
Factors	Impac,ng	the	Residual	Ac,vity	and	Off-
Target	Movement	of	Soil-Applied	Herbicides	

	

	
Bob	Kremer	

	
Adjunct	Professor	of	Soil	Microbiology	
USDA-ARS	Microbiologist	(Re#red!)	

School	of	Natural	Resources	
Division	of	Plant	Sciences	
University	of	Missouri	

	
kremerr@missouri.edu	

	

“rails	to	trail”	



Overview	of	Fates	of	Pes,cide	Compounds	in	the	Environment	
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Source:	Weber,	J.B	&	C.T.	Miller.	1989.	Chapter	12.	Reac>ons	and	Movement	of	Organic	Chemicals	in	Soils,	SSSA	Special	Publica>on	no.	22.	
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Fates	of	Herbicides	=	DISSIPATION:			
dispersal	of	the	applied	herbicide	in	the	environment	
		
Dissipa/on	of	Herbicides	in	Soil	Systems	is	Dependent	on	following	Processes:	
		
Chemical	decomposi/on	(Degrada/on)	
Photodecomposi/on	(Photolysis)	
Biological	decomposi/on	(Biodegrada/on)	
Vola/liza/on	
Mobility	or	movement	(Leaching,	Erosion,	Runoff)	
Plant	Absorp/on	and	Detoxica/on	/	Crop	Removal	
Adsorp/on/Desorp/on**	
		
	Soil	chemical	system	is	a	dynamic	system	
		
Chemicals	reaching	soil	become	associated	with	assorted	soil	par/cles	
During	“weRng	cycles”	(rainfall,	irriga/on),	chemical	molecules	infiltrate	soil	and	begin	
dynamic	sorp/on/desorp/on	cycle	(con/nuous	process	which	is	subject	to	any	of	the	other	
processes	i.e.,	leaching,	vola/liza/on,	degrada/on,	etc.)	



Source:		Harper,	S.S.	1994.	Sorp>on-desorp>on	and	herbicide	behavior	in	soil.	Rev.	Weed	Sci.	6:207-225.	

Equilibrium	

Herbicide	
efficacy	

**Adsorp/on/Desorp/on	–	directly	affects	magnitude	of	effects	of	other	processes	
	



Adsorp,on	/	Desorp,on:	
(Harper.	1994.	Reviews	of	Weed	Science.	pp.	207-225)	
A	major	process	controlling	soil-herbicide	interac/ons	
Regulates	amount	of	herbicide	in	soil	solu/on,	rates	of	dissipa/on,	plant	uptake	
Defini/ons:	
Sorp,on	–	surface-induced	removal	of	solutes	from	solu/on	
Adsorp,on	–	aarac/on	and	accumula/on	of	molecules	at	the	soil-water	or	soil-air	
interface	resul/ng	in	aaachment	on	the	surface	of	soil	par/cles	
Desorp,on	–	reverse	of	sorp/on;	movement	from	the	soil	surface	into	the	soil	solu/on		
	
Absorp,on		-	physical	uptake	/	inges/on	of	solute	by	living	organisms	
Precipita,on	–	solute	concentra/on	exceeds	water	solubility	and	falls	out	of	solu/on	
		
**Most	organic	molecules	are	retained	by	soils,	therefore,	soil	behavior	is	of	interest		due	
to	surface	and	ground	water	issues	
		
Importance	of	Adsorp,on:	
Sorp/on	keeps	herbicides	in	the	weed	control	zone	
Prevents	leaching,	reduces	vola/lity	losses,	reduces	biodegrada/on	
Increased	sorp/on:	lower	weed	control	because	less	herbicide	available	for	plant	uptake	
Sorbed	herbicides	can	contaminate	surface	waters	if	soil	par/cles	move	off	site	
		
	



Source:		Harper,	S.S.	1994.	Sorp>on-desorp>on	and	herbicide	behavior	in	soil.	Rev.	Weed	Sci.	6:207-225.	





