the predictions made by models. Observed changes are becoming an112

increasing resource for evaluating model results. Whilst there is evidence that some of the processes113

that are predicted to be important under climate change are starting to be observed across large114

regions (e.g. ref. 51), it can be difficult to assess the ability of models to reproduce observations (c.f.115

refs 52, 53). Nonetheless, evaluation of crop model skill using experimental data, which has been116

carried out for all of the models used in this meta-analysis, is an important underpinning element of117

confidence in the results generated by this study.118

Whilst the wealth of work on model evaluation is important, it leaves unanswered the question of119

how consistent the meta-analysis is with current understanding of crop responses to climate change.120

Historical data from crop science experiments and regional scale analyses can be used to assess the121

results of this study. Both types of comparison have associated challenges. Direct comparison of the122

meta-analysis presented here with experimental data is impossible, since the knowledge generated123

on the response of crops to climate by field and controlled environment experiments is inherently124

different to that generated from modelling. Temperature response curves developed from the meta-125

analysis include associated changes in other meteorological variables, making direct comparison to126
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controlled environments impossible. Also, much of the experimental data is itself used, or even127

designed [54], to develop model parameterisations – so the two sources of data are not128

independent. Given these limitations, a comparison of crop science experiments with the central129

tendencies derived in this study is not warranted. However, the full range of yield responses130

provided by the meta-analysis would be expected to be consistent with experimental data. This is131

indeed the case, although the large range of reported yield sensitivities, even within one study,132

means that this comparison is of limited use. For example, refs 55, 56 show sensitivities of winter133

wheat seed yield of around 5-10%, whilst ref. 57 reports values ranging from a few percent up to134

around 50%, depending on the season analysed. Each of these estimates of yield sensitivity is itself135

subject to the uncertainty in measuring the response of yield at each temperature. The ranges are136

not dissimilar in character to those found in this study.137

In contrast to experimental data, regional data can be compared to the central tendencies derived138

from the meta-analysis. Using country-scale data from 1980 to 2008, ref. 58 observed a global-scale139

yield loss of approximately 5% per degree of warming for wheat and maize. Values for individual140

countries ranged between 2 and 12%. Rice showed a less clear response to warming, with141

temperature sensitivities showing some dependency on the method chosen. Central tendencies in142

the meta-analysis show yield changes of less than 5% per degree for temperate maize and wheat,143

and values within the range 5-12% for tropical maize and wheat. As with ref. 58, rice showed a less144

clear response to warming. Given the range of temperature sensitivities reported by ref. 58 we find145

our results to be broadly consistent with theirs; although the lower temperature sensitivities in146

temperate regions (main Fig. 1) are worthy of note. The statistical analysis presented here shows no147

significant difference between temperate and tropical crops, however, which suggests that the148

comparison of global values is the most robust.149

150

Comparison with AR4151

In order to understand the value of the model data generated since AR4, a bootstrap analysis of data152

(including simulations with and without adaptation) was conducted using i. the full dataset and ii.153

only those data from the AR4 dataset. Supplementary Fig. 7 shows the results. The additional data154

have resulted in more constrained bootstraps in some cases (e.g. tropical maize and wheat at low155

temperature changes). This indicates that the additional datapoints have decreased the uncertainty156

in estimation of aggregated yields. However, the increased spread of data in the new dataset means157

that there are also regions of the plots where this is not the case, and uncertainty has not changed.158

For some parts of some curves the results from the two datasets are clearly separated. In particular159

the results highlight the potential, visible in the full dataset, for yield loss in all three temperate160

crops at low temperature change. This results contrasts with AR4, where gains were observed at low161

temperatures.162

The increase in the spread of datapoints between AR4 and the current analysis may in part be due to163

changes in methodology. Of the top six studies (see Supplementary Fig. 3), five are post-AR4. Four of164

these use global or near-global gridded crop models [39-42], whilst just one focusses on sampling165

uncertainty over a more limited spatial domain [44]. This suggests that the increased spatial166

sampling associated with gridded models may be the cause of the increase in spread. Another167

possible reason is differences in the structure of gridded models, compared to the more traditional168

point-based models; however, it is difficult to postulate a cause for such a systematic difference.169
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The AR4 dataset included only process-based crop models. In order to understand the impact of170

inclusion of statistical models, analyses for all the figures were repeated using only process-based171

models. This removed 127 datapoints, taken from four studies. The only case where results were not172

virtually identical to the full dataset is the projection figure. Supplementary Fig. 8 presents the173

projection results for process-based models only (see Appendix for details of references). The174

principal discernible difference between this figure and Main Fig. 1, where the full dataset is175

presented, is that for the 2020s (the period over which most of the statistical models are applied)176

the full dataset shows less consensus on yield decreases and more consensus on yield increases than177

the subset. Thus the statistical models predict a greater (negative) impact of climate on crop yields178

for the near future.179

Differentiating tropical and temperate regions180

The tropical vs temperate distinction as used in this study, and outlined at the start of this181

document, contains some classifications that are less universally agreed than others. In order to test182

the influence of our chosen classification on the results, we repeated the statistical regression,183

omitting the less clear-cut classifications, namely any data from China or the Andean region. The184

results are presented in Supplementary Table 3. The results are very similar to those presented in185

the main paper (Table 1). The only difference in the statistical significance of the GLM is that the CO2186

term has gained greater significance (P=0.0003, as opposed to 0.0022).187

188

The effectiveness of different adaptation strategies189

Of the adaptation strategies distinguished in the study (planting date, fertiliser, irrigation, cultivar or190

“other agronomic”), only two categories have more than 20 entries in the paired adaptation studies:191

planting date plus cultivar adjustment (with n=151, mostly from ref. 40), and cultivar adjustment192

alone (n=56). Conclusions regarding which adaptation strategy is best are therefore difficult.193

Supplementary Fig. 9 summarises the results from the paired adaptation studies. The clearest194

benefit of adaptation is seen in simulations that adjust the cultivar (which are also the categories195

with the largest sample sizes). Irrigation and planting date adjustment also show some benefit,196

although in these cases the standard error crosses the zero line. Low sample size is likely an issue.197

