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I. INTRODUCTION

History, uses, and formulation. Chlorsulfu-
ron (2-chloro-N-[[(4-methoxy-6-methyl-1,3,5-
triazin-2-yl)amino]carbonyl] benzenesulfonam-
ide) was marketed initially for postemergence
broadleaf weed control in wheat (Triticum aes-

'Published with the approval of the Director, Agric. Exp.
Stn., North Dakota State Univ. as J. Art. No. 1710.

*Mention of a trademark or proprietary products does not
constitute a guarantee of warranty of the product by the U.
S. Dep. Agric. and does not imply its approval to the ex-
clusion of other products that may also be suitable.

*Res. Agron. (also Adjimct Prof.), USDA-ARS, Bios-
ciences Res. Lab. and Dep. Crop Weed Sci., North Dakota
State Univ., Fargo, ND 58105. Current address: 212B Waters
Hall Agron. Dep., Univ. Missouri, Columbia 65211.

tivum L.) in 1982 and 1983 in the United States
and Canada, respectively, under the trade name
“Glean” (Figure 1). Chlorsulfuron is phyto-
toxic to some grasses, as well. It was first dis-
covered by Dr. G. Levitt of E.I. du Pont de
Nemours and Co., Inc., who patented it in 1978.
Chlorsulfuron is the second commercial mem-

‘ber of a new class of herbicides, the sulfonyl-

urea herbicides. The analog sulfometurn (2-
[[[[(4,6-dimethyl—2—pyrimidinyl)amino]carbonyl]
amino]sulfonyl]benzoic acid) was marketed first
as ““Oust’” for use on noncropland in the United
States (Figure 1). Each sulfonylurea herbicide
molecule consists of an aryl and heterocyclic
component joined by a sulfonylurea bridge.
Synthesis and structure-activity relations of this
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Figure 1. The chemical structures of various sulfonylurea herbicides.

class of herbicides have been summarized (175,
303). Metsulfuron (2-[[[[(4-methoxy-6-methyl-
1,3,'5-triazin-’Z-yl)amino]carbon,yl]amino]sul-
fonyl]benzoic acid), a slightly less persist

analog of chlorsulfuron, was marketed initial
under the tradename ““Ally’” in.the United..

ly

and Canada in 1986 and. 1987, respectively .

i

(Figure 1). DuPont .also, is marketing *‘Fic
nesse’’, a mixture of chlorsulfuren and metsul~

furon, in the Pacific Northwest. Other rapidly .
degraded sulfenylurea analogs being marketed

or under developmeng for broadleaf weed con-
trol in-wheat include DPX-M6316. (methyl-2-
[[(4-methoxy-6-methyl)-1,3,5-triazin-2-
ylJaminocarbonyl] aminosulfonyl]-2-thiophe-
necarboxylate), trade name ‘‘Harmony’’ (325),
and DPX-1.5300 {methyl 2-[3-(4-methoxy-6-

methyl-] ,3,5-triazin-2-yl)-N-methylamino]car-
bonyl]amino]sulfonyl] benzoate}, trade .name
“Exp -(108,.240) (Figure,1). ““Matrix’” is

the proposed. trade name for a, mixture of Har-.

mony and Express. The characteristics and con-
stituents. of these formulations, are summarized..

in. Tables 1 and 2. CIBA-GEJGY Corp. is de-
veloping a sulfonylurea analog, CGA 131036
{3-(6-methoxy-4-methyl-1,3,5-triazin-2-yl)-1-[2- .
rogthoxy)phenylsulfonyljureal,. but, rel-

n.published on..
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Chlorsulfuron was formulated as a wettable
powder in its initial stages of field testing when
it was designated as DPX-W4189. Currently;
chlorsulfuron and its analogs are formulated as
dry flowable granules (Table 2). Dry flowable
formulations are easier to handle than.wettable
powders and resist caking due to moisture up-
take from. the atmosphere. '

Chlogsulfu

hlersulfuron, metsulfuron, and DPX-M6316
are regjstered for postemergence application a
very low rates and control a wide range. of
broadleaf weeds in durum (Triticum. dyrum
Dest.), winter, and spring wheat (Tables 3, 4,
and 5). Chlorsulfuron also is registered forpres.
plant-incorporated, preplant surface, an re:

ce applications. While this rey jew, will:
oncern, the use of sulfonylurea herbicides in.
wheat,, their use in other cereals wilk b
tioned, where it is appropriate. These herbt
I rol or suppress. some grass weeds
and have limited preemergence. hers
bicidal, adtivity. While wheat is tolerant- of
chlorsuifuron and metsulfuron, the soif resi
of these herbicides may restrict usage;to areas
producing these cereals. predominatgly .in. the;
Great Plains, Pacific. Northwest, and; Prairie:

Proyinges. of Canada. While the soil;residu;
may- limit. cropping options. in rTotation, he

ci@‘gfca_r;gg:pvef may control;;or;supp;get. Qe
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Table 1. Selected physical characteristics of sulfonylurea herbicides.

Herbicide
Physical characteristic Chlorsulfuron® Metsulfuron® DPX-M6316° DPX-L5300¢
Molecular weight 357.78 381.37 387.40 395.39
Water solubility 0.125 at pH 4 0.270 at pH 5 24 at pH 4 28 at pH 4
(mg/ml at 25C) 0.30 at pH 5 1.75 at pH 6 260 at pH S S50 at pH S
27.90 at pH 7 5.80atpH 7" 2400 at pH 6 280 at pH 6
Vapor pressure ’ :
(mm Hg at 25 C) 2.3 x 10-1= 2.5 x 10~ 1.3 x 10-1°® 2.7 x 10-7¢
Melting -point (C) 174-178 158 186 ' 141
pK, (at 25 C) 3.6 3.3¢ 4.0 5.0
» Herbicide Handbook, 1985.
» DuPont technical bulletin on Ally.
< DuPont technical bulletin on Harmony.
d DuPont technical bulletin on Express.
e Levitt, et al. (176).
f Shea (322).
¢ DuPont, 1987, personal communication, (108).
Table 2. Formulation characteristics of sulfonylurea herbicides used in wheat.
, Formulated product
Characteristic Glean Ally Finesse Harmony Express Matrix
DuPont code number DPX-W4189 DPX-T6376 DPX-G8311  DPX-M6316 DPX-L5300 DPX-R9674
WSSA name Chlorsulfuron Metsulfuron Chlorsulfuron - - DPX-M6316 plus
plus metsul- DPX-L5300
furon
Ratio in
formulation - - 5:1 - - 2:1
Formulation® 75% d.f. 60% d.f. 75% d.f. 75% d.f. 75% d.f. 75% d.f.
(oz. product/A) 1/6 to 1/2 1/10 0.2t0 0.5 1/3 to 2/3 1/6to 1/3 - 0310 0.6

a g f = dry flowable.

weeds in the subsequent fallow or wheat crop
in the year after treatment. Current registration
labels for chlorsulfuron, metsulfuron, and other
~ sulfonylurea herbicides should be consulted for

-up-to-date information. Information on the ef-
ficacy and limitations of these herbicides is rap-
idly expanding and changes in recommendations
for use in wheat are expected. Because chlor-
sulfuron has been more thoroughly researched
than other analogs, the discussion will concen-

trate on this herbicide.

Structure, chemistry, and physical charac-
teristics. The chemical structure and physical
characteristics of various sulfonylurea herbi-
cides are presented in Figure 1 and Table 1,
respectively. A knowledge of the chemistry of
these herbicides is needed to better understand
their use and behavior in the environment. For
example, soil-applied chlorsulfuron does not re-
quire incorporation to prevent vapor losses be-
cause chlorsulfuron is nonvolatile, as are other
analogs (Table 1).

Chlorsulfuron has a pKa of 3.58 = 0.05 (322).
The pKa of individual sulfonylurea herbicides

describes the pH-dependent ionization of these
herbicides and influences herbicide adsorption,
Jeaching, and persistence in soil. The water sol-
ubility of chlorsulfuron and its analogs also is
pH dependent (Table 1). Water solubility de-
creases as pH decreases. Chlorsulfuron has a
water solubility of 10 and 100 ppm at pH S and
7, respectively, and exists chiefly in anionic
form in most agricultural soils (322, 327). An |
acidic pKa is attributed to the sulfonamide ni-
trogen of the herbicide molecule. Like chlor-
sulfuron, sulfometuron is less water soluble at
acidic pHs (137). '

" Chlorsulfuron stability in aqueous solution also
depends upon pH. Chlorsulfuron had a half-life
of 1 week and 1 month when incubated in
aqueous solution at pH 4 and pH 7 to 9, re-
spectively, at 20 C in darkness (19). It was
rapidly hydrolyzed in 0.1 N acid to 2-chloro-
benzenesulfonamide and 2-amino-4-methoxy-6-
methyl-1,3,5-triazine (19) (Figure 2). These dark
hydrolysis products were identical to those ini-
tially formed by photodecomposition in ‘water
(144) (Figure 2). Unidentified insoluble hy-
drolysis products were formed at pH 9 to 10.
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Table 3. Weeds controlled or suppressed by various sulfonylurea herbicides in wheat according to the 1989 United States
and Canadian registration or technical data sheets, 1986.

~ )
% g
s S
= =
E 5 3 8 8 &
3 £ & 5 5 3
Weed ks 2 < b 5 ks
= 2 - [ = =
Common name Scientific name O 2 a [a) a O
Annual bluegrass Poa annua L. # POAAN X
Annual sowthistle Sonchus oleraceus L. # SONOL X X
Bedstraw Galium spp. X X
Bittercress Cardamine spp. X
Black mustard Cardamine nigra (L.) W.J.D.
Koch # BRSNI X
Blue Jacobsladder Polemonium caeruleum L. #
PMNCO X
Blue mustard Chorisora tenella (Pallas)
DC. # COBTE X X
Bur beakchervil Anthriscus caucalis Bieb. -
#ANRCAX X X X
Bur buttercup Ranunculus testiculatus
Crantz  #CCFTE X X
Buttercup Ranunculus spp. X
Canada thistle Cirsium arvense (L.) Scop.
. # CIRAR X X X X
Carolina geranium Geranium carolinianum L. :
# GERCA X
Catchweed bedstraw
(cleavers) Galium aparine L. # GALAP X X
Chickweed Stellaria spp. X X X
Coast fiddleneck Amsinckia intermedia Fisch.
& Meg. # ABSIN. X
Common chickweed Stellaria media (L.) Vill.
# STEME X X X X X X
Common groundsel Senecio vulgaris L. # SENVU X X X X
Common hempnettle Galeopsis tetrahit L. # GAETE X X X X
Common lambsquarters Chenopodium album L. # )
: . CHEAL X X X X X X
Common mallow Malva neglecta Wallr. # MALNE X
Common purslane Portulaca oleracea L.-# POROL X X X X
Common ragweed Ambrosia artemisiifolia L.
# AMBEL X X X X
Common sunflower Helianthus annuus L. # HELAN X ’
Cone catchfly Silene conoidea L. # SILCO X X X
Corn cockle Agrostemma githago L. # AGOGI X
Corn gromwell Lithospermum arvense L.
# LITAR X X X X
Corn spurry Spergula arvensis L. # SPRAR X X
Cowcockle Vaccaria pyramidata Medik.
# VAAPY X X X X X
Curly dock Rumex crispus L. # RUMCR X X
Dandelion Taraxacum officinale Weber -
in Wiggers # TAROF X
Dogfennel Eupatorium capillifolium
(Lam.) Small # EUPCP X X X
Dovefoot geranium Geranium molle L. # GERMO X
Erect knotweed Polygonum erectum 1.
# POLER X
False chamomile Matricaria maritima-L.
# MATMA X X
Falseflax Camelina spp. X
Fiddleneck Amsinckia spp. X X X X
Field pennycress Thlaspi arvense 1. # THLAR X X X X X X
Filaree Erodium spp. X
Flixweed Descurainia sophia (L.)
Webb. ex Prantl # DESSO X X X X X X
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Chlorsulfuron (Canada)

%)
\:—)'/ .
=
g - 5 = = =)
s 5 8 & g
Weed Z2 = Q = =
=l a2 < < <
Common name Scientific name 5 ﬁ\ E, a E
Giant foxtail Setaria faberi Herrm. # SETFA X : - -
Green foxtail Setaria viridis (L.) Beauv. :
# SETVI X X - - X
Green smartweed Polygonum spp. X X : X X
Gromwell Lithospermum spp. X X -
Haresear mustard Conringia orientalis (L.)
Dumort. # CNHOR X X
Henbit Lamium amplexicaule 1.
# LAMAM X X
Italian ryegrass Lolium multiflorum Lam.
# LOLMU X
Knawel Scleranthus annuus L. # SCRAN X
Kochia Kochia scoparia (L.) Schrad,
# KCHSC X X X X
Ladysthumb Polygonum persicaria L. - -
# POLPE X X X X
Little bittercress Cardamine spp. X
Little mallow Malva parviflora L. # MALPA X
London rocket Sisymbrium irio L. # SSYIR X
Mayweed chamomile Anthemis cotula L. # ANTCO X
Miners lettuce Claytonia perfoliata Donn '
ex Willd. # CLAPE X X X X
Mouseear chickweed Cerastium vulgatum L. # CERVU X X
Mouseearcress Arabidopsis thaliana (L.)
Heynh. # ARBTH X
Pale smartweed | Polygonum lapathifolium 1.
# POLLA X
Pennsylvania smartweed Polygonum pensylvanicum 1..
# POLPY X X X
Pineappleweed Matricaria matricarioides (Less.)
C. L. Porter # MATMT X
Plains coreopsis Coreopsis tinctoria Nutt.
# CRTLI X
Prickly lettuce Lactuca serriola L. # LACSE X X X
Prostrate knotweed Polygonum aviculare 1..
# POLAV X
Prostrate pigweed Amaranthus blitoides S. Wats.
# AMABL X X
Rapeseed, volunteer Brassica napus L. X
Red maids Calandrinia ciliata (Ruitz )
et Pav. DC) # CLNCI X
Redstem filaree Erodium cicutarium (L.)
L’Her. ex Ait. # EROCI X X
Redroot pigweed Amaranthus retroflexus L.
# AMARE X X
Russian thistle Salsola iberica Sennen and
. Pau # SASKR X X
Shepherdspurse Capsella bursa-pastoris (L.)
Medik. # CAPBP X X
Slimleaf lambsquarters Chenopodium leptophyllum
(Mog.)
Nutt. ex S. Wats, # CHELE X
Smallflower buttercup Ranunculus abortivus L. .
# RANAB - X
Smallseed falseflax Camelina microcarpa Andrz. ex
DC. # CMAMI X
Smooth pigweed . . Amaranthus hybridis 1. .
# AMACH X X




428

Table 3. Continued.

DONALD

—~ g
2 S
= =
e g ha b = e
2 e = @ R 2
3 & 3 3 e e
Weed 4 El Q = ~ 2
s £ X ¥ B 2
Common name Scientific name O = =) (=) [=) O
Sowthistle Sonchus spp. X
Speedwell Veronica spp. X X X
Swamp smartweed Polygonum coccineum Muhl. ex :
i Willd. # POLCC X
Swinecress Coronopus didymus (L.) Sm.
. # COPDI X
Sunflower, volunteer Helianthus annuus L. # HELAN X X X X
Tansymustard Descurainia spp. X X X X X
Tarweed Madia spp. X X X X X
Tumble mustard Sisymbrium altissimum L.
# SSYAL X X X X X
Tumble pigweed Amaranthus albus L. # AMAAL X
Vetch Vicia spp- X
Waterpod Ellisia nyctelea L. # ELSNY X X
White.campion Silene alba (Mill.) E.H.L.
Krause # MELAL X
White cockle Lychnis alba Mill. X
Wild buckwheat Polygonum convolvulus L. :
# POLCO X X X X - X
Wild carrot Daucus carota L. # DAUCA X X
wild garlic Allium vineale L. # ALLVI X X -
Wild mustard Sinapis arvensis L. # SINAR X X X X X
Wild onion Allium canadense L. # ALLCA X
Wild radish Raphanus raphanistrum L.
# RAPRA X
Yellow foxtail Setaria glauca (L.) Beauv.
# SETLU X - -
Yellow starthistle Centaurea solstitialis L.
# CENSO X

Sulfometuron also hydrolyzed more rapidly un-
der acidic than alkaline conditions (137). These
observations have a direct bearing on chlorsul-
furon persistence in soil (see below) and in the
spray tank. According to the registration labels
if chlorsulfuron, metsulfuron, or DPX-M6316
is left in the spray tank for more than 24 h, it
may be inactivated by aqueous hydrolysis. Reg-
istration labels permit mixtures of these herbi-
cides with liquid fertilizers having a pH greater
than 3.0.
Chlorsulfuron photodecomposed with a half-
life of 2 to 4 weeks in aqueous solution under
- artificial light (19). Although chlorsulfuron was
stable on glass, it photodecomposed on dry soil
or plant material with a half-life of 6 to 8 weeks.
The photodecomposition products were identi-
fied after irradiation with a high-pressure mer-
cury lamp (Figure 2)-(144). The half-life for
photodecomposition in distilled water was greater
than in ‘creek’ water, 186 and 31 h, respec-
tively. It was suggested that humic substances

