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The improvement in the performances of global agricultural 
and associated food systems includes the consideration of 
crop pests and pathogens (P&Ps)1–4. This is because P&Ps 

are widely recognized as significant obstacles to regular and reli-
able food systems5. A recent assessment5 documents how crop P&Ps 
can collectively affect all of the components of food security6, from 
overall production to physical availability, distribution, economic 
access, stability of production, quality and nutritive value.

P&Ps are not superimposed elements, but instead are integral 
parts of human-made agroecosystems. This inherent nature of P&Ps 
within agroecosystems in part explains why the accurate quanti-
fication of the impacts of P&Ps on the functioning of agroecosys-
tems is so difficult. The continuous coevolution between plants 
and their P&Ps has been extensively studied7–9. This coevolution 
entails enhanced defence and protection mechanisms to prevent 
or mitigate injuries on the plant side, and shifting infectivity and 
aggressiveness (or growth rate and reproduction) on the pathogen,  
or pest, side.

In the case of cultivated plants, the plant–P&P coevolution pro-
cess is first driven by the fact that cultivated crop stands most gen-
erally consist in cohorts of plant individuals that are at the same 
physiological and phenological stage10, where adapted P&P geno-
types may rapidly reproduce. Furthermore, the shift from small-
scale, diverse, single-cycle agriculture (generally associated with 
traditional farming) to large-scale, genetically uniform, intensive 
monoculture production (associated with some current farming 
systems) has been considered as a disruption of co-evolutionary 
processes, which favours strong, large-scale outbreaks and epidem-
ics9 in agroecosystems that have been rendered more vulnerable10,11 
to P&Ps. Uniform, indiscriminate implementation of P&P manage-
ment instruments, such as host plant resistance genes or chemical 
pesticides, is also a source for instability and outbreaks. A classic 

example is that of the brown plant hopper of rice Nilaparvata lugens 
and outbreaks generated by large-scale pesticide use, leading to the 
destruction of pest natural enemies in Southeast Asia12.

This evolution of agrosystems has accelerated over the past 
70 years13–18, favouring selective sweeps19 (that is, rapid adaptation of 
populations of P&Ps9,20) whereby new P&P strains out-compete and 
displace existing strains. Recent or current examples of such selec-
tive sweeps19 include Phytophthora infestans (potato late blight), 
Puccinia striiformis (yellow rust on wheat and barley) and Fusarium 
graminearum (head blight on wheat and barley). The ability of P&Ps 
to adapt, and the speed at which they do so, is central to explaining 
current P&P emergences20–23, which are triggered by migrations and 
amplified by globalized exchanges over continents24. These evolu-
tionary processes are embedded within the heterogeneous dynam-
ics of shifting production situations25 worldwide, leading to large 
variation and variability of crop losses to P&Ps.

Yet, generating reliable quantitative data on the importance of 
crop P&Ps is a major challenge, for a number of more proximate, 
practical reasons. A first reason is the wide diversity of organisms 
concerned, which include viruses and viroids, bacteria, fungi and 
oomycetes, nematodes, arthropods, molluscs, vertebrates and 
parasitic plants26. Additional reasons include the diversity of culti-
vated crops1, the range of agricultural settings in the biosphere15,25 
and the difficulty of impact quantification itself3,4,27–29. The regular 
emergence and re-emergence of P&Ps in the world’s agroecosys-
tems20–22,30 constitutes a further difficulty in assessing the state of 
crop health and the burden that P&Ps represent.

Publications by Cramer31 in 1967, and more recently by Oerke32,33 
in 1994 and 2006, provide benchmark, but outdated, figures of crop 
losses associated with diseases, animal pests and weeds on a few key 
crops worldwide. These figures are derived from pesticide field tri-
als supported by a large body of literature, and pertain to specific 
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geographic regions of the world. This approach generated estimates 
for aggregated groups of P&Ps (‘pathogens’, including fungi, chrom-
ista and bacteria, ‘viruses’, ‘animal pests’, including insects and mites, 
and ‘weeds’). However, the pesticide trial approach may have draw-
backs34 with respect to several dimensions of representativeness: 
over time (trials focused on a particular P&P for a limited period of 
time); over space (trials often conducted in experimental stations, 
rather than farm contexts); of scale (for example, very small experi-
mental plots); of specificity (for example, the contrast between 
‘treated’ and ‘non-treated’ yield performance without quantitative 
causation by specific P&Ps); and of injury (for example, artifi-
cially amplified dynamics of injuries). The global burden of P&Ps 
on major food crops, its variation over time and among agroeco-
systems, and the individual contributions of specific P&Ps to this  
burden, thus remain poorly quantified.

The present work concerns five major crops worldwide—wheat, 
rice, maize, potato and soybean—which contribute 18.3, 18.9, 5.4, 
2.2 and 3.3% of the global human calorie intake (2013 estimates), 
respectively35. Our approach to assessing the global burden of 
P&Ps on these major food crops is based on a short-duration 
(three-month) survey36 targeted to a large, yet clearly identified, 
global community of crop health experts mostly belonging to the 
International Society for Plant Pathology (ISPP; see Methods). We 
designed a very simple survey questionnaire (see Methods) so that 
respondents provided answers that would: (1) be rapid; (2) elicit 
accurate, categorized responses on crop losses, both in terms of 
loss magnitude and loss frequency over successive growing seasons; 
(3) correspond to a specific P&P ×​ crop combination using a pre-
set list of P&Ps for each crop, but also providing all of the flexibil-
ity required to name other P&Ps of the respondent’s choice; (4) be 
georeferenced; and (5) enable recognition of individual contribu-
tions, as confirmed by each respondent. The assembled data were 
analysed in two directions. The first was to produce estimates of 
crop losses on a crop ×​ P&P ×​ location basis, to be later aggregated 
on a crop or food security hotspot basis, and then globally, using 
national and global agricultural statistics. The second was to analyse 
and interpret, within crops, or across crops and globally, the asso-
ciations between crop losses, crop yields, climates, food security 
hotspots and the emergence status of key P&Ps.

