Ray et al. Supporting Information Text S1
Data

We use ~2.5 million reported maize, rice, wheat, and soybean area harvested and yield observations between 1961-2008 from the database reported in [23] focusing on the period 1989 to 2008 using ~1.8 million crop reports. Data are from 13,500 fixed political units. We track changes annually in these two crop metrics sub-nationally for 51 major agricultural countries, currently responsible for 70% to 90% of the global harvested areas and 79% to 99% of total global production in these four crops [49]. Seventeen of these countries are tracked at the sub-state / sub-province, i.e. county / district level. Statistics are tracked nationally for the remaining countries. Supporting Table S1 provides further details on the number of political units tracked per country, length of time for which census statistics are available per country, and total number of statistics collected per crop per country for the period 1989 to 2008.

The raw statistics collected were first inspected and quality controlled (e.g. any obvious errors removed, or corrected). For example we found reported statistics such as 57.9 tons/ha/year of rice yield in a province of Indonesia for year 2007, when all pre- and post- reported yields were less than 10 tons/ha/year. We corrected this data by using the yield information that was present together with the production numbers to correct for the harvested hectares; harvested hectares and production were the raw statistics collected and yield was the derived quantity. After quality controlling, all data were converted to the same units of, hectares for harvested areas, and tons/ha/year for yields. 

The frequency of reported sub-national data varies by country (Supporting Table S1) and is generally more available from recent years. When data is unavailable for specific years we interpolate using agricultural statistics available from the larger political unit, within which the higher resolution political unit is nested, in three distinct steps. First, we identified the nearest five years of available data years. Next, the five-year average proportions of harvested areas and production numbers of the units within the higher political unit are calculated. Using these proportions the higher political units harvested areas and production numbers are disaggregated for the missing year in the third step. Finally, yields are computed. 

The number of interpolated data are not included in the ~1.8 million number reported above. In cases where there is a discrepancy between the total of subnational reported statistics summarized to the national scale, and the Food and Agriculture Organization (FAO) reported numbers [49], the subnational numbers are proportionately scaled to match the FAO statistics.

Model fitting 
In order to determine the current rates of yield change, two methodological decisions needed our careful consideration: (1) what statistical model fits should be used to determine the rates of yield change; and (2) what length of time analyzed would capture the current rates of crop yield change best.

Consistent with previous studies, we utilized simple linear regression (Eqn. 1) to track yield trends. Here we linearly regressed the observed maize, rice, wheat, and soybean crop yields against time to determine the non-compounding linear rates of yield change in each of the ~13,500 political units. 
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where 

Y = yield in tons/ha/year,

t = year,

a is the coefficient of regression and is the rate term (tons/ha/year/year), 

k is the intercept term of the linear regression, and

e is the error term.
We use this approach to compute the linear, non-compounding rates of yield change over the 1989 to 2008 observed time period. We then project the yields annually to the year 2050 in order to determine the production consequences were these average rates of change to continue. Rates for each crop and country are reported in the Supporting Data file. The coefficient of variation (r2) associated with the 20 year data analysis is provided in Supporting Figure S1. As some political units violate assumptions of simple linear regression for determining normal confidence intervals (as we discuss below), we use 99 bootstrapped samples for each political unit over this two-decade observation period to determine a 90 percent confidence interval for the linear rates of yield change. These high and low estimates on the linear rates of change are used to set the high and low projections in the main text (Figure 1 in the Main Text).

With 13,500 political units, not all of the yield time series met assumptions about autocorrelation or normality. Yearly crop yield observations can generally be regarded as independent observations, as each growing season represents a new cycle of planting, weather, and crop management. However, it is possible autocorrelation between years may arise due to longer-term weather cycles or periods of technology diffusion [87]. For transparency of where these issues arise, we conduct the Lilliefors test for normality (Supporting Figure S2) and the Durbin-Watson test for autocorrelation (Supporting Figure S3) at each political unit and crop for which we have data.

Consider the following two examples of model fits to understand these statistical results further: national soybean yields in the United States (Supporting Figure S4) and national maize yields in Angola (Supporting Figure S5). Our dataset does contain subnational United States soybean yields, but we show the national data here as it is freely available from FAO. United States soybean yields meet normality, constant variance, and autocorrelation assumptions when fit with a linear model (Supporting Figure S4). Angola’s maize yields meet normality assumptions but violate assumptions for autocorrelation and non-constant variance when fitted with a linear model (Supporting Figure S5).