in creek water interacted with light and oxygen
in the water to form singlet oxygen, hydroxy
radicals, and alkoxyradicals which catalyzed
herbicide degradation. Half-lives for photodeg-
radation on silica and montmorillonite clay were
136 h and 115 h, respectively (144).
Chlorsulfuron hydrolyzes when stored in
methanol, ethanol, acetone, ot N, N-dimethyl-
formamide (19). Chlorsulfuron was stable for
at least 1 month when stored in darkness in
either dichloromethane or anhydrous tetra-
hydrofuran. ]
Chemical assays, immunoassays, and bioas-
says for quantifying sulfonylurea residues have
been summarized briefly (46). Extraction
schemes and purification of chlorsulfuron by
high-pressure liquid chromatography have been
described for analytical grade herbicide (346),
plant material (44, 326), and soil (388). Ex-
traction and purification procedures for sulfom-
eturon and chlorsulfuron from soil and plant
material were similar (389, 390). Thin-layer
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Weed © Rate
Common name Scientific name (g/ha) State References
Chlorsulfuron
Annual polemoniom Polemonium micranthum Benth. # PMNMI 9-18 ID/WA  (120)
Blue mustard Chorispora tenella (Pallas) DC. # COBTE 4-35 MT (339)
9 UT (106)
14 WA (367)
Bur buttercup Ranunculus testiculatus Crantz # CCFTE 170 - 500 UT (60}
9 UT (106)
Catchweed bedstraw Galium aparine L. # GALAP 2-5 1D (305)
19 ID (308)
9-18 ID (311)
18 D (314)
Chamomile Matricaria spp. 18 iD (200)
Coast fiddleneck Amsinckia intermedia Fisch. Mey.
# AMSIN 17 -35 CA (258)
9-18 ID/WA  (120)
, 9-18 ID (311)
Common chickweed Stellaria media (L.) Vill. # STEME 17-35 CA (258)
9-18 ID/WA  (120)
10 VA (116)
: 9-18 VA (117)
Common groundsel Senecio vulgaris L. # SENVU 17 - 35 CA (258)
Common lambsquarters Chenopodium album L. # CHEAL 2-5 ID (305)
9-18 ID/WA  (120)
9-18 ID (309)
14 ID (199)
9 ID . (202)
9-35 KS (174)
11 MN (29)
22 MN (35, 37)
9 MN (25)
17 - 35 ND (214, 215)
8-47 wY (150)
Common pursiane Portulaca oleracea L. # POROL 9-35 KS (174)
Common ragweed Ambrosia artemisiifolia L. # AMBEL 9 MN (25)
Common speedwell Veronica officinalis L. # VEROF 18 1D (314)
Common tansy Tanacetum vulgate L. # CHYVU 22 - 56 1D (288)
70 wY (109)
Corn cockle Agrostemma. githago L. # AGOGI 9 ID (353) -
Corn chamomile Anthemis arvensis L. # ANTCO 10 VA (132)
Cornflower Centaurea cyanus L. # CENCY 10 VA (116)
Corn gromwell Lithospermum arvense L. # LITAR 18 D (314)
' 35 MT (339)
Corn spurry Spergula arvense L. # SPRAR 17 - 35 CA (258)
9-18 PEI® (154)
Cowcockle Vaccaria pyramidata Medik. # VAAPY 5 Canada  (152)
Curly dock Rumex crispus L. # RUMCR 36 AR~ (164)
Cutleaf eveningprimrose Oenothera laciniata Hill. # OEOLA 9. OK (168)
False chamomile Matricaria maritima L. # MATMA 30 ND (145)
Fiddleneck Amsinckia spp. 6-18 ID (307)
18 ID (308)
9-18 ID (309)
Field pennycress Thlaspi arvense L. # THLAR 7-14 D (229)
14 - 56 ID (300}
9-35 D (237)
2-5 ID (305)
9-18 ID/WA  (120)
9-18 D (309)
9-18 ID (311)
18 D (314)
18 D (200)
14 ID (201)
9 ID (202)
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Weed Rate
Common name Scientific name (g/ha) State References
Flixweed Descurainia sophia (L.) Webb. 35 D (319)
ex Prantl # DESSO 6-18 D (308)
9-18 ID (311)
18 ID (313)
14 ID (201)
9 OK (168)
9 UT *(106)
Forget-me-not Myosotis spp. 9 “ID (230)
Hemp parsley Alchemilla spp. 6-18 ID (308)
9 ID (353)
Henbit Lamium amplexicaule L. # LAMAM 2-5 D (305)
9 ID (230)
6-19 D (307)
9-18 ID/WA  (120)
9-18 ID (311)
18 ID (314)
4-35 MT (339)
9-18 ‘0K (168)
10 VA (116)
. 9-18 VA (120)
Ivyleaf speedwell Veronica hederifolia L. # VERHE 9-18 ID/WA.  (120)
18 ID (313)
Jagged chickweed Holosteum umbellatum L. # HLOUM 9-18 ID/WA  (120)
Kochia Kochia scoparia (L.) Schrad. # KCHSC 9-18 ID (309)
67 KS (330)
13-26-67  KS (259, 260, 261)
34 ND (126) :
34 - 67 ND (212)
34 - 67 ND (213)
‘ 17 - 35 ND (214, 215)
Mayweed chamomile Anthemis cotula L. # ANTCO 24 - 140 ID (229)
9-35 1D (237)
9-35 ID (353)
2-5 ID (305)
9 ID (230)
9-18 ID/WA  (120)
18 ID (121)
' 9-18 ID (309)
9-18 ID (311)
18 . ID (313)
14 ID (199)
18 ID (200, 314)
9 ID (202)
10 VA (116)
9-18 VA (117)
Miner’s lettuce Claytonia perfoliata Donn ex Willd 9-18 ID (311)
# CLAPE ‘ )
Narrowleaf montia Montia linearis (Dougl.) Green 18 ID (121)
Nightflowering catchfly Silene noctiflora L. # MELNO 6-18 ID (307)
Pennsylvania smartweed Polygonum pensylvanicum L. # POLPY 22 MN (35, 37)
9 MN (25)
Pinnate tansymustard Descurainia pinnata (Walt.) Britt. 4 - (364)
# DESPI 20-70 ID (323)
67 KS (330)
17-35 KS (334)
34 - 67 ND (213)
17 - 35 ND (214, 215)
4 wY (219)
Pineappleweed Matricaria matricarioides (Less.) C.L. 9 ID (202)
Porter # MATMT
Popcorn-flower 18 ID (200)

Allocarya figurata Piper # ALMFI
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Weed Rate
Common name Scientific name (g/ha) State References
Prickly lettuce Lactuca serriola L. # LACSE 7-14 D (229)
14 - 56 D (300)
6-18 ID (307)
17 -70 ID (188)
9-18 ID (311)
18 1D (313)
18 ID (236)
14 D (199)
9-35 KS (174)
Prostrate knotweed Polygonum aviculare L. # POLAV 9-18 ID/WA  (120)
Puncturevine Tribulus tervestris L. # TRBTE © 35 CO (10)
Rapeseed Brassica napus L. 3 Canada  (62)
Redstem filaree Erodium cicutarium (L.) L’Her. 17-35 CA (258)
ex Ait. # EROCI
Redroot pigweed . Amaranthus retroflexus L. # AMARE 35 CO (10)
22 MN (37
Russian knapweed Centaurea repens L. # CENRE 70 - 140 wY (156)
Russian thistle Salsola iberica Sennen and Pau # SASKR 17-70 iD (188)
67 KS (330)
13-26-67 - KS (259, 260, 261)
34 - 67 ND (212, 213)
17 - 35 ND (214, 215)
17-170 uT (386)
8-47 wY (150)
Scouringrush Equisetum hyemale L. # EQUHY 35- 140 MN (112)
Shepherdspurse Capsella bursa-pastoris (L.) Medik. 9 ID (230)
# CAPBP 9-18 ID/WA  (120)
9-18 ID (311)
18 ID (313)
Smallflower collinsia Collinsia parviflora Dougl. # CLCPA 9-18 uT (61)
Smallseed falseflax Camelina microcarpa Andrz. ex DC.
# CMAMI 9 uT (106)
Smooth pigweed Amaranthus hybridus L. # AMACH 9-35 KS (174)
Spikeweed Hemizonia pungens (Hook. and Am.) T. 53-210 OR (368, 369)
and G. # HEZPU
Sunflower Helianthus annuus. L. # HELAN 17 - 35 CO (11)
35 CO (10)
2-9 ND (249)
7-170 ND (355)
Tansymustard Descurainia spp. 9-18 1D (309)
Tansy ragwort Senecio jacobaea L. # SENJA 100 - 210 OR (376)
53-210 OR (377)
Tarweed fiddleneck Amsinckia lycopsoides (Lehm.) Lehm. 4-8 - (78)
. # AMSLY )
Tumble mustard Sisymbrium altissimum L. # SSYAC 4 - (78, 364)
7-14 ID (229)
Tumble pigweed Amaranthus albus L. # AMAAL 4 - (364)
Velvetleaf Abutilon theophrasti Medik. # ABUTH 22 MN (23)
Weed beet Beta vulgaris L. 10 ND 7
Wild buckwheat Polygonum convolvulus L. # POLCO 11 MN (29)
4-9 MN 25)
34 ND (126)
17-35 ND (214, 215)
9-18 - OK (168)
36 PEIL (154)
Wild carrot Daucus carota L. # DAUCA 20-70 D (323)
Wild geranium Geranium maculatum L. 10 VA (116)
Wild mustard Sinapis arvensis L. # SINAR 11 MN (29)
22 MN (35)
. 34-67  ND (212)
Willowweed spp- Epilobium spp. 14 - 56 ID - (300)
Yarrow Achilles millefolium L. # ACHMI 80 - - (48)
: 17-35 CA (258)
Yellow starthistle Centaurea solstitialis L. # CENSO 140 . OR (370
Yellow woodsorrel Oxalis stricta L. # OXAST 26 -35 . KS (174)
Metsulfuron
- Annual polemonium Polemonium micranthum Benth. # PMNMI 9-18 ID/WA  (120)
Bittercress Cardamine sp. 5 - (364)
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Weed Rate
Common name Scientific name (g/ha) State References
Blue mustard Chorispora tenella (Pallas) DC. # COBTE S - (364)
Broadleaf dock Rumex obtusifolius L. # RUMOB 4-8 - (78)
Bur buttercup Ranunculus testiculatus Crantz # CCFIE 4 uT (106)
Burning nettle Urtica urens L. # URTUR 4-8 - (78)
Bushy wallflower Erysimum repandum L. # ERYRE 4-8 - (78)
Catchweed bedstraw * Galium aparine L. # GALAP 4-7 1D (305)
6-18 ID (308)
Chervil Anthriscus spp. 4-8 - (78)
Chickweed Stellaria spp. 9-18 ID/WA  (120)
Coast fiddleneck . Amsinckia intermedia Fisch. and Mey. 9-18 ID/WA  (120)

' : # AMSIN

Common chickweed Stellaria media (L.) Vill. # STEME 4 - (364)
- - (78)
4-8 - (344)
: 9-18 VA (117)
Common groundsel Senecio vulgaris L.# SENVU 4-8 - (78, 344)
Common hempnettle Galeopsis tetrahit L. # GAETE 4-8 - (78, 344)
Common lambsquarters Chenopodium album L. # CHEAL 4-7 ID (314)
i 9-18 ID/WA  (120)
22 MN (23, 35, 37)
4-9 MN (25)
17 - 35 ND (215)
4-9 UT (105)
9-53 wY (150)
‘ : 4 wY (219)
Common mallow Malva neglecta Wallr. # MALNE 35 ID (74)
Common purslane Portulaca oleracea L. # POROL 4 - (364)
Common tansy Tanacetum vulgate L. # CHYVU 70 - 140 wY (109)
' 22 - 56 ID (288) .
Cone catchfly Silene conoida L. # SILCO 4 - (364)
Corn chamomile Anthemis arvensis L. # ANTCO 10 VA (132)
Corn gromwell Lithospermum arvense L. # LITAR 4 - (78, 364)
Corn marigold Chrysanthemum segetum L. # CHYSE 4-8 - (78)
6 - (344)
Corn poppy Papaver rhoeas L. # PAPRH 4-8 - (78)
Corn spurry Spergula arvensis L. 6-18 PEI (155)
Corncockle Agrostemma githago L. # AGOGI 4 - (364)
Cornflower Centaurea cyanus L. # CENCY 10 VA (116)
Cowcockle Vaccaria pyramidata Medik. # VAAPY 4 - (364)
Creeping buttercup Ranunculus repens L. # RANRE 13- 50 OR (373)
Dogfennel Eupatorium capillifolium (Lam.) Small 4-8 - (78)
# EUPCP 4 - (364)
False chamomile Matricaria maritima # MATMA 4 - (364)
Fiddleneck Amsinckia spp. 18 D (308)
9-18 ID (309)
4 - (364)
Field bindweed Convolvulus arvensis L. # CONAR 112 OR (372)
Field forget-me-not Myosotis arvensis (L.) Hill # MYOAR 4-8 - (78)
8 - (344)
Field violet Viola arvensis Murr. # VIOAR 4-8 - (78, 344)
Field pennycress Thlaspi arvense L. # THLAR 4-7 1D (305)
) 9-18 ID/WA (120, 309)
34 - 67 ND (216)
4 - (364)
4-8 - (78)
Field poppy Papaver rhoeas L. # PAPRH 6 : - (344)
Filaree Erodium sp. 4 - (364)
Flixweed Descurainia sophia (L.) Webb. 6-18 ID (308)
ex Prantl # DESSO 4 uT (106)

, 4 - (364)
Forget-me-not . Myosotis spp. 9-18 1D (230)
Hairy buttercup Ranunculus sardous Crantz # RANSA 4-8 - (78)
Hemp parsley Alchemilla spp. 6-18 D (308)
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Henbit Lamium amplexicaule L. # LAMAM 4-17 ID (305)
9-18 ID (230}
9-18 ID/WA  (120)
10 VA (116)
9-18 VA (117)
4 - (364)
4-8 - (344)
Hoary plantain Plantago media L. # PLAME - 4-8 - (78)
Ivyleaf speedwell Veronica hederifolia L. # VERHE 9-18 ID/WA  (120)
Jagged chickweed Holosteum umbellatum L. # HLOUM 9-18 ID/WA  (120)
Kochia Kochia scoparia (L.) Schrad. # KCHSC 17-35 ND (215)
34 - 67 ND (216)
2-4 ND (252)
9-53 wY (150)
Ladysthumb Polygonum persicaria L. # POLPE 4-8 - (78)
Low cudweed Gnaphalium uliginosum L. 6-18 PEI (155)
Mayweed chamomile Anthemis cotula L. # ANTCO 4-7 1D (305)
9-18 ID (230)
9-18 ID/WA  (120)
9-18 ID (309)
18 D (198, 199, 313)
10 VA - (116)
9-18 VA (117)
4 - (78, 364)
Miner’s lettuce Claytonia perfoliata Donn ex Willd. 4 - (364)
T # CLAPE
Mousearcress Arabidopsis thaliana (L.) Heynh. # ARBTH 4 -8 - (78)
Nipplewort Lapsana communis L. # LAPCO 4-8 - (78)
Pale smartweed Polygonum lapathifolium L. # POLLA 4-8 - (78)
Pansy Viola tricolor L. # VIOTR 4-8 - (78)
Parsley Caucalis spp. 4-8 - (78)
Pennsylvania smartweed Polygonum pensylvanicum L. # POLPY 22 MN (23, 35, 37)
4-9 MN (25)
Persian speedwell Veronica persica Poir. # VERPE 4-8 - (78, 344)
Pinnate tansy mustard Descurainia pinnata (Walt.) Britt. - 4-8 - (78)
# DESPI 17 - 35 XS (334)
17 - 35 ND (215)
34 - 67 ND (216)
4 WY (219)
4 - (364)
Prickly lettuce Lactuca serriola L. # LACSE 4 - (364)
4-8 - (78)
Prostrate knotweed Polygonum aviculare L. # POLAV 9--18 ID/WA  (120)
: 4 - (363)
8 - (344)
Purple deadnettle . Lamium purpureum L. # LAMPU 4-8 - (78)
Rapeseed Brassica napus L. 4-8 - (78)
Redroot pigweed Amaranthus retroflexus # AMARE 22 - MN (23, 37)
4-9 UT (105)
4 - (364)
Russian thistle Salsola iberica Sennen and Pau # SASKR 17-35 KS (332)
17 - 35 ND (215) -
34 - 67 ND (216)
9-53 wY (150)
4 - (364)
Scarlet pimpernel Anagallis arvensis L. # ANGAR 4-8 - (78)
* Shepherdpurse Capsella bursa-pastoris (L.) Medik 9-18- 1D (230)
# CAPBP 9-18 ID/WA  (120)
4-8 - (78)
6-18 PEI (155)
Silverweed cinquefoil Potentilla anserina L. # PTLAN 4-8 - (78)
Shimleaf lambsquarters Chenopodium leptophyllum (Mog.) Nutt. 4 - (364)
ex S. Wats # CHELE
Smallseed falseflax Camelina microcarpa Andrz. ex DC. # CMAMI 4 - (364)
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Smooth pigweed Amaranthus hybridus L. # AMACH 4 - (364)
Sowthistle Sonchus spp- 4 - (364)
Speedwell Veronica spp- 40 - VA (116)
Spikeweed Hemizonia pungens (Hook. and Arn.) 53-210 OR (369)
T. and G. # HEZPU
Sunflower Helianthus annuus L. # HELAN 2-4 ND (249)
4 - (364)
Tansymustard * Descurainia Spp. 9-18 D (309)
Tansy ragwort Senecio jacobaea L. # SENJA 100 -210 OR (376)
53 -210 OR 377
Tarweed fiddleneck Amsinckia lycopsoides (Lehm.) Lehm. 4-8 - (78)
# AMSLY
Tumble mustard Sisymbrium altissimum L. # SSYAL 4 - (78, 364)
Tumble pigweed Amaranthus albus L. # AMAAL 4 - (364)
Velvetleaf Abutilon theophrasti Medik. # ABUTH 22 MN (23)
Venus-comb Scandix pecten-veneris L. # SCAPV 4-8 - (78)
Waterpod Ellisia nyctelea L. # ELSNY 4 - (364)
Wild buckwheat Polygonum convolvulus L. # POLCO 4-17 1D (364)
9-18 D (309)
22 MN - (23)
4-9 MN (25)
17 - 35 ND (215)
4 - (364)
: 4-8 - (78)
Wild geranium Geranium maculatum L. 10 VA (116)
Wild mustard Sinapis arvensis L. # SINAR 22 MN (23, 35)
2-4 ND (249)
4 - (364)
4-8 - (78)
Wild radish Raphanus raphanistrum L. # RAPRA 4-8 - (78)
} DPX-M6316
Blue mustard Chorispora tenella (Pallas) DC. # COBTE 36 WA (367)
California hedge-parsiey Torilis spp. 9 1D (315)
Catchweed bedstraw Galium aparine L. # GALAP 9 D (315)
9-35 1D (393)
60 - (325)
Coast fiddleneck . Amsinckia intermedia Fisch. and Mey. 18-35 D (347)
# AMSIN )
Common chickweed Stellaria media L. # STEME 45 - 60 - (325)
Common lambsquarters Chenopodium album L. # CHEAL 18 D (198)
. : 9-35 D (393)
18 ID (199)
9-35 MN 91, 93)
18 MN (90)
34 - 67 wY (221, 222) -
34 - 67 wY (220)
8-17 WY (219)
. 17 - 26 wY (218)
Common sunflower Helianthus annuus L. # HELAN 5-15 CcO (15)
Corn poppy Papaver rhoeas L. # PAPRH : 60 - (323)
Corn speedwell Veronica arvensis L. # VERAR 60 - (325)
Field forget-me-not Myositis arvensis (L.) Hill # MYOAR 60 - (325)
Field speedwell Veronica agrestis L. # VERAG 60 - (325)
Field pennycress Thlaspi arvense L. # THLAR 9 ID (315)
18- 35 D (347
35 D (200}
18 1D (199, 201)
Flixweed Descurainia sophia (L.) Webb. ex 18 D (201, 343)
Prantl # DESSO
Henbit Lamium amplexicaule L. # LAMAM 18 - 35 ID (347)