Here, we report the results from an online survey conducted 
to obtain expert assessments of crop losses for wheat, rice, maize, 
potato and soybean as five major crops across the world. The survey 
protocol documented a series of variables (Table 1): crop; P&P name 
(disease or pest name); reported loss magnitude and frequency;  
climate; food security hotspot; emergence status; and national  
average (2010–2014) crop yields and associated quartiles.

Results
Our survey generated 989 responses from 219 experts 
(Supplementary Table 1) in 67 countries over the main produc-
ing regions of the world for the five crops, with good coverage 
(Supplementary Fig. 1) of the main food security hotspots (United 
States Midwest and Canada (USM&C); South Brazil, Paraguay, 
Uruguay and Argentina (SB&A); Northwest Europe (NWE); West 
Asia and North Africa (WANA); Sub-Saharan Africa (SSA); main-
land China (China); the Indo-Gangetic Plain (IGP); and Southeast 
Asia (SEA)). These responses documented a total of 137 P&Ps on 
the 5 considered crops (Supplementary Table 2). The collective 
responses to the survey questionnaire yielded a good association 
between the number of responses per country and the production 
per country in each of the five crops (Supplementary Fig. 2), reflect-
ing the robustness of the data structure generated by the survey. The 
responses from the survey represented countries that account for a 
total of 83, 94, 79, 69 and 95% of the global production for wheat, 
rice, maize, potato and soybean, respectively (based on the average 
production of the crops over 2010–201435). The survey therefore 

represents a substantial fraction of the production of the 5 crops 
over the world (84% across all 5 crops).

Synthesis of the responses, combined with national yield statis-
tics, led to global crop loss estimates per crop of 21.5, 30.0, 22.6, 
17.2 and 21.4% caused by combined P&Ps on wheat, rice, maize, 
potato and soybean, respectively (Fig. 1). However, these overall 
estimates mask the very large differences that were found in the lev-
els of crop losses among different food security hotspots (Fig. 1 and 
Supplementary Table 3). Considering food production per person, 
our results suggest that crop losses can be comparatively lower in 
hotspots generating large production and surpluses (for example, 
USM&C and SB&A), whereas crop losses can be very high in food-
insecure hotspots (for example, SSA and the IGP) (Fig. 1).

Very large variation in crop losses caused by specific P&Ps was 
also found (Fig. 2 and Supplementary Table 3). Of the 31 P&Ps 
reported in wheat (Supplementary Table 2), 8 (leaf rust, Fusarium 
head blight (FHB)/scab, tritici blotch, stripe rust, spot blotch, tan 
spot, aphids and powdery mildew) caused losses higher than 1% 
globally. In rice, 26 P&Ps were reported, 7 of which (sheath blight, 
stem borers, blast, brown spot, bacterial blight, leaf folder and brown 
plant hopper) caused global losses higher than 1%. In maize, 38 
P&Ps were reported, 6 of which (Fusarium and Gibberella stalk rots, 
fall armyworm, northern leaf blight, Fusarium and Gibberella ear 
rots, anthracnose stalk rot and southern rust) caused global losses 
higher than 1%. In potato, 17 P&Ps were reported, 4 of which (late 
blight, brown rot, early blight and cyst nematode) caused global 
losses higher than 1%. In soybean, 25 P&Ps were reported, 7 of 
which (cyst nematode, white mould, soybean rust, Cercospora leaf 
blight, brown spot, charcoal rot and root knot nematodes) caused 
global losses higher than 1%. The relative importance of P&Ps also 
varied strongly, depending on the food security hotspot being con-
sidered (Fig. 2 and Supplementary Table 3).

These estimates were based on crop loss magnitudes and fre-
quency of loss occurrences reported by experts (Table 1). Detailed 
univariate and multivariate analyses showed the consistency of the 
collected data and identified patterns of associations (Supplementary 
Tables 4–6, Fig. 3 and Supplementary Fig. 3).

The frequencies of responses pertaining to very low, low, moder-
ate, high and very high loss magnitudes were 15.4, 37.2, 33.8, 11.5 
and 2.1%, respectively. A majority of responses (70%) indicated 
that losses are ‘chronic’ (that is, occur every growing season), fol-
lowed by ‘frequent’ (every other growing season (15%)), ‘infrequent’  
(1 season in 5 (9%)) and ‘rare’ (less frequent than 1 season in 5 
(6%)). In addition to crop loss estimates, we also analysed the mul-
tivariate associations between reported losses, their frequencies, the 
nature of crops, food security hotspots, climates, levels of crop per-
formances and a number of emerging P&Ps.

Considering the overall data for 5 crops globally, very strong 
and significant associations (Supplementary Table 4) were found 
between loss magnitude and crop (χ2 =​ 57.7; 12 d.f.; P <​ 0.001), loss 
magnitude and hotspot (χ2 =​ 165.2; 24 d.f.; P <​ 0.001) and hotspot and 
crop (χ2 =​ 596.6; 32 d.f.; P <​ 0.001). The multidimensional pattern  
of association between these variables was explored using cor-
respondence analysis (Fig. 3). Correspondence analysis37–41 is a 
multivariate method that enables assessment and interpretation of 
multiple associations among qualitative or (categorized) quantita-
tive variables, using a χ2 metric. A clear path of increasing levels of 
reported loss magnitudes, from very low to high (combining the 
two levels high and very high) is displayed. Along this path, maize 
and soybean are predominantly associated with a low loss magni-
tude, while potato is strongly associated with a high loss magnitude. 
Rice appears to be predominantly associated with a low or moderate 
loss magnitude, while wheat (positioned near the origin of the axes) 
is not linked to any particular level of loss magnitude. Projection 
of the hotspot variable onto the framework of Fig. 3 indicates that 
USM&C and SB&A are associated with (1) maize and soybean and 
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(2) a very low loss magnitude, while SEA is associated with (1) rice 
and (2) a range of loss magnitudes, dominated by low or moderate 
magnitudes. China, the IGP and, to a greater extent, NWE (posi-
tioned near the origin of the axes) are not associated with particular 
crops or specified levels of loss magnitude. Emerging P&Ps (Table 1 
and Supplementary Table 2) for which associations cannot reliably 
be tested owing to a low frequency of reports were nevertheless pro-
jected onto the framework of Fig. 3. Four broad patterns emerge: a 
first group of emerging P&Ps appears associated with extreme levels 
(low or high) of loss magnitude; a second is associated with high 
loss magnitude; a third corresponds to moderate-to-low loss mag-
nitude; and a fourth cannot be linked with any particular level of 
loss magnitude.