Widening the analysis to include all simulations where adaptation was simulated provides more198

data, although it precludes paired comparisons with the non-adapted case. Supplementary Table 4199

shows that of the four categories (for this analysis fertiliser was included with “other”) only irrigation200

and “other”, on average, increase yields from baselines values. Of the four categories, irrigation is201

the one that is most likely to systematically increase yields, since planting date and cultivar changes202

can reduce yields. Modelling studies do not always distinguish between proven beneficial203

adaptations and adaptations that attempt to minimise or reverse yield loss, but in practice may fail.204

Thus the high ranking of irrigation as an adaptation option in this analysis in part reflects the fact205

that irrigation is unlikely to be a maladaptation; but also in part reflects the modelling methods used.206

In all four cases the standard deviation of yield change is larger than the average result, indicating207

that caution is required when interpreting the results.208

209

Limitations of the analysis210
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The inclusivity of the literature search conducted for this analysis has resulted in a large sample size.211

Whilst this is beneficial in statistical terms, important limitations also result from taking such a broad212

sweep of the literature. The numerous yield projection data are from studies that not only use213

different methods, but also are for a range of crops and regions. Some of the resulting limitations214

have been at least partially addressed above (e.g. the biases introduced by the random geographical215

sample provided by the literature; the implications of decisions regarding whether a system is216

tropical or temperate). Perhaps the most notable limitation – and also the most difficult to assess –217

is that the assumptions in the underlying studies affect the robustness of the analysis. A partial218

assessment of this limitation has already been made with respect to the inclusion of both statistical219

and process-based models. However, within each of these categories, particularly the latter, there is220

significant variation in the modelling methods used.221

It is impossible to fully assess the implications of the numerous assumptions made by the numerous222

models and methods used across the studies; indeed, even for single studies this is a difficult task.223

However, given that most crop models share similar assumptions, some general comments can be224

made. Models have limitations in simulating all types of adaptation, since in each case there are225

parameter and/or input data sensitivities that cannot be fully evaluated. For example, skilful226

simulation of crop yield using a given cultivar parameter set in a given environment does not in itself227

imply skill in another environment. In short, capturing G x E x M is challenging for crop models, and228

this has implications for the fidelity of adaptation simulations. Changes in planting date are subject229

to similar limitations, since crop models can show high sensitivity to the timing of rainfall [59]. This230

leads some authors to use planting date as a metric of uncertainty, rather than an adaptation231

measure [41]. Perhaps the most notable limitation, however, is the fact that all adaptations232

simulated are incremental. These relatively small adjustments contrast to more systemic changes233

such as changed crop species or grazing integration, or more transformational options such as crop234

relocation or complete change in the farming system, such as moving from irrigated to dryland235

systems [10]. For these reasons the assessment of adaptation options presented in this study should236

be clearly understood as being model-centric and inherently limited.237

A key implication of the inclusivity of the literature search is the large spread of projected yields;238

larger than that of the AR4 analysis. Similar results have been found elsewhere: ref. 60 found that239

their simulations "display a wider range of uncertainty compared to the AR4 results, reflecting the240

much fuller geographical coverage and diversity of crop models represented in the current study." In241

contrast, climate model uncertainty (as expressed by ranges in meteorological variables) has not242

changed significantly between AR4 and AR5 [61, 62]. This contrast is perhaps not surprising, since i.243

analyses of climate models tend to focus on a relatively small number of variables (temperature,244

precipitation etc), and ii. the systems analysed lack the biological and social diversity that lead to the245

multiplicity of crops, locations and yields analysed in this paper.246

The analysis above (“Comparison with AR4”) shows that the increased spread between AR4 and AR5247

analyses of yield projections need not result in significantly greater uncertainty in estimating central248

tendencies. Further, there is some suggestion that this spread may in part be due to greater spatial249

sampling. The diverse nature of the literature available does mean that the central tendencies250

derived should not be taken in isolation. Broadly speaking the central tendencies derived here are251

consistent with other estimates of yield response to climate change (see “Comparison of results with252

historical data” above).253
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254

255

256

257

258

259

Country Area (MHa) % datapoints

Wheat

India 29 55

Russian Federation 25 3.4

China 24 15

United States of America 18 17

Rice

India 44 67

China 30 61

Indonesia 13 0

Bangladesh 12 2.8

Maize

United States of America 34 35

China 34 38

Brazil 13 3.5

India 7 13.3
260

Supplementary Table 1. Data from FAOSTAT showing the area harvested for the top four producers261

of maize, wheat and rice in 2011. The second column shows the percentage of datapoints in the262

respective meta-analysis category (e.g. temperate maize) that come from that country.263

264
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265

Term Coefficient S.E. t P

Intercept -12.6140 5.6392 -2.24 0.0256 *

A ('no'=0; 'yes'=1) 14.0560 6.3581 2.21 0.0273 *

R ('temperate'=0; 'tropical'=1) 4.9728 6.7468 0.73 0.4613

M ('c3'=0; 'c4'=1) 2.9265 4.4719 0.65 0.5130

ΔT -4.1575 2.2038 -1.89 0.0595 

ΔP 1.4597 0.3124 4.67 <0.0001 *** 

ΔCO2 0.0748 0.0446 1.67 0.0946

A*R -11.1276 5.3029 -2.10 0.0362 *

A*M -7.007 3.2938 -1.70 0.0755

A*ΔT -0.3494 1.8446 -0.19 0.8498 

A*ΔP -0.3514 0.1879 -1.87 0.0618 

A*ΔCO2 0.0375 0.0234 1.60 0.1105

R*M -2.8040 5.7509 -0.43 0.6235

R*ΔT -0.1199 2.7886 -0.04 0.9657 

R*ΔP -0.065 0.2737 -0.24 0.8110 

R*ΔCO2 -0.023 0.0222 -1.02 0.3061

M*ΔT 0.6118 1.8544 0.32 0.7415 

M*ΔP -0.3451 0.2060 -1.68 0.0942 

M*ΔCO2 0.0017 0.0184 0.09 0.9264

dT*ΔP -0.0952 0.0792 -1.20 0.2293 

dT*ΔCO2 -0.0013 0.0087 -0.14 0.8860

dP * ΔCO2 -0.0023 0.001 -2.57 0.0102 *

Supplementary Table 2. Results of a General Linear Model including all first order interactions,266

applied to all studies with reported values for changes in yield (ΔY), temperature (ΔT), CO2 (ΔCO2)267

and precipitation (ΔP), as well as three categorical variables describing treatment of adaptation 268 