Ivyleaf speedwell * Veronica hederifolia L. # VERHE ) 18 D (343)
. : 60 - (33
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Kochia Kochia scoparia (L.) Schrad. # KCHSC 8-170 ND (242)
8-35 ND (249)
8-16 ND (252)
67 wY (222)
34 -67 wY (220, 221)
17 - 26 wY (218)
Ladysthumb Polygonum persicaria L. # POLPE 60 - (325)
Mayweed chamomile Anthemis cotula L. # ANTCO 18 1D (198, 199, 313)
Parsley-piert Alchemilla arvensis (L.) Scop. # APHAR 60 - (325)
Pennsylvania smartweed Polygonum pensylvanicum L. # POLPY 9-35 MN (91, 93)
, ) 4-16 IL (162)
Prickly lettuce Lactuca serriola L. # LACSE 18 D (313)
9 ID. (315)
Prostrate knotweed Polygonum aviculare L. # POLAV 45 - (325)
Purple deadnettle “Lamium purpureum L. # LAMPU 60 - (325)
Redroot pigweed Amaranthus retroflexus L. # AMARE 18 MN (90)
: 9-34 .MN (91)
8-70 ND (242)
4-16 IL (162)
: i . 34 - 67 WY (220, 221, 222)
Shepherdspurse . Capsella bursa-pastoris (L.) Medik. 18 ID (198, 343)
, # CAPBP 60 - (325)
Sunflower Helianthus annuus L. # HELAN 8-35 ND (249)
Tansymustard Descurainia spp. 9 ID (315)
34 - 67 wY (220, 221)
4-67 wY (222)
8-17 wY (219)
Tumble mustard Sisymbrium altissimum L. # SSYAL 18 - 35 ID (347)
Velvetleaf Abutilon theophrasti Medik. # ABUTH 4-16 IL (162)
9-35 MN 91, 93)
Wild buckwheat Polygonum convolvulus L. # POLCO 18 D (198)
18 MN (90)
9-34 MN 91)
34 - 67 WY (220, 221, 222)
Wild chamomile Matricaria chamomilla L. # MATCH 60 - (325)
Wild garlic Allium vineale L. # ALLVI 8-35 TN (268)
Wild mustard Sinapis arvensis L. # SINAR 9-35 MN (91)
. 18 MN (90)
8-70 ND (242)
8-35 ND (249)
. 60 - - (325)
DPX-L5300
Black knapweed Centaurea nigra L.-# CENNI 10 - 20 - (108)
Black mustard Brassica nigra (L.) W.J.D. Koch # BRSNI 10 - 20 - (108)
Bushy wallflower Erysimum repandum L. # ERYRE 10-20 - (108)
Catfly species Silene spp. 8-10 - (240)
Chamomile species Anthemis spp. 8-10 - (240)
Catchweed bedstraw Galium aparine L. # GALAP 9-35 ID (393)
Coast fiddleneck Amsinckia intermedia Fisch. and May. 18 - 32 ID (347)
# AMSIN : 10-20 - (108)
Common chickweed Stellaria media (L.) Vill. # STEME 5-10 - (108)
10 - 20 - (108)
Common hempnettle Galeopsis tetrahit L. # GAETE 10 - 20 - (108)
Common lambsquarters Chenopodium album L. # CHEAL 35-70 CA (228)
9-35 D (393)
18 MN (90).
9-35 MN (91)
17 - 34 wY (218)
4-17 wY (219)
10 - (240)
10 - 20 - (108)
Corn buttercup Ranunculus arvensis L. # RANAR 5-10 - (240)
Corn tockle Agrostemma githago L. # AGOGI 10-20 -~ - (108)
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Corn gromwell Lithospermum arvense L. # LITAR 10 - 20 - (108)
Corn poppy Papaver rhoeas L. # PAPRH 5-10 - (240)
10 - 20 - (108)
Cornr spurry Spergula arvensis L. # SPRAR 10 - 20 - (108)
Cutleaf geranium Geranium dissectum L. # GERDI . 5-10 - (240)
Dogfennetl Eupatorium capillifolium (Lam.) Small - 10-20 - (108)
# EUPCP
Erect knotweed Polygonum erectum L. # POLER 10 - 20 - (108)
- Field pennycress Thiaspi arvense L. # THLAR 18- 32 ID (347)
5-10 - (240)
Field violet Viola arvensis Murr. # VIOAR 5-10 - (240)
10 - 20 - (108)
Flixweed Descurania sophia (L.) Webb. 10 - 20 - (108)
) ex Prantl # DESSO
Fumitory Fumaria officinalis L. # FUMOF 19 - (240)
Hairy bittercress Cardamine hirsuta L. # CARHI 5-10 - (240)
Hairy buttercup Ranunculus sardous Crantz # RANSA 5-10 - (240)
Henbit Lamium amplexicaule L. # LAMAM 18 - 32 D (347)
: 10 - (240)
Kochia Kochia scoparia (L.) Schrad. # KCHSC 10 - 20 - (108)
35-170 CA (228)
35 . ND (249)
17 - 34 wY (218)
10 -20 - (108)
_ Ladysthumb Polygonum persicaria L. # POLPE 10 - 20 - (108)
London rocket Sisymbrium irio L. # SSYIR 10 - 20 - (108)
Mayweed chamomile Anthemis cotula L. # ANTCO 10-20 - (108)
Pansy Viola tricolor L. # VIOTR 10 - (240)
10 -20 - (108)
Persian speedwell Veronica persica Poir. # VERPE 10-20 - (108)
Pinnate tansymustard Descurainia pinnata (Walt,) # DESPI 4-17 wY (219)
Prickly lettuce Lactuca serviola L. # LACSE 10-20 - (108)
Redroot pigweed Amaranthus retroflexus L. # AMARE 18 MN (90)
9-34 MN (91)
. 10 - 20 - (108)
Sand catchfly Silene conica L. # SILCN 10 - 20 - (108)
Scarlet pimpernel Anagallis arvensis L. # ANGAR 10 - (240)
Scentless chamomile Matricaria perforata Merat # MATIN 10 - 20 - (108)
Shepherdspurse Capsella bursa-pastoris (L.) Medik. 5-10 - (240)
# CAPBP 10 - 20 - (108)
Spiny saltwort Salsola kali L. # SASKA 10 - 20 - (108)
Sunflower Helianthus annuus L. # HELAN 8-35 ND (249)
10 - 20 - (108)
Tarweed fiddleneck Amsinckia lycopsoides (Lehm.) Lehm. 10 - 20 - (108)
# AMSLY ,
Tumble mustard Sisymbrium altissimum L. # SSYAL 18 - 32 D (347)
10 - 20 - (108)
Turnipweed Raphistrum rugosum (L.) All. # RASRU 5-10 - (240)
Wild buckwheat Polygonum convolvulus L. # POLCO 18 MN (90)
‘ 9-34 MN 91)
10 - 20 - (108)
Wild chamomile Matricaria chamomilla L. # MATCH 5-10 - (240)
Wild mustard Sinapis arvensis L. # SINAR 18 MN (90)
9-34 MN (91)
8-35 ND (249)
42 ND (250)
5-10 - (240)
10 - 20 - (108)
Wild radish Raphanus raphanistrum L. # RAPRA 10 - 20 - (108)
Woodsorre] species Oxalis spp. 10 - 20 - . (108)
\ CGA 131,036
Catchweed bedstraw Galium aparine L. # GALAP 15-20 - )
Chamomile species Matricaria spp. 10 - 20 - ®
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Common chickweed Stellaria media (L.) Vill. # STEME 10 - 20 - ©)
Common hempnetile Galeopsis tetrahit L. # GAETE 10-20 - )
Cutleaf eveningprimrose Oenothera laciniata Hill # OEOLA 9 . OK (168)
Field forget-me-not Myosotis arvensis (L.) Hill # MYOAR 10 - 20 - ®
Flixweed Descurainia sophia (L.) Webb. ex

Prantl # DESSO 9 OK . (168)
Henbit Lamium amplexicaule L. # LAMAM 15-20 - )
Manyseeded goosefoot Chenopodium polyspermum L. # CHEPO 10-20 - )
Mouseearcress Arabidopsis thaliana (L.) Heynh. # ARBTH 10-20 - )
Pansy Viola tricolor L. # VIOTR 10-20 - )
Parsley-piert Alchemilla arvensis (L.) Scop. # APHAR 10-20 - %)
Poppy species Papaver spp. 10 - 20 - 9)
Purple deadnettle Lamium purpureum L. # LAMPU 15-20 - 9)
Shepherdspurse Capsella bursa-pastoris (L.) Medik. 10 - 20 - 9)

# CAPBP
Wild buckwheat Polygonum convolvulus L. # POLCO 10 - 20 - )

9-18 OK (168)

Wild mustard Sinapis arvensis L. # SINAR 10 - 20 “ ®

s PEI' = Prince Edward Island, Canada.

chromatography also can be used to purify this
compound (19, 276) and separate it from soil
metabolites (256, 327). An enzyme immunoas-
say with a sensitivity of 1.2 ppb was developed
for quantifying chiorsulfuron in soil (163). Keto-
enol tautomerism of chlorsulfuron (1, 287) may
influence the pH dependence of herbicide lig-
uid-liquid partitioning of this and other sulfo-
nylurea herbicides, influencing extraction
recoveries (287).

Bioassays or liquid scintillation spectroscopy
of C-chlorsulfuron have been used to quantify
the herbicide, especially in studies of persist-
ence in soil. A corn (Zea mays L.) root length
bioassay is used commonly to quantify chlor-
sulfuron residues in soil (148). Although 0.125
ppb chlorsulfuron could be detected with this
bioassay in three Saskatchewan soils, variabil-
ity has high and depended on corn variety and
soil type. Hsiao and Smith (148) also reported
a detection limit of 0.1 ppb for three Saskatch-
ewan soils using corn. Others have reported
nonlinear dose-response relations for the com
bioassay with either high (95) or low coeffi-
cients of determination (1? values) (274), or
bioassay insensitivity in alkaline soils - (89).
Sensitive, linear, reproducible bioassays for
chlorsulfuron residues in soil were obtained by
bioassaying Ca(OH), extracts of chlorsulfuron-
treated soil (238). Other species used as bioas-
say plants include: green foxtail [Setaria viridis
(L.) Beauv. # SETVI], foxtail millet [Setaria
italica (L.) Beauv. # SETIT)] (89), sorghum
[Sorghum bicolor (L.) Moench], “Culbert” flax
(Linum usitatissimum L.) (273), and lettuce

(Lactuca sativa L.) (362). Crop species make
better choices as bioassay plants than weeds be-
cause uniform, nondormant, and genetically de-

fined seed are available.

1l. WEED CONTROL

Weeds controlled in cereals. Chlorsulfuron,
metsulfuron, or DPX-M6316 control or sup-
press numerous broadleaf weeds and some
grasses in winter, spring, and durum wheat (Ta-
bles 3 and 4). ““Suppressed”’ weeds are se-
verely stunted but not killed. Generally, treated
weeds die slowly, within 1 to 3 weeks of treat- -
ment. Chlorsulfuron and metsulfuron are effec-
tive for season-long suppression of Canada thistle
[Cirsium arvense (L.) Scop. # CIRAR]. How-
ever, a single treatment is insufficient to erad-
icate this weed’s perennial root system (398).
These herbicides control many of the same
broadleaf weeds as do phenoxy herbicides. In
addition, these sulfonylurea herbicides control
or suppress some grass weeds (Table 5). The
registered postemergence application rates for
chiorsulfuron, metsulfuron, and DPX-M6316
are lower and marrower than those for other
broadleaf herbicides used in cereals and they
can be applied over a longer period of crop
growth than can other broadleaf herbicides (Ta-
ble 2). Chlorsulfuron and metsulfuron also have
Jimited preemergence activity and extended soil
residual weed control, unlike DPX-M6316 and
phenoxy herbicides.

" Use of chlorsulfuron or metsulfuron above
registered rates can enhance and prolong weed



438

DONALD

Table 5. Grass weeds controlled or suppressed by sulfonylurea herbicides.

control, but residues may damage rotational
crops. Consequently, these herbicides are mar-
keted only in certain regions of the United States
and Canada, with registration label restrictions
on which crops may be planted after applica-
tion, replanting interval, and which soils can be
treated on the basis of soil pH. “Finesse” is
the duPont tradename for a commercial mixture
of chlorsulfuron and metsulfuron which is mar-
keted in the Pacific Northwest (Table 2). DPX-

Weed Rate
Common name Scientific name (g/ha) State References
) Chlorsulfuron
Alkaligrass Puccinellia distans L. 26 - 158 NV (69)
Annual bluegrass Poa annua L. # POAAN 18-280 1A (123) .
'Foxtails Setaria spp. 11-22 MN (21, 23, 29, 38, 42
‘ 34 MN (342)
22 © MN (35)
4-8 MN (33, 37)
34 - 67 ND (212, 213)
17-35 ND- (214, 215)
9-18 ND~ (248)
9-35 ND (359)
34 - 67 ND (226)
9-70 ND (355)
[talian ryegrass Lolium multiflorum Lam # LOLMU 35-140 - (51)
26 OK (168)
Perennial ryegrass Lolium perenne L. 141 - 282 - (191, 192)
Slender foxtail Alopecurus myosuroides Huds. # ALOMY 31-62 - (176)
Sterile brome Bromus sterilis L. # BROST 20 - (54)
~ Tall fescue Festuca arundinacea Schreb. # FESAR 282 10 (170)
141 - 282 - (192)
: 26 - 158 NV (69)
Wild garlic Allium vineale L. # ALLVI 36 AR (165)
9-53 IL (161)
N 10 - 20 IL (178, 179, 180)
40 MO (272)
20 MO (270)
100 - 200 MO (271)
Yellow foxtail Setaria glauca (L.) Beauv. # SETLU 18 ND (245)
) Metsulfuron :
Downy brome Bromus tectorum L. # BROTE 18 - 35 KS (337)
Foxtails Setaria spp. 22 MN (35)
9-18 ND (248)
17-35 ND (215, 216)
Wild garlic Allium vineale L. # ALLVI 10-20 IL (178)
5-20 IL (180)
20 MO (270)
50 - 200 MO (271)
DPX-M6316
Barnyardgrass Echinochloa crus-galli (L.) Beauv. 4-16 1L (162)
# ECHCG
Foxtails Setaria spp. ‘ 35 ND (242)
Giant foxtail Setaria faberi Herrm. # SETFA 4-16 . IL (162)
Wild garlic Allium vineale . # ALLVI 9-70 L (122)
Yellow nutsedge Cyperus esculentus L. # CYPES 4-16 IL (162)
Apera spica-venti 60 - R ()]
» CGA 131036
Italian ryegrass Lolium multiflorum Lam. # LOLMU 53 OK (168)

1.5300 and DPX-M6316 are analogs of chlor-
sulfuron which control some of the same weeds
as chlorsulfuron does in wheat.(Tables 3 and
4). Reportedly, the latter two analogs degrade
much faster than does chlorsulfuron so that the
choice of rotational crop is not restricted (108).
The spectrum of weeds controlled or suppressed
by DPX-L5300 complements that of DPX-
M6316 and includes Canada thistle.

The registration labels state that chlorsulfu-
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OCH,

Chlorsulfuron:

[2-chloro-N-((4-methoxy—6—methyl;1,3,5-trlazin-2-yl)-
aminocarbony!)benzenesulfonamide]

Vs H* or light

2-chlorobenzenesulfonamide

light

Nitroso-2-chlorophenylsulfone

CH,

2-amino-4-methoxy-6-methyl-
1,3,5-triazine

Figure 2. Photochemical and chemical hydrolysis. products of chlorsulfuron (144):

ron and metsulfuron differ somewhat in their
weed control spectrum (Table 3). Also, weeds
listed on the chlorsulfuron label for Canada and
the United States are not the same because re-
_gional weed problems differ (Table 3). Other
weeds not listed on the label may be controlled
_ or suppressed by these herbicides under certain
conditions (Table 4 and 5). :
Fewer grass species are controlled or sup-
pressed by sulfonylurea herbicides than are
broadleaf weeds (Table 5). Often, grass weeds
were more sensitive to preemergence chlorsul-
furon at 8 to 32 g ai/ha than to postemergence
application (57). Foxtails (Setaria spp.) in spring
wheat and wild garlic (Allium vineale L. #
ALLVI) and Italian ryegrass (Lolium multiflo-
rum Lam. # LOLMU) in winter wheat are sup-
pressed and controlled, respectively, by both
chlorsulfuron and metsulfuron (Table 5). Met-
sulfuron at 5 to 20 g ai/ha and chlorsulfuron at
20 g ai/ha effectively controlled wild garlic in
winter wheat and reduced aerial bulblet pro-
duction when applied in early spring (161), but

only metsulfuron was effective in fall in Illinois
(180). Lower rates of metsulfuron (5 g ai/ha)
than chlorsulfuron (15 g ai/ha) reduced aerial
and underground bulb formation. Chlorsulfuron

_ at rates of 30 g ai/ha or higher are now consid-

ered excessive, although much higher rates were
tested early during herbicide development be-
fore the potency of low rates of sulfonylurea
herbicides was recognized. Chlorsulfuron at la-
beled rates controls or suppresses foxtail spe-
cies and wheat yields may be enhanced compared
to weedy controls. Nevertheless, these sulfo-

nylurea herbicides do not control most grasses

(Table 6). In the United Kingdom, preemerg-
ence-applied mixtures of chlorsulfuron plus
metsulfuron at 15 plus 5 g ai/ha controlled slen-
der foxtail (Alopecurus myosuroides Hud. #
ALOMY) better than either herbicide alone
(320). Sulfonylurea herbicides may suppress
certain grass weeds by stunting plants and thus
reducing weed competitiveness rather than by
increasing mortality, as was demonstrated for
chlorsulfuron-treated sterile brome (Bromus
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Table 6. Weeds tolerant {0 sulfonylurea herbicides. .

Weed

Common name Scientific name References
: Chlorsulfuron
Black nightshade Solanum nigrum L. # SOLNIL (23, 253, 274, 279)
Buffalobur Solanum rostratum Dun. # SOLCU 67)
Bulbous bluegrass Poa bulbosa L. # POABU © (160, 299)
Cheat Bromus secalinus L. # BROSE (67, 393)
Common crupina Crupina vulgaris Cass. # CINVU (391, 392)
Common speedwell Veronica officinalis L. # VEROF (117)
Creeping bentgrass Agrostis stolonifera L. # AGSST (123)
Cutleaf nightshade Solanum triflorum Nutt. # SOLTR (149, 266)
Diffuse knapweed Centaurea diffusa Lam. # CENDI (324)
Downy brome " Bromus tectorum L. # BROTE (67, 331, 373)
Eastern black Solanum ptycanthum Dun. # SOLPT (301)
nightshade )
Brect knotweed Polygonum erectum L. # POLER (301)
Field bindweed Convolvulus arvensis L. # CONAR (67)
Groundchetry Physalis spp- (67)
Hairy nightshade Solanum sarrachoides Sendtner # SOLSA (220, 309)
Horsenettle Solanum carolinense L. # SOLCA (67, 217, 279)
Ivyleaf speedwell Veranica hederifolia L. # VERHE (110, 300, 301)
Jointed goatgrass Aegilops cylindrica Host # AEGCY (67)
Knapweed . Centaurea Spp- (67)
Kentucky bluegrass Poa pratensis L. # POAPR (123, 170)
Leafy surge Euphorbia esula L. # EPHES (111, 210)
Little barley Hordeum pusillum Nutt. # HORPU (330)
Musk thistle Carduus nutans L. # CRUNU (263)
Cutleaf nightshade Solanum triflorum Nutt. # SOLTR (149)
Nightshade Solanum spp- (67)
Prostrate spurge Euphorbia humistrata Engelm. ex Gray (168)
# EPHHT
Ripgut brome Bromus diandrus Roth # BRODI (318)
Shattercane Sorghum bicolor (L.) Moench # SORVU (193)
Sheep sorrel Rumex acetosella L. # RUMAC (154)
Skeletonweed Lygodesmia juncea (Pursh) D. Don # LYGJU (67)
Swamp smartweed Polygonum coccineum Muhl. ex Willd. (112)
# POLCC
Tumblegrass Schedonnardus paniculatus (Nutt.) (330)
Trel. # SCEPA
Wild oat Avena fatua L. # AVEFA (26, 212, 226, 258, 266)
Witchgrass Panicum capillave L. # PANCA (330, 386)
Woolly craton Croton capitatus Michx. # CVNCP (168)
Metsulfuron
Cleavers Galium aparine L. # GALAP (344)
Common speedwell Veronica. officinalis L. # VEROF (117)
Fumitory Fumaria officinalis L. # FUMOF (344)
Ivyleaf speedwell Veronica hederifolia L. # VERHE (320)
Musk thistle Carduus nutans L. # CRUNU (263)
Leafy spuige Euphorbia esula L. # EPHES (111, 190)
Spikeweed Hemizonia pungens (Hook. and Amn.} (368)
T. G. # HEZPU
Field bindweed Convolvulus arvensis L. # CONAR (113, 305)
Rush skeletonweed Chondrilla juncea L. # CHOIU (374)
St. Johmswert Hypericum Sp. (375)
Yellow starthistle Centaurea solstitialis L. # CENSO (370)
PPX-M6316
Corn speedwell Veronica arvensis L. # VERAR (325)
Cutleaf mightshade Solanum trifforum Nutt. # SOLTR (15)
Foxtail Setaria Spp- (90)
Fumitory Fumaria officinalis L. # FUMOF (325)
Hairy nightshade Solanum sarrachoides Sendiner # SOLSA (222)
- Henbit Lamium amplexicaule L. # LAMAM (325)
Honeyvine milkweed Ampelamus albidus (Nutt.) Britt. # AMPAL (162)
Persian speedwell Veronica persice Poir. # VERPE (325)
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Weed
Common name Scientific name References
Popcorn flower Allocarya figurata Piper # ALMFI (200)
Prostrate knotweed Polygonum aviculare L. # POLAV (325)
Purple deadnettle Lamium purpureum L. # LAMPU (325)
Violet Viola spp. (325)
Wild radish Raphanus raphanistrum L. # RAPRA (325)
CGA 131,036
Common Jambs- Chenopodium album L. # CHEAL ©
quarters ,
Ivyleaf speedwell Veronica hederifolia L. # VERHE )
Persian speedwell Veronica persica Poir. # VERPE %)
Prostrate knotweed Polygonum aviculare # POLAV M)
Prostrate spurge Euphorbia humistrata Engelm. ex Gray
# EUHHT . (168)
Woolly croton Croton capitatus Michx. # CVNCP (168)
DPX-L5300
Annual bluegrass Poa annua L. # POAAN (108)
Bulbous bluegrass Poa bulbosa L. # POABU (108)
Catchweed bedstraw Galium aparine L. # GALAP (108)
Cheat Bromus secalinus L. # BROSE (108)
Corn speedwell Veronica arvensis L. # VERAR (108)
Downy brome Bromuis tectorum L. # BROTE (108)
Field bindweed Convolvulus arvensis L. # CONAR (108)
Green foxtail Setaria viridis (L.) Beauv. # SETVI (108)
Ivyleaf speedwell Veronica hederafolia L. # VERHE (108)
Mouseearcress Arabidopsis thaliana (L.) Heynh. (108)
# ARBTH .
Ripgut brome Bromus rigidus Roth. sensu. Am. auctt. (108)
# BRODI
Rye Secale cereale L. (108)
Ryegrass species Lolium spp. (108)
Slenderleaf Alopecurus myosuroides Huds. # ALOMY (108)
foxtail
Wild garlic Allium vineale L. # ALLVI } ) (108)
Wild oat - Avena fatua L. # AVEFA (108)

sterilis L. # BROST) in winter wheat in En-
gland (54).