Analyses of contingency tables (Supplementary Table 4) and 
correspondence analyses (Supplementary Fig. 3 and Supplementary 
Tables 5 and 6) were also performed on data pertaining to each of 
the five crops, using the yield quartile as a measure of agricultural 
performance. Similar associations among variables were found in 
these crop-specific analyses: (1) a negative association between 
increasing crop performance and loss magnitude; (2) a linkage 
between the humid tropics and high loss magnitude; and (3) an 
overall linkage of high loss magnitude with SSA (in all five crops), 
and with the IGP (in rice, maize and potato). Correspondence 

analyses (Supplementary Fig. 3) summarize these similar patterns 
of associations along explicit paths of increasing loss magnitude. 
These analyses highlight the association between emerging P&Ps 
and high loss magnitude (for example, wheat blast in wheat; fall 
armyworm, maize lethal necrosis and striga in maize; brown rot in 
potato; and soybean rust in soybean).

Discussion
This study provides numerical estimates for the yield losses caused 
by 137 individual P&Ps on 5 major crops worldwide. It also indi-
cates that global crop losses caused by P&Ps range between 17 and 
23% for all five crops, except rice, for which the estimate is 30%. 
These estimates are within the same range as the global estimates 
for losses to P&Ps reported by Oerke32, using a completely differ-
ent approach for the 2001–2003 period: 21% in wheat, 27% in rice, 
21% in maize, 32% in potato and 19% in soybean. This suggests 
that the range 20–30% is fairly robust in representing losses to P&Ps 
globally, and also that no major changes in crop health occurred 
between 2001–2003 and 2017, when this global survey on crop 
losses was conducted.

Our results (Figs. 1 and 2 and Supplementary Table 3) highlight 
the large variation in crop health patterns and associated crop losses 
across global food security hotspots. It appears that crop losses are 

Table 1 | List and characteristics of the variables used in the analysis.

Variable namea Variable typeb Variable meaning (remarks) Variable classes 
(categorical)

Variable classes 
(numerical)

Crop Cardinal Crop name Wheat; rice; maize; potato; 
soybean

None

Disease or pest name Cardinal Name of a disease or pest Many names of diseases 
(causal pathogens) or pests 
(see Supplementary Table 2)

None

Loss magnitude Ordinal Crop loss magnitude, corresponding to one 
of the pre-set classes for crop loss of the 
survey questionnaire, or expressed as the 
percentage of crop losses corresponding to 
the median of each crop loss class

(1) Very low
(2) Low
(3) Moderate
(4) High
(5) Very high

0.5%
3.0%
12.5%
40.0%
80.0%

Loss frequency Ordinal Frequency of occurrence, corresponding to 
one of the pre-set classes of occurrence in 
the survey questionnaire, or expressed as 
the fraction of seasons of occurrence for 
each class of frequency

(1) Chronic
(2) Frequent
(3) Infrequent
(4) Rare

1.0
0.5
0.2
0.1

Frequency ×​ magnitude Continuous numerical Loss frequency ×​ loss magnitude

Climate Cardinal Climate codes derived from the  
Köppen–Geiger map52,53

Arid; humid continental; 
equatorial; Mediterranean; 
monsoon; oceanic; 
subtropics; humid tropics

Hot spot Cardinal Food security hotspots USM&C; SB&A; NWE; 
WANA; SSA; China; IGP; 
SEA

Emergence status Cardinal Emerging or re-emerging P&Psc

Yield Continuous numerical 
(kg ha−1)

Mean yield of each crop (2010–2014), 
corresponding to the country of the 
response35

None None

Yield quartiles Ordinal Categories of average yields for each crop 
according to quartiles

Yield Q1
Yield Q2
Yield Q3
Yield Q4

Very low
Low
Medium
High

aVariables characterizing responses, where each response pertains to one disease or pest affecting one of the five crops considered. bCardinal data correspond to qualitative variables with modalities 
that do not correspond to a rank or order, such as crop names, names of diseases and pests, climatic zones or regions of the world. Ordinal data correspond to qualitative data represented by successive 
grades (for example, successive levels of crop loss magnitude or successive quartiles in a yield distribution). Ordinal data can be represented by categorical classes or numerical classes, while continuous 
numerical data correspond to quantitative continuous variables, such as crop yield. cSome of the reported P&Ps were considered emerging on the basis of their recent expansion (geographical, or in terms 
of host range) or recent genetic evolution20–22.
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Fig. 1 | Global variations in crop losses and production. The top left chart shows global losses and production for wheat, rice, maize, potato and soybean. 
The other charts are specific to each food security hotspot. The upper portion of each chart shows the kilograms of crop production per person  
(2010–2014 averages) on a log10 scale. The lower portion shows the percentage yield losses across all reported P&Ps. Food security hotspot charts only 
show losses where there were sufficient survey responses to estimate the loss. The grey dots represent the world averages per crop. The global map shows 
the location of the eight food security hotspots (data from ref. 54). Above-average crop losses were found for: wheat (25.7%), rice (31.3%) and (maize 
30.1%) in SSA; rice (40.9%), maize (41.1%) and potato (21.0%) in the IGP; wheat (28.1%) and rice (32.2%) in China; soybean (32.4%) in SB&A; and 
wheat (24.9%) in NWE. However, lower than average crop losses were recorded for: wheat (17.9%), maize (21.3%) and potato (8.1%) in USM&C; wheat 
(10.1%) and potato (12.6%) in WANA; and wheat (16.6%) in the IGP.
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frequently lower in hotspots that generate food surpluses (NWE, 
USM&C and SB&A, except for soybean; Fig. 1) and higher in 
hotspots located in food-insecure regions (the IGP and SSA; Fig. 1).  
This finding concurs with the overall multiple correspondence 
analysis of responses (Fig. 3), where SSA and WANA are frequently 
associated with reported high loss magnitudes, and SEA, CHINA 
and the IGP are frequently associated with reported moderate loss 
magnitudes. Such associations are further documented in the crop-
specific multiple correspondence analyses (Supplementary Fig. 3), 
where, for example, SSA is associated with reported high loss mag-
nitudes in wheat, rice, maize and soybean. In contrast, USM&C is 
consistently associated with reported very low loss magnitudes for 
all four crops (wheat, maize, potato and soybean) of that hotspot. 
Yield quartiles, which may be taken as indicators of levels of agri-
cultural intensification and management, were incorporated in the 
crop-specific multiple correspondence analyses (Supplementary 
Fig. 3) of associations between losses, yield, climate, food security 
hotspots and key pests. In all five analyses, very low and/or low 
yield quartiles were associated with high reported crop losses, and 
very high and/or high yield quartiles were associated with very 
low reported crop losses, reflecting the high χ2 values of the asso-
ciated (yield quartile ×​ loss magnitude) contingency tables (57.9, 
30.3, 45.5, 35.8 and 44.6 for wheat, rice, maize, potato and soybean, 
respectively; 9 d.f. and P <​ 0.001 in all cases; Supplementary Table 4). 
These consistent associations suggest a linkage between: crop losses 
and production situations42 (that is, the biophysical and socioeco-
nomic context where a crop is grown25); reduced crop losses and 