(“yes” or “no”), region (“temperate” or “tropical”), and crop metabolism (“C3” or “C4”). (n = 860).269

Significance Levels: *P<0.05, **P<0.01, ***P<0.001270

271
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Term Coefficient S.E. t P

Intercept -6.00 6.70 -0.90 0.37

A ('no'=0; 'yes'=1) 7.69 3.29 2.34 0.020*

R ('temperate'=0; 'tropical'=1) -2.14 4.01 -0.53 0.59

M= 'c3'=0; 'c4'=1 0.21 3.33 0.66 0.95

ΔP 0.52 0.18 2.87 0.0042 **

ΔT -5.33 1.26 -4.23 <0.0001 ***

ΔCO2 0.06 0.02 3.63 0.0003 ***

Supplementary Table 3. Summary of crop yield responses to climate change and adaptation with273

unambiguous tropical / temperate distinction. Results of a General Linear Model applied to all274

studies with reported values for changes in yield (ΔY), temperature (ΔT), CO2 (ΔCO2) and275

precipitation (ΔP), as well as three categorical variables describing treatment of adaptation (A: “yes” 276 

or “no”), region (R: “temperate” or “tropical”), and crop metabolism (M: “C3” or “C4”). (n=794).277

Significance Levels: *P<0.05, **P<0.01, ***P<0.001278

279

280

281

282

Mean St. Dev. N

Cultivar -0.4 19.4 405

Irrigation 3.6 10.7 68

Planting -5.0 16.9 414

Other 0.9 18 43

Supplementary Table 4. Percentage change in yield, from the baseline, for the four categories of283

adaptation. The mean and standard deviation across all N studies are shown. Where two284

adaptations were used results appear under both categories.285
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286
Supplementary Figure 1. Boxplot of the projected yield changes for all crops and regions, by (a),287

decade and (b), 20-year periods. Boxes show median and Inter-Quartile Range (IQR). n=1130 from288

44 studies. Whiskers show the extent of data within 1.5 x IQR, and remaining data are shown as data289

points. Grey bars show the number of data points used for each box and whiskers. Data are plotted290

according the decade in which the centre point of the projection period falls.291

292
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Supplementary Figure 2: Distribution of yield changes with (solid line) and without (dashed line)294

adaptation for projection periods centred during the 2040s and 2050s. N=517 from 19 studies.295

296

297
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298

Supplementary Figure 3. Frequency count of the number of yield entries per study. The top six299

studies [39-44] are highlighted in red.300
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301

Supplementary Figure 4. Percentage yield change as a function of temperature for the three major302

crops and for temperate and tropical regions (n=1083 from 68 studies), highlighting the country303

composition of the dataset. The top 5 contributions from individual countries are marked for each304

panel.305

© 2014 Macmillan Publishers Limited.  All rights reserved. 

 



306

Supplementary Figure 5. Change in precipitation (top panel) and CO2 (bottom panel) vs change in307

local mean temperature for the yield impact studies (n= 1173 in top panel, n=633 bottom panel;308

from 73 studies). Shading indicates the range of regressions consistent with the data, assessed using309

the same bootstrapping method as in the main paper. To avoid error due to small sample size, the310

eleven data points with warming greater than 6oC are excluded from the regressions. Four data311

points are also excluded due to very high (194%) precipitation change.312

313
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Supplementary Figure 6. Model checking plots for main (top panels) and full (bottom panels)315

models. For both models it can be seen that residuals are approximately normally distributed (left316

panels) and variance homogenous (right panels) among fitted values.317

318
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Supplementary Figure 7. Percentage yield change as a function of temperature for the three major320

crops and for temperate and tropical regions for local mean temperature changes up to 5.5 degrees.321

Shaded bands indicate the 95% confidence interval of regressions consistent with the data based on322

500 bootstrap samples, which indicate use of the full dataset (blue) or the subset of data used in AR4323

(orange).324

325
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Supplementary Figure 8. Projected changes in crop yield as a function of time for all crops and327

regions as projected by process-based models (n=956 from 33 studies). The vertical axis indicates328

degree of consensus and the colours denote percentage change in crop yield. Data are plotted329

according to (a) decade or (b) 20-year periods in which the centre point of a study’s projection330

period falls. The number of datapoints for each bin is shown in brackets.331

332
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Supplementary Figure 9. The benefit (percentage change, from the baseline, in yield with334

adaptation minus that without adaptation) for the crop management adaptation employed in the 32335

paired adaptation studies: CA – cultivar adjustment (n=56); FO – fertiliser optimisation (n=10); IO –336

irrigation optimisation or adjustment (n=17); PDA – planting date adjustment (n=19); and337

other(n=9). The PDA, CA category has n=151, the vast majority of which come from ref. 40. The bars338

indicate standard error.339

340

341

Supplementary References342

39. Muller, C., Bondeau, A., Popp, A., Waha, K., Fadar, M. 2010. Development and climate change.343

World Development Report. 1-11344

40. Deryng , D. W. J. Sacks, C. C. Barford, and N. Ramankutty (2011). Simulating the effects of climate345

and agricultural management practices on global crop yield. Global Biogeochemical Cycles,346

25(GB2006):1–18.347

41. Osborne, T., Rose, G. and Wheeler, T. (2013) Variation in the global-scale impacts of climate348

change on crop productivity due to climate model uncertainty and adaptation. Agricultural and349

Forest Meteorology, 170. pp. 183-194. ISSN 0168-1923 doi: 10.1016/j.agrformet.2012.07.006350

42. Lobell, D. B., M. B. Burke, C. Tebaldi, M. D. Mastrandrea, W. P. Falcon, and R. L. Naylor (2008).351

Prioritizing climate change adaptation needs for food security in 2030. Science. 319 (5863), 607-610.352

© 2014 Macmillan Publishers Limited.  All rights reserved. 

