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ABSTRACT 

 

CUMULATIVE HERBICIDE STRESS ON PROCESSING TOMATO (Solanum lycopersicum L.) 

 

Kristen E. McNaughton     Committee: Dr. D.E. Robinson, Advisor 
University of Guelph, 2013      Dr. P.H. Sikkema 
         Dr. F. Tardif 
         Dr. J.C. Hall 
 
 
 Field studies were conducted in Ridgetown, Ontario from 2008-2010 on processing tomato 

(Solanum lycopersicum L.) to determine if various drift rates of either glyphosate or bromoxynil followed 

by an in-crop 250 g ai ha-1 metribuzin application, applied 3-4 days later, would result in cumulative 

herbicide stress.  Greenhouse and growth room experiments further examined cumulative herbicide 

injury when drift rates of glyphosate were followed by metribuzin when tomato was grown under 

moisture-limiting and –non-limiting conditions.  Differences in glyphosate uptake and translocation 

when followed with metribuzin, under both moisture-limited and –non-limited conditions, were 

examined.  A transient synergistic interaction was observed when 22.5 g ae ha-1 glyphosate was 

followed by metribuzin in the field; however, by 28 days after the metribuzin application (DAT-B)  all 

responses were additive.  Also, all dry biomass and yield ratings when 45, 90, and 180 g ae ha-1 

glyphosate was followed by metribuzin were additive.  However, a drift rate of 22.5 g ae ha-1 glyphosate 

alone (2.5% of the recommended glyphosate field rate) caused a 23% decrease in red tomato yield.  

Simulated drift rates of 8.5, 17, and 34 g ai ha-1 bromoxynil followed by metribuzin had transient 

synergistic responses at the 7 DAT-B injury rating, but by 28 DAT-B all responses were additive.  A 

synergistic interaction observed during initial visible injury ratings persisted to yield when 68 g ai ha-1 

bromoxynil (20% of the recommended bromoxynil field rate) was followed by metribuzin.  At yield, 50 T 

ha-1 of red tomato was expected, based on Colby’s equation, but only 36 T ha-1 was observed.  This 



 
 

finding indicates that a cumulative herbicide interaction can occur even if the various herbicides are 

applied up to 4 days apart. Growth room and green house experiments also supported the general 

finding that drift rates of glyphosate followed by metribuzin are examples of additive herbicide 

interactions, regardless of drought stress.  Visible glyphosate injury was more pronounced when tomato 

were grown under adequate moisture; however, plants treated with glyphosate and grown under 

moisture-limited conditions were shorter and initiated flowering up to a week later.  Contrast analysis 

indicated that moisture levels affected glyphosate visible injury and height ratings up to 21 DAT-B.  

Visible injury tended to increase with increasing glyphosate drift rates.  Glyphosate uptake studies 

supported the observation of transient synergism when glyphosate was followed by metribuzin.  When 

45 g ae ha-1 [14C] glyphosate followed by metribuzin was applied to tomatoes grown under moisture-

limited conditions, the percentage of applied 14C absorbed by the plant and retained in the treated leaf 

increased 24 hours after metribuzin (HAT-B) application.  The increase was temporary and by 96 HAT-B 

there was no difference in absorption or translocation between plants treated with glyphosate alone or 

followed by metribuzin.  Interestingly, a spike in 14C absorption and translocation was observed at 24 

HAT-B for moisture-limited plants treated with either 45 or 90 g ae ha-1 [14C] glyphosate alone or 45 g ae 

ha-1 [14C] glyphosate followed by metribuzin.  The increase in absorption and translocation corresponded 

to the resumption of watering, indicating that if drought conditions are reversed, up to 4 days after 

glyphosate drift, then the stressed plant may be able to absorb additional glyphosate several days after 

the drift event. 
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1.0 INTRODUCTION 

1.1 Spray Drift.  The introduction of herbicides to agriculture has increased crop yield and decreased 

manual labour costs.  A 2005 study by the CropLife Foundation found that herbicide use decreased 

weed-crop competition, thereby helping to increase crop yields by $16 billion in the U.S. and save 

producers an estimated 1.1 billion hours of hand labour (Gianessi and Reigner 2006).  Unfortunately, as 

with any technology there are drawbacks to using herbicides, one of which is the potential occurrence of 

spray drift.  Spray drift can be defined as the movement of pesticide droplets or particles from the 

intended target site to any non-target location.  Several factors affect pesticide drift including droplet 

size, wind speed, rate of evaporation, height of release, sprayer tip used, and spray pressure.  Drift can 

damage or contaminate neighbouring crops and plants, reduce herbicide efficacy on the intended crop, 

and affect human health (Nordby and Skuterud 1974).  There have been 212 spray drift or overspray 

complaints registered with the Ontario Ministry of the Environment since 2008 (Roberto Sacilotto, 

personal communication, 2012), and there are thousands of off-target drift complaints submitted 

annually to the Environmental Protection Agency (EPA) (EPA 1999).  Although incidences of herbicide 

drift may occur with no noticeable damage, the likelihood of crop damage increases when different 

crops, requiring different herbicides, are grown within close proximity. 