Some broadleaf weeds, including night-
-shades (Solanum spp.), rush skeletonweed
(Chondrilla juncea L. # CHOIJU), and field
bindweed (Convolvulus arvensis L. # CONAR)
tolerate sulfonylurea herbicides (Table 6). Not
all nightshades respond alike to chlorsulfuron
(279). In greenhouse trials, hairy nightshade
(Solanum sarrachoides Sendtner # SOLSA) was
more tolerant of chlorsulfuron than black night-
shade (S. nigum L. # SOLNI) which, in turn,
was more tolerant than either American black
nightshade (S. americanum Mill. # SOLAM)
. or eastern black nightshade (S. ptycanthum Dun.
# SOLPT).

Repeated use of sulfonylurea herbicides over
several years in continuous wheat and wheat-
fallow systems encourages increased numbers
and densities of tolerant weeds and resistant weed
biotypes. Resistance is the decreased response

of a local population of a normally susceptible
weed to a herbicide following repeated herbi-
cide treatment, whereas tolerance or nonsus-
ceptibility is a natural characteristic of a weed
species that may never have been treated.
Chlorsulfuron- and metsulfuron-resistant weed
biotypes have not been documented yet in the
scientific literature although the manufacturer
acknowledges that resistance has developed in
isolated areas. It is probably best to rotate sul-
fonylurea herbicides with other herbicides to re-
tard or prevent the buildup of resistant or tolerant
weed populations and to mitigate the chance of
herbicide carry-over damage to rotational crops.
Despite the lack of information on develop-
ment of sulfonylurea-resistant weeds in the field,
limited greenhouse and laboratory information
is available on-cross resistance of sulfonylurea
resistant weed biotypes to other structural classes
of herbicides. Cross-resistance of chlorsulfu-
ron-resistant cell suspensions of sacred datura
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(Datura innoxia Mill. # DATIN) to the imi-
dazolinone class of herbicides was expected be-
cause sulfonylurea and imidazolinone herbicides
. both inhibited acetolactate synthase and are be-
lieved to have the same mode of action (304).
However, some chlorsulfuron-resistant lines of
sacred datura were susceptible to imidazoline
herbicides, suggesting that the two groups of
herbicides became bound to different sites on
the acetolactate synthase molecule (304).

Chlorsulfuron-susceptible and -resistant bio-
types of Wimmera ryegrass (Lolium rigidum
Gaud.), which exhibited different dose-re-
sponse curves for coleoptile length and shoot
dry weight in response to chlorsulfuron, also
were cross-resistant and cross-susceptible, re-
spectively, to diclofop at various rates (141).
Such cross-resistance between different struc-
tural classes of herbicides with different modes
of action was unexpected. The extent and ag-
ronomic significance of such cross-resistance
between sulfonylurea herbicides and grass her-
bicides remains to be determined since rela-
tively few grass species are controlled or
suppressed by sulfonylurea herbicides (Table 5).

Despite the potential for carry-over damage
to rotational crops, chlorsulfuron and metsul-
furon are useful where extended periods of weed
control are needed. Fall application of chlor-
sulfuron in winter wheat controlled several
emerged winter annual weeds and annual weeds
germinating in the spring. If chlorsulfuron is
applied to spring cereals, residual weed control
may extend into the following growing season,
especially under dry conditions or on alkaline
soils (348). Chlorsulfuron applied in fall at 18
to 70 g ai/ha provided excellent control of Rus-
sian thistle (Salsola iberica Sennen and Pau #
SASKR) until July in spring wheat grown in
Utah (386). Similar residual control of Russian
thistle was observed in July in eastern Wash-
ington 10 months after postharvest application
of chlorsulfuron at 18 to 26 g ai/ha (387). Post-
harvest applications of chlorsulfuron in Septem-
ber provided excellent season-long control of
Russian thistle in summer fallow in the follow-
ing year as measured by reduced density and
shoot biomass. Perhaps winter rains moved the
herbicide into the top of the soil profile thereby
providing control of germinating seedlings. In
contrast, new seedlings emerged in mid-July
following spring application.

Because of their postemergence and residual
phytotoxicity, chlorsulfuron and metsulfuron
were considered for chemical fallow or re-
duced-tillage fallow early in their development
both in the United States and abroad (8, 278,

DONALD

348). However, these herbicides are not now
registered for chemical fallow use because such
use limited rotational crop options, particularly
on alkaline soils. The development of resistant
weed biotypes following repeated sulfonylurea
herbicide application in winter wheat-fallow ro-
tations was also a concern.

Chlorsulfuron controls several phenoxy-tol-

erant broadleaf weeds, including pale smar-

tweed (Polygonum lapathifolium L. # POLLA)
(266), common hempnettle (Galeopsis tetrahit
L. # GAETE) (154, 266), and corn spurry
(Spergula arvensis L.) (154). Both chlorsulfu-
ron and bromoxynil (3,5-dibromo-4-hydroxy-
benzonitrile) control wild buckwheat (Polygonum
convolvulus L. # POLCO) and some other
phenoxy-tolerant weeds in spring wheat in the
Northern Great Plains. However, chlorsulfuron
at high rates (36 g ai/ha) was required to control
wild buckwheat in Canada (154).
Combinations of chlorsulfuron and metsul-

“furon complement each other because of slight

differences in their weed control spectrum (78).
Metsulfuron at 4 to 8 g ai/ha was more active
than chlorsulfuron on violets (Viola spp-)»
smartweeds (Polygnum spp.), and Persian
speedwell (Veronica persica Poir. # VERPE).
However, metsulfuron was less active than
chlorsulfuron on catchweed bedstraw (Galium
aparine L. # GALAP). The manufacturer re-
ports that metsulfuron is slightly less persistent
in the field than chlorsulfuron, although pub-
lished information is limited on this point in the
scientific literature. :
Chlorsulfuron was tested as a preemergence
treatment in its early development. When it was
soil applied, rainfall activated chlorsulfuron better
than did shallow incorporation (269). Lower rates
(15 to 35 g ai/ha) of chlorsulfuron were needed
to achieve comparable weed control when it was
applied postemergence than preemergence (95
to 100 g ai/ha). When chlorsulfuron at 55 g ai/
ha was incorporated twice by harrowing as a
postplant-incorporated treatment in spring wheat
in North Dakota, it controlled yellow foxtail
[Setaria glauca (L.) Beauv. # SETLU], wild
mustard (Sinapis arvensis L. # SINAR), red-
root pigweed (Amaranthus retroflexus L. #
AMARE), and kochia [Kochia scoparia (L.)
Schrad. # KCHSC] (243, 244, 245).
Incorporation may alter the margin of selec-
tivity of chlorsulfuron to cereal crops. Yields
of “Stout’ oats (Avena sativa L.) were reduced
in Minnesota when either chlorsulfuron or met-
sulfuron was incorporated preemergence at 22
to 33 g ai/ha despite excellent weed control (24).
In contrast, preemergence-applied chlorsulfu-
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ron provided acceptable weed control and oat
yields. Chlorsulfuron is labeled as a preemerg-
ence treatment only for winter oats and as a
postemergence treatment on spring oats, whereas
metsulfuron is not labeled for oats.

Little is published concerning the effect of
carrier volume, type of sprayer, or nozzle type
on the herbicidal activity of postemergence-ap-
plied chlorsulfuron, metsulfuron, or other sul-
fonylurea herbicides. Most research concerns
the influence of spray additives or time of treat-
ment on herbicide efficacy.

Surfactants enhanced the herbicidal activity
of sulfonylurea herbicides without changing se-
lectivity (Table 7), but few studies have been
published comparing the relative efficacy of
various adjuvants. Chow (62) examined the in-
fluence of four surfactants on the activity of
chlorsulfuron at 2.5 g ai/ha in killing “Tower’
mustard (Brassica campestis L.) and ‘Jet Neuf’
rapeseed (B. napus L.). The nonionic surfac-

443

tants Agral-90, Atplus-411F, Citowett plus, and-
Renex-36 at 0.5% (v/v) enhanced chlorsulfuron
activity at 3 g ai/ha on these species relative to
treatment without surfactant. Ammonium sul-
fate at 0.5% (v/v) had no effect on post-
emergence activity. Renex-36 at 0.1% (v/v)
enhanced foliar penetration of chlorsulfuron by
82% and herbicide translocation to new leaves
by 62%. The comparative effects of four ad-
ditives on the activity of chlorsulfuron at 9 to
35 g ai/ha were examined in field and green-
house research in North Dakota (358). WK (tri-
methylnonylpolyethoxyethanol), LOTM (linseed
oil plus 5.5 T-MULZ-VO emulsifier), and pe-
troleum oil concentrate enhanced herbicidal ac-
tivity more than did ethylene glycol. At high
chlorsulfuron rates, surfactant did not enhance
activity in greenhouse studies. When chlorsul-
furon-was applied at 2 or 4 g ai/ha, adding WK
at 0.5% (v/v) or LOTM at 2.3 L/ha enhanced
its herbicidal activity on green foxtail compared

Table 7. The influence of surfactants or other additives on postemergence phytotoxicity of chlorsulfuron.

Weed Rate Surfactant .
Common name Scientific name (g ai/ha) - Type Concentration®  Effect® Reference
Canada thistle Cirsium arvense (L.) 41-161  X-77 0.38% (v/v) 0 97)
Scop. # CIRAR 1835  X-77 0.05-0.5% (viv) -+  (99)
1835 WK 0.5% (vIv) +  (99)
: 67 Oxysorbic 0.2% (vIv) + (79)
Common lambsquarters Chenopodium album L. 1 Citowett 0.2% (viv) 0 (29)
# CHEAL
Cowcockle Vaccaria pyramidata 5 Citowett 0.1 (v/v) + (151)
Medik. # VAAPY
Foxtails Setaria spp. 11-22 Citowett 0.2% (vIv) + (21)
: WK - ‘ + (381
4 WK 0.5%_(vIv) 0 (357)
4 LOTM 2.34 L/ha 0 (357)
11 Citowett - 0.2% (v/v) + (3%
2-4 WK 0.5% (viv) + (38)
2-4 LOTM 2.36 L/ha +  (355)
9-35 Petroleum oil 2.34 L/ha + (359)
7935 Linseed oil  2.34 L/ha . + (359)
935 WK 0.25% (vIv) +  (359)
Kochia Kochia scoparia (L.) - WK 0.25% (viv) + (43)

; Schrad. # KCHSC - WK - + (381)
Pigweeds Amaranthus spp. - WK 0.25% (viv) + (43)
Rapeseed Brassica napus L. 2.5 Agral 90 0.5% (vIv) + (62)

2.5 Afplus 411F  0.5% (V) +  (62)

2.5 Citowett Plus 0.5% (v/v) -+ (62)

: 2.5 Renex-36 0.5% (vIv) +  (62)
Russian thistle Salsola iberica 18-35 Citowett 0.05-0.5% (viv) + (385)
Sennen and Pau # SASKR 4-140 X-77 0.05-0.5% (viv)  + (386)
Sunflower Helianthus annuus L. 4 WK 0.5% (vIv) + (357)
# HELAN 4 LOTM 2.34 L/ha 0 (357

Wild buckwheat Polygonum convolvulus L. 11 Citowett 0.2% (viv) 0 (29)

# POLCO ,

Wild mustard Sinapis arvensis L. 11 Citowett 0.2% (vIv) 0 (29)
# SINAR 4 WK 0.5% (vIv) .0 (357)
4 LOTM 2.34 L/ha 0 (357)

* Expressed on a (v/v) basis.
b + = enhances phytotoxicity, 0 = no effect.
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to treatment without additives (355). Yet, sur-
factants did not enhance foxtail control with
chlorsulfuron at 9 g ai/ha. Linseed oil and pe-
troleum oil at 2.3 L/ha also enhanced yellow
foxtail control with chlorsulfuron at 9 to 35 g/
ha (355, 359). Field studies substantiated these
greenhouse trials. Added surfactant also en-
hanced the herbicidal activity of other sulfo-
nylurea herbicides, such as DPX-L5300 at 19
g ai/ha on Chrysanthemum segetum L. or fu-
mitory (Fumaria officinalis L. # FUMOF) (240).

Adding a surfactant or other additives to
chlorsulfuron may improve weed control under
environmental stress. Linseed oil and nonionic
surfactants (Surfactant WK and Citowett) en-
hanced chlorsulfuron activity on common
Jambsquarters (Chenopodium album L. #
CHEAL) and Russian thistle in low relative hu-
midity environments (269). In the growth
chamber, -surfactant at 0.5% (v/v) enhanced
control of green foxtail and kochia with chlor-
sulfuron at 4 or 16 g ai/ha more at low humidity
(40 to 50%) than at high humidity (95 to 100%)
at three air temperatures (10, 20, and 30 O
(251). S

Chlorsulfuron and metsulfuron are registered
for use in liquid fertilizer. However, there is no
published information on the efficacy of this
carrier. When liquid fertilizer is used as a car-
rier, surfactants do not improve efficacy, ac-
cording to the registration label.

The timing of sulfonylurea treatment is im-
portant for successful weed control in both spring-
and fall-sown cereals. Weeds are more suscep-
tible to sulfonylurea herbicides at younger growth
stages than when they are older. However,
weather may restrict the timing of post-
emergence application. If treatment is delayed
too long, spray coverage of weeds may be lim-
ited because the crop canopy may intercept the
spray. Likewise, if treatment is postponed, weeds
may already have inhibited crop growth and re-
duced potential yield.

Chlorsulfuron’s postemergence and residual
phytotoxicity may be advantageous for use in
no-tillage cereal production systems. In no-till
barley in Alaska, control of flixweed [Decur-
ania sophia (L.) Webb. ex Prantl # DESSO]
and other broadleaf weeds was not influenced
by residual straw levels with postemergence
chlorsulfuron at 13 g ai/ha (66). In contrast straw
reduced the herbicidal activity of post-
emergence bromoxynil at 0.34 kg ai/ha on the
same broadleaf weeds.

Chlorsulfuron treatment may enhance the
susceptibility of wheat and barley to some dis-
eases but not to others. In the greenhouse, in-
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creasing chlorsulfuron rate between 0.008 and
0.032 pg/g soil increased Rhizoctonia solani
damage to wheat roots (297). Chlorsulfuron
treatment, however, did not enhance damage
caused by Gaeumannomyces graminis var. trici.
Neither did chlorsulfuron inhibit this fungi’s
growth on potato dextrose agar (297).

Canada thistle suppression. Both chlorsulfu-
ron and metsulfuron suppress Canada thistle in
cereals. The maximum registered rate is rec-
ommended for season-long suppression of Can-
ada thistle in wheat. Two objectives were
envisioned in early research on Canada thistle
control: immediate control of shoot growth and
long-term control of perennial roots in subse-
quent years. In early research it was not rec-
ognized that low rates of chlorsulfuron or
metsulfuron would provide season-long con--
trol, and that application rates could be reduced
significantly by adding surfactant without sac-
rificing control. Maximum registered use of
chlorsulfuron is now 26 g ai/ha. Chlorsulfuron
at 18 g ai/ha applied midseason in Wyoming
prevented Canada thistle seed production (5).
At 36 g ai/ha, chlorsulfuron caused plants to
yellow and at 140 to 560 g ai/ha Canada thistle
shoots died. Similar results were reported in
other states (see below). In Colorado, 71 to 140
g ai/ha chlorsulfuron was needed for effective
Canada thistle shoot suppression (394). Chlor-
sulfuron at low rates of 9 g ai/ha inadequately
controlled Canada thistle in barley (Hordeum
vulgare L.) (309). Chlorsulfuron at 69 to 280
g ai/ha in June controlled 10- to 15-cm-tall Can-
ada thistle in Wyoming (6). '

Chlorsulfuron can effectively control Canada
thistle shoot growth in wheat at low rates if
surfactant is added. In Idaho, Canada thistle
was controlled in spring wheat with chlorsul-
furon at 18 g ai/ha plus surfactant applied in
late May (75). In the greenhouse, added sur-
factant also enhanced chlorsulfuron damage to
Canada thistle shoots (80). Chlorsulfuron pre-
vented regrowth of adventitious shoots from root
buds only when applied postemergence with
surfactant. However, X-77 surfactant at 0.33%
(v/v) failed to enhance parent shoot control with
chlorsulfuron at 35 to 140 g ai/ha in a study in
Utah (97, 99). These relatively high herbicide
rates probably masked the effect of added sur-
factant in the field. )

O’Sullivan (266) controlled Canada thistle
shoots with foliar- and soil-applied chlorsulfu-
ron at 50 g ai/ha in the field and greenhouse.
He suggested that soil residual carry-over of
chlorsulfuron at this rate may be important for
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Canada thistle control in the second growing
season following foliar treatment. However,
Donald (79) observed that chlorsulfuron applied
to foliage and soil controlled later regrowth of
new shoots from root buds just as well as foliar
treatment alone in the greenhouse. Foliar or fo-
liar plus soil treatment controlled regrowth much
better than soil treatment alone. Similar results
were observed when another perennial, wild
garlic, was treated with chlorsulfuron or met-
sulfuron (181). Soil-applied chlorsulfuron at 17
and 33 g ai/ha both reduced root biomass and
increased numbers of visible but unemerged ad-
ventitious root buds of Canada thistle in the
‘greenhouse (81). As ‘chlorsulfuron rate was
raised, both root biomass and root bud numbers
were reduced.