Factors	Influencing	Sorp,on:	
Various	Soil	Components	

•  Soil	Organic	Maaer	(SOM)	–	most	important	
Humic	materials	
Plant	/	animal	residues	(intercept	herbicides	–	released	as	residues	decay?	

		
•  Clay	Frac/on	(colloidal	frac/on)	

Crystalline	and	amorphous	
Fe,	Al	oxides	
Kaolinite,	montmorillonite	
Sorp/on	of	highly	polar	/	charged	molecules	(paraquat,	diquat)	

		
•  Exchangeable	Ca/ons	

Ca++,	Fe3+,	Al3+,	Cu++	
Glyphosate	sorp/on	is	highly	influenced	by	ca/ons;		
also	acifluorfen,	picloram,	some	triazines	

• 	 	Soil	P	content	-	glyphosate	adsorbs	to	same	sites	as	phosphate	in	soil 		
Soil	Structure	

Movement	thru	large	pores	=>	less	sorp/on	than	thru	micropores	
Water	Poten,al	

Sorp/on	higher	in	dry	soil	due	to	reduced	compe//on	with	water	for	sorp/on	sites	
Herbicide	solubility	may	be	reduced	as	soil	dries	
Layer	silicate	clays	expand	as	moisture	increase	=>	more	sorp/on	sites	available	
Water	involved	in	binding	mechanisms	(water	bridging)	



Factors	Influencing	Sorp,on	(con,nued):	
	
Soil	Environmental	Factors	

	Variable	rela/onships	–	pH,	Nutrient	content	(i.e.,	phosphorus),	temperature,	moisture	
	content,	microbial	community	

	
Herbicide	Ac,ve	Ingredient	chemical	and	biological	characteris,cs:	

Permanently	Ionized	–	paraquat	
	
Ionizable	–	(charge	changes	with	change	in	soil	pH)	

Phenoxys,	Triazines,	Sulfonylureas	(SU’s),	Imidazolinones	(IMI’s),	Glyphosate	
Acid	or	–NH2	func/onal	groups	
	

Neutral	Compounds	–	carry	liale	or	no	charge	–	i.e.,	thiocarbamates	
	
Major	Conclusion:	
	
Adsorp/on	in	soil	occurs	in	a	mul,-phasic	system	–	soil	par/cles,	organic	maaer,	water,	
herbicide,	nutrients,	metal	oxides	



Hypothe/cal	interac/ons	of	
organic	compounds	(i.e.,	
herbicides)	with	soil	
par/cles	(clay	minerals)	and	
organic	maaer.	

Bollag	et	al.	1998.	Adv.	Agron	63:237-266	

Clay	par/cle	
interac/ng	
with	organic	
molecule	

Hypothe/cal	structure	for	soil	organic	maaer	



Proper,es	of	Herbicides	Determine	Behavior	in	Soils		

Ionizable	Compounds	-		many	herbicides	are	weak	acids			
	 	 	 	 	Characterized	by	“pKa”,	the	acid	dissocia>on	constant	
	 	this	is	the	nega/ve	log	of	the	ra/o	of	dissociated		compound	(ionized):undissociated	
	 	compound	(non-ionized)	
	NOTE:	soil	pH	influences	herbicide	ioniza/on	
	If	herbicide	pKa	=	2.8,	then	at	soil	pH>2.8,	herbicide	carries	a	net	nega/ve	charge	

	
Neutral	or	Non-polar	Compounds	-	Uncharged,	low	water	solubility,	soluble	in	organic	solvents	

	 	 	 	 	Characterized	by	KOW,	the	octanol:water	par>>on	coefficient	
	 	this	represents	the	distribu/on	of	herbicide	between	organic	and	water	phases	
	 	Values	are	high	for	nonpolar	compounds,	low	for	ionizable	compounds	

	
Sorp,on	in	soils	described	by	Kd,	coefficient	for	herbicide	distribu/on	between	water	and	soil	
phases;	measured	as	ra/o	of	concentra/on	of	soil-adsorbed	herbicide:herbicide	in	solu/on		
	
Sorp,on	adjusted	for	soil	carbon	(C):	described	by	KOC,	the	ra/o	of	Kd	to	soil	organic	C	content*	

	Note:	soil	organic	maaer	(SOM)	value	can	be	converted	to	SOC	using	SOM=58%	C	
	KOC	is	rather	independent	of	soil	soil	texture	and	may	be	more	realis/c	expression	of	 	
	herbicide	adsorp/on	in	soils	

*These	proper,es	used	to	develop	label	recommenda,ons	for	herbicide	applica,on,	
MSDS	info,	and	how	to	manage	for	poten,al	residual	buildup	and	non-target	effects.	
	