 



43. Matthews, R. and Wasmann (2003). Modelling the impacts of climate change and methane353

emission reductions on rice production: a review. Eur. J. Agron. 19, 573-598.354

44. Tao, F., and Z. Zhang. (2013). Climate change, wheat productivity and water use in the North355

China Plain: a new super-ensemble-based probabilistic projection. Agric. Forest Meteorol., 170 146-356

165. http://dx.doi.org/10.1016/j.agrformet.2011.10.003.357

45. Harrell F.E. Jr. (2013). rms: Regression Modeling Strategies. R package version 3.6-3.358

http://CRAN.R-project.org/package=rms359

46. Huber, PJ. (1967) The behaviour of maximum likelihood estimates under non standard360

conditions. Proceedings of the Fifth Berkeley Symposium on Mathematical Statistics and probability,361

1 221–33.362

47. White, H. (1982). Maximum Likelihood Estimation of Misspecified Models. Econometrica, 50 1–363

25.364

48. Challinor, A. J. and T. R. Wheeler (2008). Crop yield reduction in the tropics under climate365

change: processes and uncertainties. Agric. For. Meteorol, 148 343-356366

49. Asseng et al. (2013). Uncertainty in simulating wheat yields under climate change. Nature367

Climate Change (in press).368

50. Palosuo, T., et al., 2011. Simulation of winter wheat yield and its variability in different climates369

of Europe: a comparison of eight crop growth models. Eur. J. Agron. 35, 103–114.370

51. Zhang, T., Y. Huang and X. Yang (2013). Climate warming over the past three decades has371

shortened rice growth duration in China and cultivar shifts have further accelerated the process for372

late rice. GLOBAL CHANGE BIOLOGY Volume: 19 Issue: 2 Pages: 563-570 DOI: 10.1111/gcb.12057373

Published: FEB 2013374

52. Long, S. P., E. A. Ainsworth, A. Leakey, and P. B. Morgan (2005). Global food insecurity. treatment375

of major food crops to elevated carbon dioxide and ozone under large-scale fully open-air conditions376

suggest models may seriously over-estimate future yields. Phil. Trans. Roy. Soc. 1463 (360), 2011-377

2020.378

53. Tubiello, F.N., Amthor, J.S., Boote, K.J., Donatelli, M., Easterling, W., Fischer, G., Gifford, R.M.,379

Howden, M., Reilly, J., Rosenzweig, C., 2007. Crop response to elevated CO2 and world food supply.380

A comment on ‘‘Food for Thought. . .’’ by Long et al., Science 312:1918–1921, 2006. Eur. J. Agron.381

26,215–223.382

54. Craufurd, P.Q., Vadez, V., Krishna Jagadish, S.V., Vara Prasad, P.V., Zaman-Allah, M., (2013). Crop383

science experiments designed to inform crop modeling. Agric. Forest Meteorol. Vol. 170, Pages 8–384

18. http://dx.doi.org/10.1016/j.agrformet.2011.09.003385

55. Wheeler, T. R., G. R. Batts, R. H. Ellis, P. Hadley and J. I. L. Morison (1996). Growth and yield of386

winter wheat ( Triticum aestivum) crops in response to CO2 and temperature. The Journal of387

Agricultural Science, 127, pp 37-48. doi:10.1017/S0021859600077352.388

© 2014 Macmillan Publishers Limited.  All rights reserved. 

 



56. Lizana, X.C. and D. F. Calderini (2013). Yield and grain quality of wheat in response to increased389

temperatures at key periods for grain number and grain weight determination: considerations for390

the climatic change scenarios of Chile. J. Agric. Sci 151 (2) 209-221.391

57. G.R Batts, J.I.L Morison, R.H Ellis, P Hadley, T.R Wheeler, Effects of CO2 and temperature on392

growth and yield of crops of winter wheat over four seasons, European Journal of Agronomy,393

Volume 7, Issues 1–3, September 1997, Pages 43-52394

58. Lobell, D. B., W. Schlenker and J. Costa-Roberts (2011). Climate Trends and Global Crop395

Production Since 1980. Science 29 July 2011: 333 (6042), 616-620.396

59. Watson, J. & Challinor, A.J. (2013). The relative importance of rainfall, temperature and yield397

data for a regional-scale crop model. Agricultural and Forest Meteorology, Vol. 170, pp. 47-57.398

60. Rosenzweig, C., J. Elliott, D. Deryng, A.C. Ruane, A. Arneth, K.J. Boote, C. Folberth, M. Glotter, N.399

Khabarov, C. Müller, K. Neumann, F. Piontek, T. Pugh, E. Schmid, E. Stehfest, H. Yang, and J.W. Jones,400

(2013). Assessing agricultural risks of climate change in the 21st century in a global gridded crop401

model intercomparison. Proceedings of the National Academy of Sciences. Submitted January 31st,402

2013. Initially accepted June 4th, 2013.403

61. Knutti, R. and J. Sedláček (2013). Robustness and uncertainties in the new CMIP5 climate model 404 

projections. Nature Climate Change 3, 369–373 (2013) doi:10.1038/nclimate1716405

62. Ramirez-Villegas, J., Challinor, A.J., Thornton, P.K., and Jarvis, A. 2013. Implications of regional406

improvement in global climate models for agricultural impact research. Environmental Research407

Letters, 8: 024018, doi: 10.1088/1748-9326/8/2/024018408

409

410

411

© 2014 Macmillan Publishers Limited.  All rights reserved. 