In subsequent field experiments (see below),
residual control of Canada thistle with chlor-
sulfuron was noted but it could not be attributed
to shoot or root absorption alone. In Colorado,
chlorsulfuron applied at 35, 70, and 140 g ai/
ha to Canada thistle in summer provided resid-
ual control 17 months later (143). Chlorsulfu-
ron applied in spring wheat suppressed Canada
thistle regrowth in the year following treatment
in Montana (82, 85). When chlorsulfuron at 17,
35, or 70 g ai/ha was applied to Canada thistle
at the 5-leaf stage, stands were reduced 23, 52,
and 90%, respectively, 1 year later. However,
control in the following year was reduced sig-
nificantly when chlorsulfuron was applied at the
bud stage. In the greenhouse, chlorsulfuron
treatment at flowering also was less effective in
preventing regrowth from root buds than appli-
cation at earlier growth stages (79), substanti-
ating these field observations (85).

Fall-applied chlorsulfuron does not control
Canada thistle in the following growing season.
When chlorsulfuron at 18 g ai/ha plus X-77 sur-
factant (0.25% v/v) was applied in late Septem-
ber, Canada thistle stands grew normally 1 or
2 years later in Nebraska (350, 398). In Colo-
rado, 35 to 140 g ai/ha chlorsulfuron applied at
the rosette stage in mid-May, the prebud- stage
in early June, the bud or flower stage in late
June, and in the fall all provided greater than
90% control in mid-September (142). How-
ever, only excessively high rates of chlorsul-
furon prevented shoot regrowth in the following
growing season. These observations are sub-
stantiated by similar studies in Nebraska in which
chlorsulfuron at 17 to 269 g ai/ha was applied
to Canada thistle at various growth stages from
the spring rosette until the fall rosette stage (397,
398). Chlorsulfuron at the highest rate was more
effective when applied at the bud and fall ro-
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sette stages than the spring rosette stage, as
measured by reduced Canada thistle stand, root
length, or adventitious shoot density. Roots were
not eradicated to a depth of 90 cm in the soil
profile with a single application, even at the
highest rate. Thus, fall-applied chlorsulfuron at
commercial rates (26 g ai/ha) did not control
Canada thistle shoot regrowth well enough in
the following year to warrant recommendation.
Several other sulfonylurea herbicides also
suppress Canada thistle, including metsulfuron
and DPX-L5300 (68). Metsulfuron at 35 g ai/
ha applied in mid-July provided excellent shoot
suppression (74). The 1989 registered rate for
use of metsulfuron in wheat was 4.2 g ai/ha.
DPX-L5300 at 11 to 67 g ai/ha applied to Can-
ada thistle at the 3- to 4-leaf stage in barley
provided acceptable shoot suppression 80 days
later (108, 184). In contrast, DPX-M6316 did
not control or suppress Canada thistle (233).
The effectiveness of repeated annual appli-
cations of chlorsulfuron for eradicating Canada
thistle in continuous wheat has received limited
attention. Chlorsulfuron at 18, 35, or 70 g ai/
ha applied at the bud stage did not provide con-
trol in the following year (86). Canada thistle
stands gradually decreased when chlorsulfuron
was reapplied annually to the same plots over
three consecutive years in Montana spring wheat
(107). :
- Chlorsulfuron effectively controlled Canada
thistle in pastures. At 280 to 560 g ai/ha it con-
trolled  Canada thistle for one growing season
in Wyoming (3). Good control was achieved at
these rates even when it was applied at full bloom
in August under drought conditions. Chlorsul-
furon applied at 280 g ai/ha to 2.24 kg ai/ha
provided 4 yr of total Canada thistle control,
although crested wheatgrass [4gropyron deser-
torum (Fisch. ex Link) Schutt.] was stunted at.
rates above 280 g ai/ha. In Oregon pastures,
chlorsulfuron provided better Canada thistle
control than metsulfuron at 280 g ai/ha when
applied in July (371). Control with chlorsulfu-
ron lasted at least 1 year until the following
July. In North Dakota, 280 g ai/ha provided
good control of Canada thistle for 1 year fol-
lowing a June application to 30- to 45-em tall
Canada thistle at the midbud stage (210). How-
ever, regrowth began 15 months later (211).

Ill. CROP TOLERANCE

Cereals. Winter, spring, and durum wheat are
very tolerant of chlorsulfuron, metsulfuron, and
DPX-M6316 when treated at the 2-leaf stage
until tillering even when the herbicides are ap-
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Table 8. Wheat tolerance to postemergence sulfonylurea herbicides.
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Rate
Variety Herbicide (g ai/ba) State Response® Reference
Spring wheat

Alex Chlorsulfuron 67 ND T (223)
Borah Chlorsulfuron 70 1D T (189)
70 D 1 (232)
17-53 ID T (18s)
Metsulfuron 9-26 ID T (185)
DPX-M6316 70-140 ID T (185)
DPX-L5300 35-70 D T (185)
Butte Chlorsulfuron 67 ND T (223)
Era Chlorsulfuron 67 ND T (223)

22-33 MN T (24)
70-280 ND T (355)

Metsulfuron 22-33 MN T (34)
Fieldwin Chlorsulfuron 70 D T (189)
70 ID T (232)
McKay Chlorsulfuron 70 ID T (189)
70 ID T (232)
NK-751 . Chlorsulfuron 16-48 WA T (329)
Metsulfuron 8-24 WA T (329)
DPX-M6316 45-140 WA T (329)
Olaf Chlorsulfuron 70-280 ND T (355)
Owens Chlorsulfuron 70 ID . T (189)
70 ID T (232)
18-53 ID T (185)
16-48 WA T (329)
Metsulfuron 8-24 WA T (329)
9-26 ID T (185)
DPX-M6316 70-140 ID T (185)
. 45-140 WA T (329)
DPX-L5300 35-70 D T (185)
Ponderosa Chlorsulfuron 18-50° ID T (185)
Metsulfuron 9-26 D T (185)
DPX-M6316 70-140 ID T (185)
DPX-L5300 35-70 ID T (185)
Solar Chlorsulfuron 67 ND T (223)
Waldron Chlorsulfuron 67 ND T (223)
Walera Chlorsulfuron 67 ND T (223)
Wampum Chlorsulfuron 16-48 WA T (329)
Metsulfuron 8-24 WA T (329)
DPX-M6316 45-140 WA T (329)
Waverly Chlorsulfuron 16-48 WA T (329)
' 18-53 ID T (185)
Metsulfuron 8-24 WA T (329)
’ 9-26 ID T (185)
45-140 WA T (329)
DPX-M6316 70-140 1D T (185)
DPX-L5300 35-70 ID T (185)
WB802 Chlorsulfuron 18-53 ID T (185)
Metsulfuron 9-26 ID T * (185)
DPX-M6316 70-140 ID T (185)
DPX-L5300 35-70 ID T (185)
WB906R Chlorsulfuron 18-50 ID T (185)
Metsulfuron 9-26 ID T (185)
DPX-M6316 70-140 ID T (185)
DPX-L5300 35-70 ID T (185)

Winter wheat

Arthur 71 Chlorsulfuron 40-120 MO T 277
Brule 70 NE T (379)
Buckskin - 70 NE S (379)
50 wY S (194)
Centura 70 NE T (379)

Centurk 35-70 CO T (14)
40-120 MO T (272)
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Rate
Variety Herbicide (g ai/ha) State Response® Reference

Centurk 78 70 NE T 379)
" Citation 70 NE T (379)
Cody 70 NE T - (379)
Colt : 70 NE T (379)
Dawn ' 70 NE S (379)
Double crop 40-120 MO T 277)
Harrison 40-120- MO T 277)
Hart 40-120 MO T (277)
Kanby 40-120 MO T (277)
Larned 70 NE T (379)
Perry ) . 40-120 MO T 277)
Rocky 70 NE S (379)
Roland 60-120 IL S 177)
10-30 IL T (177)

Scout 66 70 NE T (379)
Stephens 30-70 - OR T (50)
. 120 OR I (50)
Tam 101 40-120 MO S (277
Turkey 70 NE T (379)
Vona : 35-70 CO S (14)
70 NE T (379)

Durum wheat

Cando Chlorsulfuron 67 ND T (223)
Edmore Chlorsulfuron 67 ND T (223)
Lloyd DPX-M6316 20-50 ND S (356)
: : DPX-L5300 . 20-50 ND S - (356)
Vic Chlorsulfuron 67 ND T (223)
22-34 MN T (30)

Metsulfuron . 22-34 ND S (30)
Ward Chlorsulfuron - 67 ND T (223)

a T = tolerant; I = intermediate; S = susceptible. .

plied in excess of twice the registered rate (Ta-
ble 8). None of these herbicides is registered
for use after the boot stage. Application of either
herbicide before the 2-leaf stage may damage
emerging wheat under some circumstances.

In Australia chlorsulfuron applied preemerg-
ence at 30 g ai/ha to 20 spring wheat varieties
reduced the shoot growth and yield of certain
lines, especially semidwarf or dwarf types with
Rht/Gai genes for stature or insensitivity to gib-
berellic acid (108). In the growth chamber, sen-
sitive “‘Sonora’ spring wheat was damaged by
soil-incorporated chlorsulfuron at 40 pg/kg soil
more at 13 C than at higher temperatures. Thus,
wheat tolerance to soil-applied chlorsulfuron may
depend partially on variety and environmental
conditions. :

Wheat is tolerant of postemergence-applied
chlorsulfuron, metsulfuron, DPX-M6316, and
DPX-15300 (Table 8). However, DPX-L5300
at 40 g ai/ha damaged durum wheat and Mex-
ican parentage spring wheat varieties to a lim-
ited extent (11 to 13%), but not most spring or
winter wheat cultivars (108). Studies on wheat
varietal tolerance to postemergence-applied

chlorsulfuron at rates exceeding those currently
recommended indicate little or no difference in
varietal tolerance. Despite this, the relatively
few reports of wheat damage usually involve
stunting rather than reduced yield (50, 51, 172,
298). Chlorsulfuron at 65 g ai/ha did not injure
several major hard red spring wheat varieties in
North Dakota when treated at the 2- to 5-leaf
stage (223).

Generally, susceptibility of winter wheat to
chlorsulfuron or metsulfuron is less when ap-
plication is delayed from fall until spring (84,
194, 335, 336). In Wyoming, the yield of weed-
free ‘Buckskin® winter wheat was uninfluenced
by chlorsulfuron at 50 g ai/ha when sprayed
early in spring (Zadok’s Stage 29) (194). Yields
were reduced when chlorsulfuron was applied
in fall (Zadok’s Stage 13) or late spring (Za-
dok’s Stage 44). Perhaps, studies of wheat var-
ietal tolerance may be complicated by interactions.
with growth stage at spraying. :

Other cereals also have adequate but lower
tolerance to chlorsulfuron than wheat does.
Barley and oats tolerated chlorsulfuron at 125
g ai/ha applied postemergence in the green-
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house and field in Minnesota (129) and several
reports indicate that chlorsulfuron was safe on
several barley varieties at lower commercial
postemergence application rates (31, 64, 65, 98,
185, 186, 187, 341). In general, barley can tol-
erate chlorsulfuron up to 70 g ai/ha (7, 64, 65,
98, 171, 186, 224). However, chlorsulfuron
stunted barley in other research (224, 329).
Metsulfuron also damaged barley in Minnesota
(31). In greenhouse research, barley was less
tolerant of root-applied chlorsulfuron compared
with foliar applications (208). However, barley
- was unaffected when treated with chlorsulfu-
ron, metsulfuron, DPX-M6316 or DPX-L5300
in Idaho (185). Clearly, more research is needed
to define the varieties, growth stages, and en-
vironmental conditions influencing barley re-
sponse to these herbicides. Oats may be more
sensitive to sulfonylurea herbicides than wheat,
especially chlorsulfuron or metsulfuron (24, 241).
Neither herbicide should be applied to cereals
undersown with small-seeded legumes.

Other crops. The response of crops other than
small-grain crops to either spray application
(Table 9) or carry-over of soil residues of sul-
fonylurea herbicides (Table 10) is an important
consideration for herbicide use in wheat. Reg-
istration labels for chlorsulfuron and metsulfu-
ron suggest that crop rotations be planned
carefully before application.

Carry-over damage from chlorsulfuron ap-
plication can be more of a problem in regions
with low annual temperature and alkaline soils.
In Alberta, residues of chlorsulfuron applied at
25 g ai/ha killed new alfalfa plantings until 4
years after initial treatment in June on a pH 8
soil (239). It was estimated that greater than
99% of applied chlorsulfuron had been lost at
that time.

Of those crops adapted to the Northern Great
Plains, some varieties of flax and safflower
(Carthamus tinctorius L.) tolerate direct appli-
cations of chlorsulfuron (61, 225, 243) and
metsulfuron (Table 9) (10, 11, 292, 293). Flax
tolerated chlorsulfuron residue carry-over better
than either corn (Zea mays L.) or sorghum in
South Dakota (275). Postemergence chlorsul-
furon at 26 to 53 g ai/ha did not prevent ger-
mination or early establishment growth of several
range forage grasses, including crested wheat-
- grass, Russian wildrye (Elymus junceaus Fisch.),
and bermudagrass (Cynodon dactylon L.) (69).
Many crops are potentially susceptible to sul-
fonylurea herbicide spray drift (Table 9). Other
crops, such as grapes (Vitis % sp.), had only
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marginal tolerance to chlorsulfuron and may be
damaged by drift (363).

The carry-over of soil residues of chlorsul-
furon or metsulfuron applied to cereals is a great
concern but can be managed. The results of
field trials across the northern United States have
been summarized (Table 10). Most of these early
studies used high rates of chlorsulfuron in ex-
cess of 20 g ai/ha. Despite this, these studies
allowed researchers to rank rotational crops in
terms of relative susceptibility to carry-over
damage from chlorsulfuron or metsulfuron.
Wheat, barley, oats, and safflower generally
tolerated chlorsulfuron or metsulfuron residues
(Table 10). Most other rotational crops grown
i the Northern Great Plains and Pacific North-
west can be damaged by these herbicides (Table
10). Application rates and local soil character-
istics, especially pH, influence herbicide phy-
totoxicity and persistence. Varietal differences
in response to carry-over residues have not been
published but may be significant for some spe-
cies, such as flax and safflower. Carry-over in-

jury is likely in double-cropping systems in which

fall-sown winter wheat is harvested before
planting a spring-sown crop, such as soybeans
(Glycine max L.). Limited published informa-
tion is available on the influence of minimum
tillage, no-tillage, or ecofallow on carry-over
damage from sulfonylurea herbicides. The re-
stricted rotational crops and the lengthy interval
required before planting other crops following
chlorsulfuron or metsulfuron treatment have
limited use of these herbicides to areas growing
continuous cereals or wheat-fallow. DPX-M6316
and DPX-1.5300 are likely to be more widely
used on wheat in areas where crop rotations
prevent the use of chlorsulfuron or metsulfuron.

V. ENVIRONMENT AND
PERFORMANCE

Little is known on how environmental factors
influence the phytotoxicity of chlorsulfuron and
other sulfonylurea herbicides. Simulated rain-
fall was used to determine how soon rainfall
might occur after application without reducing
herbicidal activity. Control of emerged kochia
was unaffected by simulated rainfall 1.5 h after
chlorsulfuron application, but a 24 h rain-free
period was needed to prevent a loss in green
foxtail control (251). Less rainfall also was
needed to reduce control of green foxtail with
17 g ai/ha chlorsulfuron than kochia with 35 g
ai/ha chiorsulfuron. Rainfall less than 24 h after
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Table 9. Effect of postemergence treatment with sulfonylurea herbicides on crops other than wheat.

Crop State or Rate Reference
Common name Scientific name Variety province Herbicide (g ai/ha) Injury®
Alfalfa Medicago sativa 1. - MN Chlorsulfuron 22 S (340)
WI DPX-M6316 18-70 S (138)
Barley Hordeum vulgare L. Karla ID/WA ~ Chlorsulfuron 70 T (65)
Klages
Morex
Steptoe
Bean Phaseolus vulgaris L. - ND DPX-M6316 24 S (76)
Bluegrass Poaq pratensis L. - IN Chlorsulfuron 35-140 T (119)
Bermudagrass - Cynodon dactylon L. - NV Chlorsulfuron 26-158 T (69)
Corn Zea mays L. - IN DPX-M6316 16 T (162)
Creeping Agrostis palustris
bentgrass Huds. Penncross - Chlorsulfuron 141-282 T (191)
Crested wheatgrass Agropyron cristatum (L.) - WY Chlorsulfuron 280 S (4)
grass Gaertn. Norton NV - Chlorsulfuron 23-140 T (69)
Flax Linum usitatissimum L. - ND Chlorsulfuron 22 T (243)
Culbert Man.®  Chlorsulfuron 20 T (61)
Culbert Man Chlorsulfuron 20 T (61)
Dufferin Man Chiorsulfuron 20 S (61)
Linott Man Chlorsulfuron 20 T (61)
Culbert ND Chlorsulfuron 9-18. T (224)
" Clark ND DPX-M6316 9-18 T (252)
. Flor ND DPX-M6316 9-18 S (252)
Grapes Vitis X spp. Chancellor MO Chlorsulfuron 18 T (363)
140 S (363)
Hard fescue Festuca ovina Koch Scladis - - Chlorsulfuron 141-282 T (191)
Kentucky bluegrass Poa pratensis L. Parade - Chlorsulfuron 141 T (192)
Orchardgrass Dactylis glomerata L. - - Chlorsulfuron 141 T (192)
* Potato Solanum tuberosum L. - ND DPX-M6316 8-35 S (254, 255)
Perennial ryegrass Lolium perenne L. Crown - Chlorsulfuron 141-282 S (191)
Russian Elymus junceus Fisch. - NV Chlorsulfuron 26-158 T (69)
wildrye .
Safflower Carthamus tinctorius S-208 CcOo Chlorsulfuron 35 T (10)
L. Hartman Co * Chlorsulfuron 18 S (13)
- ND Chlorsulfuron 21 T (291, 292, 293)
Hartman (60] Metsulfuron 18 S (13,.15)
Hartman COo DPX-M6316 5-18 T (13, 15)
- ND DPX-L5300 24 S (76)
ND DPX-L5300. 1835 S (293)
Smooth bromegrass Bromus inermis Leyss. - wY Chlorsulfuron 140 S (6)
grass - - Chlorsulfuron 141-282 T (191)
Sorghum. Sorghum bicolor (L.) - COo Chlorsulfuron 69 N (18)
Moench
Soybean Glycine max L. - ND DPX-M6316 24 S (76)
IL DPX-M6316 27 S (161)
Sugarbeet Beta vuigaris L. - ND DPX-M6316 24 S (76)
Sunflower Helianthus annuus L. - Cco DPX-M6316 5-15 S (15)
: ND DPX-M6316 24 S (76)
Tall fescue Festuca arundinaceae
Schreb. Kentucky 31 - Chlorsulfuron 141-282 S (191)
Tame mustard Brassica spp. - ND DPX-M6316 24 S (76)

* T = tolerant, S = susceptible.
® Man. = Manitoba, Canada.

DPX-M6316 application at 16 to 32 g ai/ha re-
duced DPX-M6316 phytotoxicity to kochia in
the greenhouse when only the foliage was treated
(241).

Soil and environmental conditions favoring
active weed growth enhanced the herbicidal ac-
tivity of sulfonylurea herbicides. For example,
increasing soil nitrogen levels from 20 to 140

ppmw increased the phytotoxicity of 2 g ai/ha
chlorsulfuron to green foxtail in the greenhouse
(251). Likewise, DPX-M6316 was more phy-
totoxic to kochia when plants were grown in
-high nitrogen soil than under low nitrogen fer-
tility (241). :

Relative humidity had a greater effect on
chlorsulfuron phytotoxicity to green foxtail and
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Table 10. Crop response to carry-over residues of
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sulfonylurea herbicides applied in 2 previous Crop.