Chemical	
proper/es	of	
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“Bayonet”;	
“Preen”	

“Roundup”	

“Segard”	

“Tordon”;	
“Grazon”	

“Bicep”;	“Dual	
Magnum”	
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“Eptam”	

“Tordon”	





(Predict	environmental	fate)	



Source:		Harper,	S.S.	1994.	Sorp>on-desorp>on	and	herbicide	behavior	in	soil.	Rev.	Weed	Sci.	6:207-225.	

	
Logic	diagram	to	determine	
mechanism	of	herbicide	
sorp/on	in	soils	or	other	
media.	



VP	-	equilibrium	pressure	of	a	
vapor	above	a	solid	
Vola/lity	-	tendency	of	a	
substance	to	vaporize;	direct	
rela/onship	to	VP	
>1	mPa	
(100	bars	=	1	mPa;	
mm	Hg	=	133,000	mPa)	
	



Banvel	

Clarity	

Marksman	

Salt	added	for	Engenia	modifica/on		
[Xtendimax	?		Fexepan?]	

Most	vola/le	molecule	



Air	sampler	 Indicator	plants	

Why	is	dicamba	problema/c?	
Low	vola/lity	does	not	mean	no	vola/lity	
Most	broadleaf	plants	very	sensi/ve	

	(crop	and	non-crop)	
Large	acreages	are	applied	with	dicamba	
Applica/ons	originally	in	spring	but	now	owen	
during	summer	temperatures	



Older,	soil-incorporated	herbicides	





Biodegrada,on	of	Herbicides	&	Xenobio,cs	
	

TERMINOLOGY	
Xenobio,c	–	compound	not	found	in	‘natural	systems’	–	owen	refers	to	human-made	or	
synthe/c	compounds;	resistant	to	biodegrada/on	or	decomposi/on	
	
Dissipa,on	-	 	dispersal	of	the	applied	herbicide	in	the	environment	
Degrada,on	- 	conversion	or	'breakdown'	of	the	compound	to	simpler	 	

	components	or	by	removal	of	one	or	more	parts	(i.e.,	func/onal	groups)	of	
	the	herbicide	molecule	
		

Chemical	degrada,on	-		in	absence	of	biological	media/on,	"abio/c	hydrolysis”	
	
Biodegrada,on	(Biological	degrada,on)	-	leads	to	organic	metabolites	(“breakdown	
products”)	or	complete	mineraliza/on	to	inorganic	components	mediated	by	soil	

	microorganisms	capable	of	metabolizing	naturally-occurring	C	substrates	
	
è				The	most	important	route	of	herbicide	dissipa/on	in	the	environment	
	
Biological	transforma/ons	of	herbicides	(xenobio/cs)	are	mediated	by	the	soil	microbial	biomass	
through	the	ac/on	of	enzymes.	[a	limited	number	of	enzymes	specific	for	xenobio/c	degrada/on	
have	been	isolated	and	iden/fied]	



Macrofauna	

Mesofauna	

Microfauna	

Microflora	

Viruses	(“phages”)	
Natural	“nanopar/cles”	
of	gene/c	material	

Biomass	“Numbers”	
High	

High	

Low	

Low	

(Modified	from	S/rling	et	al.,	2016.	“Soil	Health,	Soil	Biology,	Soilborne	Diseases	and	Sustainable	
Agriculture”,	CSIRO	Publishing,	Clayton	South,	Victoria,	Australia)		

Diversity,	Abundance	and	Distribu,on	of	Organisms	in	Soils	



ENZYMES	(Biocatalysts):	
a.  Proteins	–	organic	catalysts	in	biochemical	reac/ons	

