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IN A BEAN POD:
	X Foliar fungicide usage in soybeans in the north-central United States 

increased steadily over the past two decades.

	X Foliar fungicides ranked 7th out of 20 factors in terms of relative 
importance explaining soybean yield.

	X Using foliar fungicides in late-planted fields and in lower latitudes realized 
a larger yield benefit.

	X Less than a 1.5 bu/ac yield penalty for not using foliar fungicides was 
observed in high-yielding environments.

	X Except in a few production environments, yield gains due to foliar 
fungicides sufficiently offset the associated costs when soybean prices are 
near-to-above average.

INTRODUCTION
Soybean (Glycine max) is one of the major crops produced in the United States (U.S.). 
Success in growing soybean depends on multiple management decisions, which 
rest largely on the individual grower or crop manager. One of these choices is the 
use of foliar fungicide and/or insecticide 17–21. The decade from 2005 to 2015 saw the 
use of foliar fungicides in U.S. soybeans double on a per unit area basis, and almost 
triple in terms of total product applied across all so-treated fields 22. Foliar fungicide 
applications are not necessarily made in response to the actual threat or presence of 
diseases; prophylactic applications may be made to the perceived future possibility 
of disease (sometimes as an insurance spray) or for so-called plant health benefits 
(e.g., a “greening effect” 23). The accumulated body of evidence to date does show 
that foliar diseases are responsible for measurable financial losses 24. Yet at the same 
time, foliar diseases in soybean are, except in a few circumstances, rarely severe when 
compared to losses due to soilborne pathogens 25,26. When foliar diseases are absent 
or at low levels, the consensus from recent field trials is that the yield response to 
foliar fungicides (including the plant health benefit effect) are not sufficient to offset 
the interventional costs 17,19–21.

The increase in foliar fungicide use in U.S. soybeans does therefore seem to contradict 
the scientific research showing low economic returns when disease levels are low or 
absent. A partial explanation may be that the myriad of soybean crop management 
choices makes it impossible to account for complexity beyond three-way interac-
tions in designed field trials 30,32 which are by practical necessity focused on a few 
controlled main effects of interest. Moreover, such trials are conducted in a few loca-
tions at best, which raises questions about the scalability of inference beyond local 
conditions. Therefore, it is not uncommon for inferences made from research trials to 
conflict across studies. 
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A novel complementary approach to traditional field experiments, given their limited 
design and inferential space, uses grower-supplied data linked in a spatial framework 
to other data layers representing soil properties and weather. This approach leads to 
an observational database covering wide and diverse geographies, is broad in scope, 
and possibly capturing complex, realistic interactions among agronomic, environ-
mental and crop management variables beyond those which may be represented in 
designed field trials. The challenge, however, is that the multidimensional observa-
tional space must now be queried for pattern recognition and for drawing inferences 
from those identified relationships. This usually requires a machine-learning (ML) 
approach rather than traditional statistical methods 37.

In this paper, a ML algorithm was used to fit a yield prediction model to a grower-de-
rived database on soybean production practices in the north‐central U.S. The model 
was then queried with the objective of understanding how foliar fungicides fit into 
overall soybean production practices in the north-central U.S. and their contribution 
to yield from an economic standpoint.

METHODS
Soybean grower-supplied agronomic practices and average yield for 2,738 non-
irrigated soybean fields in the years 2014 to 2016 across 11 states in the U.S. north-
central region (Illinois, Indiana, Iowa, Kansas, Michigan, Minnesota, Nebraska, North 
Dakota, Ohio, South Dakota, Wisconsin) were collected. The grower-supplied data 
were augmented with variables representing technology extrapolation domains 
(TEDs) which define regions with similar climate and soils; as well with soil properties 
data. This data structure was a fusion from different sources linked by GPS coordi-
nates. Growers did not report on product name, chemistry, or rates of application for 
any of the pest control inputs they used (fungicidal, insecticidal, nematicidal, whether 
seed or foliar applied), and therefore the only level of detail available was whether 
such products were used or not.

