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Due to the widespread adoption of genetically-engineered herbicide-tolerant (HT) crops and use of glyphosate,
and observations of glyphosate-resistance in such weeds as palmer amaranth, common ragweed, giant ragweed,
and tall waterhemp, there have been growing concerns about growers’ reliance on a small number of herbicides
and modes of actions (MOAs), and the implications for effectiveness of weed control in U.S. agriculture. However,
herbicide resistance is not a new problem. For example, beginning in the 1990s, scientists began observing
resistance in various Amaranthus species and other weeds to Acetolactate Synthase (ALS) inhibitors—sulfonyl
ureas and imidizolinones—which became widely used on U.S. corn, cotton, soybeans, and wheat during 1980s and
1990s (Heap, 2016). In order to inform discussions about herbicide resistance and management, this article
provides information about trends and patterns in U.S. herbicide use and factors affecting them, updating
estimates from Osteen and Fernandez-Cornejo (2013) with data and information from more recent USDA surveys
(USDA-NASS, 1998-2013a).

The quantity of herbicides applied to field, vegetable, and fruit crops increased dramatically from the 1960s to the
early 1980s, generally declined from the 1980s to the early 2000s, and, based on limited survey data, increased
through 2012. Since herbicides account for such a large proportion of pesticide use— discussed below—herbicide

use drives total pesticide use trends
as well.

Figure 1: Pesticide and Herbicide Use, and Crop Acreage, 1964-2012
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Source: Constructed from ERS and NASS, USDA data

*Herbicide use for corn, cotton, soybeans, and wheat corrected for crop acreage.

** Corn, cotton, soybeans, and wheat.

Excludes petroleum distillates, sulfur, and sulfuric acid.
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costs. The adoption of HT crops and the increase in glyphosate use since the mid 1990s coincided with further
reductions in tillage, including greater use of no-till farming.

Herbicides Account

for Two-Thirds of U.S. Pesticide Use

In 1964, when USDA conducted its first national pesticide use survey, herbicides accounted for less than a quarter

of total U.S. pesticide quantity
pesticides—fumigants, growth
regulators, desiccants and
defoliants. From 1964 to 1982,
though, herbicide quantity
grew six fold — from 48

million pounds of active
ingredient (a.i.) applied to

430 million (Figure 1).
Herbicide quantity trended
downward from 1982 to 288
million in 2002, but grew
again to 433 million pounds

in 2012, with greater
glyphosate use on
genetically-engineered
glyphosate-resistant (GR)
crops. In contrast, since 1964,
insecticide quantity has
trended downward, so now
herbicides account for about
two-thirds of U.S. pesticide
quantity.

Four crops—corn, cotton,
soybeans, and wheat—
account for the bulk of
herbicide use (95%-97% of
included crops since 1971)
(Figure 1). Herbicides applied
to corn and soybeans grew
from 30 million pounds of a.i.
in 1964—62% of herbicide
use on included crops—by a
factor of 12 to 377 million
pounds a.i. in 1982 (88%), fell
to 236 million pounds in 2002
(82%), and increased to 355
million in 2012 (82%). The
guantity of cotton and wheat
herbicide use generally
increased from 1964 until the
mid-1990’s, declined until
2002, and then increased in
2011 for cotton and 2009 for
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on major crops. Other categories include insecticides, fungicides, and other

Figure 2: Corn: Acres Treated with Herbicides, HT Seed, and
Glyphosate

100
90 ¥

. i [

i / J

60 Herbicides
50 / / e HT Seed

% / ! Glyphosate
|l /

Percent of Planted Acres

Source: ERS and NASS, USDA

Figure 3. Cotton: Acres Treated with Herbicides, HT Seed, and
Glyphosate

100

| //W\/\/ .
5 / a

»
L4
2 F§ F
T 60 7 Herbicides
é 50 / K = HT Seed
‘S / / ~ = Glyphosate
£ 40 |
/ f
& 30 / /
20 / /
10 _,__j /
AN N R = TN O MO AN N 0 TN O M O N
N N N O O O NN O 00 00 OO0 00 ©Q OO0 ™
A0 OO © © © O
™ = = = = e e o= o™ e e e e AN NN NN
Source: ERS and NASS, USDA

4th Quarter 2016 ¢ 31(4)



http://www.choicesmagazine.org/UserFiles/file/OsteenFernandezFigure1.png
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Figure 4: Soybeans: Acres Treated with Herbicides, HT Seed, and
Glyphosate
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(Figure 1). Herbicides were
adopted more slowly on wheat
acreage, but acreage treated Figure 5: Wheat: Acres Treated with Herbicides and Glyphosate
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2012 (Figures 2-5).
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Source: ERS and NASS, USDA