For comparison, we also conducted a separate analysis at each political unit, choosing the best statistical model by parsimoniously fitting polynomials of increasing order using the Akaike Information Criterion (AIC) as the determining factor [88]. Although this approach leads to better regression fits in some political units, unfortunately the higher order polynomials thus selected have strong acceleration terms (higher orders of time). These strong acceleration terms induce unrealistic rapid yield changes over a short period of only a few years (Supporting Figure S6). In the case of Angola maize yields, AIC chooses a quadratic model (Supporting Figure S7), which alleviates concern over non-constant variance and autocorrelation seen in the linear model; however the quadratic model projects negative maize yield in Angola by 2050 (Supporting Figure S8).

As illustrated by these examples and Supporting Figures S2-S8, simple linear regression may not always be the most appropriate statistical model over the time period of observations for all of the political units. However, higher-order polynomials are dangerous for extrapolating into the future. As our goal here is to identify the average linear rates of change over the recent past, and discuss the consequences were these average rates of change were to continue into the future, we adhere to simple linear regression for this analysis. This decision aids ease of interpretation and is consistent with many other time-yield analyses (as noted in the main text). 
We found, as expected, that the determination of current rates was sensitive to the number of years analyzed. When fewer years are analyzed the calculated rates are strongly influenced by shorter-term shocks to yields. On the other hand, calculating rates across several decades of observed yields does not reflect recent trends. As there is no prescribed scientific procedure to deduce a-priori the correct number of years to conduct such an analysis, we tested several time spans and found that two decades (1989-2008) of yield data generally reduced both the effects of short-term shocks and captured the current rates. This window of time has also been used in other studies [28]. Performing the analysis using fifteen and twenty-five years of data resulted in only slightly different results (Supporting figure S9); as the number of years analyzed increases or decreases from these number of years, the results increasingly diverge. As a result, we restricted our analysis to the most recent 20 years (1989 to 2008) instead of the entire data from 1961 to 2008.

The crop yields in the last year of our observation period, (2008), influences the percentage rate of growth, but not the real rates of yield increases in kg/ha/year/year (Supporting Figure S10). We note the spatial variations in the yields (tons/ha/year) of these four crops in the year 2008 in Supporting Figure S11. 

Summarizing rates and yields to higher spatial units
When we summarize results to a higher political unit such as the country level or global level from subnational political units we first summarize the observed total harvested area and production for all the political units in a country (or all the political units globally when providing global numbers). We next determine the area weighted observed and bootstrapped yields at the higher political unit. The linear fit to these yields at the country or global level using equation 1 provides the linear rates of observed yield change. We project these rates forward at the country or global level. We similarly determine the rates associated with the confidence interval. Thus, while we provide the subnational changes in crop yields, our summary at the national scale and global scale would be nearly identical to those studied using only the national or global scale yield data. The Supporting Data file contains rates for the major countries that harvested maize, rice, wheat, and soybean.

Subnational level analysis has the advantage of summarizing rates of yield change at other unique levels such as hydrological watersheds, ecoregions, climatic zones, mesoregions within a country. Supporting Figure S12 and Supporting Table S2 provide an example of using these data to assess yield trends within the Brazilian Legal Amazon, the watershed comprising the Amazon and Tocantins rivers in Brazil. Our analysis shows that soybean yields are changing at 1.5%/year (44.3 kg/ha/year/year) in the Brazilian Legal Amazon area and at this rate would reach 3.7 tons/ha/year in 2025 from 2.9 tons/ha/year in 2008. This increased yield would lead to soybean production of 20.7 million tons/year in 2025 in the Brazilian Legal Amazon from the 16.3 million tons/year in 2008. 

Inter-comparison with other results 

We compared our projected global yield with the FAO [89] reported global yield in the year 2009-2010; they were very similar, as can be expected from a projection that is only 1-2 years out into the future. Longer-term global projections from the FAO-OECD [90] summarize yields over all cereal crops and thus are not directly comparable to our individual crop results. For wheat however projections are reported from the FAO-OECD [64] and we found them similar to our projections (Supporting Table S3), though it should be noted that the FAO-OECD yield projections include the effects of projected future changes in harvested areas and also unknown expert-driven adjustments and methodologies [90]; the difference with our projections was minor, a maximum difference of 3% for a few years (Supporting Table S3). 

We were able to acquire longer time scale crop forecasts such as presented in this article, only from the United States, which freely disseminates its crop yield projection. The USDA-ERS [91] 10-year projections for several agricultural sector commodities (including those studied here) are based on two years of history and “reflect a composite of model results and judgment-based analysis” [91]. The difference between from our projections are no more than -3.3% to +4.5% for the four crops and all future years. Supporting Table S3 lists the USDA-ERS ten-year crop yield projections and the difference with our projection for the U. S. 
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