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Abstract 22 

 Expansion of crops beyond their centres of domestication is a defining feature of 23 

the current Anthropocene Epoch. These patterns have been quantified at large spatial 24 

scales, but the drivers and consequences of change in crop diversity and biogeography at 25 

national-scales remains less explored. We use production data on 339 crops, grown in 26 

over 150 countries from 1961-2017, to quantify changes in country-level crop richness 27 

and evenness. Virtually all countries globally have experienced significant increases in 28 

crop richness since 1961, with the early 1980s marking a clear onset of a ~9 year period 29 

of increase in crop richness worldwide. While these changes have increased the similarity 30 

of diversity of croplands among countries, only half of countries experienced increases in 31 
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crop evenness through time. Ubiquitous increases in crop richness within nearly all 32 

countries between 1980-2000 are a unique biogeographical feature of the Anthropocene. 33 

At the same time, opposite changes in crop evenness, and only modest signatures of 34 

increased homogenization of croplands among countries, underscores that the 35 

understanding or predicting of consequences of crop diversity change requires context-36 

dependent and, at least, national-scale assessments. 37 

 38 

Introduction 39 

 The Anthropocene Epoch defines the current epoch of geologic time, where 40 

human activity is the dominant force shaping Earth’s abiotic and biotic environmental 41 

processes, systems, and cycles 1-3. This novel geological epoch is defined in part by 42 

human-caused changes to Earth’s biogeography e.g. 4, including the introduction of non-43 

native or domesticated species e.g. 5, and climate- and land-use change-induced shifts in 44 

species distributions e.g. 6. However, arguably the most pronounced human-mediated 45 

changes in species biogeography defining the Anthropocene, albeit still largely 46 

understudied 7, is the deliberate spread of crops outside of their centres of domestication 47 

into other parts of the world 8-10. Large-scale anthropogenic influences on crop 48 

biogeography first emerged during the Columbian Exchange, which is a period in the 49 

early sixteenth century defined by massive exchanges of crop plants and animals between 50 

West Africa, Europe, and the Americas, during the time of New World colonization by 51 

Europeans 10. During this time there was major movement of crops such as corn and 52 

beans from the Americas to Europe, while other crops such as wheat and barley were 53 

transported the opposite direction 9,10. 54 

 While research defining the scientific basis of the Anthropocene have focused on 55 

the Columbian Exchange 2, analyses of contemporary global food production trends have 56 

demonstrated that there have been more recent (i.e., post-1950) and widespread 57 

movement of new crops—i.e., those previously not present in large, industrial agricultural 58 

lands—into nearly all regions of the world 8. Specifically over the past ~50 years since 59 

the early 1960s, the range of crops cultivated in agricultural lands across virtually all 60 

continents and regions, has changed in remarkably similar patterns: 1) in the 1960s 61 

continents experienced a period of little change in the number of new crops being 62 
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cultivated in large (i.e., industrial) agricultural lands; this was followed by 2) a period of 63 

rapid increase in the number of crop groups being cultivated, beginning in the late 1970s 64 

and continuing through to the 1980s; and finally, 3) there exists a period of little change 65 

or levelling off in the number of crops being cultivated beginning in the 1990s and 66 

persisting through to present day 8. These changes have drastically shaped not only the 67 

diversity of agricultural lands worldwide, but have greatly influenced global food 68 

supplies and security, diets, and agricultural economics 11-17. 69 

 Coinciding with these human-mediated increases in the number of crops being 70 

cultivated in agricultural lands, this time period (particularly the 1980s) is also marked by 71 

an overall increase in the similarity of crop composition globally 8. As an example of this 72 

homogenization of croplands at supra-national scales, wheat, maize, soy, and rice, now 73 

dominate over 50% of the world’s agricultural lands 18. These changes have contributed 74 

to major shifts in the world’s agricultural landscapes and economies, including the 75 

homogenization of global food supplies and diets 14, greater interdependency in 76 

agricultural trade between countries to maintain food security and potentially increases 77 

susceptibility of agricultural lands to pests, diseases, and climate stressors 19. 78 

 Researchers have argued that the magnitude of these contemporary changes in 79 

crop biogeography, indicates that the 1980s are also a notable marker of the onset of the 80 

Anthropocene 8. However, this aspect of a crop biogeography-based line of evidence 81 

supporting the Anthropocene hypothesis remains limited to research on changes in crop 82 

diversity at very large supranational regional, continental, or global spatial scales 8, or a 83 

small number of national-scale analyses (e.g., in the United States 20). This is despite 84 

reason to expect that the timing and rates of change in crop diversity is likely to differ 85 

widely among countries. For example previous work has shown that regional-scale 86 

agricultural policy initiatives including the Caribbean Basin Initiative and the North 87 

American Free Trade Agreement, were a primary catalyst for changes in crop diversity in 88 

the Caribbean and North American, respectively 8,21. Yet such regional initiatives are not 89 

necessarily common in many agricultural economies. For instance, throughout regions of 90 