A Changing Mix of Herbicides Used

The changing use pattern of herbicide compounds on the four major crops—corn, cotton, soybeans, and wheat—
reflects a succession of newer herbicide compounds, families, and MOAs replacing older ones. During the
herbicide growth period from the 1960s to the early 1980s, major herbicide classes were amides, anilines,
carbamates, phenoxys, and triazines. (See Table 1 for a list of families, MOAs, and representative herbicides.)
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During the 1980s and 1990s, ALS
inhibitors, and to a lesser extent

Acetyl-CoA carboxylase
(ACCase) and
Protoporphyrinogen oxidase
(PPQ) inhibitors, became
widely used. These compounds
contributed to declines in
aggregate quantities between
1982 and 2002, because
application rates were lower
than with previously-used
compounds, although declining
crop acreages also contributed
until the late 1980s. Scientists
reported weed resistance to
ALS inhibitors in the 1980s and
1990s, as mentioned earlier,
but also to ACCase inhibitors in
the 1990s and 2000s, and PPO
inhibitors in the early 2000s
(Heap, 2016).

By the late 1990s, use of one
compound, glyphosate,
introduced in the 1970s, began
to increase dramatically (Figure
6). In 1982, glyphosate only
accounted for 1% of all
herbicides acre-treatments to
the four major crops. An acre-
treatment is one acre treated
with an herbicide multiplied by
average number of
applications per acre. This
measure emphasizes the
relative proportion of area
treated with pesticides,
accounting for multiple
treatments and herbicides per
acre. Glyphosate’s share was
still only 4% in 1995, but rose
to 33% in 2005 and reached
about 40% by 2012.
Glyphosate displaced materials
in both “old” families or MOAs
used since the 1960s or 1970s
and “new” families or MOAs
introduced in the 1980’s and
1990s. Since glyphosate is
applied at higher per-acre rates
than many other previously-
used, newer herbicides, such as

ALS, ACCase, and PPO inhibitors,
increased glyphosate use accounts for
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Figure 6: Percentage of Herbicide Treatment Acres to Four Major U.S.
Crops *®
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herbicides were in families or MOAs first observed in the 1976 or later USDA
surveys.

Figure 7. Herbicide Quantity on Four Major Crops *°
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most of the increase in herbicide quantity from 2002 to 2012, although increased crop acreage, especially corn,
contributed (Figures 1 and 7). Glyphosate accounts for a larger share and other “new” materials for a smaller share
of quantity than they do of acre-treatments, because glyphosate has higher application rates.

Table 1: Important Herbicide Families, Modes of Action, and Active Ingredients

Family Mode of Action Herbicide active ingredients

0Old Herbicide Families
First reparted in 1364, 1366, or 13713504 survey, although some materials were developed later and first appearedinlater

UMY

Amides Long chain fatty acidinhibitors  Alachlor, acetochlor, metolachlor, propachlor, fufenacet

Anilines Microtubule inhibitars Oruzalin, pendimethalin, ethalfluraling trifluralin

Carbamates Lipid sunthase inhibitors Butulate, EPTC, pebulate, vernalate, triallate

Phenonys Sunthetic ausins 2.4-0. 2. 4-0B, MCPA, MCPE

Triazines Phatozustem linhibitors Atrazine, cyanazine, propazine, simazine, metribuzin,
ametrune

Benzoics Sunthetic audins Dizamba, naptalam, purithicb ac-sodium

Carbonylic acids Sunthetic audins Clarpyralid, furciypur, aminopyralid, picloram, purosulam

Ureas and uracils Phatozustem linhibitors Divran, linuron, Huometuran, terbacil, diffufenzopur-sadium

Mitriles and benzothiadiazoles  Photosystem linhibitors Eromosynil, bentazon

Orqanic arsenicals Mucleic acid inkibitors OMSA, MSMA

Liiar ke fanbinsasr hniraohanobs Snosaly: Sazanocornes: imdphana: Saganoohosohaias Sonwokida:

Pl e T E T EL LTI E

MNew Herbicide Familie=
First reparted in 1376 ar later US0A survey [vear in parentheses after Family name)

Mat clazsitied (13761 EPSP inhibitar Gluphosate
e Franbizrsas ot 130 Sioiuoraie
Imidizolinones [1330] ALS inhibitars Imazaquin, imazethapyr, imazamox
Sulforyl ureas [1382) ALS inhibitars Chlarzsulfuran, elorimuron, halosulburan, metsulfuron,

nicosulfuron, primisulfuron, thiofenzulfuron

Triazolopurimidines (13331 ALS inhibitars Claransulam-methyl, Humetsulam, lorasulam