Crop State Herbicide Rate Interval Injury® Reference
. (g ai/ha) (mo.)
Alfalfa CA Chlorsulfuron 17-35 8 D 257)
MT Chiorsulfuron 4-70 12 D (55)
. - 35-140 48 D (56)
OR Chlorsulfuron 35 3 D (52)
35 5.8 D
OR Chlorsulfuron 35 26 D (50)
" 35-560 5.8 D
Barley MT Chlorsulfuron 4-70 12 N (55)
' 70 24 D (85)
ND Chiorsulfuron 9-35 12 N (360)
WA/OR Chlorsulfuron 70 6 N (302)
Cco - Chlorsuifuron 7-18 24 D . (395)
Bean CO Chlorsulfuron 9-18 12 D (284)
9-18 24 N (284)
OR Chlorsulfuron 35 3 D (52)
35 5.8 N (52)
CcOo Metsulfuron 7-18 24 D (395)
Carrot CA Chlorsulfuron 17-35 8 D (257)
Comn CA Chlorsulfuron 17-35 8 D (257)
Cco Chlorsulfuron 9-18 12 D (284)
9-18 24 D (284)
) 9-18 36 N (284)
MT Chlorsulfuron 35-140 24 D (56, 83)
ND Chlorsulfuron 9-35 12 D (360)
NE Chlorsulfuren 70-140 13 D (378)
OR Chlorsulfuron 35 3 D (52)
) 35 5.8 N (52)
SD Chlorsulfuron 17-68 12 D (273, 275)
VA Chlorsulfuron 10-40 10 N .17
WA Chlorsulfuron 35 26 D (50)
WA Chlorsulfuron 35-560 5.8 D (50)
(06) Metsulfuron 7-18 24 D (395)
ND Metsuifuron 9-35 12 D (361)
) VA Metsulfuron 10-40 10 N (117)
Cotton CA Chlorsulfuron 17-35 8 D (257)
Cucumber CA Chlorsulfuron 17-35 8 D (257)
Faba bean MT Chlorsulfuron 35-140 24 D (56)
Flax MT Chlorsulfuron 35-140 24 . D (56)
ND Chlorsulfuron 9-35 12 D (360, 361)
SD Chlorsulfuron 17-68 12 D (273, 275)
Garbanzo bean MT Chlorsulfuron 35-140 24 D (56)
Italian ryegrass OR Chlorsulfuron 35 3 D (52)
35 5.8 D (52)
OR Chlorsulfuron 35-560 5.8 D (50)
: 35-560 26 D (50)
Kidney beans CA Chlorsulfuron 17-35 8 D (257)
Lentils MT Chlorsulfuron 4-70 12 D (55)
35-140 24 D (56)
WA/OR Chlorsulfuron 70 6 D (302)
WA Chlorsulfuron 18 7 D (366)
18 19 N (366)
Lettuce CA Chlorsulfuron 17-35 8 ‘D (257)
Navy bean ND Chlorsulfuron 9-35 12 D (361)
ND Metsulfuron 9-35 12 D (361)
Oats ND Chlorsulfuron 9-35 12 N (361)
ND Metsulfuron - 9-35 12 D (361)
Onion CA Chiorsulfuron 17-35 8 D (257)
Pea WA Chlorsulfuron 18 7 D (366)
18 19 N (366)
Pearl millet KS Chlorsulfuron 7-26 15 N (343)
Pinto bean MT Chlorsulfuron 35-140 24 D (56, 85)
Potato MT Chlorsulfuron 35-140 - 36 D 87)
PEI° Chiorsulfuron 9-72 12 N (155)
Metsulfuron 9-72 12 N (155)
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Table 10. Continued.

Crop State Herbicide Rate Interval Injury® Reference
Rapeseed OR Chlorsulfuron 35 3 D (52)
. 35 5.3 D (52)
OR/WA Chlorsulfuron 70 12 D (302)
OR Chlorsulfuron . 35 26 D (50
Sask.® Chlorsulfuron 5-10 12 - D (152)
Rutabaga : PEI° Chlorsulfuron 9-18 12 N (155)
Metsulfuron 9-72 12 N (155)
Safflower : MT Chlorsulfuron 4-70 12 N (55)
MT Chlorsulfuron 35-140 24 D (56)
MT Chlorsulfuron 35-70 24 D (85)
ND Chlorsulfuron 9-35 12 N (360)
WA/OR +  Chlorsulfuron 70 12 N (302)
Snapbeans OR Chlorsulfuron 35 26 D (50)
OR Chlorsulfuron 35-560 5.3 D (50)
Sorghum CA ) Chlorsulfuron 17-35 8 D (257)
KS Chlorsulfuron 34-67 12 N (333)
KS Chlorsulfuron 2-4 12 N (338)
KS Chlorsulfuron 7-26 15 D (343)
27 N (343)
SD Chlorsulfuron 17-68 12 D (273, 275)
TX Chlorsulfuron 17-140 23 D (380)
9-18 16 N
36-140 38 D
- KS Metsulfuron 24 12 N (338)
X Metsulfuron 54 19 D (380)
-Soybean AR Chlorsulfuron 36-72 12 D (164)
KS Chlorsulfuron 17-68 - 14 N (174)
MA Chlorsulfuron 7 12 N (289)
MD Chlorsulfuron 9-18 3-8.5 N (290)
ND Chlorsulfuron 9-35 12 D (361)
OH Chlorsulfuron 70 12 D (169)
SD Chlorsulfuron 17-68 12 D (273, 275)
ND Metsulfuron 9-35 12 D (361)
MD Metsulfuron 9-36 3-8.5 N (290)
Sugarbeets CA Chlorsulfuron 17-35 8 D (257)
(60} Chlorsulfuron 9-18 24 D (284)
9-18 24 D (284)
9-18 36 N (284)
MT Chlorsulfuron 4-70 12 D (55)
. 35-140 24 D (56)
: 35-70 24 D (83)
OR . Chlorsulfuron 35 3 D (52)
35 5.3 D (52)
35 14 D (53)
35 26 D (50)
. Co Metsulfuron 24 24 D (395)
Sunflower CO . Chlorsulfuron 9-18 12 D (284)
9-18 24 N (284)
MT Chlorsulfuron 35-140 24 D (55, 83)
ND Chlorsulfuron o935 12 D (360)
OR Chlorsulfuron 70 6 D (302)
SD Chlorsulfuron 17-68 12 D (273, 275)
Co Metsulfuron 7-18 24 D (395)
ND Metsulfuron 9-35 12 D (361)
Tomato CA Chlorsulfuron 17-35 8 D (257)

*N = no damage; D = damaged.
® Sask. = Saskatchewan, Canada.
¢ PEI = Prince Edward Island, Canada.

kochia than did temperature; phytotoxicity was  enhanced chlorsulfuron phytotoxicity at both low
greater at high humidity (95 to 100% RH) than  and high humidity at three temperatures (10,
low humidity (40 to 50%) (251). Surfactant (tri- 20, and 30 C). Weed control also was better at
methylnonylpolyethoxyethanol) at 0.5% (v/v)  high temperatures than at low temperatures for



452

DPX-L5300 (240) and for DPX-6316 on kochia
(241).

Soil moisture conditions favoring more rapid
weed growth also enhanced chlorsulfuron phy-
totoxicity. Control of green foxtail and kochia
was greater for plants that were well watered
both before and after chlorsulfuron application
at 2 or 9 g ai/ha, respectively, than for plants
that had been water stressed either before or
after treatment (251). Water stress after chlor-
sulfuron treatment was more detrimental than
water stress only before treatment. Adequate
moisture for weed growth also enhanced weed

control with DPX-L5300 (240) or DPX-M6316

(241) compared to dry conditions. Adding sur-
factant to DPX-L5300 partially improved con-
trol of water-stressed plants. The biochemical
and physiological basis for these environmental
effects remains to be determined. Environmen-
tal effects on weed control and cereal tolerance
to sulfonylurea herbicides has been briefly re-
viewed recently (46).

V. COMBINATIONS WITH OTHER
HERBICIDES

Grass herbicides. It would be advantageous to
tank-mix chlorsulfuron with postemergence grass
herbicides for broad-spectrum weed control in
cereals. The influence of sulfonylurea herbi-
cides on the efficacy of several postemergence
herbicides is summarized in Table 11. Some
sulfonylurea herbicides reduced wild oat (Av-
ena fatua L. # AVEFA) control with diclofop
{(x)-2- [4-(2,4-dichlorophenoxy)phenoxy] pro-
panoic acid}; chlorsulfuron and metsulfuron are
not registered for combination with diclofop in
the United States. Chlorsulfuron or other sul-
fonylurea herbicides did not reduce wild oat
control with difenzoquat (1,2-dimethyl-3,5-di-
phenyl-1H-pyrazolium), barban (4-chloro-2-
butynyl-3-chlorophenylcarbamate), flamprop [N-
benzoyl-N-(3-chloro-4-fluoro-phenyl)-DL -ala-
nine], or AC-222,293 [methyl-2-(4-isopropyl-
4-methyl-5-0x0-2-imidozolin-2-y)M + P-tol-
uate] (Table 11). Sequential application of
chlorsulfuron after triallate [S-(2,3,3-trichloro-
2-propenyl)bis(1-methylethyl)carbamothio ate]
did not improve wild oat control compared with
triallate alone. Likewise, a mixture of propanil
(N-(3,4-dichlorophenyl)propanamide] and sul-
fonylurea herbicides failed -to control foxtails
better than propanil alone, even though both
herbicides have activity on foxtails.

Weed growth stage at the time of treatment
may modify the extent to which sulfonylurea
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herbicides antagonize certain grass herbicides.
For example, chlorsulfuron at 6 g ai/ha reduced
Italian ryegrass (Lolium multiflorum Lam. #
LOLMU) control with diclofop at 0.45 kg ai/
ha in the greenhouse and field in North Carolina
(182). Others verified this antagonism for dif-
ferent combinations of rates of chlorsulfuron and
diclofop (203). Antagonism was more pro-
nounced at the 3-leaf than the 2-leaf stage (182).
Increasing the rate of the grass herbicide, such
as diclofop, for some combinations partially or
totally overcame antagonism of grass control by
sulfonylurea herbicides (63, 203, 267). Chlor-
sulfuron antagonism of diclofop for control of
Italian ryegrass was prevented by applying the
herbicides in sequence with chlorsulfuron at 40
g ai/ha applied either 16 or 24 h before or after
diclofop at 0.75 kg ai/ha (203). Chlorsulfuron-
induced antagonism of diclofop could not be
ascribed to changes in the foliar penetration,
translocation, or metabolism of diclofop in Ital- .
ian ryegrass (183).

Diclofop at 0.7 and 1.1 kg ai/ha reduced wild
mustard and redroot pigweed control with
chlorsulfuron at 10 and 20 g ai/ha in the green-
house (63). Antagonism of broadleaf weed con-
trol by chlorsulfuron when combined with
diclofop has not been widely reported and does
not appear to be a commercial concern.

There are no published reports of increased
injury to cereals when chlorsulfuron was com-
bined with diclofop, difenzoquat, flamprop,
barban, or AC-222,293. Generally, the influ-
ence of herbicide mixtures on crop yield has
not been examined in the absence of weed com-
petition. In Colorado, metribuzin [4-amino-6-
(1,1-dimethylethyl)-3-(methylthio)-1,2,4-tria-
zin-5-(4H)-one] at 0.36 kg ai/ha plus chlorsul-
furon at 70 g ai/ha damaged ‘Vona’ winter wheat
(14); but the yield loss for the combination was
less than the yield loss caused by metribuzin
applied alone. However, some winter wheat va-
rieties vary in sensitivity to metribuzin. Metri-
buzin- injury to ‘Centurk’ was not reduced by
chlorsulfuron. Sulfonylurea herbicide damage
to crops has been partially antidoted using 1,8-
naphthalic anhydride or R-25788 (N, N-diallyl-
2,2-dichloroacetamide), but cereals generally are
tolerant of commercial rates (see above) (46).
Conversely, chlorsulfuron at 12 or 23 g ai/ha
which was preplant incorporated with' triallate
at 1.12 kg ai/ha reduced trillate damage to pot-
ted “Len’ spring wheat in the greenhouse with-
out compromising wild oat control by triallate
(125).

Broadleaf herbicides. Because sulfonylurea
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Table 11. Interaction of sulfonylurea herbicides and grass herbicides used in wheat.

Grass - Sulfonylurea Common  Weed . )
herbicide Rate herbicide Rate name Scientific name Interaction® References
(kg ai/ha) (g ai/ha)
AC-222,253 0.41-0.84 Chlorsulfuron- 22 Wild oats  (Avena fatua L. 0 (30)
# AVEFA)
0.41 22 0 (32)
0.56 23 0 2
0.56 17 0 (227)
0.70 9 0- (306)
0.71 18 0 (310,312,313)
0.41-0.84 Metsulfuron 22 0 (30)
1.12 ‘ 18 0 (100, 104)
0.28-0.56 DPX-M6316 35 0 (90)
0.28-0.56 18-35 0 (92)
0.42 18-70 0 (253)
0.43 18-35 0 94)
0.56 34 0 (115,227,235)
0.71 53 0 (234,312,313)
0.43-0.56 DPX-L5300 18-35 0 (92)
0.43 9-18 0 94)
0.56 22 0 (115)
0.56 17 - 0 (227, 235)
Barban 0.28 Chlorsulfuron 18 Wild oats 0 (310)
: 0.42 23 0 (2)
0.43 35 0 @7)
0.35 . Chlorsulfuron 20 - 63)
0.42 Metsulfuron 20 - (100)
. 0.43 DPX-M6316  18-35 0 (92, 94)
0.42 53 - (313)
0.43 DPX-L5300  9-18 0 94)
: : ) - 18-35 - 92)
Diclofop . 0.5-0.75  Chlorsulfuron’ - 20,40,60  Oats (Avena sativa 0 (134)
L.)
0.5-1.0 40,60 0 (134)
0.7 40 " Wild oats 0- (267)
0.7 20 - (63)
1.12 9 0- (306)
1.12 18 0 (310)
1.12 18 0 (312)
1.12 18 - (313)
1.12 22 0 (39)
1.12 8 Yellow (Setaria glauca - (225)
foxtail - (L.)
Beauv. # SE-
} TLU) ’
0.45 6 Italian (Lolium multi- - (182)
ryegrass  florum) Lam. #
- LOLMU)
0.25-0.75 10-40 , - (203)
1.12 Metsulfuron 7 - (104, 232)
1.12 18 : - (102)
1.12 20 - (100}
0.84 DPX-M6316  7-35 Foxtails  (Setaria sp.) - (1)
0.84 18-35 Wild oats - (92, 94)
0.84 21-70 _ 0- (253)
1.12 18-35 0 (92)
1.12 18-70 - (253}
1.12 34 - (115)
1.12 53 ' - (312, 313}
1.12 53 . 0 (234)
112 DPX-L5300 9-18 - (94)
18-35 - (92)
1.12 22 - (115)
1.12 70 0- (228)
Difenzoquat 0.42 Chlorsulfuron 12 Wild oats 0 (382)
0.56 34 + @7
0.7 20 0 (63)
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Table 11. Continued.

DONALD

Common Weed

a () = no interaction; — = reduced weed control;

herbicides control most broadleaf weeds of
wheat, combinations of sulfonylureas with other
‘broadleaf herbicides have not been studied ex-
tensively. Chlorsulfuron enhanced grass weed
control with propanil and AC-222,293 (Table
11). These latter herbicides control some grass
weeds but only a few broadleaf weeds. -
Combinations of sulfonylurea herbicides have
advantages in broadening the spectrum of weed
control. For example, preemergence-applied
* mixtures of chlorsulfuron plus metsulfuron at
15 plus 5 g ai/ha controlled slender foxtail
whereas neither herbicide alone provided ac-
ceptable control (320). Tn Europe, DPX-M6316
has been combined with metsulfuron to expand
the range of species that are controlled (325).

Combinations of DPX-M6316 and DPX-L5300

have been researched in the United States. for
the same reason.

In othei situations, herbicide mixtures en-
hanced broadleaf weed control when chlorsul-
‘furon rates were reduced to minimize potential
herbicide carry-over. In the Pacific Northwest,
chlorsulfuron at 7 to 11 g ai/ha controlled catch-
weed bedstraw better when combined with bro-

Grass Sulfonylurea
herbicide Rate herbicide Rate. name Scientific name  Interaction® References
0.84 : 40 - 0- (267)
1.12 9-35 + (237)
1.12 27 0 (228)
1.12 34 + 27)
1.12 9 0- (306)
1.12 22 0 (30)
1.12 18 0 (313)
1.12 Metsulfuron 7 0 (232)
1.12 18 0 (104)
1.12 20 0 (100)
1.12 : 22 0 (30)
0.67-0.90 DPX-M6316 18-35 0 (92)
0.90 18-35 0 (94)
0.84 21-70 0- (253)
1.12 18-70 0- (253)
1.12 34 - (115)
1.12 53 0 (313)
0.67-0.90 DPX-L5300  18-35 0 (92)
0.90 9-18 0 (94)
-Flamprop 0.56 Chlorsulfuron 40 Wild oats 0- (267)
0.53 20 0 (63)
Fluchloralin 0.56 Chlorsulfuron 34 Several + (22)
Paraquat 0.28 Chlorsulfuron 40 Several 0 (264)
Pendimethalin 1.12 Chlorsulfuron 34 Several 0 (264)
Profluralin 0.56 34 Several 0 (264)
Propanil 1.12 Chlorsulfuron 11 Foxtail sp. + (36)
’ 1.12 11 -0 (32)
1.12 DPX-M6316  7-35 0 (91)
Triallate 1.12 Chlorsulfuron 34 Wild oats 0 (39)
1.12 Metsulfuron 34 0 (39)
Trifluralin 0.56 Chlorsulfuron 34 Several 0 (22)

+ = enhanced weed control.

moxynil at 0.2 kg ai/ha or dicamba (3,6-dichloro-
2-methoxybenzoic acid) at 0.14 kg ai/ha (146).
Likewise, chlorsulfuron provided good control
of catchweed bedstraw, fiddleneck (Amsinckia
spp.), and flixweed in winter wheat only at the
highest labeled chlorsulfuron rates in Idaho (308).
Control of these weeds was significantly im-
proved when chlorsulfuron at 6 g ai/ha was
combined with metribuzin at 0.28 kg ai/ha, bro-
moxynil at 0.28 kg ai/ha, or dicamba at 0.14
kg ai/ha. Also, adding bromoxynil at 0.21 kg
ai/ha or a mixture of bromoxynil plus MCPA
[(4-chloro—2—methy1phenoxy)acetic acid] each
at 0.14 kg ai/ha significantly improved control
of common lambsquarters with chlorsulfuron at
rates of 2 to 5 g ai/ha in barley (305). Control
of mayweed chamomile (Anthemis cotula L. #
ANTCO) in Washington in the field and green-
house was enhanced by a combination of bro-
moxynil at 0.3 kg ai/ha plus chlorsulfuron at
0.8 to 1.5 g ai/ha compared to either compound
applied alone (147). :

Other combinations have been used to broaden
the spectrum of weed control to include chlor-
sulfuron-tolerant weeds. As new sulfonylurea
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herbicides, such as DPX-1.5300 or DPX-M6316,
are commercialized, more research on herbicide
 mixtures will be needed to identify combina-
tions with broad-spectrum weed control be-
cause these new sulfonylurea herbicides control
fewer weeds than do either chlorsulfuron or
metsulfuron. For example, when DPX-M6316
at 17 g ai/ha was combined with metribuzin at
0.42 kg ai/ha, both wild garlic plant and aerial
bulblet control were reduced relative to DPX-
M6316 alone (268). In Ohio when 2,4-D at 0.28
kg ai/ha was mixed with either DPX-M6316 or
DPX-1.5300 at 25 g ai/ha, common chickweed
[Stellaria media (L.) Vill. # STEME] was con-
trolled better in winter wheat than by 2,4-D
[(2,4-dichlorophenoxy)acetic acid] alone (135).
When chlorsulfuron at 18 g ai/ha followed trial-
late at 1.4 kg ai/ha, control of wild buckwheat
in winter wheat was improved, whereas control
of other weeds was unchanged (306). The po-
tential of this sequence of herbicides to improve
weed control should be reexamined at lower
chlorsulfuron rates.