For the machine learning modeling, the data matrix was split (80:20) into training 
(2,191 observations) and test (547 observations) sets. The training set was used to 
tune a random forest (RF) model with soybean yield as a continuous response to the 
20 variables as predictors. The tuned RF model was evaluated by predicting yield 
on the test set, after which it was refit to the full data matrix. The RF model was then 
interpreted using model-agnostic approaches. Feature importance (FI) was summa-
rized visually by plotting the median of FI, and the 5% and 95% quantiles.

For local model interpretation, the goal was to compute the contributions of the 
features based on the difference between the predicted yield for a single field and 
the global average, with an emphasis on the impact of foliar fungicide use in soybean 
fields. For any one observation, the Shapley values (φ) values are an estimate of how 
much a predictor contributed to the difference between an individual field’s pre-
dicted yield and the predicted yield averaged across all fields in the data matrix. We 
studied the Shapley values within different subsets of fields in the data matrix.

Shapley values were studied within different subsets (s) of fields, consisting of differ-
ent cohorts (c) described as follows. In subset 1 (s1), cohorts were selected from each 
of the 12 TEDs with the most fields in the data, where within each of those TEDs the 
1st cohort consisted of the 20 highest-yielding fields among those sprayed with foliar 
fungicides (s1c1) and the 2nd cohort consisted of the 20 highest-yielding fields among 
those which were not sprayed (s1c2). The four cohorts of subset 2 were the 100 high-
est-yielding fungicide-treated (sprayed) fields (s2c1), the 100 lowest-yielding sprayed 
fields (s2c2), the 100 highest-yielding unsprayed fields (s2c3), and the 100 lowest-yield-
ing unsprayed fields (s2c4), among all fields. Subset 3 had two cohorts, chosen from all 
fields in the data: the 90th percentile for yield among sprayed fields (s3c1); and the 90th 
percentile for yield among the unsprayed fields (s3c2). A final subset (s4) consisted of 
two cohorts, the first being the 210 fields which had been sprayed with foliar fungi-
cides but not with foliar insecticides (s4c1). The second cohort of s4 (s4c2) was a random 
sample of 210 of the 623 fields which had been sprayed with both foliar fungicides 
and foliar insecticides, with yields restricted to be within the range of yields in s4c1. 
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For each subset, the φ values associated with using foliar fungicides were interpreted 
as follows. If foliar fungicide applications had no effect, then the φ value for that 
feature would be zero for the field. If the predicted yield for a sprayed field was greater 
than the global average yield, then a positive fungicide φ value was an estimate of 
how much of the yield increase (above the global average) was due to fungicide ap-
plication. If, however, a sprayed field’s yield was below the global average then a posi-
tive fungicide φ value estimated how much the spray contributed to raising the yield 
in a situation in which other features contributed more heavily to a yield reduction 
(to below the global average). That is, the fungicide was not able to counterbalance 
the negative effects that other features had on yield. For any sprayed field, a negative 
fungicide φ value would indicate a yield reduction (loss) due to spraying, perhaps due 
to very high disease pressure or wheel damage6. Finally, for unsprayed fields a positive 
φ value for the fungicide feature would counterintuitively indicate that yield benefit-
ted from not spraying, whereas a negative φ value for the fungicide feature would 
estimate how much yield was penalized by not applying a foliar fungicide.

The Shapley φ values associated with foliar fungicide use were used in a partial eco-
nomic analysis to estimate the net profit (loss) realized by applying foliar fungicides 
to the soybean crop. Soybean price (price) was fixed at the price as of Jan 31, 2021 
(US$15.68/bu). The combined cost of fungicide plus its application (chem.cost) was 
also held fixed, at US$25.05/ac 19.

RESULTS AND DISCUSSION
The surveyed, rain-fed commercial soybean fields were spread across the U.S. north-
central region (Figure 1) with a latitudinal gradient evident for maturity group (MG). 
Among the 2,738 fields, 833 (or 30.4%) were sprayed with foliar fungicides. Of the 
833 fields sprayed with foliar fungicides, 623 (74.8%) had also been sprayed with 
foliar insecticides. 