 



Appendix 1: References used in the meta-analysis412

Reference Figs 1 & S4 Fig 2 Figs 3 & S1 Fig S2 Fig S5 Fig S7

Abou-Hadid, 2006 *

Abraha & Savage, 2006 * * * * *

Aggarwal & Mall, 2002 * * *

Alexandrov, 1999 * * *

Alexandrov & Hoogenboom, 2000 * * * * *

Alexandrov et al., 2002 * * *

Arndt et al., 2011 * * * * *

Berg et al., 2013 * * *

Brassard & Singh, 2008 * * * * *

Brassard & Singh, 2007 * * * * *

Butt et al., 2005 * * * * *

Byjesh et al., 2010 *

Calzadilla et al., 2009 * *

Challinor & Wheeler, 2008

Challinor et al., 2009 * *

Challinor et al., 2010

Chhetri et al., 2010 * * * * *

Chipanshi et al., 2003 * *

Ciscar et al., 2011 * * *

Corobov, 2002 * * *

Izaurralde et al., 2001 * *

Das et al., 2007

DeJong et al., 2001 * * *

Deryng et al., 2011 * * * * * *

Droogers, 2004 * * *

Easterling et al., 2003 * * *

El Maayar et al., 2009 * *

El-Shaher et al., 1997 * * *

Ewert et al., 2005 * * *

Gbetibouo & Hassan, 2005 * * *

Giannakopoulos et al., 2009 * *

Hermans et al., 2010 * * *

Howden & Jones, 2004 * * *

Iqbal et al., 2011 * * * * *

Izaurralde et al, 2005 * * * * *

Jones & Thornton, 2003 * *

Kaiser, 1999 * * *

Kapetanaki & Rosenweig, 1997 * *

Karim et al., 1996 * * *

Kim et al., 2010 * * *

Krishnan et al., 2007 * *

Lal, 2011 * * * * * *

Lal et al., 1998 * * *

Lashkari et al., 2011

Li et al., 2011 * * * *

© 2014 Macmillan Publishers Limited.  All rights reserved. 

 



Erda et al., 2005 * * *

Liu et al., 2010 * *

Lobell & Burke, 2010

Lobell & Ortiz-Monasterio, 2007 * *

Lobell et al., 2008 *

Luo et al., 2003 * *

Matthews & Wasmann, 2003 * * *

Moriondo et al., 2010 * *

Moya et al., 1998 * * *

Muller et al., 2010 * * *

Osborne et al., 2013 * * * * *

Peltonen-Sainio et al., 2011 *

Piao et al., 2010 * * * * *

Porter & Semenov, 2005 *

Reyenga et al., 1999 * * *

Ringler et al., 2010 * * *

Rosenzweig et al., 1994 * * *

Rowhani et al., 2011 *

Sands & Edmond, 2005 * *

Schlenker & Lobell, 2010 *

Schlenker & Roberts, 2009 * * *

Shuang-He et al., 2011 * * * *

Southworth et al., 2000 * * * * * *

Srivastava et al., 2010

Tan et al., 2010 * * * *

Tao & Zhang, 2010 * * * * *

Tao & Zhang, 2011 * * * * *

Tao et al., 2009 * * *

Tubiello et al., 2000 * * *

Thomson et al., 2005 * *

Thornton et al., 2009 * * *

Thornton et al., 2011 * * *

Thornton et al., 2010 * * * * * *

Tingem & Rivington, 2009 * * * * *

Tingem et al., 2008 * * * *

Walker & Schulze, 2008 * * * *

Wang et al., 2011 * * *

Winters et al., 1998 * *

Xiao et al., 2005 * * *

Xiong et al., 2009 * * *

Xiong et al., 2007 * * * * *

Yates & Strzepek, 1998 * * *

Zhang & Liu, 2005 * * *

Zhao et al., 2005 * *
413

© 2014 Macmillan Publishers Limited.  All rights reserved. 

 



Abou-Hadid AF. 2006. Assessment of Impacts, Adaptation and Vulnerability to Climate Change in414

North Africa: Food Production and Water Resources (AIACC, Washington, DC) AIACC Final Report415

Project No. AF 90.416

Abraha, M. G. & Savage, M. J. 2006. Potential impacts of climate change on grain yield of maize for417

the midlands of KwaZulu-Natal, South Africa. Agr. Ecosyst. Environ. 115, 150-160418

Aggarwal, P. K. and R. K. Mall, 2002. Climate Change and Rice Yields in Diverse Agro-Environments of419

India. II. Effect of Uncertainties in Scenarios and Crop Models on Impact Assessment. Climatic420

Change 52: 331-343.421

Alexandrov, V., 1999. Vulnerability and adaptation of agronomic systems in Bulgaria. Climate422

Research 12: 161-173.423

Alexandrov, V. and G. Hoogenboom, 2000. The impact of climate variability and change on crop yield424

in Bulgaria. Agricultural and Forest Meteorology 104: 315-327.425

Alexandrov, V., J. Eitzinger, V. Cajic and M. Oberforster, 2002. Potential impact of climate change on426

selected agricultural crops in north-eastern Austria. Global Change Biology 8: 372-389.427

Arndt, C., Strzepeck, K., Tarp, F., Thurlow, J., Fant IV, C., Wright, L. 2011. Adapting to climate change:428

an integrated biophysical and economic assessment for Mozambique. African regional perspectives429

6:7-20430

Berg, A., N. de Noblet-Ducoudre, B. Sultan, M. Lengaigne and M. Guimberteau. 2013. Projections of431

climate change impacts on potential C4 crop productivity over tropical regions, Agricultural and432

Forest Meteorology 170, 89-102. DOI 10.1016/j.agrformet.2011.12.003.433

Brassard, J. P. & Singh, B. 2008. Effects of climate change and CO2 increase on potential agricultural434

production in Southern Québec, Canada. Clim. Res. 34, 105-117435

Brassard, J. P. & Singh, B. 2007. Effects of climate change and CO2 increase on potential agricultural436

production in Southern Québec, Canada. Clim. Res. 34, 105-117437

Butt, T. A., B. A. McCarl, J. Angerer, P. T. Dyke and J. W. Stuth, 2005. The Economic and Food Security438

Implications of Climate Change in Mali. Climatic Change 68: 355-378.439

Byjesh, K., Kumar, S. N., Aggarwal, P.K. 2010. Simulating impacts, potential adaptation and440

vulnerability of maize to climate change in India. Mitigation and Adaptation for Strategies in Global441

Climate Change 15: 413-431442

Calzadilla, A., Zhu, T., Rehdanz, K., Tol, R., Ringer, C. 2009. Economywide Impacts of Climate Change443

on Agriculture in Sub-Saharan Africa. IFPRI Discussion Paper. Environment and Production444

Technology Division445

Challinor, A. J. and T. R. Wheeler (2008). Crop yield reduction in the tropics under climate change:446

processes and uncertainties. Agric. For. Meteorol, 148 343-356447

Challinor, A. J., T. R. Wheeler, D. Hemming and H. D. Upadhyaya (2009). Ensemble yield simulations:448

crop and climate uncertainties, sensitivity to temperature and genotypic adaptation to climate449

change. Climate Research, 38 117-127450

© 2014 Macmillan Publishers Limited.  All rights reserved. 