Africa, country-specific structural readjustment policies and colonial histories, but not 91 

necessarily region-scale policy initiatives, have played a key role in determining crop 92 

composition on agricultural lands 22. Similarly, in certain countries philanthropic Western 93 
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organizations have played a significant role in transferring crop technologies including 94 

disease resistant crops and pressuring shifts to cash crops, which have had unintended 95 

consequences for national agrobiodiversity 22,23. This and a multitude of similar examples 96 

(e.g., 24-27) indicate that country-scale analyses are needed for a nuanced understanding of 97 

how crop diversity and composition has changed through the Anthropocene. 98 

 Supranational assessments also preclude nuanced analyses of the correlates or 99 

consequences of crop diversity change. Specifically, much of the structural adjustment 100 

policies that emphasized enhanced balance of trade and exports were imposed on the 101 

agricultural economies of developing nations throughout the 1980s e.g. 25,26. Since these 102 

policies tended to focus on cultivation of new crops for international export markets (e.g., 103 

the introduction of cocoa in India and oil palm in Peru in the early and mid-1970s), one 104 

might expect that changes in agricultural diversity profiles (i.e., the timing, duration, and 105 

rate of change in crops being cultivated) vary systematically with socio-economic 106 

development indices. More specifically, one may hypothesize that a certain socio-107 

economic group (e.g., developing nations with lower Human Development Index (HDI) 108 

values) to have broadly shown similar timing and rates of change in crop diversity, 109 

compared to countries with higher HDI. 110 

 Finally, one might expect that the number of crops cultivated within a given 111 

country also varies systemically with latitude, across a latitudinal gradient in crop 112 

diversity 15. This pattern is likely to emerge as a function of multiple factors including 1) 113 

seasonality and limited growing conditions towards the poles 28, and 2) the centres of 114 

crop domestication being disproportionately situated in tropical and sub-tropical regions 115 

29,30. Moreover, if a latitudinal gradient in the number of crops cultivated in agricultural 116 

lands does exist, these patterns may have been drastically altered by the incorporation of 117 

new crops into agricultural lands that began in the 1980s 8. 118 

 National-scale analyses of crop cultivation are needed to test these questions 119 

surrounding crop diversity change, and its role in defining the Anthropocene. To address 120 

this, we used crop production data collected by the Food and Agricultural Organization 121 

(FAO) 18 to execute national-scale analyses of changes in crop diversity. This analysis 122 

evaluated production data for 339 crop species groups, grown in 201 United Nations-123 

recognized countries, over the past 56 years (from 1961-2017), resulting in a dataset of 124 
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over ~2.36 million data points. Our analysis was designed to address the following: 1) 125 

How do patterns of change in the diversity of crops grown on agricultural lands, vary 126 

across countries in recent decades? 2) Have changes in country-scale crop diversity 127 

resulted in a detectable signal of “homogenization” across the world’s agricultural lands? 128 

3) Are patterns of change in crop diversity across countries, systematically related to 129 

country-scale socio-economic indicators? 4) Does the number of crops cultivated across 130 

countries follow a latitudinal diversity gradient? And if so, 5) has the introduction of new 131 

crops into different countries altered this gradient? 132 

 133 

Results 134 

Changes in crop richness within countries through time 135 

 Across all countries we detected significant changes, largely increases, in crop 136 

commodity group richness over time (r2 = 0.356-0.998 across 165 countries, p < 0.01 in 137 

all cases; Figure 2, Table S1). Across 165 countries for which piecewise models 138 

converged, the average initial onset of crop group richness changes (Indicator 1) occurred 139 

in 1983 (± 9.2 years s.d.; Figure 2A and B). The onset of changes in crop group richness 140 

occurred at the earliest in 1962 (in India), with the most recent onset of crop group 141 

richness change beginning in 2007 (in Serbia; Figure 2A and B). Richness began to 142 

change at or after 1980 in 113 countries, of which 71% (or 80 countries) show changes in 143 

crop richness beginning from 1980 and 1989 (Figures 2A; Table S1). 144 

 The period of crop richness change (Indicator 2) lasted approximately 9 years on 145 

average (± 8.9 years m.a.d.; Figure 2C and D). Nineteen countries had a period of 146 

richness change lasting only one year, while nine countries experienced a more prolonged 147 

period of crop richness change lasting ≥ 30 years (Figure 2C and D). National changes in 148 

richness began to saturate (i.e., ψ2 in Equation 2, or breakpoint 2 in Figure 1) on average 149 

in 1995 (± 8.3 years s.d.), with richness increases levelling off in 117 countries prior to 150 

the turn of the century at or before 1999 (Figure 2C and D). 151 

 Over the period of change (i.e., between ψ1 and ψ2, Figure 1), crop richness 152 

increased in 151 of 165 countries evaluated. Across all countries, richness increased 153 

(Indicator 3) on average by 0.8 species per year (± 0.9 m.a.d.; Figure 2E and F). Only 13 154 

countries reported decreases in richness per year, with these countries showing declines 155 
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of 0.4 ± 0.6 crop groups per year on average (Figure 2E and F, Table S1). In all of our 156 

datasets, Indicators 1-3 associated with changes in S were unrelated to the total area of a 157 

country (linear regression r2 = 0.0-0.004, p ≥ 0.888), or the area of a country under crop 158 

cultivation (linear regression r2 = 0.0-0.01, p ≥ 0.208). 159 

 Across the 164 countries for which data was available in both 1961 and 2017, 160 

crop richness varied significantly as a function of latitude in similar patterns in both years 161 