Location (latitude; a surrogate for other unmeasured variables) and sowing date (day 
of year from Jan 01) were the two variables most associated with yield (Figure 2), 
consistent with the central importance of early planting to soybean yield 5,13. Soil-re-
lated properties (pH and organic matter content of the topsoil) were also associated 
with yield (Figure 2). Management-related variables such as foliar fungicide, insecti-
cide and herbicide applications were of intermediate importance, and other man-
agement variables (row spacing, seed treatments, starter fertilizer) were on the lower 
end of the importance spectrum in predicting soybean yield (Figure 2). Insecticide 
and fungicide seed treatments were poorly associated with soybean yield increases 
as has been previously shown 8,40. The relatively lower importance of row spacing is 
consistent with previous analyses of this variable from soybean grower data 6. The 
dataset we analyzed did not contain enough observations to include artificial drain-
age as a variable, which has been shown to influence soybean yield, presumably by 
allowing earlier sowing 14.

Figure 1. Locations of soybean fields for 
which surveyed growers supplied self-reported 
data on their management practices and yields, 
2014 to 2016. Field locations are colored by 
soybean maturity group. 



Figure 2. Importance of management-based 
variables in a random forest model predicting 
soybean yield. 

4 

Examination of the interactions among the variables showed that the yield difference 
between sprayed and unsprayed fields increased with later sowing, indicative of a 
greater fungicide benefit in later-planted fields (Figure 3). This would seem to conflict 
with the results of a recent meta-analysis in which soybean yields responded better 
when foliar fungicides were applied to early-planted fields 27, but in that study, there 
was also the confounding effect of higher-than-average rainfall between sowing and 
the R3 growth stage. With respect to latitude, the difference in yield between sprayed 
and unsprayed fields decreased as one moved further north (Figure 3), suggest-
ing that foliar fungicides were of more benefit when applied to the more southerly 
located fields, which do tend to experience more or prolonged conditions conducive 
to foliar diseases than the northern fields 22,24.

Focusing on model interpretation at the local level, we examined the Shapley φ val-
ues associated with foliar fungicide applications for different subsets of fields within 
the data. Predicted yields within the two cohorts of subset 1 were mainly above the 
global average of 56.3 bu/ac (hence the single field predicted yield – the global aver-
age was greater than zero), except in TED 602303 (Figure 4), which corresponded to 
fields in North Dakota. 

Figure 3. Two-way partial dependence plots 
of the global effects of (i) foliar fungicide use and 
sowing date (left panel), and (ii) foliar fungicide 
use and latitude (right panel) on soybean yield. 
The black plotted curves are the yield differences 
between fields that were sprayed or not sprayed 
with foliar fungicides. Smoothed versions of the 
curves are shown in blue.



5 

In most cases Shapley φ values for foliar fungicide use exhibited a positive contri-
bution to the yield above the global average. If these cohorts of fields represented 
high-yielding environments within each TED, then foliar fungicide sprays contrib-
uted positively up to 4.5 bu/ac in the yield increase above the global average in s1c1. 
However, among high-yielding fields in s1c2, the penalty for not spraying was less 
than 1.5 bu/ac. This finding supports the contention that fungicide sprays are most 
worthwhile in high-yielding environments. 