Nonselective herbicides. Chlorsulfuron may be
applied with nonselective herbicides when
planting spring cereals under no-tillage or-in
chemical farrow. For example, control of vol-
unteer barley, wheat, rapeseed, and oat with
paraquet at 0.28 kg ai/ha was not reduced in

combination with chlorsulfuron at 40 g ai/ha

applied at the 4-leaf stage of the cereals (264).

VI. PERSISTENCE AND FATE IN THE
ENVIRONMENT

Adsorption in soil. Studies of sulfonylurea her-
bicide adsorption to soil have been limited to
chlorsulfuron and sulfometuron. By studying
adsorption, it should be possible to identify soil
characteristics that modify herbicide phytotox-
icity and leaching. Chlorsulfuron has a pKa of
3.6, making it a weak acid of moderate strength
(321). At soil solution pHs above its pKa chlor-
sulfuron is unprotonated and negatively charged.
The phytotoxicity of chlorsulfuron to sorghum
in several soils increased as pH decreased from
7.5 to 5.9 when chlorsulfuron was applied at
0.5 to 1 g ai/ha (118). Fredrickson and Shea
(118) suggested that chlorsulfuron’s phytotox-
icity increased at low pH because the herbicide
was either less available at high pH or plant
uptake of chlorsulfuron was greater at low pH.
Wheat growing in four soils absorbed more 14C-
chlorsulfuron at pH 5.9 than at pH 7.5 after 7
days. This laboratory research (118) was sub-
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stantiated by Mersie and Foy (204). Using a
corn root bioassay and six high organic matter
soils ranging in pH from 4.2 to 7.8, they dem-
onstrated that as pH increased, phytotoxicity to
corn increased above pH 5.6. Phytotoxicity also
was inversely correlated with soil organic mat-
ter but not with clay content. The organic mat-
ter of the six soils ranged from 1.2 to 7.2 %.
Amending soil with various forms of organic
matter reduced phytotoxicity by increasing
chlorsulfuron adsorption (96). Because less than
0.1% (or 50 kg/ha) activated charcoal prevented
chlorsulfuron from killing susceptible plants in
soil (95, 96), burning cereal straw is likely to
inactivate chlorsulfuron that is applied after
burning.

As Mersie and Foy (204) and others (256)
pointed out, chlorsulfuron adsorption decreased
and desorption increased as soil pH increased
above 3.6, the pKa of chlorsulfuron. Several
authors related herbicide concentration in soil
solution to adsorption using **C-chlorsulfuron
and the Freundlich equation (207, 322, 354).
In four soils ranging in pH from 6.8 to 8.1,
adsorption was relatively low (354); but as her-
bicide concentration increased, adsorption in-
creased. Adsorption was exothermic; therefore
it decreased as temperature increased.

Adsorption of acidic herbicides generally is
greater on soil organic matter than on clay (207).
Shea (322) suggested that hydrogen bonding and
charge transfer formation between the aromatic
benzene and triazine rings of the herbicide and
the aromatic constituents of activated charcoal
were responsible for chlorsulfuron adsorption.
Infrared spectroscopy was used to study the
mechanism of chlorsulfuron adsorption on pur-
ified clays and other soil constituents, such as
cellulose and organic matter (321). The chlor-
sulfuron anion was repelled by the negatively
charged mineral clay surfaces of montmorillon-
ite, illite, and kaolinite. Multiple hydrophobic
and hydrophilic interactions occurred on ex-
change resins, cellulose, and organic matter.
Using purified constituents of soil, it was ver-
ified that chlorsulfuron was not adsorbed by
montmorillonite clay (47). Purified humic acid -
and iron oxides were stronger adsorbents for
chlorsulfuron at the low concentrations likely to
occur in soil. Borggard and Streibig (47) found
that both pH-dependent surface charge and the
surface area of adsorbents, as well as chlorsul-
furon’s pH-dependent acid-base properties,
controlled herbicide adsorption.

Environmental conditions may influence her-
bicide adsorption on soil constituents. Reducing
soil moisture content to 25% of field capacity



456

enhanced sorption of [**C] sulfometuron in five
soils (365). Borggaard and Streibig (47) cal-
culated that when 10t0 40 g ai/ha chlorsulfuron
was applied to water-saturated soil (50% pore
space), soil solution concentrations ranged from
0.014 to 0.056 p.M assuming a 20-cm-thick plow
layer. -

Leaching in soil. Sulfonylurea herbicide leach-
ing has been studied using bioassays and radio-
labeled herbicide (See section on soil
persistence. ). Smith and Hsiao (328) found good
agreement between these methods of studying
chlorsulfuron leaching on two Saskatchewan
soils. Chlorsulfuron was readily leached in lab-
oratory studies using packed soil columns and
soil thin-layer chromatography (88, 256).

Chlorsulfuron moved 25 cm in soil leaching
columns, even though 75% of “C-chlorsulfu-
ron remained in the top 10 cm of the column.
Studies with soil thin-layer chromatography re-
vealed that leaching was greatet for soil that
was wetted and dried repeatedly than for soil
kept continuously wet (88, 95). Mersie and Foy
(207) verified that the R, of chlorsulfuron in soil
thin-layer chromatography was correlated with
~ herbicide leaching in hand-packed soil col-
umns.

The extent of chlorsulfuron leaching differs

between different soil types (17, 118, 207, 328).

In four soils with from 0.16 to 1.42% organic
matter and a pH range of 4.6 to 6.9, chlorsul-
furon was more mobile in neutral or alkaline
soils than in acidic soils (Figure 3) (118, 207).
Others verified that chlorsulfuron mobility in-
creased as soil pH rose; chlorsulfuron leached
close to the water front at higher pHs (256)- As
chlorsulfuron rate was increased, herbicide
moved deeper in the soil profile (95). The mo-
bility of metsulfuron also depended on soil type;
soil organic matter and pH influenced its leach-
ing behavior in a similar manner to chlorsul-
~ furon (137). : :
Field studies of sulfonylurea herbicide leach-
ing substantiated these controlled laboratory
studies. “C-chlorsulfuron Jeached 5 to 10 cm
in the field in Saskatchewan, depending upon
the year of application (328). However, less
than 2% of that applied was recovered at the 5
to 10 cm depth compared to 3 to 4% at the 0
to 5 cm depth in two soils (328). As the authors
(328) indicated, chlorsulfuron movement was
possible below the 10-cm depth, but this was
not studied.
- Chlorsulfuron leaching and persistence de-
pended on pH in two similar Idaho soils (114).

In a pH 5.9 soil, no residues were found at a
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depth of 7.5 cm after 200 days. However, in a
pH 8.7 soil, residues persisted 300 to 400 days
at this depth. Other researchers have verified
that chlosulfuron at commercial rates can leach
10 to 20 cm in the field (50, 117, 266) although
some researchers reported that little moved be-
yond 10 cm by the end of the growing season
after spring application of chlorsulfuron at 10
to 20 g ai/ha (17, 159). Undoubtedly, weather
conditions that limit chlorsulfuron degradation
allow herbicide leaching to greater depths with
subsequent rainfall on permeable soils (17, 159).
Leaching of chlorsulfuron may reduce the du-
ration of weed control in the field (17).

Soil persistence. An understanding of the soil
persistence of chlorsulfuron and other sulfonyl-
urea herbicides is valuable if potential carry-
over problems are to be predicted and avoided.
Three methods have been used to study soil
persistence: 1) field bioassays in which the her-
bicide was applied and the treated area later was
planted to various Crops; 2) greenhouse o1 growth
chamber bioassays in which herbicide residues
in field soil, taken at various times after chlor-
sulfuron treatment, wWere quantified using the
response of bioassay plants, such as corn (16,
328) or lettuce (362); and 3) the disappearance
of **C-chlorsulfuron from soil ‘over time (327,
328).

The carry-over damage of chlorsulfuron to
susceptible crops in field bioassays is summa-
rized (Table 10). This early research demon-
strates the potential of chlorsulfuron residues t0
damage rotational crops or double crops. The
soil persistence of both chlorsulfuron and met-
sulfuron has been assayed using field bioassays;
chlorsulfuron also has been examined using
greenhouse bioassays and radiolabeled herbi-
cide. Results of such studies are likely to per-
tain to particular sites in the year of study because
they are descriptive rather than mechanistic.

Rates and times of chlorsulfuron application,
soil type, and weather conditions during the
growing season are likely to influence herbicide
persistence in the field (159). In eastern Colo-
rado, the persistence of chlorsulfuron phytotox-
icity, as measured by bioassay, in four soils
depended most on soil pH, organic matter, the
number of rainfall events greater than 0.25 cm,
and the extent of leaching (17). In these latter
field studies, variability in chlorsulfuron phy-
totoxicity attributable to soil type was 10%
whereas that due to year of study was 50%.
Unlike later research cited below, Anderson and
Humburg (17) felt that organic matter signifi-
cantly influenced chlorsulfuron persistence and
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Figure 3. Effect of soil type and pH on movement of 14C_chlorsulfuron on soil thin-layer chrematography (118).

suggested that the accuracy of models for pre- Detailed kinetic studies of chlorsulfuron loss
dicting chlorsulfuron persistence could be im-  used bioassays after incubating herbicide-treated
proved by grouping soils according to soil organic soil for various periods of time under controlled
matter. conditions. The rate of loss of chlorsulfuron ex-
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hibited first-order kinetics in a sandy loam soil
that was treated with 30 g ai/ha and incubated
at 10 to 30 C and 12% moisture (362). Chlor-

sulfuron degradation exhibited first-order ki-

netics with time in a loam and sandy-loam soil
over a temperature range of 20 to 40 C at var-
ious soil moisture levels (16). When C-chlor-
sulfuron persistence was studied under controlled

conditions, it also exhibited first-order kinetics

(327). In contrast, Thirunarayanan and co-
workers (354) found that chlorsulfuron was rap-
idly lost over an initial 15-day period before
entering a phase of slower first-order kinetics
over time (Figure 4). They suggested a two-
compartment model to describe these kinetic
observations. Field persistence of chlorsulfuron
in Alberta also followed a two-compartment
dissipation model (239). Such models assumed
more rapid herbicide dissipation on plant and
soil surfaces prior to slower degradation once
herbicides enter the soil and equilibrate with it.

Several factors modify soil persistence of
chlorsulfuron, including crop management, soil
pH, and environmental factors such as moisture
and temperature (17). Chlorsulfuron was least
persistent in soil at higher soil temperatures and
moisture contents (46). Drought conditions in-
creased chlorsulfuron persistence in four soils
in eastern Colorado (17). Incorporating chlor-

sulfuron (16) or metsulfuron (12) into soil de-

creased their persistence, presumably because
of increased rates of microbial degradation of
parent herbicide.

Chlorsulfuron persisted longer in soils with:

alkaline pH’s than acid pH’s (114, 118, 354,

0.91
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380). Chlorsulfuron had a half-life of 10 weeks

atpH 7.5 and 1.9 weeks at pH 5.6 (118). There

were 20 and 90% losses of chlorsulfuron after
6 weeks in these alkaline and acid soils, re-
spectively. Under field conditions in Idaho
chlorsulfuron had a half-life of 4 and 21 weeks
at pH 5.9 and 8.7, respectively (114). It took
200 and 500 days for no residues to be detected
by corn bioassay in the acid and alkaline soils,
respectively. In some parts of North America,
soils within only a 640-ha area can vary in pH
as much as 1.5 (380). As illustrated by the pre-
vious examples, a change in pH from 6.5 to 8
can dramatically lengthen persistence and in-
crease the likelihood of carry-over damage to
susceptible crops (380).

Soil pH and hydrolytic degradation rate were
inversely related in a laboratory study of four
soils (Figure 4) (354). Soil pH was a much more
critical factor in explaining chlorsulfuron per-
sistence than was soil organic matter (16). Met-
sulfuron degradation rates also increased as soil
pH dropped from pH 7.5 in a clay soil to pH
5.2 in a clay loam (327). DPX-L5300 also was
degraded by hydrolysis in a pH-dependent fash-
ion, much like chlorsulfuron (108).

Temperature and moisture interacted with soil
type to modify persistence of chlorsulfuron and
its analogs, such as metsulfuron (12) and DPX-
15300 (108). As soil temperature was increased
from 10 to 40 C, chlorsulfuron persistence de-
creased, as measured by bioassay or loss of *C
herbicide (16, 354, 362). These growth cham-
ber studies also established that decreasing soil -
moisture content reduced the rate of chlorsul-

_0.1 T T T T T T
0 30 60 90

¥ T
120

T 1 T T T T T 1
150 180 . 210 240

TIME(DAYS)

Figure 4. The effect of soil pH on chlorsulfuron degradation (354).
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furon degradation; thus chlorsulfuron persisted
longest in dry soils (16, 354). However, soil
type and accompanying differences in moisture
retention may modify the effect of temperature
on herbicide persistence. Chlorsulfuron (16) and
metsulfuron (12) persistence decreased in a loam
soil as soil water content increased, but not in
a sandy loam soil (16). Other confounding fac-
‘tors, such as differences in microbial activity,
pH, organic matter, or water-holding capacity,
may explain the effect of soil type.

Straw residue on the soil surface can inter-
cept a portion of herbicide spray and delay its
movement to the soil surface. When metsulfu-
ron was sprayed on surface-lying straw residue,
it could be washed off readily by rainfall (12).
However, tie-up on straw residues increased the
phytotoxicity of metsulfuron.

Chlorsulfuron breaks down to 2-carboxyme-
thylbenzenesulfonamide in soil, according to
tentative separations on TLC and comparison
with standards (327, 328). Metsulfuron also de-
graded to similar metabolites in soil under con-
trolled conditions. However, in field plots in
Saskatchewan, only 5 and 2% of 4C-parent
chlorsulfuron remained after 45 and 95 weeks,
respectively (328); fifteen and 20%, respec-
tively, remained as.2-chlorobenzenesulfonam-
ide. Thus, kinetic information would suggest a
precursor-product relationship between the two
chemicals (328). There are no published reports
on whether chlorsulfuron or metsulfuron accu-
mulates in soil after repeated annual applica-
tions, although U.S. registration labels caution
against repeated annual applications because of
potential carry-over damage to rotational crops.

pH-dependent hydrolysis and microbial ac-
tivity may modify chlorsulfuron degradation to
different extents depending upon soil type and
local environment (19). Chemical hydrolysis was
more important for chlorsulfuron degradation in
acidic soil at pH 5.9 than in alkaline soil at pH
8.0 (157). Both chemical and microbial deg-
radation of chlorsulfuron occurred at acidic pH’s.
Chlorsulfuron did not degrade in an alkaline
soil which had been sterilized by steam, eth-
ylene oxide, or gamma irradiation. When mi-
croorganisms were added back to soil,
degradation resumed, suggesting that chemical
degradation was insignificant. Pure cultures of
Streptomyces griseolus, Aspergillus niger, and
Penicillium species degraded chlorsulfuron (157,
158), although the herbicide was not com-
pletely mineralized.

Knowledge of both herbicide residue persist-
ence and crop susceptibility to sulfonylurea res-
idues are required to understand the agronomic
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and economic significance of herbicide carry-
over. For example, 4 years and dissipation of
more than 99% of chlorsulfuron residues were
required for alfalfa (Medicago sativa L.) plant-
ings to be able to establish on a chlorsulfuron-
treated site in Alberta (239).

Chlorsulfuron is not registered in either the
United States or Canada for use on soils with
pH’s above 7.9 because of its soil persistence
in alkaline soils. Its use may be restricted to
lower pH soils in some states. Metsulfuron should
not be used on highly calcareous soils above
pH 7.9. The minimal recropping interval after
either herbicide depends upon the rotational crop,
state, county, soil pH, and cumulative rainfall.
The labels should be consulted for current de-
tailed information. Neither chlorsulfuron- nor
metsulfuron-treated wheat has grazing restric-
tions.

Reportedly some sulfonylurea herbicides, such
as DPX-L5300 (108), are nonpersistent enough
that choice of rotational crop is unrestricted by
carry-over. :

VIi. BASIS FOR SELECTIVITY

Uptake. Foliar absorption of *#C-chlorsulfuron
is relatively rapid in a wide range of species.
Tolerant species, such as wheat, barley, or wild
oats, absorbed 68 to 72% of the applied ra-
diolabel in 24 h (346). Uptake into susceptible
crops also was rapid with 56 to 98% taken up
in 24 h (346), although susceptible wild garlic
plants absorbed *C-chlorsulfuron and **C-met-
sulfuron more slowly than this (181). Differ-
ential uptake is not believed to account for
selectivity differences between species. Both
chlorsulfuron-susceptible velvetleaf (Abutilon
theorphrasti Medik. # ABUTH) and chlorsul-
furon-tolerant eastern black nightshade ab-
sorbed approximately equal amounts of #C-
chlorsulfuron over 48 h; 40% of the applied
dose was absorbed (131).

The foliar penetration of chlorsulfuron was
greater in velvetleaf at pH 2.4 to 3.4 than at pH
4.4 to 5.6 (206, 208). Simulated acid rain of
pH 2.5 and 3.4 also synergized the phytotox-
icity of chlorsulfuron to velvetleaf compared to
pH 5.6 (208). The physiological mechanism for
pH dependence of uptake and phytotoxicity has
not been determined. However, chlorsulfuron,
a weak acid with a pKa of 3.8, is protonated at
acid pHs and may have penetrated the leaf cu-
ticle as a neutral molecule under acidic condi-
tions below its pKa, whereas uptake under basic
conditions above its. pKa probably involved the
chlorsulfuron anion (208). Foliar penetration was
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less under alkaline conditions than under acid
pHs because both chlorsulfuron and the leaf cu-
ticle are negatively charged.

Leaves of Canada thistle at the 7- to 8-leaf
stage absorbed 39% of applied “C-chlorsulfu-
ron 48 h after treatment (215). Devine and Van-
den Born (71) found that Canada thistle at the
7. to 8-leaf stage absorbed 75% of applied 1C-
chlorsulfuron after 72 h with little further up-
take after 144 h (Figure 5). Quantitative differ-
ences in foliar uptake between these two studies
probably can be attributed to the surfactant added
in the latter study.

Foliar-applied chlorsulfuron at 67 g ai/ha was
more phytotoxic to Canada thistle than soil-ap-
plied chlorsulfuron (79). Foliar or foliar and
soil treatments with chlorsulfuron reduced Can-
ada thistle shoot regrowth from root buds to the
same extent at 67 g ai/ha. In contrast, root treat-
ment was thought to contribute significantly to
the reduction in shoot regrowth potential of
Canada thistle in other greenhouse (133) and
field research (266). However, this contribution
was noted in the greenhouse only at the highest
tested rates, 100 and 200 g ai/ha, which are
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tenfold greater than commercial rates (133).
Results were similar for metsulfuron. ,
When hydroponically grown Canada thistle
at the 7- to 8-leaf stage was root treated with
14Cchlorsulfuron, only 16% of the radiolabel
was absorbed after 48 h (276). This was roughly
half of that absorbed by the foliage over the
same period. Root translocation is likely to be
less important than shoot absorption for Canada
thistle control (276). Root absorption of “C-
chlorsulfuron by excised pea roots was rapid
and linearly related to external herbicide con-
centration, suggesting that the uptake mecha-
nism'was passive nonfacilitated diffusion (73).
Uptake was reduced more at high pH (pH 6.4)
than at low pH (pH 3.4), suggesting that chlor-
sulfuron was transported across root plasma
membranes as an undissociated molecule and
accumulated within cells by an ion tapping
mechanism (73). Others (209) verified that 14C-
chlorsulfuron uptake by root apices was rapid
and pH dependent in another species, velvet-
leaf. Chlorsulfuron efflux from root segments
was biphasic with a short rapid phase followed
by a protracted slow rate, suggesting initial dif-
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Figure 5. **C-chlorsulfuron absorption and translocation in Canada thistle following foliar treatment. Translocation was
calculated as the total herbicide recovered in all plant parts other than the treated leaf. Vertical bars represent standard

errors (71).
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fusion from the apoplast followed by movement
from the cell interior (209).