(Table 1, Figure 3). Latitude and a 2nd order polynomial term explained 10.5% and 12.9% 162 

of the variation in crop group richness in 1961 and 2017, respectively (model p ≤ 0.001 in 163 

both cases), with the richness-latitude relationship being similar in both years (Table 1). 164 

Specifically, regression models indicated that crop group richness increased from 165 

equatorial regions towards mid-latitude countries, with modeled peak crop group richness 166 

occurring at ~37 ° latitude in both 1961 and 2017; richness then declined at higher 167 

latitudes, denoted by statistically significant (p ≤ 0.002) negative 2nd order polynomial 168 

terms (Figure 3). While these trends were similar between years, this analysis did reflect 169 

the increased crop group richness that occurred between 1961 and 2017, in 152 of 164 of 170 

the countries included in this analysis. 171 

 172 

Changes in crop evenness and composition across countries through time 173 

 Piecewise models evaluating changes in crop group evenness (J') through time 174 

converged for 185 countries; in these countries year explained on average 80.9% of the 175 

variation in J' (model p < 0.01 in all cases r2 range = 0.198-0.992; Table S2). In these 176 

countries changes in J' began on average in 1981 (± 11.9 years m.a.d.), although 177 

compared to changes in group richness, periods of change in evenness were more 178 

prolonged lasting on average for 15 years (± 13.3 years m.a.d.) (Figure 4A-D). Unlike 179 

analyses of crop richness, changes in evenness were less systematic, such that through the 180 

period of change evenness declined in 97 countries, increased in 88 countries, and 181 

average changes in J' centred on zero (mean = -0.004 year-1 ± 0.04 s.d.; Figure 4E-F). 182 

However, similar to patterns of change in richness, Indicators 1-3 associated with 183 

changes in evenness were also independent of total area of a country (linear regression r2 184 

= 0.001-0.004, p ≥ 0.404), or the area of a country under crop cultivation (linear 185 

regression r2 = 0.0-0.013, p ≥ 0.12). 186 
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 Multivariate analysis detected a significant influence of country, year, and a year-187 

by-country interaction term on crop composition (Adonis p < 0.01 in all cases; Table 2). 188 

Of these variables, country differences were most pronounced with country identity 189 

explaining 89.5% of the variability in crop composition. Year explained ~1% of the 190 

variability in crop composition, while a country-by-year interaction term explained an 191 

additional 6.3% of the variation in crop composition (Table 2). Based on the NMDS 192 

analysis, there was trend of increasing similarity in crop composition among countries 193 

over time. This is illustrated by increasingly smaller 95% confidence bands surrounding 194 

the data points along NMDS axes 1 and 2 from 1961 through to 1983 (i.e., approximately 195 

the average year in which changes in crop group richness and evenness commence); 196 

multivariate space encapsulated by the 95% confidence band is then further reduced 197 

through 2017 (Figure S1). 198 

 199 

Socioeconomics correlates of changes in crop group diversity and evenness 200 

 Patterns of change in crop richness or evenness were not systematically related to 201 

country socio-economic status, with HDI values predicting only 1.3% of Indicators 1-3 202 

for both S and J' on average (Table 3). The only exception to this is that the rate of 203 

change in S was significantly negatively related to HDI: countries with lower HDI scores 204 

expressed greater increases in S (i.e., Indicator 3 values) during their period of crop 205 

diversity change vs. countries with higher HDI (Table 3). This analysis did point to 206 

stronger explanatory power of spatial location in determining patterns of change in crop S 207 

and J': both continent and region identity explained an average of 9.5% and 2.0% of the 208 

variation in Indicators 1-3, respectively (Table 3). However, ultimately country-by-209 

country variation in crop group diversity change was largely idiosyncratic, with 87.0% of 210 

the variation in Indicators 1-3 for both S and J' being unaccounted for by socio-economic 211 

and spatial factors included in our models. 212 

 213 

Discussion 214 

 The vast majority of the world’s countries have experienced significant increases 215 

in the number of crop groups being cultivated over recent decades; changes that 216 

contribute to a detectable increase in the similarity of crops being grown among 217 
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countries, that has occurred since the 1960s. Our findings align with those from previous 218 

studies 8 that detected similar changes in crop taxonomic and phylogenetic diversity at 219 

supra-national regional, continental, and global scales: 1) a period of little change through 220 

the 1960s and 1970s, followed by 2) the onset of increases in crop commodity group 221 

richness commencing the 1980s and extending through the end of the 1990s, followed by 222 

3) a levelling off of commodity group richness beyond the 2000s. While the concordance 223 

of these two studies should not be surprising, our findings contribute a new and more 224 

nuanced understanding of the remarkably similar patterns in crop group richness that 225 

have occurred across virtually all nations in recent decades; the consistency of which 226 

supports the idea that changes in crop diversity and biogeography occurring since the 227 