Aryloxyphenosy proprionates ACCasze inhibitors Cladinafop-proparail, Fenanaprop, fluazifop, quizalofop-P-

[1330) ethyl

Oximes [1932)] ACCase inhibitars Clethodim, sethosudim, tralkosudim

Triazolinones [1337) ACCaze inhibitars Thiencarbazone-methyl

Diphenyl ethers [1352) PPO inhibitors Bcifluorfen, diclofop, lactaten, asufluarfen, lactofen,
fomesafen

Dicarbosimides [1335) PPO inhibitars Flumiclarac-pentyl, flumiosazin

Arul-trizzinones= [1330] PPO inhkibitars Carfentrazane-ethyl, flucarbazone-sadium,
proposycarbazone-sodium, sulfentrazone

lzonazoles [1333] HPPD inhibitars lzonaflutale

Purazales [2004) HPPD inhibitars Pimcsuden, puraflufen-zthul

Triketones (2007 HPPD inhibitars Tembotrione, mesotrione, topromezone

Mat clazzified [1335) Glutamine synthase inhibitar Glufosinate-ammonium

Liinar Snane T hasbisidar Simeridud XA T0F paraqial: rovarodisinonas FETST stamarona: Fuvidaninones F IR0

Ao Anan

Sources: Malloy and Retzinger, 2003; Corn and Soybean Herbicide Chart, available at:
http://www.glyphosateweedscrops.org/; Compendium of pesticide common names; available at:
www.alanwood.net
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However, materials in “old” families developed in the 1960s are still widely used, although some materials in those
families were introduced in later years. Examples are triazines (such as, atrazine on corn), amides (acetochlor,
registered in 1994, and s-metolachlor, registered in 1997, both used on corn, cotton, and soybeans, replaced
alachlor and metolachlor, while flufenacet, used on corn and wheat, was registered in 1993), and phenoxys (such
as, 2,4-D on corn, cotton, and wheat).

Effect of Genetically Engineered Crops

The rapid, widespread adoption of HT corn, cotton, and soybeans, which became commercially available in the mid
1990’s had a major effect on herbicide use trends by encouraging the application of specific herbicides, primarily
glyphosate, which might otherwise damage the crop (Fernandez-Cornejo, 2004). Between 1996 and 2012, the
share of corn acreage planted with HT seed planted rose from 3% to 73%, of cotton acreage from 2% to 80%, and
of soybean acreage from 7% to 93% (Figures 2, 3, 4) (Fernandez-Cornejo and Caswell, 2006; USDA-NASS, 2000-
2014).

The adoption of HT seed has had little discernible effect on the percentage of corn, cotton, and soybean acres
treated with herbicides. In the early 1950s, most acreage of these crops was not treated with herbicides. By the
mid-1970s, 20 years before the introduction of HT crops, more than 90% of corn, cotton, and soybean acres were
treated annually. Where HT crops did have an impact was on the mix of compounds used. Figures 6 and 7 already
illustrated the marked shift toward glyphosate over time. The percentages of acreage treated with glyphosate
were closely related to the percentages of acreage planted with HT seed, with the increases occurring earlier for
soybeans, followed by cotton and then corn (Figures 2-5). The result was greater glyphosate use on soybeans than
on cotton and corn since the late 1990s. A much smaller percentage of all wheat acreage, for which genetically-
engineered, glyphosate-tolerant seed is not available, was treated with glyphosate, but about 80% of durum wheat
acreage was treated with glyphosate by 2012. The increased acreage of HT crops—along with falling glyphosate
prices after its patent expired—is a factor in the dramatic increase of glyphosate use.

The Major Factors in Herbicide Usage

Herbicides have become the dominant type of pesticide applied in the United States, while four crops—corn,
cotton, soybeans, and wheat—account for the bulk of herbicide use. By the early 1980s, nearly all acres of corn,
cotton, and soybeans were treated with herbicides. Adoption rates on wheat acreage proceeded more slowly, but
now are quite high. Major factors affecting overall herbicide use trends since 1980 have been: (1) changes in crop
acreage, influenced by economic and policy factors, (2) the replacement of older compounds with newer ones
applied at lower per-acre rates, influenced by pesticide regulation, contributing to reduced pesticide quantities,
and (3) the adoption of genetically-engineered crops since the mid-1990s. The use of ALS, ACCase, and PPO
inhibitors during the 1980s and 1990s, along with declining crop acreage during the 1980s contributed to declining
herbicide quantities. Adoption of herbicide-tolerant corn, cotton, and soybeans encouraged dramatic increases in
glyphosate use that displaced use of many widely-used older and newer herbicides. The increased use of
glyphosate, along with increased crop acreage, contributed to increases of herbicide quantities from 2002 to 2012.
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