The Shapley φ values for fungicide use were well-separated among the four cohorts 
of fields of subset s2 (Figure 5). The fields within s2 were selected across the entire 
dataset and not by TED membership. The lowest-yielding fields (s2c2 & s2c4) were 
all below the global yield average, whereas the converse was true of the highest-
yielding fields (s2c1 & s2c3). Among the lowest-yielding fields, foliar fungicides were 
mainly associated with a positive, but less than 3 bu/ac, effect on yield (s2c2), and 
other factors were responsible for dropping a field’s yield to below the global aver-
age. Amongst the highest-yielding fields (s2c1), foliar fungicides were associated with 
between 2.2 and 5.2 bu/ac of the yield above the global average. These Shapley φ 
values for the contribution of foliar fungicides are consistent with estimates of the 
yield response to foliar fungicides from a meta-analytic perspective 27. Given that the 

Figure 4. Shapley phi values attributed 
to foliar fungicide use for two cohorts of 
fields within the 12 technology extrapolation 
domains (TEDs) with the most fields. Within 
each TED, the cohorts are the 20 highest-
yielding fields among those sprayed with foliar 
fungicides and the 20 highest-yielding fields 
among those which were unsprayed.

Figure 5. Shapley phi values attributed to 
foliar fungicides for four cohorts of soybean 
fields. The cohorts are (i) the 100 highest-
yielding fungicide-treated fields, (ii) the 100 
lowest-yielding fungicide-treated fields, (iii) 
the 100 highest-yielding unsprayed fields, and 
(iv) the 100 lowest-yielding unsprayed fields. 
The insert table summarizes the minimum 
(Min), maximum (Max) and mean predicted 
yields (bu/ac) for each of the four cohorts. Point 
color represents whether fields were sprayed 
or unsprayed, whereas point shape represents 
whether fields were in the lowest-yielding or 
highest-yielding cohorts.
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individual yields in s2c1 & s2c3 were 15 to 30 bu/ac above the global average, other 
location-driven factors such as early sowing (Figure 2) were the larger drivers of yield 
in these cases. However, there was only a negligible or small (< 1.5 bu/ac) penalty for 
not using foliar fungicides in high-yield situations (s2c3).

There was some overlap in the fields of s2 and s3 [where s3 consisted of fields within 
the 90th percentile for yield among sprayed fields (s3c1); and the 90th percentile for 
yield among the unsprayed fields (s3c2)], at least where high-yielding fields were con-
cerned. All fields in s3 had predicted yields that were above the global average (Fig-
ure 6). Yield distributions of the two cohorts within s3 were similar, with the cohorts 
having near- identical mean yields. Foliar fungicides contributed between 1.5 and 
5.2 bu/ac to the yield increase above the global average, while the penalty (if there 
was one) for not using foliar fungicides was mainly confined to less than 0.75 bu/ac, 
indicating that among the fields of s3c2 spraying was unnecessary (otherwise the 
penalty would have been larger). Overlaying the estimated φ values for fungicide 
use with MG, sowing date and growing degree days showed that these high-yielding 
fields were mainly in MG II and III, that the fields tended to be planted early, and were 
restricted to GDD groups 03 and 04 (Figure 6), the latter factor being highly aligned 
with latitude. A formal comparison of the Shapley φ values across cohorts was not 
attempted because they potentially differed in their underlying variables despite 
similar yield distributions within the lowest- or highest-yield cohorts.

Intuitively, one may have expected the yield increase due to foliar fungicides to be 
about the same magnitude (about 1.5 bu/ac) as the yield penalty associated with not 
using fungicides. The larger yield gain versus the penalty may be due to synergistic 
interactions of foliar fungicides with other management factors. For example, foliar 
insecticides are likely to be applied along with foliar fungicides; conversely, fields 
that were not sprayed with foliar fungicides were unlikely to be sprayed with insecti-
cides as well. Therefore, in subset 4 (s4), we examined the Shapley φ values associated 
with fungicide use among all 210 fields in the data matrix which had been sprayed 
with foliar fungicides but not with foliar insecticides (s4c1), and compared them to 
the Shapley φ values for foliar fungicide use among another cohort of 210 fields 
(s4c2) which had been sprayed with both foliar fungicides and insecticides, where 
the fields of s4c2 were sampled to match the range of reported yields in s4c1. There 
was no discernable separation of the Shapley φ values between cohorts s4c1 and s4c2 
(Figure 7), and the φ values were consistent with what had been observed with the 
other subsets of fields.