Columbian Exchange, are a ubiquitous feature of the Anthropocene. 228 

 However, these near-universal patterns in crop richness increases over recent 229 

decades (observed in all but 13 countries evaluated here) have had unequal and more 230 

variable effects on the evenness of crops being cultivated. The average duration of 231 

change in evenness (15 years) was nearly twice as long vs. the average duration of 232 

changes in richness (9 years). Previous work has noted that the majority of introduced 233 

crops into national agricultural production portfolios, largely owes to cultivation of crops 234 

beyond their country or region of origin 13. So while introduction of novel crop groups 235 

has been rather succinct—corresponding to periods of rapid change in structural 236 

adjustment through the 1980s and 1990s 21,22—expansion of these crops across more 237 

cultivated lands draws out over longer periods. This discrepancy likely reflects the lag 238 

between new crop introductions, compared to longer-term process associated with 239 

agricultural economic adjustments for these crops including expansion of export markets 240 

or crop-specific subsidies 15, and to a much lesser extent, expansion of domestic 241 

consumption markets for new crops 11. 242 

 The specific model parameters for country-specific trends may be sensitive to data 243 

quality 17. However, here we observed a clear signal of both decreasing and increasing 244 

trends in crop evenness across 52% and 48% of the world’s countries, respectively. This 245 

approximately even proportion of increase and decrease in evenness detected among all 246 

countries here, would explain why analyses of global scale crop production trends 247 

reported no change in evenness between 1961 and 2013 11. Yet similar to the growing 248 
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number of analyses of production and consumption at multiple scales 8,11,14,15, our 249 

multivariate analysis does indicate that over recent decades, countries have expressed a 250 

statistically significant increase in the similarity of crops in their agricultural lands. The 251 

implications of these shifts remain speculative, and based on our analysis, are clearly 252 

scale-dependent. 253 

 Specifically, increases in the similarity in crop composition across regions and 254 

continents could indicate growing susceptibility of agriculture to pest and pathogen 255 

outbreaks, and perhaps climate change effects like regional temperature increases or 256 

precipitation declines 8. Alternatively, a wider geographic spread of crop groups could 257 

well represent a means of buffering production from localized disruptions including local 258 

climatic change or weather events, pest or pathogens, or civil unrest 11. While both are 259 

plausible, generalizing either hypothesis to predict the impacts of homogenization across 260 

all agricultural lands globally is inconsistent with our country-specific analyses here. 261 

Since 1961, the evenness of crops in agricultural lands is both increasing and decreasing 262 

in approximately the same proportion of countries and agricultural area globally. 263 

Therefore, while previous studies including our own have speculated on how changes in 264 

crop diversity will influence global agricultural production and sustainability 8,11, our 265 

results suggest the largest spatial scale at which potential impacts of stressors on crop 266 

production—though not food consumption or food security per se—can be robustly 267 

predicted is on a per-country basis. 268 

 Knowledge of the high context-dependency of agricultural adaptation, 269 

management, and crop selection likely indicates even smaller spatial scales (i.e., 270 

communities, households) are needed in order to fully predict susceptibility of production 271 

in the future. Indeed, an important caveat for our analysis is that even national scales 272 

likely do not comprehensively indicate how agricultural functional diversity has changed 273 

in the past 60 years. Our work here focuses on large-scale industrial agriculture, with the 274 

contributions of small-scale agriculture to overall crop diversity, particularly in terms of 275 

locally adapted varieties or landraces, likely underestimated 31. Spatially explicit records 276 

of crop genetic diversity including locally adapted or cultivated crop phenotypes and their 277 

wild relatives are becoming more widely available, yet such a comprehensive assessment 278 

of crop genetic diversity remains prohibitive; indeed, while instructive, even analyses of 279 
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phylogenetic crop diversity 8,32,33 are limited to the crop species or sub-species levels. 280 

Clearly more work is needed to better integrate the methodological frameworks and 281 

concepts used here and in related studies 11,14, with finer-scale datasets on crop genetic 282 

diversity. 283 

 284 

Determination of potential driving factors behind diversification trends 285 

 The factors underpinning national-scale increases in crop richness or evenness 286 

include a nuanced mix of environmental, socio-economic, and cultural factors. Here we 287 

hypothesized that patterns of change in crop group richness would correlate with 288 

development status (quantified as the Human Development Index). However, HDI was 289 

clearly a poor predictor of the rate, duration, and timing of changes in crop group richness 290 

and evenness patterns. While national-scale agriculture portfolios did not systematically 291 

change as a function of development status, spatial location (i.e., region and continent) 292 

did explain ~10-12% of the variation in patterns of change. From a strictly socio-293 

economics perspective, this finding could point to regional-scale agricultural policy in 294 

driving similar changes in crop group richness, on a region-by-region basis 25,26. 295 