 



Challinor, A. J., E. S. Simelton, E. D. G. Fraser, D. Hemming, M. Collins. 2010. Increased crop failure451

due to climate change: assessing adaptation options using models and socio-economic data for452

wheat in China. Environ. Res. Lett. 5 (2010) 034012453

Chhetri, N., W.E. Easterling, A. Terando, and L. Mearns. 2010. Modeling path dependence in454

agricultural adaptation to climate variability and change. Annals of the Association of American455

Geographers 100 (4): 894-907.456

Chipanshi, A.C., R. Chanda and O. Totolo, 2003: Vulnerability assessment of maize and sorghum457

crops to climate change in Botswana. Climatic Change, 61, 339-360.458

Ciscar, J., Iglesias, A., Feyen, L., Szabo, L., Regemorter, D., Amelung, B., Nicholls, R., Watkiss, P.,459

Christensen, O., Dankers, R., Garrote, L., Goodess,C., Hunt, A., Moreno, A., Richards, J., Soria, A.460

2011. Physical and economic consequences of climate change in Europe.PNAS 108(7):2678-2683461

Corobov, R., 2002. Estimations of climate change impacts on crop production in the Republic of462

Moldova. GeoJournal 57: 195-202.463

Das, L., Lohar, D., Sadhukhan, I., Khan, S. A., Saha, A., Sarkar, S. 2007. Evaluation of the performance464

of ORYZA2000 and assessing the impact of climate change on rice production in Gangetic West465

Bengal. Journal of Agrometeorology 9 (1): 1-10466

De Jong, R., Li, K. Y., Bootsma, A., Huffman, T., Rohloff, G., and Gameda, S., 2001: Final Report for467

Climate Change Action Fund Project A080. Eastern Cereal and Oilseed Research Centre (ECORC),468

Agriculture and Agri-Food Canada.469

Deryng, D., W. J. Sacks, C. C. Barford, and N. Ramankutty (2011), Simulating the effects of climate470

and agricultural management practices on global crop yield, Global Biogeochem. Cycles, 25, GB2006,471

doi:10.1029/2009GB003765.472

Droogers, P. 2004. Adaptation to climate change to enhance food security and preserve473

environmental quality: example for southern Sri Lanka. Agr. Water Manage. 66: 15-33474

Easterling, W.E., N. Chhetri, X. Niu. 2003. Improving the realism of modeling agronomic adaptation475

to climate change: Simulating technological substitution. Climatic Change, 60:149-173.476

El-Maayar, M., Sonnentag, O. Crop model validation and sensitivity to climate change scenarios477

(2009). Journal of Climate Research 39 (1): 47-59478

El-Shaer, H.M., C. Rosenzweig, A. Iglesias, M.H. Eid and D. Hillel, 1997: Impact of climate change on479

possible scenarios for Egyptian agriculture in the future. Mitigation and Adaptation Strategies for480

Global Change, 1, 233-250.481

Ewert, F., M. D. A. Rounsevell, I. Reginster, M. J. Metzger and R. Leemans, 2005. Future scenarios of482

European agricultural land use I. Estimating changes in crop productivity. Agriculture Ecosystems &483

Environment 107: 101-116.484

Gbetibouo, G. A. and R. M. Hassan, 2005. Measuring the economic impact of climate change on485

major South African field crops: a Ricardian approach. Global and Planetary Change 47: 143-152.486

© 2014 Macmillan Publishers Limited.  All rights reserved. 

 



Giannakopoulos, C., Le Seger, P., Bindi, M., Moriondo, M., Kostopoulou, E., and Goodess, C. Climatic487

changes and associated impacts in the Mediterranean resulting from a 2 C global warming. Global488

and Planetary Change 68(3): 209-224489

Hermans, C., Geijzendorffer, I., Ewert, F., Metzger, M., Vereijken, P., Woltjer, G., Verhgen, A. 2010.490

Exploring the future of European crop production in a liberalized market, with specific consideration491

of climate and the regional competitiveness. Ecol. Model. 221, 2177-2187492

Howden, M. and Jones, R.N. 2004. Risk assessment of climate change impacts on Australia’s wheat493

industry. In: New directions for a diverse planet: Proceedings of the 4th International Crop Science494

Congress, Brisbane, Australia, Available at: www.cropscience.org.au.495

Iqbal, M., Eitzinger, J., Formayer, H., Hassan, A., Heng, L. 2011. A simulation study for assessing yield496

optimization and potential for water reduction for summer-sown maize under different climate497

change scenarios. Journal of Agricultural Science 149: 129-143498

Izaurralde, R., Adams, D., Alig, R., Betz, C., Hutchins, C., McCarl, B., Skog, K., Sohngen, B. 2001.499

Assessing socioeconomic impacts of climate change on US forests, wood-product markets, and500

forest recreation. Bioscience 51:753-764501

Izaurralde, R. C., Thomson, A. M., Rosenberg, N. J., and Brown, R. A.: 2005, Climate Change impacts502

for the conterminous USA: An Integrated Assessment, Part 6, Distribution and Productivity of503

Unmanaged Ecosystems, Clim. Change, 69: 107-126.504

Jones, P. G. and P. K. Thornton, 2003. The potential impacts of climate change on maize production505

in Africa and Latin America in 2055. Global Environmental Change 13: 51-59.506

Kaiser, H. M. 1999, Assessing Research on the Impacts of Climate Change on Agriculture, in Frisvold,507

G. and Kuhn, B. (eds.), Global Environmental Change and Agriculture: Assessing the Impacts, Edward508

Elgar Publishing, Ltd., Cheltenham, U.K., pp. 221–238.509

Kapetanaki, G. and C. Rosenzweig, 1997. Impact of Climate Change on Maize Yield in Central and510

Northern Greece: A Simulation Study with Ceres-Maize. Mitigation and Adaptation Strategies for511