favourable production situations (where crop health management is 
perhaps more efficient); and increased crop losses and less favour-
able production situations (where crop health management is less 
effective). The consistency of linkages (Supplementary Table 4) and 
similarity of association patterns (Fig. 3, Supplementary Tables 5 
and 6 and Supplementary Fig. 3) further support the overall robust-
ness of the dataset generated by the survey.

The variation in species of P&Ps occurring in different hotspots 
of course reflects environmental (climatic, social and economic) 
differences, but the variation in patterns of crop losses across food 
security hotpots reflects a variation in the harmfulness of P&P inju-
ries to the standing crops25, which in turn depends on the produc-
tion situations. Thus, the observed pattern of crop losses suggests 
successive levels of efficiency in crop health management across 
hotspots, and correspondingly variable scope for improvement.

Crop loss information reflects the failures in managing crop 
health, but also the successes accomplished. Crop loss informa-
tion therefore constitutes a yardstick for past advances and future 
progress43. Our results thus provide a basis for research and policy 
prioritization of crop health management, by considering the main 
groups of P&Ps derived from the survey. A first group includes 
P&Ps that chronically cause large crop losses globally, or at least 
in some of the main food security hotspots. These P&Ps are also 
reported in a large body of literature across the world for their 
impacts (Supplementary Table 2 and Supplementary References). 
These P&Ps are frequently reported towards the tops of the heat 
maps in Fig. 2 (that is, they cause the largest global crop losses). 
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globally, and are not shown when no or insufficient survey responses were received. Wheat crop losses are highest as a result of: tan spot (4.30%) and 
FHB/scab (3.20%) in USM&C; tan spot (6.79%) and wheat blast (3.52%) in SB&A; FHB/scab (8.75%) in China; spot blotch (7.29%) in the IGP; and 
stem rust (8.89%) in SSA. Rice crop losses are highest as a result of: sheath blight (8.75%) and stem borers (8.75%) in China; sheath blight (7.06%) and 
blast (5.89%) in SEA; brown spot (5.86%) and bacterial blight (8.51%) in the IGP; and yellow mottle (4.33%) in SSA. Maize crop losses are highest as a 
result of: Fusarium and Gibberella stalk rots (4.54%) and fall armyworm (4.34%) in USM&C; fall armyworm (4.34%) and Fusarium and Gibberella stalk rots 
(4.15%) in SB&A; southern rust (7.87%) and Fusarium and Gibberella stalk rots (5.84%) in the IGP; and fall armyworm (6.25%) and African corn borer 
(4.01%) in SSA. Potato crop losses are highest as a result of: late blight (3.24%) and cyst nematode (3.13%) in NWE; late blight (8.08%), apical leaf curl 
(3.65%) and brown rot (3.65%) in the IGP; late blight (4.90%) and brown rot (3.75%) in WANA; and late blight (4.18%) and brown rot (3.87%) in SSA. 
Soybean crop losses are highest as a result of: cyst nematode (9.31%) and white mould (4.11%) in USM&C; and soybean rust (6.65%) and cyst nematode 
(5.24%) in SB&A.
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They include: leaf rust and tritici blotch in wheat; sheath blight, 
stem borers and blast in rice; Fusarium and Gibberella stalk rots in 
maize; late blight in potato; and cyst nematode and white mould 
in soybean. For this group, global efforts to deliver more efficient 
and sustainable management tools, such as varieties with durable 
resistance, are needed. A second group includes P&Ps that chroni-
cally cause large crop losses in specific food security hotspots. These 
P&Ps would correspond to some of the top P&Ps ranked in Fig. 2 
in specific food security hotspots, such as: spot blotch in the IGP, 
tan spot in SB&A, and FHB in China and SB&A for wheat; bacterial 
blight and brown spot in the IGP and rice yellow mottle in SSA for 
rice; southern rust in the IGP and striga in SSA for maize; brown rot 
in the IGP, WANA and SSA for potato; and soybean rust in SB&A 
for soybean. For this group, efforts similar to those in the previous 
group are required, but at the regional scale in hotspots affected by 
the P&Ps. Improved host plant resistance again constitutes a primary 
instrument for managing P&Ps in this second group. However, we 
note that this improvement faces the challenge of simultaneously 
addressing the many abiotic limiting factors that are pervasive in 
the considered hotspots44–47. A third group includes emerging P&Ps 
that are associated with large increases in crop losses in specific food 
security hotspots. Emerging P&Ps correspond to some of the top-
ranked P&Ps in Fig. 2, or to P&Ps that stand out with high crop 
losses in specific food security hotspots (Fig. 2 and Supplementary 
Table 3). Examples are wheat blast in the IGP and stem rust of wheat 
in SSA, false smut of rice in the IGP, and fall armyworm and lethal 
necrosis virus disease in maize in SSA. For this group, urgent action 
is needed to contain P&Ps based on the available knowledge of the 
biology of the P&P, while efforts to generate long-term solutions, 
such as varietal resistance, need to be undertaken rapidly to deliver 
efficient management tools as soon as possible.