Alternatively, it could also reflect regional-scale similarities in non-governmental 296 

organization (NGO) interventions in the agricultural sector 27. Indeed, previous studies 297 

have indicated that governmental and NGO intervention has led to a ~17% increase in 298 

global crop diversity on average 27. Additionally, and perhaps surprisingly, this same 299 

study 27 found that while climate is an important driver of on-farm crop diversity change, 300 

its influence is secondary compared to market conditions. 301 

 302 

Agriculture and the reshuffling of species through the Anthropocene 303 

 We detected a statistically significant and hump-shaped latitudinal gradient in 304 

crop group richness, with low- to mid-latitude regions (centred on ~37 o latitude), 305 

expressing the largest number of cultivated crop groups in large-scale agricultural lands. 306 

Consistent with previous studies, this non-linear latitudinal trend most likely emerges due 307 

to: 1) countries at these latitudes having a range of climatic conditions (i.e., Köppen 308 

climate zones) that supports cultivation of a large diversity of crop functional types and 309 

year-round production; and 2) countries at these latitudes encapsulating many of the 310 
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world’s centres of crop domestication, and having received among the largest imports of 311 

crops during the Columbian Exchange 13,30,33. 312 

 It is expected that the band of latitude supporting the highest number of crop 313 

groups could shift as a result of global environmental change drivers. Indeed, researchers 314 

have now long projected that crop diversity and richness within countries will change as 315 

climate change intensifies, with clusters of high crop diversity moving poleward through 316 

time 34,35. However, similar to categorical comparisons of crop richness produced in 317 

tropical vs. temperature countries 15, our analysis did not detect evidence of a disruption 318 

in the latitudinal trends of crop species richness in between 1961 and 2017. Instead, we 319 

find only a systematic increase in richness across all latitudes, indicating that the 320 

cultivation of new crop commodity groups in large-scale agricultural lands has not 321 

fundamentally altered the latitudes at which crop group richness is highest. Moreover, our 322 

analysis here 1) likely misses the role that high crop diversity of small holder (i.e. < 2-ha 323 

in size) farms36—which are disproportionately concentrated at lower latitudes37—play in 324 

driving latitudinal crop diversity gradients; and 2) does not address functional- or 325 

phylogenetic crop diversity, which may show different latitudinal patterns. Including 326 

these factors in additional analyses is a key step for further resolving our understanding 327 

of how crop biogeography is changing during the Anthropocene. 328 

 329 

Methods 330 

Data acquisition 331 

 Our analysis was based on open access crop production data from the United 332 

Nation’s Food and Agricultural Organization (FAO) spanning from 1961 to 2017 18. We 333 

extracted data on area harvested (in ha) for 339 FAO-defined crop groups being grown in 334 

all UN-recognized countries. Since of main goal of our research was to understand, 335 

quantify, and map diversity in current agricultural lands, countries that cease to exist 336 

(e.g., Yugoslavia) were not included in our analysis, resulting in data for 201 countries 337 

(Table S1). Prior to analyses, we adjusted certain crop group listings following our 338 

previous analyses of global changes in crop diversity 8. Specifically, “Cottonlint” and 339 

“Cottonseed” were duplicated in our dataset and were therefore compiled as 340 

“Seedcotton”, while “Palmkernels” were renamed as “Oilpalmfruit.” Additionally, 341 
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“Fruitpomenes”, “Fruitstonenes”, and “Grainmixed” were removed from analysis since 342 

these crop groupings are not associated with any specific crop species in the FAO 343 

database 18. Finally, “Mushroomsandtruffles” were removed since it relates to non-plant 344 

species, and “Coir” was removed because it is a plant by-product.  345 

 346 

Changes in crop richness over time 347 

 All statistical analyses were performed using R version 3.3.3 statistical software 348 

(R Foundation for Statistical Computing, Vienna, Austria). The initial step in our analysis 349 

was to calculate both crop richness and evenness for each country, at each individual 350 

year, using the vegan R package 38. Based on these datasets, we then used the analytical 351 

framework developed by 8 to evaluate how crop species richness and evenness have 352 

changed in each individual country across its entire data range. 353 

 Specifically, in their analysis Martin et al. 8 found that piecewise linear regression 354 

models provided the strongest descriptions of crop species richness change over time, 355 

across 21 of 22 FAO-defined regions globally. We therefore followed this approach by 356 

fitting a piecewise linear regression model for each country individually, that predicts 357 

changes in species richness over time. Piecewise model fitting was a two-step process, 358 

whereby for each country we first fit a linear regression model of the form: 359 𝑆 =  𝑎 + (𝑏 ×  year) 360 

(Equation 1) 361 

where a is the intercept and b represents the rate of change in crop group richness (S) 362 

through time. This linear model (Equation 1) was then used as the basis of a piecewise 363 

linear regression model, which was fitted in order to estimate breakpoints in the 364 

relationship between S and year. Specifically, piecewise models were fit using the 365 

segmented function in the segmented R package 39, and were of the form: 366 𝑆 = 𝑎 + 𝑏(year) + (𝑐(year − ψ1)  ×  𝐼(year > ψ1)) + (𝑑(year − ψ2)  ×  𝐼(year > ψ2))  367 