	1.		thermo-labile	–	denatured	by	high	temperatures	
	2.		substrate-specific	
	3.		intracellular	–	primarily	those	involved	in	basic	metabolic	pathways	
	4.		Exocellular	(extra-cellular)	–	important	in	degrada/on	of	complex,	organic	compounds	
	5.		Many	have	‘co-factor’	requirements	for	ac/vity	-	these	are	mainly	“micro-nutrients”	

b.   Mechanism:		Enzyme	combines	with	specific	por/on	of	substrate	at	the	enzyme	ac>ve	or	cataly>c	site	
	The	forma/on	of	the	enzyme-substrate	complex	is	first	step	in	the	enzyma/c	reac/on.	
	Reac/on	is	carried	out	and	degrada/on	products	are	formed	in	next	steps.	

c. Enzyme-Products d. Enzyme + Products 

b. Enzyme 
–
Substrate 
complex 

b. Enzyme –
Substrate 
complex 

a. Enzyme +Substrate “Catabolic enzyme”: 

Example:  
Enzyme: glyphosate oxidoreductase; reaction: Glyphosate à aminomethylphosphonic 
acid (AMPA) + glyoxalate 

Herbicide	=	“Substrate”	
Herbicide	breakdown	
fragments	or	“metabolites”	=	
“Products”	



Condi,ons	Required	for	Microbial	Degrada,on:	
	
1.  Organism(s)	effec/ve	in	metabolizing	herbicides	must	be	present	in	soil	or	

develop	therein.**[Biodegrada/on	rate	is	highly	correlated	to	quan/ty	and	
ac/vity	of	microbial	biomass]**	-	Microorganisms	with	appropriate	enzymes!!	

2.  Compound	must	be	in	a	form	suitable	for	degrada/on	(chemical	structure,	
solubility)	

3.  Chemical	must	be	available	to	organism	(adsorp/on	-	desorp/on)		--	
“Bioavailability”	

4.  Compound	must	be	vulnerable	to	enzymes	necessary	for	degrada/on	
(concentra/on,	solubility	op/ma,	ability	to	induce	enzyme	synthesis)	

5.  Environmental	condi/ons	(pH,	temp,	moisture,	SOM,	micronutrients)	must	be	
suitable	for	microbial	prolifera/on	and	enzyme	ac/va/on	as	well	as	herbicide	
molecule	availability.	



Metabolism	of	Herbicides:	
	
1.		Support	Microbial	Growth	(Catabolism/Anabolism):	
Herbicide	serves	as	source	of	Energy,	C,	N,	S,	P	
Microbial	popula/on	and	ac/vity	increases	
Herbicide	disappearance	propor/onal	to	microbial	growth	rate	
	
	2.		Cometabolism	=	incomplete	metabolism	and	degrada/on	of	a	compound;		
	microbe	unable	to	metabolize	compound	far	enough	to	yield	C	&	E	for	growth;			

	
	Microbe	popula/on	presumably	grows	on	another	substrate	while	performing	
	transforma/ons	on	the	herbicide	compound	

	
	Also	known	as	"Incidental	Metabolism"	-	no	gain	for	microbe	yet	modifica/on	of	
	herbicide	occurs	-	no	increase	in	microbial	popula/on			

	
		



Comparison of Metabolic Biodegradation vs Cometabolism of a 
Xenobiotic Compound by Soil Microorganisms 



Comparison of 
Metabolic (growth) vs 
Cometabolic pathways 
for two similar 
xenobiotic compounds 

Bi-phenyl	compounds	



Herbicide Transformations by Soil Microorganisms: 
 
1.  Biodegradation - destructive changes of chemical to simpler components 

  "Decomposition", "Breakdown" - also considered as biodegradation 
  "Mineralization" - complete degradation 

 
2.  Accumulation -- herbicide molecule directly incorporated into biomass 

   i.e., norflurazon in bacterial exopolysaccharides 
 
3.  Detoxification - toxicity of herbicide is decreased due to chemical alteration 
4.  Activation - conversion of nontoxic molecule to toxic form 