This analysis provides an overall assessment of the quantitative 
losses associated with individual P&Ps on five key food crops in the 
world. It allows ranking of the impacts of P&Ps globally, as well as 
regionally, thus incorporating large differences in agroecosystems15 

and production situations25. As in the medical sciences48, assessing 
the burden of P&Ps in the plant sciences constitutes an important 
step forwards, in providing the basis for policies and long-term 
research priorities, as well as a better qualification of the impacts of 
emerging P&Ps in the world’s agroecosystems20–22,30. The global sur-
vey of experts, which provided the basis for these estimates, appears 
to have generated robust results, which may be combined with field 
experimental and large-scale survey data3,4, as well as repetition and 
expansion of the survey to other crops.

Methods
We designed an online survey for crop health experts to obtain expert assessments 
(Supplementary Fig. 4 and Supplementary Notes 1 and 2) of crop losses for 
five major crops across the world. We cleaned and standardized the survey 
responses, associated the responses with additional variables based on their 
geographic location (Supplementary Fig. 1) and characterized each reported P&P 
(Supplementary Table 2). We used contingency tables and chi-squared tests to 
examine and interpret patterns of association (for example, to assess the association 
between loss magnitude and climate (Supplementary Table 4)). Correspondence 
analyses (Supplementary Tables 5 and 6) provided graphical summaries of these 
associations (Fig. 3 and Supplementary Fig. 3). Crop losses were estimated globally 
and for eight food security hotspots, first by individual P&P and then combined 
(Figs. 1 and 2 and Supplementary Table 3).

Questionnaire design and survey. Our data come from an online, worldwide 
survey (Supplementary Fig. 4) of crop health experts carried out between 1 
November 2016 and 31 January 2017 (Supplementary Notes 1 and 2) and hosted 
at http://globalcrophealth.org. The participants were crop health experts and the 
survey was crop driven (that is, we explicitly requested inputs on diseases or pest 
injuries affecting one of the five considered crops, which we refer to as P&Ps). For 
each of the five crops (wheat, rice, maize, potato and soybean), experts were asked 
to record the following information: (1) approximate location where the P&P 
occurred (recorded by placing a marker on an interactive Google Map interface; 
the location was recorded at the third administrative level (that is, including 
country, state/province and county/municipality names that were later geocoded 
to geographic coordinates)); (2) P&P name, from a list of ten per crop or as a 
free text entry for P&Ps not in the list (Supplementary Fig. 4 and Supplementary 
Table 2); (3) frequency of losses (recorded as: does not occur; every season; every 
other season; one season in five; or less frequent than one season in five); (4) level 
of yield losses (recorded as: <​1%; 1–5%; 5–20%; 20–60%; or >​60%); (5) name of 
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expert (optional); (6) email address (optional); and (7) home institute (optional). 
The survey (http://globalcrophealth.org) was conducted for three months between 
1 November 2016 and 31 January 2017.

The questions were designed to be quick and easy to complete, and  
a respondent was encouraged to submit more than one unique assessment.  
The survey recorded expert assessments of losses—hence the broad ranges  
for the frequency and level of losses. The geographic location of the assessment 
represented the centre of an area of interest (which could be a district, province  
or country) where the P&Ps had consistent patterns over time and space.  
The survey was not meant to replace field data for a specific crop, area and  
time, but rather to provide a unique source of collective knowledge on the status  
of crop health globally.

The survey was launched by the ISPP (Supplementary Notes 1 and 2). The 
invitation to participate in the survey was first sent to the ISPP mailing list (over 
2,500 members registered on the ISPP mailing list were thus emailed directly). 
There are 63 national or regional scientific societies affiliated with the ISPP, which 
allowed a large coverage over countries producing the 5 crops addressed in the 
survey. The survey was announced in the ISPP November 2016 newsletter49, which 
was circulated to the ISPP mailing list and further circulated to the 63 national or 
regional ISPP societies (over 26,000 members). This allowed a large coverage over 
countries producing the five crops addressed in the survey. The survey was also 
promoted through a number of crop health mailing lists and Nature36.

We took several steps to reach a large coverage of experts and generate a high 
response rate. We recorded the total number of responses per crop ×​ country/
region combination on a weekly basis and used this to identify combinations where 
the response rate was lower than we would expect. We used this information to 
provide monthly updates in the ISPP newsletters in December 2016 and January 
201750,51 that documented the responses to date, to encourage further responses, 
both in general and by specific crop ×​ country/region combinations where 
additional responses were desirable (based on our weekly tracking of responses). 
Thus, all recipients of the ISPP newsletter received the survey update three times 
over the duration of the survey. We further emailed 87 specific crop health experts 
in countries where at least 1 of the 5 crops was grown extensively and in countries 
that hosted Consultative Group on International Agricultural Research institutes 
with mandates for the 5 crops. In total, 30% of the experts we emailed individually 
provided responses to the survey.

The removal of duplicate submissions, and standardization of the survey 
responses, resulted in a database of 989 records where a P&P was reported to 
occur, based on information from 219 crop health experts in 67 countries. These 
are reported and referenced in Supplementary Table 1.

Respondents were given the option to submit their data anonymously, or to 
opt in to provide their name and affiliation for acknowledgement in subsequent 
publications (Supplementary Table 1). Only 31 of the 989 responses (3.1%) were 
provided anonymously. In addition to the information provided in the online 
survey, further communications with respondents via ISPP newsletters and email 
restated the intention to publish reports on the outcome of the survey and to 
acknowledge survey respondents, satisfying the conditions of informed consent.

Characteristics of the survey responses. We associated additional variables with 
the survey responses by using their geographic location to associate them with: 
(1) climate, based on a Köppen–Geiger climate classification52,53; (2) food security, 
based on whether the reported country54 was within one of eight food security 
hotspots, defined here as globally important sinks and/or sources of food16,18 based 
on production and consumption figures for the five crops (2010–2014)35; (3) 
productivity, based on the mean yield of the crop (2010–2014) corresponding to 
the country of the response35; and (4) relative productivity, based on the average 
yield for each crop according to quartiles (Table 1).