Global Change 1: 251-271.512

Karim, Z., Hussain, S.G. and Ahmed, M., 1996. Assessing Impacts of Climatic Variations on Foodgrains513

Production in Bangladesh. Journal of Water, Air, and Soil Pollution, 92: 53–62.514

Kim, C., Lee, S., Jeong, H., Jang, J., Kim, Y., Lee, C.2010. Impacts of climate change on Korean515

agriculture and its counterstrategies. Korea Rural Economic Institute516

Krishnan, P., Swain, D. K., Chandra Bhaskar, B., Nayak, S. K. & Dash, R N. 2007. Impact of elevated517

CO2 and tempertature on rice yield and methods of adaptation as evaluated by crop simulation518

studies. Agr. Ecosyst. Environ. 122, 233-242519

Lal, M., K. K. Singh, L. S. Rathore, G. Srinivasan and S. A. Saseendran, 1998. Vulnerability of rice and520

wheat yields in NW India to future changes in climate. Agricultural and Forest Meteorology 89: 101-521

114.522

Lal, M. (2011), Implications of climate change in sustained agricultural productivity in South Asia,523

Regional Environmental Change, 11 (Suppl. 1):S79-S94.524

© 2014 Macmillan Publishers Limited.  All rights reserved. 

 



Lashkari, A., Alizadeh, A., Rezaei, E., and Bannayan, M. Mitigation of climate change impacts on525

maize productivity in northeast of Iran: a simulation study. Mitigation and Adaptation in Strategies526

for Global Change 17:1-16527

Li, X., Takahashi, T., Nobuhiro, S. & Kaiser, H. M. 2011. The impact of climate change on maize yields528

in the United States and China. Agr. Sys. 104, 348-353529

Erda, L., X. Wei, J. Hui, X. Yinlong, L. Yue and B. Liping. 2005. Climate change impacts on crop yield530

and quality with CO2 fertilization in China. Philosophical Transactions of the Royal Society B 360:531

2149-2154.532

Liu, S., Mo, X., Lin, Z., Xu, Y., Ji, J., Wen, G., Richey, J. 2010. Crop yield responses to climate change in533

the Huang-Huai-Hai plain of China. Agricultureal water management 97:1195-1209534

Lobell, D., and Burke, M. 2010. On the use of statistical models to predict crop yield responses to535

climate change. Agricultural and Forest Meteorology 150(11): 1443-1452536

Lobell, D., Ortiz-Monasterio, J. 2007. Impacts of day versus night temperatures on spring wheat537

yields. 2007. Agronomy Journal 99(2): 469-477538

Lobell, D., Burke, M., Tebaldi, C., Mastrandrea, M., Falcon, W., and Naylor, R. 2008. Prioritizing539

Climate Change Adaptation Needs for Food Security in 2030. Science 319(5863): 607-610540

Luo Q., M. A.J. Williams, W. Bellotti, and B. Bryan, 2003. Quantitative and visual assessments of541

climate change impacts on South Australian wheat production. Agricultural Systems 77: 173-186.542

Matthews, R., Wassmann, R. 2003. Modelling the impacts of climate change and methane emission543

reductions on rice production: a review. European Journal of Agronomy 19: 573-598.544

Moriondo, M., Bindi, M., Kundzewicz, Z., Szwed, M., Chorynski, A., Matczak, P., Radziejewski, M.,545

McEvoy, D., and Wreford, A. 2010. Impact and adaptation opportunities for European agriculture in546

response to climatic change and variability. Mitigation and Adaptation in Strategies for Global547

Change 15: 657-679548

Moya, T.B., L.H. Ziska, O.S. Namuco and D. Olszyk, 1998. Growth dynamics and genotypic variation in549

tropical, field-grown paddy rice (Oryza sativa L.) in response to increasing carbon dioxide and550

temperature. Glob. Change Biol., 4, 645-656.551

Muller, C., Bondeau, A., Popp, A., Waha, K., Fadar, M. 2010. Development and climate change.552

World Development Report. 1-11553

Osborne, T., Rose, G., Wheeler, T. 2013. Variation in the global-scale impacts of climate change on554

crop productivity due to climate model uncertainty and adaptation. Agricultural and Forest555

Meteorology 170(15): 183-194556

Peltonen-Sainio, P., Jauhiainen, L., Hakala, K., 2011. Crop responses to temperature and precipitation557

according to long-term multi-location trials at high-latitude conditions. The Journal of Agricultural558

Science149: 49-62559

© 2014 Macmillan Publishers Limited.  All rights reserved. 

 



Piao, S., Ciais, P., Huang, Y., Shen, Z., Peng, S., Li, J., Zhou, L., Liu, H., Ma, Y., Ding, Y., Friedlingstein,560

P., Liu, C., Tan, K., Yu, Y., Zhang, T., and Fang, J. 2010. The impacts of climate change on water561

resources and agriculture in China. Nature 467: 43-51562

Porter, J. R. & Semenov, M. A. 2005. Crop responses to climatic variation. Phil. Trans. R. Soc. B 360,563

2021-2035564

Reyenga, P.J., S.M. Howden H. Meinke, G.M. McKeon (1999) Modelling global change impacts on565

wheat cropping in south-east Queensland, Australia, Environmental Modeling and Software, 14:297-566

306.567

Ringler, C., Zhu, T., Cai, X., Koo, J., Wang, D. 2010. Climate change impacts on food security in sub-568

Saharan Africa. IFPRI Discussion Paper 01042569

Rosenzweig, C. and M.L. Parry, 1994: Potential impact of climate change on world food supply.570

Nature, 367, 133-138.571

Rowhanji, P., Lobell, D., Lindermann, M., and Ramankutty, N. 2011. Climate variability and crop572

production in Tanzania. Agriculture and Forest Meteorology 151(4): 449-460573

Sands, R.D. and J.A. Edmonds, 2005. Climate Change Impacts for the Conterminous USA: An574

Integrated Assessment Part 7. Economic Analysis of Field Crops and Land Use with Climate Change.575

Climatic Change 69: 127-150.576

Schlenker, W., and Lobell, D. 2010. Robust negative impacts of climate change on African agriculture.577