(Equation 2) 368 

where a is as in Equation 1, and b represents the slope of the S-year relationship prior to 369 

the first breakpoint (ψ1). Here, c represents the difference in the slope of the S-year 370 

relationship between the first and second piecewise model segments; the c parameter 371 

therefore applies only when the first conditional indicator function (denoted by “I”) is 372 
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true. Similarly, d represents the difference in slopes for the S-year relationship between 373 

the first, second, and third segments, which only applies when the second conditional 374 

indicator function is true. In sum, the slope of the relationship between S and year is 375 

equal to b prior to the ψ1, is equal to b + c between ψ1and ψ2, and is equal to b + c + d 376 

after ψ2. Piecewise models were fit with initial starting parameters of 1975 and 2000 for 377 

ψ1 and ψ2, respectively. The ψ1 and ψ2 parameters were tuned manually for 29 countries 378 

with a shortened data range, following visual inspection of data (see Tables S1 and S2). 379 

 Based on this piecewise regression model procedure, we then used parameters 380 

from Equation 2 to determine three key indicator points of crop diversity change through 381 

time for each country (displayed visually in Figure 1). Indicator 1 reflects the onset of 382 

diversification in each country, and was calculated as Breakpoint 1 (ψ1) in Equation 2; 383 

this indicator therefore corresponds to the year in which notable changes in species 384 

richness began. Indicator 2 reflects the duration of the crop diversification period in each 385 

country, and was calculated as the difference between breakpoints 2 and 1 (i.e., ψ2-ψ1 386 

from Equation 2); this indicator therefore represents the duration of the period when crop 387 

prominent changes in crop diversity occurred. Finally, Indicator 3 reflects the rate at 388 

which crop diversity changed throughout the diversification period in each country; this 389 

indicator was calculated as the rate of crop diversity change (between ψ1 and ψ2), which 390 

in our models corresponded to the sum of the slopes i) prior to the first breakpoint, and ii) 391 

between the first and second breakpoints (i.e., corresponding to b + c in Equation 2). For 392 

each indicator we then calculated summary statistics as either mean ± standard deviations 393 

or median ± median absolute deviations (m.a.d.), where data was normally or log-394 

normally distributed, respectively. Country values for each indicator were mapped using 395 

the mapCountryData function in the rworldmap R package 40. 396 

 397 

Changes in crop evenness over time 398 

 Evaluations of temporal changes in crop evenness at national scales followed this 399 

same analytical approach as above. First, for each country-by-year combination we 400 

calculated Pielou's evenness index (J')—which ranges from 0 to 1, with values closer to 0 401 

indicating less evenness or greater abundance of a few dominant crop groups, and values 402 

closer to 1 representing more equitable abundances of crop groups—as: 403 
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𝐽′ = 𝐻′ln (𝑆)  404 

(Equation 3) 405 

where S is again crop richness, and H' is the Shannon-Weiner diversity index calculated 406 

as: 407 

𝐻′ = − ∑ 𝑝𝑖𝑆
𝑖=1 𝑙𝑛 𝑝𝑖    408 

(Equation 4) 409 

where pi represents the relative proportion of the ith crop group for a given country-by-410 

year combination. In these evenness calculations, all values of pi were estimated as the 411 

relative proportion of agricultural area (measured in ha) occupied by a given crop 412 

commodity group, within a country at a given year; this analytical approach was 413 

employed by Martin et al. 8 when assessing crop group composition at supra-national 414 

scales. We then evaluated how J' values changed in each country through time by 415 

replicating our stepwise modelling analyses above, substituting J' for S in Equations 1 416 

and 2, and extracting the same model indicators (Figure 1). Finally, we calculated 417 

summary statistics and mapped each of these indicators, as described above. 418 

 419 

Changes in crop composition across countries and over time 420 

 We used multivariate analyses to evaluate how temporal changes in S and J' 421 

influenced crop composition across countries and over time. To do so, we created a 422 

community composition matrix whereby national-level crop assemblages were estimated 423 

for each of the country-by-year combinations. In this matrix, area harvested was taken as 424 

an approximation of the abundance of each crop group within each country-by-year 425 

combination (again following Martin et al. 8). Since these abundances (or area harvested) 426 

across country-by-year combinations varied over orders of magnitude, we used non-427 

metric multidimensional scaling (NMDS) to analyze and visualize spatial (country) and 428 

temporal (year) differences in crop diversity. Specifically, we used the vegan R package 429 

38 to calculate all 58,899,231 Bray-Curtis dissimilarities among all 10,854 data points 430 

(i.e., crop group composition in every country-by-year data point), as: 431 
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𝐵𝐶𝑗𝑘 =  ∑ 𝑖 |𝑥𝑖𝑗 − 𝑥𝑖𝑘|∑ 𝑖 (𝑥𝑖𝑗 + 𝑥𝑖𝑘) 432 

(Equation 5) 433 

where BCjk represents the dissimilarity between the jth and kth community, xij represents 434 

the abundance (i.e., area harvested) of crop group i in sample j, and xik represents the 435 

abundance of crop group i in sample k. We then used a multivariate analysis of variance 436 