The initial climate classification was used to check whether the reported 
geographic location of a P&P was consistent with literature on its extent1 or 
the extent of the host crop55 (Supplementary Fig. 1). As a result, the geographic 
locations of 54 (or 5.5%) of the responses were relocated to the most appropriate 
Köppen–Geiger climate class within the same country. This relocation only 
affected the climate class assigned to each survey response.

Reported P&Ps. Each survey response pertained to one P&P occurring on one of 
the five crops considered, and corresponded to an individual observation of crop 
loss magnitude and crop loss frequency. The responses were reviewed, duplicate 
entries removed, and common and scientific names standardized. Diseases 
were named according to their preferred common name1, and the scientific 
or Latin name of the causal pathogen. Animal pests were named according to 
their preferred common and Latin names. In a few cases, the same pathogens 
were associated with different common disease names, because of differences in 
symptoms. Nematodes were listed according to Latin names, which were also used 
in the analyses (as common names for nematodes are not specific enough). Virus 
diseases were listed by common names and the associated scientific names.

Characterization of P&Ps. Some of the reported P&Ps may be considered 
emerging, given their expansion (geographical, or in terms of host range) or recent 
genetic evolution20–22. These key pests were noted in the database with specific 
references regarding their emerging nature (Table 1).

Losses caused by P&Ps depend on: (1) their spatial extent (characterized by 
their ability to disperse or persist56); and (2) the diversity of host crops in terms 
of their vulnerability at the landscape scale (characterized by the deployment of 
resistance genes and use of pesticides). Spatial extent and diversity were assessed 
for P&Ps from the literature and used to derive correction factors (in brackets) for 
yield loss estimates. These two parameters were defined on a P&P basis and were 
the same for a given P&P across the world. In a few cases, where ecological features 
or disease management varied importantly across food security hotspots, the 
correction factors were made specific to hotspots (Supplementary Table 2).

Dispersal and persistence are two major ecological features of P&Ps: the 
former enables spread to new locations, while the latter enables survival in those 
locations10,57–60. We derived three categories of spatial extent for pathogens with an 
analogy to the conceptual framework of Heesterbeek and Zadoks30 for continental 
pandemics: focal (0.1; that is, zero-order30 extent, for P&Ps with a strongly 
restricted dispersal ability/half-distance gradient parameter61 in the order of 0.01 
to <​0.1 m and/or limited ability for persistence and/or a restricted host range); 
local (0.3; that is, first-order30 extent, for P&Ps with a short-range dispersal ability/
half-distance gradient parameter61 in the order of >​0.1 to <​10 m and/or moderate-
to-strong ability for persistence and/or a limited host range); and general (0.7; that 
is, second-order30 extent, for P&Ps with a long-range dispersal ability/half-distance 
gradient parameter61 in the order of >​10 m and/or strong ability for persistence 
and/or a wide host range).

The ability of a P&P to disperse or persist cannot alone predict actual levels of 
crop injury; the levels of crop injury also depend on the diversity of host crops in 
terms of their vulnerability at the landscape scale58. This is a reflection of two main, 
man-made factors: the deployment of resistance genes and the use of pesticides. 
We derived two diversity categories. Heterogeneous (0.5; that is, the occurrence of 
regular applications of pesticides that have actual effects on dynamics and injuries, 
or the presence of effective host plant resistances to diseases or pests that have 
significant effects on dynamics and injuries); and uniform (1.0; that is, no regular 
pesticide use, and no deployment of host plant resistance genes with significant 
effects of dynamics and injuries).

Contingency table analysis of survey responses. Because the fraction of reports 
of ‘very high’ loss magnitude was very low (2.1%), this category was merged with 
the ‘high loss’ magnitude in all analyses. Patterns of association between paired 
variables were examined through contingency tables (Supplementary Table 4). 
Levels of association were tested with chi-squared tests37,38,62 (Supplementary Table 4).  
Interpretations of associations between paired variables were based on dual 
frequency distributions of cases in contingency tables. Chi-squared values based on 
sparse frequencies (where the expected values were smaller than 5 in over one-fifth 
of cells in a contingency table) were not considered valid39,40,62,63. In these cases, new 
contingency tables were created where adjacent classes of the same variable were 
combined, enabling valid hypothesis testing.

The contingency tables of loss frequency with loss magnitude, crop, climate 
and yield did not exhibit clear patterns, and we decided to focus our multivariate 
analyses between loss and other variables on loss magnitude, and to exclude loss 
frequency (Supplementary Table 4). All contingency table analyses and chi-squared 
tests were performed with Systat 13 (ref. 63).

Correspondence analyses of survey responses. Correspondence analyses were 
performed to permit a multivariate, non-parametric analysis (Supplementary 
Tables 5 and 6) and visualization (Fig. 3 and Supplementary Fig. 3) of multiple 
associations between the following categorical variables: loss magnitude and crops, 
climate and yield. The nature of food security hotspots and emerging P&Ps were 
also included in the analyses.

Our general approach was to first conduct (multiple) correspondence 
analyses37–41 on a set of active variables for which strong and significant chi-squared 
values were found in the associated contingency tables. This corresponds to a 
hypothesis test with as few active variables as possible. The outcome was a series 
of factorial axes, which provided an acceptable two-dimensional ordering of the 
classes representing these active variables. We then projected a limited set of 
supplementary variables on the obtained factorial axes. This second step enabled 
the analysis of patterns of associations between active and additional variables.

Specifically, a first (simple) correspondence analysis was performed on the 
overall dataset, using the levels of loss magnitude and type of crop as active 
variables. We used this framework to project associations of food security hotspots 
and emerging P&Ps as supplementary variables. We then performed multiple 
correspondence analyses for each crop, where the level of loss magnitude, climate 
and crop yield quartiles were the active variables, and food security hotspots and 
emerging P&Ps were the supplementary variables.

Some climate categories were represented by a few records only (<​4% of  
the dataset) in wheat, maize, potato and soybean, and these were removed  
before analyses to provide robust results. We therefore removed four records on 
wheat (equatorial); four records on potato (equatorial); eight records on soybean 
(arid (1), equatorial (2), Mediterranean (1) and monsoon (4)); and one record  
on maize (equatorial).