5.  Defusing - conversion of a potentially toxic molecule to a product not able to be  
 activated any further 

6.  Conjugation/Polymerization - making herbicide more complex by addition of new 
 chemical groups (from SOM; i.e., lignin metabolites); condensation of herbicide 
 molecules into polymer-like compounds; conjugation with glutathione (GHS) 

  [i.e., alachlor-GHS pathway in rhizosphere environment]; various sugars 
 
7.  Change in Spectrum of Toxicity - change in toxicity toward one organism to a  

 product toxic toward a different type of organism 
8.  Secondary Effects - microbial activity indirectly transforms herbicides due to 

 changes in pH, redox, reactive products, etc. in soil  



Conjugation Type Reaction - 

Alterna/ve	to	
degrada/on	-	adding	
compounds	to	herbicide	
to	immobilize	it	



Why is a highly diverse microbial community important to degrade 
herbicides? 

Soil Microbial Diversity (Soil Biodiversity) - variety of  
living microorganisms at species, inter-species and  
intra-species levels in soil ecosystem 
 

Fungi

Bacteria

Algae

Nematode
Earthworms

Bacteriophage (virus)



Bardgea,R.D.	&	W.H.	van	der	Puaen.	2014.	Belowground	biodiversity	and	ecosystem	func/oning.	Nature	515:505-511.	



Proposed atrazine degradation pathway for an eight-member 
microbial consortium each of which contribute specific 
enzymes to complete biodegradation to mineralization. 
 
 
Source: Smith et al. 2005. FEMS Microbiol. Ecol. 53:265-273. 

Why Microbial Diversity is Critical for Biodegradation 
of Herbicides in the Environment 
 
Role of microbial consortia in biodegradation of 
Atrazine 



Residual	Ac,vity	and	Off-Target	Movement	of	Herbicides	

Need	to	account	
for	recent	
findings	showing	
prolonged	
persistence.	

Source:	Henault-Ethier,	2016.	Backgrounder:	Glyphosate:	Ubiquitous	and	Worrisome.	Technical	Report,	Canadian	
Associa>on	of	Physicians	for	the	Environment.		DOI:	10.13140/RG2.2.3511.5129	

Highly diverse microbial community (consortia) needed to completely degrade  
glyphosate in the soil environment - well-managed soils is key to success - 

Limited	microbial	species	to	break	this	bond	
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2016	Roundup	Applica,on	

Residual	glyphosate	in	rhizosphere	soil	of	GE	soybean	and	corn	with	and	without	
Roundup*	in	2016	(Mexico	silt	loam,	Knox	County	Missouri)**	

* Application rate = 0.75 lb a.i./A 
**Roundup applied at field site periodically thru 2015 



Residual Glyphosate Damage to Pumpkins 
after  a RR Soybean – corn rotation 

Photo: Frank Dean 
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Factors	interact	with	biodegrada/on	to	affect	persistence,	
residual	ac/vity	and	off-target	effects	of	herbicides	in	soils:	
	
1.  Soil	pH	
2.  Soil	mineralogy	-	composi/on	i.e.,	MnO4	content	
3.  Soil	texture	(>20,000	soil	series	in	U.S.!)	
4.  Soil	organic	maaer	content	
5.  Reac/on	with	soil	plant	nutrients	(P,	Mg,	Ca,	K,	Mn,	Fe,	etc.)	
6.  Plant	root	reabsorp/on	thru	exchange	on	soil	sites	with	nutrients	
7.  Soil	nutrient	status	(ca/onic	nutrient	content)	
8.  Herbicide	formula/on	and	components	(i.e.,	surfactants)	
9.  Soil	surface	vegeta/ve	residue	cover		
10.  	Soil	oxygen	status;	compac/on	(anoxic	condi/ons	may	prolongs	persistence)	
11.		Composi/on	of	soil	microbial	community	(adequate	diversity	[consor/um]	to	completely	

	degrade	molecule?)	-	metabolic	diversity	assures	required	enzymes	present		
13.		Bioaccumula/on	in	some	soil/sediment	meso-	&	macro-fauna	
14.		Offsite	movement	in	surface	runoff,	contaminate	surface	waters	
15.		Offsite	movement	of	sediment,	accumula/on	in	catchments	