(i.e., an Adonis test), to test for significant differences in Bray-Curtis distances as a 437 

function of country, year, and a country-by-year interaction. Significance was assessed 438 

using a permutation test, with 99 permutations used. 439 

 440 

Latitudinal gradients in crop richness 441 

 To test our hypotheses surrounding the presence of, and temporal changes in, 442 

latitudinal gradients in crop group diversity, we focused on 164 countries for which crop 443 

group diversity was available in both 1961 and 2017. For each of these two datasets, we 444 

fit a separate linear regression model that included total crop land area, latitude, and a 445 

including a 2nd-order polynomial term that predicts crop group richness as a function of 446 

latitude (expressed as an absolute value) and a quadratic term for the ‘latitude’ variable. 447 

From both of these models, we extracted and compared latitude value at which crop 448 

group richness was estimated/ modelled to peak. 449 

 450 

Predictors of change in crop diversity and composition 451 

 We tested if Human Development Index (HDI) was correlated with patterns of 452 

change in crop diversity and composition. Briefly, the HDI is a composite index of four 453 

metrics related to socio-economic status, including life expectancy at birth, expected 454 

years of schooling for children at a school-centring age, mean years of schooling for 455 

adults ≥ 25 years of age, and log-transformed gross national income per capita. These 456 

values are then aggregated on a per country basis, into an HDI index that ranges from 0-1 457 

with higher scores denoting higher performance in these indicators. We employed 2017 458 

HDI values in our analysis here, in order to include the most countries possible in each 459 

analysis (since earlier HDI scores are less readily available)41. 460 
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 We then used linear mixed effects models to test if patterns of change in crop 461 

diversity and evenness varied systematically with HDI values. This entailed fitting six 462 

linear mixed models, where each of our six indicators (i.e., Indicators 1-3 for both S and 463 

J') were predicted as a function of HDI; these models also accounted for potential spatial 464 

autocorrelation in Indicator values by including the FAO-defined continent identity and 465 

FAO-defined region identity of each country, as a nested random variable. Models were 466 

fit using the lme function in the nlme R package 41. We then estimated the proportion of 467 

variation in each indicator that is explained by HDI, continent identity, and region 468 

identity, using the varcomp function in the ape R package 42—which partitioned 469 

explained variation across continents and regions—as well as the sem.model.fits function 470 

in the piecewiseSEM R package 43—which partitioned explained variation across the 471 

fixed (i.e., model intercept and HDI) vs. random (i.e., continent and region) effects. Due 472 

to differences in HDI data availability and in the number of piecewise models that 473 

converged, n=152 countries for all models of S indicators and n=139 countries for all 474 

models of J' indicators. Log-transformed values of Indicators were used in these analyses 475 

where they better approximated a log-normal distribution, as determined using the 476 

fitdistrplus function in the fitdistrplus R package 44. 477 

 478 
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Tables and Figure Legends 597 

 598 

Table 1. Parameters and diagnostics for linear regression models (including a 2nd-order 599 

polynomial term) predicting crop group richness as a function of latitude in 1961 and 600 

2017. Only the 164 countries with data from both years were included in these analyses. 601 

Statistically significant model parameters (where p < 0.05) are highlighted in bold, with 602 

parameter estimate standard errors shown in parentheses. Also shown are the latitudes at 603 

which crop group richness peaked, according to these models, which are shown visually 604 

in Figure 3. 605 

 606 

Year Intercept Latitude Latitude2 

Model r2 

(p value) 

Latitude with 

modelled peak 

richness 

1961 16.1 (3.9) 1.3 (0.3) -0.02 (0.006) 

0.105 

(0.0001) 37.04 ° 

2017 23.6 (4.5) 1.7 (0.4) -0.02 (0.006) 

0.129 

(< 0.0001) 36.39 ° 

 607 

Table 2. Results from an Adonis test evaluating changes in crop commodity group 608 

composition at national scales from 1961 to 2017. The distance matrix employed in this 609 

analysis was based on non-metric multidimensional scaling, whereby cultivation area was 610 

used as an estimate for crop group abundance. Results are presented visually in Figure 611 

S1. 612 

 613 

Parameter D.F. 

Sum of 

Squares 

Mean 

Squares Model F r2 p value 

Year 1 7.2 7.3 410.8 0.002 0.01 

Country 175 3862.8 22.1 1250.8 0.895 0.01 

Year*country 175 273.2 1.6 88.5 0.063 0.01 

Residuals 9680 170.8 0.02 - 0.04 - 

Total 10031 4314.2 - - 1 - 
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Table 3. Results and variance components predicting Indicators of crop group diversity 614 

(S) and evenness (J') change, as a function of Human Development Index (HDI), 615 

continent identity, and region identity. In these models an intercept and slope related to 616 

HDI were included as fixed effects, while region within continent were included as 617 

nested random effects. Statistically significant (p < 0.05) fixed effect model parameters 618 

are highlighted in bold, and data transformations (based on distribution fitting) precede 619 

the Indicator numbers (as per Figures 2 and 4). 620 

 621 

Variables Fixed factors Variance components (proportion explained) 

Metric Indicator Intercept HDI Fixed effects Continent Region Unexplained 

Crop 

group 

richness 

(S) 