Translocation. Chlorsulfuron translocation in
plants is limited and follows a source-to-sink
pattern. Chlorsulfuron translocated from treated
foliage of several susceptible and tolerant spe-
cies was only 1 to 18% of that applied (181,
346). Only 0.1 to 4% of that applied was trans-
located from the foliage to the roots. In rape-
seed, most chlorsulfuron moved from treated
leaves to new leaves. When the third leaf was
treated, most radiolabel went to the fourth and
fifth leaves. Likewise, radiolabel translocating
from 4C-chlorsulfuron- or *C-metsulfuron-
treated wild garlic leaves accumulated most in
young shoots (181). Susceptible velvetleaf
translocated 20% less chlorsulfuron than toler-
ant eastern black nightshade over 1 to 2 days
(131). The distribution of radiolabel was similar
with the shoot apices of velvetleaf and eastern
black nightshade receiving 3.6 and 7.9%, re-
spectively, of the applied radiolabel after 48 h.
‘Apparently, differential translocation and accu-
mulation in shoot apices do not explain selectivity.
Movement of *C-chlorsulfuron in Canada
thistle from the shoots to the roots also is lim-
ited (Figure 5). When Canada thistle was grown
hydroponically and treated at the 7- to 8-leaf
stage with foliar-applied “C-chlorsulfuron, only
10% of applied radiolabel moved to the roots
from treated shoots (276). In other studies with
7- to 8-leaf Canada thistle grown in quartz sand,
only 5% of applied radiolabel moved to the roots
of Canada thistle after 144 h (71). In both stud-
ies, most of the translocated radiolabel moved
to younger shoots. ,
Transport form the roots to the foliage fol-
Jowing root application also is limited (205, 276).

When Canada thistle roots were treated, only -

10% of applied herbicide moved in the tran-
spiration stream to the shoots. In wheat and
barley grown hydroponically, most **C-chlor-
sulfuron applied to the roots remained there
(205). Thus translocation of sulfonylurea her-
bicides is ambimobile, but restricted (46).

Metabolism. Selectivity cannot be attributed to
differences in foliar uptake or translocation of
chlorsulfuron, but differences in metabolism have
been shown to account for selectivity (346). Re-
sistant and susceptible plants differ significantly
in their ability to metabolize chlorsulfuron.
Wheat, oats, and barley were tolerant of the
herbicide and also metabolized it to a nonpolar,
biologically inactive 0-glycoside in which the
phenyl ring was hydroxylated (Figure 6). In
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contrast, sensitive broadleaf plants, such as su-
garbeet (Beta vulgaris L.), soybean, mustard
(Brassica sp.), and cotton (Gossypium sp.), did
not metabolize chlorsulfuron. The role of me-
tabolism in chlorsulfuron selectivity was sub-
stantiated by Hageman and Behrens (131);
susceptible velvetleaf was 20,000 times more
sensitive to chlorsulfuron than eastern black
nightshade. Velvetleaf also was unable to me-
tabolize chlorsulfuron, whereas resistant east-
ern black nightshade metabolized chlorsulfuron
to a variety of unidentified products. The large
difference in metabolism is in sharp contrast to
relatively slight differences in retention, ab-
sorption, and translocation between resistant and
susceptible species. Tolerant flax and black
nightshade (153) metabolized chlorsulfuron to
a hydroxymethyl derivative (346), unlike other
tolerant species (346) (Figure 6). This deriva-
tive was less phytotoxic to sensitive sugarbeet
or wild mustard than was chlorsulfuron. Thus,
conjugation of this hydroxylated metabolite to
a glycoside in flax and black nightshade is a
detoxification pathway.

Susceptible Canada thistle was unable to me-
tabolize chlorsulfuron following foliar treat-
ment or when chlorsulfuron was added to Canada
thistle cell suspensions (242, 349, 351, 352).
Although the foliage did not metabolize the her-
bicide, the roots converted 25% of the applied
chlorsulfuron into polar conjugates. Other re-
searchers also have isolated, but not identified,
breakdown products of chlorsulfuron in Canada
thistle and field pennycress (Thlaspi arvense L.
# THLAR) (72).

Vill. MODE OF ACTION

Injury symptbms. Chlorsulfuron-treated plants

die slowly over 2 to 3 weeks. Injury is char-
acterized initially by inhibition of new growth
followed by chlorosis, necrosis, and terminal
bud death (280, 281). The leaf veins of treated
plants may become discolored. In the field and
greenhouse, Tartary buckwheat [Fagopyrum ta-
taricum (L.) Gaertn.] failed to form true leaves
normally and cotyledon expansion was inhib-
ited following chlorsulfuron treatment (266).
Leaves stopped growing and became chlorotic
within 2 days following spraying. By 2 weeks,
internodes stopped elongating and leaf margins
became inverted. Stems became hollow and
collapsed, causing plants to fall to the soil sur-
face. Chlorsulfuron at 67 g ai/ha applied to the
foliage of Canada thistle caused similar symp-
toms to those on Tartary buckwheat (79). The
shoot apex and young leaves stopped growing
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Figure 6. The pathway of chlorsulfuron metabolism in resistant wheat (346) and flax (153).

and became chlorotic within 5 days, resulting
in a small chlorotic rosette (Figure 7). In 1 to
2 weeks after treatment, the lower leaves be-
came chlorotic and yellowing progressed up the
stem. Petioles became discolored and weak-
ened. Then the petioles of lower leaves col-
lapsed along the side of the stem, but the leaves
maintained their turgor for several weeks. Fi-
nally, the terminal bud died and necrosis de-
veloped up the stem as the shoot died. When
chlorsulfuron was- applied only to the soil, it
stimulated adventitious shoot outgrowth from
‘oot buds, although shoots did not reach the soil
- surface (80). Corn root growth was inhibited
within 2 h of direct root treatment with chlor-
sulfuron (280, 281) and all adventitious roots
decayed (265). When velvetleaf was treated with
35 g ai/ha chlorsulfuron, leaves abscised within
72 to 120 h after treatment and plants died within
7 days (130). By 3 days after treatment, growth
stopped, foliar chlorosis increased, and leaf ex-
pansion ceased. This was followed by epinasty
and loss of leaf nyctinasty (diurnal changes in
leaf display). Chlorsulfuron-induced leaf ab-
scission is not commonly observed in other sen-
sitive species.

“Seed production and germination. With such
drastic effects on shoot development, it is not
surprising that chlorsulfuron and metsulfuron also
inhibit seed production. Chlorsulfuron pre-
vented Canada thistle seed production at rates

~of 18 g ai/ha (5). Velvetleaf seed production

and weight were reduced more by chlorsulfuron
applied early during seed production than ap-
plied later (45, 167). Overwinter survival of
velvetleaf seed was reduced after parent shoots
were treated with chlorsulfuron (167). Seed
production of dyers woad (Isatis tinctoria L. #
ISATI) was severely reduced when chlorsulfu-
ron at 53 g ai/ha was applied during late flow-

‘ering to early fruiting (166). Equivalent rates

of metsulfuron had the same effect. When met-
sulfuron was applied at 23 to 70 g ai/ha to flow-
ering field bindweed, it decreased seed and
capsule weight, as well as seed number (195).
Germination was severly reduced because seeds
were either shrunken or had only an outer seed
coat. Chlorsulfuron applied at 18 to 26 g ai/ha
after winter wheat harvest to Russian thistle
during seed formation in August reduced later
germination of large seeds even though total
seed production was reduced (387). Young and
Whitesides (387) suggested that sufficient her-
bicide was translocated to developing seed to
reduce later germination, a hypothesis that war-
rants testing.

Germination of tolerant species was unaf-
fected by sulfonylurea herbicides (13, 14, 69,
192, 396). For example, when either ‘Vona’ or
‘Centurk’ winter wheat was treated with chlor-
sulfuron at 35 to 70 g ai/ha in the fall in Col-
orado, percent germination was unaffected,
despite yield reductions in Vona wheat (14).
When ‘Luke’ winter wheat was treated with 9
to 70 g ai/ha chlorsulfuron, germinability also
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Figure 7. Chlorsulfuron-treated Canada thistle: (A) greenhouse-grown plants were treated w1th 67 g ai/ha applied to the
roots (left), shoots (middle), or roots plus shoots (right); (B) control shoots; (C) apical chlorosis 7 days aftcr foliar
treatment; and (D) apical necr051s 1 month after foliar treatment (Donald, 1989 unpublished).

was unaffected. Likewise when fall-planted rye
(Secale cereale 1.) was treated with 140 g ai/
ha chlorsulfuron, there was no effect on sub-
sequent seed germination (396). In Colorado,
safflower treated with chlorsulfuron at 18 g ai/
ha when 10 to 15 cm tall had no loss in ger-
mination despite a yield loss (13). Metsulfuron
and DPX-M6316 applied at the same rate also
did not adversely affect germination. Germi-
nation of susceptible species was not inhibited
by sulfonylurea herbicides, but subsequent
growth was stopped (46, 69, 303).

Amino acid biosynthesis. Inhibition of amino
acid biosynthesis has been demonstrated to be
a major mode of action of sulfonylurea herbi-
cides (58, 127, 173, 285, 286). Chlorsulfuron
inhibited the activity of acetolactate (acetohy-
droxy acid) synthase, a major branch point en-
zyme in the synthesis of the amino acids leucine,
isoleucine, and valine in several plants (283)
and microorganisms, such as Escherichia coli,
Salmonella typhimurium (58), and Saccharo-
myces cerevisiae (384). Chlorsulfuron noncom-
petitively inhibited purified acetolactate synthase
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isolated from tobacco (Nicotiana tabacum L)
cell culture (196). . '

Chlorsulfuron inhibition of soybean tissue

culture growth was reversed by valine and Jeu-

cine, lending indirect support to the hypothesis
that this enzyme was a site of herbicidal action
(316). The influence of chlorsulfuron on en-
dogenous changes in amino acid metabolism has
been studied in Lemma minor L. (286).
Perhaps the most significant evidence for

involvement of acetolactate synthase in the -

mode of action of sulfonylurea herbicides is
genetic. Tobacco callus, which:was homo-
zygous for the S4 locus, was resistant to
chlorsulfuron, whereas heterozygeous lines had
intermediate susceptibility (59). The S4 locus
is a single dominant nuclear mutation confer-
ring resistance to sulfometuron. Resistance was
expressed both by tobacco callus tissue cul-
ture and seedlings following regeneration from
tissue culture. Selection for resistance to sul-
fometuron in tobacco tissue culture also con-
ferred even greater resistance to chlorsulfuron.
A mutant selected for resistance to chlorsul-
furon also had similar resistance to sulfome-
turon. Chlorsulfuron-resistant lines of rape
(345) and sulfometuron-resistant lines of the
alga Chlamydomonas reinhardtii (136) also
had reduced acetolactate synthase sensitivity
to the herbicide. Altered herbicide binding to
the enzyme helped explain differences in ace-
tolactate synthase sensitivity between suscep-
tible and resistant biotypes (317).
Sulfometuron-resistant and -susceptible selec-
tions of the microorganisms Escherichia coli
(384) and Saccharomyces cerevisiae (383, 384)
exhibited mutational differences in only one
amino acid present in the primary amino acid
sequence of acetolactate synthase. The resis-
tant lines of E. coli had normal levels of ace-
tolactate synthase, but the isolated enzyme was
much less sensitive to inhibition by sulfome-
turon than the enzyme isolated from suscep-
tible lines (384).

Cell division. Chlorsulfuron inhibited cell di-
vision in root tips of broad bean (Vicia faba L.)
(280, 282) and caused chromosomal abnormal-
ities in broad bean and onion (Allium cepa L.)
(20). The cell cycle of pea root apices was in-
hibited between the G, and M (mitosis) stages;
secondary inhibition occurred between the G,
and S stages (295, 296). DNA synthesis occurs
during the S stage. The S and M stages were
not affected directly, nor was protein synthesis
affected. The S and M stages were indirectly
affected because cell cycle specific RNA syn-
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thesis was reduced within 24 h. Isoleucine and .
valine prevented and reversed the reduction in
mitotic figures in pea roots observed 4 h after
treatment (296), much as they reversed chlor-
sulfuron inhibition of acetolactate synthase. Ray
(282) tested the ability of chlorsulfuron to in-
terfere with DNA synthesis by assaying the di-
rect effect of chlorsulfuron on DNA polymerase
and thymidine synthase activity. However, these
enzymes were not inhibited by chlorsulfuron even ‘
at concentrations of 3 X 10-°M chlorsulfuron.
Reduced mitotic activity likely precedes: re-
duced amounts of DNA and RNA in broad bean
and onion root tips treated with chlorsulfuron
(20). :
Chlorsulfuron inhibited meiosis as well as
mitosis. When field-grown rye was treated with
140 g ai/ha chlorsulfuron at flowering, the num-
ber of meiotic abnormalities was greater in treated
plants than in controls (396). These included
unpaired univalents from diakinesis to meta-
phase 1. Pairing of homologous chromosomes
occurs at metaphase 1. Bridges, lagging chro-
mosomes, and chromosome fragments were ob-
served at telophase 1 and 2. A high proportion
of pollen was sterile. Normally, chlorsulfuron
would be applied much earlier and at lower rates
in cereal production.

Physiological processes. Information on which
physiological processes are inhibited by chlor-
sulfuron is limited and scattered. A coherent
picture has not yet emerged relating inhibition
of amino acid synthesis and cell division to later
developing secondary physiological processes.
Despite chlorsulfuron-induced chlorosis, the
herbicide did not reduce photosynthesis in iso- -
lated pea (Pisum sativum L.) and spinach (Spi-
nacia oleracea L.) chloroplasts at the
concentrations that inhibited mitosis (70, 280,
282). When isolated chloroplasts from bean cells
were tested, inhibition of photosynthesis oc-
curred only at 0.5 mM chlorsulfuron (70). At
lower doses, there was either no effect or a
stimulation of oxygen release. ATPase activity
of isolated chloroplasts also was unaffected by
the herbicide. .

Respiration of isolated bean cells was not af-
fected at 10-* M or 5 x 10~* M chlorsulfuron
(70). RNA, protein, and lipid synthesis were
inhibited only slightly at the same doses. Ray
(280, 282) found that leucine incorporation into
protein in corn root tips was unaffected by 1
ppm chlorsulfuron. Using soybean suspension
cells, lipid synthesis was more sensitive than
RNA synthesis, protein synthesis, or photosyn-
thesis to chlorsulfuron (140).
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Chlorsulfuron is not thought to have a direct
effect on cell permeability. Little solute leakage
was detected by either release of *C-labeled
organic compounds or changes in conductivity
of the media when chlorsulfuron was incubated
with leaf disks of “Tower” mustard or ‘Jet Neuf’
rapeseed (62).

IX. RESEARCH NEEDS

Sulfonylurea herbicides have the potential to
replace phenoxy herbicides for broadleaf weed
control in wheat in North America. As the num-
ber of weed species controlled by chlorsulfu-
ron, metsulfuron, and their analogs is determined,

new tolerant species will be identified. Com-

binations of sulfonylurea and other herbicides
should be examined for managing these weeds
in wheat. As sulfonylurea herbicide use ex-
pands, resistant weeds should be identified as
‘they increase. The effect of sulfonylurea her-
bicides on weed population biology, seed pro-
duction, and seed viability also should be
determined. The extent to which wheat com-
petition contributes to sulfonylurea herbicide
efficacy and enhances yield should be defined
‘better. Comparison yield trials with other post-
emergence herbicides should be conducted and
published in refereed journals.

Little is published about how sprayer type,

pressure, or nozzle type influence. post-
emergence weed control with sulfonylurea her-
bicides. Introduction of new specialized nozzles,
such as the controlled droplet applicator, should
prompt additional research, especially where
_ farmers wish to apply these herbicides in a min-
imum volume of water to minimize application
cost and improve application timing.
Weed control or suppression is best optim-
ized by identifying which weed growth stages
are most susceptible to sulfonylurea herbicides.
Comparisons of the herbicidal efficacy of fall-
versus spring-applied chlorsulfuron and met-
sulfuron are needed in winter wheat. More basic
information on the relative competitiveness of
different weeds with wheat would streamline
- herbicide data collection on application timing
for target weeds.
~ As new sulfonylurea herbicides are intro-
duced, they should be tested for physical and
physiological compatibility with currently reg-
istered grass herbicides. Combinations with other
broadleaf herbicides should be examined to ex-
pand the spectrum of weed control to include
sulfonylurea-tolerant or -resistant weed species.
Whilé there are label restrictions concerning
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combinations of chlorsulfuron or metsulfuron
with various insecticides, there is nothing in the
published literature on the physiological or bio-
chemical basis for such interactions. Where sul-
fonylurea herbicides antagonize grass herbicides,
there is fundamental interest in exploring the
mechanism of antagonism. However, there may
be more practical importance in identifying pes-
ticide combinations or additives that synergize
sulfonylurea activity. Synergists might permit
lower rates -of sulfonylurea herbicides to be used
without reducing efficacy and thus reduce the
Tisk of carry-over damage to rotational crops.
The potential of additives, such as surfactants
or ammonium sulfate, to overcome reduced
herbicidal activity under stressful environmen-
tal conditions should be explored.

The potential of sulfonylurea herbicides for
long-term control of perennial weeds, such as
Canada thistle, should be defined. Repeated
annual application of chlorsulfuron and DPX-
L5300 reduced the vegetative biomass of
Canada thistle roots (Donald, unpublished
data). Whether analogs have similar potential
or act on other perennial weeds in a similar
way should be studied. Integrating sulfonyl-
urea herbicides into systems of managing per-
ennial weeds in a variety of rotational crops
deserves attention.

The efficacy of using sulfonylurea herbicides
in reduced-, minimum-, or zero-tillage crop-
ping systems should be examined. Economic
analysis of sulfonylurea use compared to other
currently registered postemergence broadleaf
herbicides should be initiated. Likewise, there
should be more documentation on residual weed
control in successive cereal crops from one year
to the next.

Our knowledge of how environmental fac-
tors, such as rainfall, temperature, relative
humidity, and soil moisture, influence sulfo-
nylurea activity should be expanded to in-
clude weed species other than the few that
have been discussed. The effects of light in-
tensity, photoperiod, and time of application
on sulfonylurea activity deserve more re-
search. The influence of soil type or soil fer-
tility on sulfonylurea actlon is largely
unexplored in the field.

The soil behavior of chlorsulfuron, metsul-
furon, and their analogs is inadequately under-
stood and should be investigated further. The
potential for carry-over damage by newer ana-
logs needs to be defined on a range of soil types
in the field. Computer modeling should be uti-
lized to predict soil persistence of chlorsulfu-
ron, metsulfuron, and new.sulfonylurea analogs
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as has been done by Walker and Brown (362).
- More rapid tests for determining potential carry-
over damage to rotational crops are needed.
The extent to which sulfonylurea herbicides
modify crop response t0 environmental stress,
diseases, or insects is largely unknown. How-
ever, chlorsulfuron at 20 g ai/ha reduced barley

leaf scale (Rhynchosporium secalis) up to 50%

depending upon barley variety (171).
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