Environmental Research Letters 5(1)578

Schlenker, W. & Roberts, M. J. 2009. Nonlinear temperature effects indicate severe damages to U.S.579

crop yields under climate change (Online supporting information index). Proc. Natl. Acad. Sci. USA580

106, 15594-15598581

Shuang-He, S., Shen-Bin, Y., Yan-Xia, Z., Yin-Long, X., Xiao-Yan, Z., Zhu-Yu, W., Juan, L., Wei-Wei, Z.582

2011. Simulating the rice yield change in the middle and lower reaches of the Yangtze River under583

SRES B2 scenario. Acta Ecologica Sinica 31: 40-48584

Southworth, Jane, J. C. Randolpha, M. Habeckb, O. C. Doeringb, R. A. Pfeifer, et al. 2000.585

Consequences of future climate change and changing climate variability on maize yields in the586

midwestern United States, Agriculture, Ecosystems & Environment, 82, No. 1-3, December, pp. 139-587

158.588

Srivastava, A., Kumar, S., Aggarwal, P. 2010. Assessment on vulnerability of sorghum to climate589

change in India. Agriculture, Ecosystems and Enviornment 138: 160-169590

Tan, Z., Tieszen, L. L., Liu, S. & Tachie-Obeng, E. 2010. Modeling to evaluate the response of savanna-591

derived cropland to warming-drying stress and nitrogen fertilizers. Clim. Change 100, 703-715592

Tao, F. & Zhang, Z. 2010. Adaptation of maize productions to climate change in North China Plain:593

Quantify the relative contributions of adaptation options. Eur. J. Agron. 33, 103-116594

Tao, F. & Zhang, Z. 2011. Impacts of climate change as a function of global mean temperature:595

maize productivity and water use in China. Clim. Change 105, 409-432596

© 2014 Macmillan Publishers Limited.  All rights reserved. 

 



Tao, F., Zhang, Z., Liu, J., and Yokozawa, M. 2009. Modelling the impacts of weather and climate597

variability on crop productivity over a large area: A new super-ensemble-based probabilistic598

projection. Agricultural and Forest Meteorology 149(8): 1266-1278599

600

Tubiello, F.N., M. Donatelli, C. Rosenzweig, and C.O. Stockle, 2000. Effects of climate change and601

elevated CO2 on cropping systems: model predictions at two Italian locations. European Journal of602

Agronomy 13: 179-189.Tubiello, F.N., M. Donatelli, C. Rosenzweig, and C.O. Stockle, 2000. Effects of603

climate change and elevated CO2 on cropping systems: model predictions at two Italian locations.604

European Journal of Agronomy 13: 179-189.605

Thomson A.M., N.J. Rosenberg, R.C. Izaurralde, and Brown, R.A., 2005. Climate Change Impacts for606

the Conterminous USA: An Integrated Assessment Part 5. Irrigated Agriculture and National Grain607

Crop Production. Climatic Change 69: 89-105.608

Thornton, P. K., Jones, P. G., Alagarswamy, G. & Andersen, J. 2009. Spatial variation of crop yield609

response to climate change in East Africa. Glob. Environ. Change 19, 54-65610

Thornton, P., Jones, P., Ericksen, P., Challinor, A. 2011. Agriculture and food systems in sub-Saharan611

Africa in a 4C+ world. Philosophical transactions of the Royal Society 369: 117-136612

Thornton, P. K., Jones, P. G., Alagarswamy, G., Andersen, J. & Herrero, M. 2010. Adapting to climate613

change: Agricultural system and household impacts in East Africa. Agr. Sys. 103, 73-82614

Tingem, M. & Rivington, M. 2009. Adaptation for crop agriculture to climate change in Cameroon:615

Turning on the heat. Mitig. Adapt. Strateg. Glob. Change 14, 153-168616

Tingem, M., Rivington, M., Bellocchi, G., Azam-Ali, S., Colls, J. 2008. Effects of climate change on crop617

production in Cameroon. Climate Research36:65-77618

Walker, N. J. & Schulze, R. E. 2008. Climate change impacts on agro-ecosystem sustainability across619

three climate regions in the maize belt of South Africa. Agr. Ecosyst. Environ. 124, 114-124620

Wang, M., Li, Y., Ye, W., Bornman, J., Yan, X. 2011. Effects of climate change on maize production,621

and potential adaptation measures: a case study in Jilin Province, China. Climate Research 46:223-622

242623

Winters P., R. Murgai, E. Sadoulet, A.D. Janvry, and G. Frisvold, 1998. Economic and Welfare Impacts624

of Climate Change on Developing Countries. Environmental and Resource Economics 12: 1-24.625

Xiao, G., W. Liu, Q. Xu, Z. Sun, and J. Wang, 2005. Effects of temperature increase and elevated CO2626

concentration, with supplemental irrigation, on the yield of rain-fed spring wheat in a semiarid627

region of China. Agricultural Water Management 74: 243-255.628

Xiong, W., Conway, D., Lin, E, and Holman, I. 2009. Potential impacts of climate change and climate629

variability on China’s rice yield and production. Climate Research 40: 23-35630

Xiong, W., E. Lin, H. Ju and Y. Xu, 2007. Climate change and critical thresholds in China’s food631

security. Climatic Change, March 2007, Volume 81, Issue 2, pp 205-221632

© 2014 Macmillan Publishers Limited.  All rights reserved. 

 



Yates, D.N. and K.M. Strzepek. 1998. An Assessment of Integrated Climate Change Impacts on the633

Agricultural Economy of Egypt. Climatic Change 38: 261-287.634

Zhang, X. C. and W. Z. Liu, 2005. Simulating potential response of hydrology, soil erosion, and crop635

productivity to climate change in Changwu tableland region on the Loess Plateau of China.636

Agricultural and Forest Meteorology 131: 127-142.637

Zhao Y., C. Wang, S. Wang, and L.V. Tibig, 2005. Impacts of Present and Future Climate Variability on638

Agriculture and Forestry in the Humid and Sub-Humid Tropics. Climatic Change 70: 73-116.639

640

641

642

643

644

© 2014 Macmillan Publishers Limited.  All rights reserved. 

 