Our interpretation of the correspondence analyses (Supplementary Table 5)  
accounted for a number of criteria37,41. First was the axis inertia, where a 
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large accumulated inertia (accounted for by the considered axes) implies a 
proportionally large representation of the information contained in the original 
contingency table(s). In our analyses, the first two axes were deemed to represent 
a satisfactory fraction of this information. Second was the inertia accounted for by 
each of the classes (categories) representing the modalities of a given variable. The 
larger the inertia of an individual class, the larger its importance, which increases 
with the squared distance of this class from the origin of factorial axes. Third was 
the proximity between two classes of the variables considered. Proximity of two 
classes on the graph suggests association. However, the significance of such an 
association is proportional to the (squared) distance to the origin of axes. All of 
these interpretations can be specifically tested with chi-squared tests. All analyses 
were performed with the R package FactoMineR64.

Global crop loss estimates per P&P. We estimated the global losses for each 
P&P of each crop (Fig. 2) in four steps. (1) We computed the average loss 
frequency ×​ loss magnitude per country (FMc) (Table 1 and Supplementary Fig. 1).  
(2) We accounted for non-reporting of P&Ps in the following manner. In countries 
where there was at least one record pertaining to the considered crop in our 
database, we examined cases where the P&P was reported in the literature1, but 
not in the survey, to cause crop losses in that country. In these cases, an FMc value 
for the missing P&P ×​ country combination was imputed from the overall mean 
of the FMc from countries where the P&P had been reported in the survey. (3) We 
computed an average FMc, weighted by the crop production (average 2010–2014) 
of each country35 (Table 1), which was used as an auxiliary variable65. (4) We 
corrected the average FMc per P&P based on the correction factors for spatial 
extent (focal, local and general) and landscape diversity (uniform or heterogeneous 
in terms of disease management, including host plant resistance and pesticide use) 
(Supplementary Table 2).

Global loss estimates per crop. The sum of individual crop loss estimates was 
computed for each crop globally. Because interactions in the yield-reducing effects 
of P&Ps in general lead to less-than-additive effects of yield-reducing factors3, 
this sum is expected to be larger than crop losses from combined P&Ps. However, 
current empirical and theoretical knowledge is not sufficient to generate estimates 
that would account for these interactions within the context of the responses in 
the survey. Therefore, the sum of individual crop loss estimates is the best current 
proxy for estimating crop loss from multiple P&Ps. This allows for comparisons 
across crops and across hotspots (Fig. 1); however, we caution that this estimate is 
expected to be an overestimate. The rationale for choosing the sum of individual 
crop losses is explained below.

The estimation of crop losses from combined P&Ps requires: (1) estimates of 
individual crop losses; (2) the patterns of crop loss profiles; and (3) an approach 
to estimate the quantitative interactions of P&Ps in their yield-reducing effects. 
The first element was provided by the survey. The second element corresponds 
to injury profiles3,25, which represent the collective effects of multiple injuries that 
occur in the course of a crop cycle. Injury profiles vary with production situations, 
which are not specific to a geographical region25. The responses collected from the 
survey do not allow identifying injury profiles according to production situations: 
here, crop loss patterns are described at two scales—the global scale and the 
hotspot scale—and both entail several production situations and injury profiles. 
The third element can be addressed from experimental and theoretical approaches. 
Interactions of injuries in their yield-reducing effects have been quantified in 
several crops3,25, to an extent that does not cover all crops and injuries analysed 
in the survey. With respect to theoretical approaches, a pure interaction model 
is sometimes used to derive crop losses from multiple injuries, using Padwick’s 
formula4,66:

= − − × … × −RYL 1 (1 RYL ) (1 RYL )n1

where RYL is the relative yield loss expressed as a proportion, and RYLi are the 
relative yield losses due to a series of injuries. The underlying hypotheses of this 
formula are: pure, multiplicative interaction; and a homogeneous distribution 
of injuries over the population of fields considered. The first hypothesis may be 
chosen as the simplest one, as no information is available to produce a more detailed 
hypothesis. The second hypothesis may hold when yield losses are quantified for a 
population of fields corresponding to a given injury profile. The survey data, and the 
grain of analysis chosen (global and hotspot) correspond to several injury profiles 
that cannot be identified; therefore, the second hypothesis is not respected.

Crop loss estimates per food security hotspot. The following steps for the global 
crop loss estimates were used, with some adaptations. For countries that were 
partly included in a given food security hotspot (Northern India for the IGP; the 
United States Midwest for USM&C; Northern Italy and Northern France for NWE; 
and South Brazil for SB&A), 2010–2014 averages for crop production for the 
specific area of those countries were obtained from online sources67–71 and used as 
weighting variables to derive crop loss estimates. In the few cases where five years 
of data were not available, averages were computed from the available time series. 
As for the computation of global crop loss estimates, in countries where a P&P was 
reported from the literature to cause crop loss, and where no report was received 
for this country in the survey, the mean global FMc derived from the survey was 

used. In countries that were partly included within hotspots and for which a P&P 
was not reported in the area within the hotspot area but was reported in areas of 
the country outside the hotspot area, estimates for these areas (outside the hotspot) 
were used to compute the estimate of the crop losses for the area included in the 
hotspot. In USM&C, FMc for potato late blight was derived from NWE only. As for 
global estimates, the sum of individual crop loss estimates was computed for each 
crop and each hotspot (Fig. 1).

Limitations and caveats on methodology. A first concern in interpreting our 
results is the possible omission of some P&Ps. We compared responses to the 
survey to reports on P&Ps in the literature (Supplementary Table 2 and the 
Supplementary References provide a list of citations and references, in addition to 
the database assembled in the Centre for Agriculture and Biosciences International 
Crop Protection Compendium and key references cited in the main text), and did 
not identify any major P&Ps1,26,72–78 in the five considered crops that would have 
been omitted.

Another concern is the uneven geographical coverage of responses, leading 
to a misrepresentation of P&Ps and their impacts (over- or underestimations). 
However, the geographical coverage of responses (Supplementary Fig. 1) indicates 
that no major agricultural area in the world was overlooked, although more data 
from Eastern Asia (rice, maize, potato and soybean), Southeast Asia (maize), North 
America (potato) and Europe (maize), for example, would have been desirable. The 
maps of Supplementary Fig. 1 do not suggest critical imbalance in the responses. 
Our anticipated concern regarding very poor coverage of Sub-Saharan Africa did 
not materialize.