Rate-Determining Factors of Microbial Transformations of Herbicides: 
1.  Soil Characteristics: 

 Adsorption-desorption equilibria   
 a.  Some herbicides strongly adsorbed to soil particles and SOM fractions 
 affecting availability of compounds to microbes;  
 b.  Sorption of specific enzymes to compound - may inhibit biodegradation process 

 
 

Source: Brady & Weil. 2008 



2.		Management	Prac,ces:	
	a)		Type	of	Applica/on	–	(for	soil-applied	herbicides)	
	 	Soil	incorpora/on	vs	surface	applica/on	
	 	Adsorp/on	&	vola/liza/on	affect	amount	available	for	transforma/on	
		
	b)		Rate	&	Frequency	of	Applica/on	
	 	Higher	levels	always	result	in	higher	amount	of	the	pes/cide	transformed,	thus,	
when	product	is	subjected	to	microbial	enzymes,	each	successive	applica/on	is	
degraded	at	a	faster	rate	un/l	a	maximum	rate	is	 	aaained	--	“Accelerated	or	
Enhanced	Biodegrada,on”	
		
	Essen/ally	an	increase	in	numbers	and/or	ac/vity	of	microbes	capable	of	
metabolizing	pes/cides	following	mul/ple	addi/ons	to	soil	=	Enrichment	culture	of	
soil	microbial	degraders	



Corn soil insecticide carbofuran 
(Furadan) applied to same field 
on Putnam soil continuously for 
several years resulted in 
buildup of soil microorganisms 
able to rapidly degrade the 
insecticide before it was able to 
attack its target pest, the corn 
rootworm. Soil microorganisms 
in a ‘native soil’ from Tucker 
Prairie (Mexico soil) did not 
have ability to rapidly degrade 
carbofuran, therefore, the 
compound remained in soil 
longer. (From Edwards et al. 
1993). 



Conclusions	
•  Specific	proper/es	of	herbicides	are	useful	to	understand	their	

behavior	in	the	environment	
•  Complete	dissipa/on	of	herbicides	is	dependent	on	many	soil	

and	environmental	factors	
•  The	soil	microbial	community	mediates	mul/ple	transforma/ons	

of	herbicides	
•  Biodegrada/on	of	herbicides	is	driven	by	level	of	microbial	

diversity	in	soils,	which	determines	if	complete	mineraliza/on	
occurs	or	not	

•  Biodegrada/on	(extent	and	rate)	is	affected	by	mul/ple	soil	and	
environmental	factors	

•  Biodegrada/on	is	affected	by	interac/on	with	various	proper/es	
of	herbicides	with	microorganisms	and	enzymes	

•  Con/nuous	use	of	herbicides	may	lead	to	residual	buildup	
affec/ng	microbial	communi/es	in	soils	and	growth	of	
subsequent	vegeta/on	OR	lead	to	accelerated	biodegrada/on	
whereby	the	herbicide	is	ineffec/ve	
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Glyphosate as example herbicide substrate in microbial biodegradation pathway: 
Highly diverse microbial community (consortia) needed to completely degrade  
glyphosate in the soil environment - well-managed soils is key to success - 



Fresh	Soil:	Resist+	Gly				Suscept+	Gly	

3	Weeks	Aper	Treatment	

Response	of	Resistant	&	Suscep,ble	Waterhemp	to	Soil	
Steriliza,on	Following	Treatment	with	Glyphosate	

Glyphosate	may	predispose	BOTH	S	and	R	
biotypes	to	root	coloniza,on	by	Fusarium	-	
soil	community?		
However,	microbial	diversity	as	
determined	by	PLFA	changed	lirle	
regardless	of	biotype	or	glyphosate	use.	
(Rosenbaum	et	al.	2014)	
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		Sterile	Soil:	Resist	&	Suscept	
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