 

 

1 

1982.8 

(5.0) 

2.0 

(6.5) 0.001 0.101 0.074 0.825 

log-2 

1.8 

(0.5) 

0.4 

(0.6) 0.003 0.015 0.000 0.982 

log-3+10 

2.8 

(0.1) 

-0.5 

(0.2) 0.068 0.074 0.000 0.925 

Crop 

group 

evenness 

(J') 

 

 

log-1 

7.6 

(0.003) 

-0.004 

(0.004) 0.009 0.234 0.04 0.716 

log-2 

2.4 

(0.5) 

0.2 

(0.6) 0.001 0.138 0.007 0.855 

3 

0.001 

(0.01) 

-0.003 

(0.01) 0.001 0.014 0.000 0.986 

 622 

  623 
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Figure 1. Schematic representation of three indicators of change in crop commodity 624 

group diversity, derived from piecewise models predicting crop commodity group 625 

richness as a function of year. Detailed explanations of Indicator 1-3 are presented in the 626 

Methods section. Data shown here as the example is from Canada, with black dots 627 

representing the number of commodities reported by the Food and Agricultural 628 

Organization, for a given year. Black trendline represents the piecewise model fit, gray 629 

bands represent the 95% confidence limits surrounding the model, and red lines represent 630 

model parameters and indicators derived from the model. Note: the figure presented here 631 

demonstrates changes in crop commodity group richness (S), though this framework was 632 

also employed for assessing change in crop group evenness (J'). 633 

 634 

Figure 2. Maps and histograms of three indicators of crop commodity group richness (S) 635 

change across 165 countries. Values for all three indicators for each country were derived 636 

from piecewise linear models predicting S as a function of year (see Figure 1 for 637 

example). Countries coloured gray in the maps were those where either data was not 638 

available or the piecewise models failed to converge (denoted in Table S1). Histograms 639 

and associated descriptive statistics for each indicator are also presented, with means (± 640 

s.d.) or medians (± m.a.d.) denoted visually by the points and error bars below the 641 

histograms. All piecewise model parameters for each country are presented in Table S1. 642 

 643 

Figure 3. Latitudinal patterns in crop group richness across 164 countries in 1961 and 644 

2017. Only countries with data from both years are included in this analysis, and 645 

complete diagnostics for both models are presented in Table 1. 646 

 647 

Figure 4. Maps and histograms of three indicators of crop commodity group evenness 648 

(Pielou’s evenness index (J') across 185 countries. Values for all three indicators for each 649 

country were derived from piecewise linear models predicting J' as a function of year, 650 

where harvested area (in ha) was used to approximate group abundance. Countries 651 

coloured gray in the maps were those where either data was not available or the piecewise 652 

models failed to converge (see Table S2). Histograms and associated descriptive statistics 653 

for each indicator are also presented, with means (± s.d.) or medians (± m.a.d.) denoted 654 
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visually by the points and error bars below the histograms. All piecewise model 655 

parameters for each country are presented in Table S2. 656 



Figures

Figure 1

Schematic representation of three indicators of change in crop commodity group diversity, derived from
piecewise models predicting crop commodity group richness as a function of year. Detailed explanations
of Indicator 1-3 are presented in the Methods section. Data shown here as the example is from Canada,
with black dots representing the number of commodities reported by the Food and Agricultural
Organization, for a given year. Black trendline represents the piecewise model �t, gray bands represent the
95% con�dence limits surrounding the model, and red lines represent model parameters and indicators



derived from the model. Note: the �gure presented here demonstrates changes in crop commodity group
richness (S), though this framework was also employed for assessing change in crop group evenness
(J').

Figure 2

Maps and histograms of three indicators of crop commodity group richness (S) change across 165
countries. Values for all three indicators for each country were derived from piecewise linear models



predicting S as a function of year (see Figure 1 for example). Countries coloured gray in the maps were
those where either data was not available or the piecewise models failed to converge (denoted in Table
S1). Histograms and associated descriptive statistics for each indicator are also presented, with means
(± s.d.) or medians (± m.a.d.) denoted visually by the points and error bars below the histograms. All
piecewise model parameters for each country are presented in Table S1. Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.

Figure 3



Latitudinal patterns in crop group richness across 164 countries in 1961 and 2017. Only countries with
data from both years are included in this analysis, and complete diagnostics for both models are
presented in Table 1.

Figure 4

Maps and histograms of three indicators of crop commodity group evenness (Pielou’s evenness index (J')
across 185 countries. Values for all three indicators for each country were derived from piecewise linear



models predicting J' as a function of year, where harvested area (in ha) was used to approximate group
abundance. Countries coloured gray in the maps were those where either data was not available or the
piecewise models failed to converge (see Table S2). Histograms and associated descriptive statistics for
each indicator are also presented, with means (± s.d.) or medians (± m.a.d.) denoted visually by the
points and error bars below the histograms. All piecewise model parameters for each country are
presented in Table S2. Note: The designations employed and the presentation of the material on this map
do not imply the expression of any opinion whatsoever on the part of Research Square concerning the
legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.
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