Figure 6. Shapley phi values attributed to 
foliar fungicides for two cohorts of high-yielding 
soybean fields: the 90th percentile for yield among 
fungicide-treated (sprayed) fields, and the 90th 
percentile for yield among unsprayed fields. Point 
shape indicates whether the field was treated with 
fungicides (Sprayed) or not (Unsprayed). Data 
points are colored by (a) soybean maturity group, 
(b) sowing date, as the number of days from Jan 01, 
(c) growing degree days (GDD), as defined in the 
TED construct. 
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A partial economic analysis estimated the net realized profit associated with foliar 
fungicide use on the respective cohorts within subsets of fields. The profitability of 
foliar fungicides in the fields of s1c1 (20 highest-yielding sprayed fields within the 12 
TEDs with the most fields in the dataset) is shown in Figure 8. Assuming a price of 
US$15.68/bu, fungicides were overwhelmingly profitable in all but four TEDs (403603, 
602303, 403703, 303603) in which the average return (with respect to fungicide 
use) was less than US$3/ac. For these four TEDs, confidence intervals for the mean 
financial return per ha after accounting for fungicide costs indicated returns could be 
negative (loss), zero, or up to US$10.72/ac, depending on the individual field. Consid-
ering these were the highest-yielding fields within TEDs, there was the risk of losing 
money on fungicide sprays in these four TEDs. Obviously, environment mattered, 
and with the four TEDs listed above the most noticeable feature was their higher-
latitude locations relative to fields in other TEDs. Among other things, higher latitude 
is associated with cooler weather and shorter accumulation of GDD. Underlying yield 
potential factors (early sowing, PAWR, GDD, AI) contributed to higher predicted yield. 
Higher-yielding environments were more likely to also realize a larger contribution of 
foliar fungicides to yield above the global average, thereby leading to the profitabil-
ity of spraying. The financial return on spraying the fields in s2c2 (100 lowest-yielding 
fungicide-sprayed fields) was negative, except in a few individual cases. The mean net 
return due to foliar fungicides for s2c1 (100 highest-yielding fungicide-sprayed fields) 
was US$30.20/ac, whereas for s2c2 the return was -US$10.62/ac. Considering the two 
cohorts of s3 (unsprayed and sprayed fields in the 90th percentile for yield), there was 
a small financial penalty to not using foliar fungicides in high-yield environments. Not 
spraying high-yield fields (s3c2) was associated with a mean loss of -US$4.12/ac. Yet, 
spraying high-yield fields (s3c1) was associated with a mean gain of US$26.55. 

The soybean price required to at least break even on a (fixed) fungicide investment 
cost of US$25.05/ac was a nonlinear function of φ. At a realized Shapley φ value of 
1.5 bu/ac in response to foliar fungicides, soybean price would have to be at least 
US$16.85/bu to recover the costs of fungicides and their application, dropping to 
US$8.42/bu, US$5.62/bu, and US$4.21/bu for Shapley φ values of 3, 4.5 and 6 bu/ac, 
respectively. The percentage of U.S. soybean acerage treated with foliar fungicides 
rose from 1 to 11% between 2004 and 2015 42, which is a yearly increase of 0.91%. 
Assuming the average gain of 3.3 bu/ac due to foliar fungicides among sprayed fields 
in the 90th percentile for yield (s2c1), we estimated a yield gain of 0.03 bu/ac/year 
attributed to the adoption of foliar fungicide. This translated to 6% of the estimated 
annual yield gain in U.S. soybean (0.5 bu/ac/year) attributable to foliar fungicide use 
in high-yield environments.

Figure 7. Shapley phi values attributed to 
foliar fungicide use for the two cohorts of fields 
of subset 4. The first cohort (square symbols) are 
the 210 fields in the data matrix which had been 
sprayed with foliar fungicides (F) but not with 
foliar insecticides (I). The second cohort (triangle 
symbols) was a random sample of 210 fields from 
those which had been sprayed with both foliar 
fungicides and insecticides, restricted to the range 
of reported yields in the first cohort. 
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