A third area of concern is our handling of the information over time and 
space, via modifiers for the spatial extent of P&Ps and for the diversity of crop 
vulnerability. Despite the large volume of literature on the spatial spread of 
P&Ps10,56–58,61,79, the development of unifying approaches enabling them to be 
addressed in their entire diversity, at the various scales where spread occurs, 
with a diversity of mechanisms, remains challenging. This remark also applies 
to the difficulty of representing the diversity of crop vulnerability with unified 
parameters, despite advances in landscape ecology80–82. We therefore recognize that 
the two parameters (that is, spatial extent and diversity of crop vulnerability), as 
well as the categorization that we implemented, are presented to the reader as first 
steps towards better and unified estimation.

Over- or underestimations from some experts constitute a fourth concern. 
First, the effects of large over- or underestimations by individual experts would be 
reduced by our weighted averaging approach. Second, this concern is addressed 
at least in part by the congruence of the results of the present study with extensive 
field surveys and experimental work in tropical and subtropical Asia on P&Ps of 
rice83,84, both in terms of P&P ranking and respective impacts. While we made 
efforts to triangulate our results against published data, in the great majority of 
cases, the literature does not provide loss figures for specific P&P ×​ crop ×​ location 
combinations, but rather general statements on the importance of a P&P. None of 
the responses we received was rejected because it did not match available evidence 
we could have gathered. To the best of our knowledge, there are no data that 
quantify the losses caused by individual P&Ps on individual crops at a global scale; 
therefore, there is no database that would enable us to fully cross-check the results 
we generated.

A fifth concern relates to the representativeness of responses given (that is, 
there are few responses for a number of P&Ps). Our assessment of the data is that 
the number of expert responses on a given P&P for a given crop (in a hotspot, or 
globally) is a reflection of its importance. This is because a major P&P in a major 
production area is likely to be reported many times; in contrast, it is very unlikely 
that a secondary P&P in a secondary production area will be reported many times.

Finally, we took the following steps to assess the robustness of our results at the 
hotspot and global scales. We considered the distribution of survey responses per 
crop against the harvested area and production of each crop. The survey achieved 
good coverage of the most important production areas, and we observed that 
where the production of a given crop was low the number of responses was also 
low and vice versa for high production. Our estimates use auxiliary information 
on national production per crop as a weighing factor to generate yield loss 
estimates. An alternative of weighing losses by numbers of responses would create 
a bias associated with the unavoidably uneven distributions of responses across 
space. Weighing responses by production domain instead provides unbiased 
estimates of the burden of P&Ps, expressed as crop losses. We conducted statistical 
evaluations of the data with univariate tests of associations followed by multivariate 
representations of these associations. We found similar and clear patterns of 
associations involving the levels of losses across food security hotspots and across 
crops. These similarities across different crops and different P&Ps support the 
robustness of our results.

Reporting Summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this article.

Data availability
The anonymized survey data that support the findings of this study are available 
from the corresponding author upon reasonable request.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Behavioural & social sciences study design
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Study description We designed an online survey for crop health experts in order to obtain expert assessments of crop losses for five major crops across the 
world. We cleaned and standardized the survey responses, associated the responses with additional variables based on their geographic 
location and characterized each reported pathogen or pest.  We used contingency tables and chi-squared tests to examine and interpret 
patterns of association, for example, to assess the association between loss magnitude and climate.  Correspondence analyses provided 
graphical summaries of these associations. Crop losses were estimated globally and for eight food security hotspots, first by individual 
P&P and then combined.

Research sample 989 expert reports on where a pest and pathogen was reported to occur, based on information from 219 crop health experts in 67 
countries.

Sampling strategy Our data come from an online, worldwide survey of crop health experts carried out between Nov 1 2016 and Jan 31 2017 and hosted at 
http://globalcrophealth.org. The participants were crop health experts  
 
The survey was launched by the International Society for Plant Pathology (ISPP). The invitation to participate in the survey was first sent 
to the ISPP mailing list (over 2,500 members registered on the ISPP mailing list were thus emailed directly). There are 63 national 
scientific societies affiliated to the ISPP, which allowed a large coverage over countries producing the five crops addressed in the survey.  
 
The survey was announced in the ISPP November 2016 Newsletter which was circulated to the ISPP mailing list and was further circulated 
to the 63 national or regional ISPP societies (over 26,000 members).  This allowed a large coverage over countries producing the five 
crops addressed in the survey. The survey was also promoted through a number of crop health mailing lists and Nature. 
 
We took several steps to reach a large coverage of experts and generate a large number of response rate. We kept track of the total 
number of responses per crop × country/region combination on a weekly basis and used this to identify combinations where the 
response rate was lower than we would expect. We used this information to provide monthly updates in the ISPP newsletters in 
December 2016 and January 2017 that documented the responses so far and encouraged further responses, both in general and by 
specific crop × country/region combinations where further responses were desirable (based on our weekly tracking of responses). Thus 
all recipients of the ISPP newsletter received the survey three times over the duration of the survey.  
 
We further emailed 87 specific crop health experts in countries where at least one of the give crops was grown extensively and in 
countries that hosted CGIAR institutes with mandates for the five crops. 30% of the experts emailed individually provided responses to 
the survey.

Data collection An online questionnaire was targeted to crop health experts. The survey (http://globalcrophealth.org) was conducted for three months 
between Nov 1 2016 and Jan 31 2017. Data were collated by Andy Nelson in a set of  Google Spreadsheets, one per crop.

Timing Nov 1 2016 and Jan 31 2017, global scope, though responses were obtained from 67 countries.

Data exclusions The survey form sometimes duplicated expert submissions. These duplicates were removed from the dataset prior to any analysis. 1142 
responses were recorded. When duplicates were removed, the final dataset was 989 records. No further data were excluded.

Non-participation We cannot assess how many recipients of the ISPP newsletter declined to respond since we have no way of tracking how many of the 
email addresses  in the mailing list are active and how many recipients would be suitable experts for the survey. 
 
Of the 87 crop health experts that we specifically targeted by email, 70% did not respond. 

Randomization No experiments were conducted in this research and thus needed no randomisation was required.
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