In southern Ontario vegetable crops are often grown near field crops, and on many occasions a 

producer may include both vegetable and field crops in their annual rotation.  Although off-site 

herbicide drift is of concern to all producers, it can be particularly damaging to vegetable producers 

since many field crop herbicides are not registered for use on their commodity (Gilreath et al. 2000a; 

Santos et al. 2007).  Wall (1994) found that drift rates of 22.2 g ai ha-1 dicamba, 32.0 g ai ha-1 clopyralid, 

and 1.2 g ai ha-1 tribenuron reduced marketable potato (Solanum tuberosum L.) by 74, 75, and 53%, 

respectively.  Similarly, reduced field rates of 2,4-D and dicamba delayed fruit maturation and decreased 
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muskmelon (Cucumis melo L.) yield (Hynes 2012).  Glyphosate and bromoxynil are two field crop 

herbicides often used in southern Ontario which could cause substantial injury to vegetable crops if a 

drift event were to occur. 

1.2 Glyphosate and the shikimate pathway.  Glyphosate (Figure 1.1) is a foliar applied, non-selective 

herbicide that functions by inhibiting 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase (Steinrücken 

and Amrhein 1980).  The herbicide is phloem-mobile and exists primarily as a divalent anion at pH 7.0 

(Devine et al. 1993).  The ability of the herbicide to readily translocate to both storage and actively 

growing tissue has contributed to its popularity since the herbicide is able to effectively control most 

perennial, biennial and annual weeds.  EPSP synthase is a key enzyme in the shikimate pathway (Figure 

1.2) and is required for the synthesis of the aromatic amino acids, phenylalanine, tryptophan, and 

tyrosine in plants (Franz et al. 1997).  Aromatic amino acids are required as precursors for the synthesis 

of several aromatic plant products, such as lignins, flavonoids, alkaloids, coumarins, and indole acetic 

acid (IAA) (Devine et al. 1993).  Additionally, greater than 30% of fixed carbon from photosynthesis is 

directed to the shikimate pathway, making it of great importance to plants (Maeda and Dudareva 2012).  

The inhibition of EPSP synthase by glyphosate results in the initial depletion of aromatic amino acids, 

which in turn induces synthesis of the first enzyme in the shikimate pathway, 3-deoxy-D-arabino-

heptulosonate-7-phosphate (DAHP) synthase (Pinto et al. 1988).  Therefore, in addition to depleting the 

plant of essential amino acids and their downstream products, the plant attempts to restore the carbon 

flux through the shikimate pathway, which is metabolically draining. 
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Figure 1.1 Glyphosate molecular structure. 
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Figure 1.2. Shikimate pathway. Enzyme listed by number: (1) 5-enolpyruvylshikimic acid-3-phosphate (EPSP) 
synthase. Dashed arrows represent several steps along pathway. Figure modified from Devine et al. 1993. 

 

In the absence of glyphosate, EPSP synthase condenses shikimate-3-phosphate (S3P) and 

phosphoenolpyruvate (PEP) to form 5-enolpyruvylshikimic acid-3-phosphate (EPSP) and inorganic 

phosphate (Figure 1.2).  It is believed that the enzyme first forms a complex with S3P and that the 

enzyme·SP3 complex conforms to create the active site for PEP binding (Schönbrunn et al. 2001).  If 

glyphosate is applied, glyphosate will competitively inhibit PEP from binding to the active site (Boocock 

and Coggins 1983; Schönbrunn et al. 2001; Steinrücken and Amrhein 1984).  Neither PEP nor glyphosate 

will bind to EPSP synthase in the absence of SP3.  Anderson et al. (1988) found that glyphosate binds to 

the EPSP synthase·SP3 complex 115-fold tighter than PEP and dissociates 2,300-fold slower. 

 

1.2.1 Glyphosate Use.  Since the introduction of glyphosate to agriculture in the 1970’s (Baylis 2000) it 

has become widely used in many cropping systems as either a burndown treatment or in conjunction 
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with glyphosate-resistant crops.  The ready adoption of glyphosate-resistant soybean in North America, 

in 1996, followed by other glyphosate-resistant crops (Duke 2005), has resulted in a rapid increase of 

glyphosate use worldwide.  Glyphosate’s popularity is partly due to its systemic control of a broad 

spectrum of weeds, low mammalian toxicity and risk of groundwater leaching, coupled with its low cost.  

In Ontario, glyphosate use increased by approximately 76% from 2003 to 2008; by 2008 almost 55% of 

all herbicide sold in Ontario (per kg weight) was glyphosate (McGee et al. 2010).  Despite the many 

advantages offered by glyphosate, its increased use for weed control in field crops corresponds to 

increased spray drift occurrences in susceptible vegetable crops, including processing tomatoes 

(Solanum lycopersicum L.) (Gilreath et al. 2000b). 

 

1.2.2 Glyphosate Drift on Processing Tomato.  In southern Ontario tomato producers often have 

glyphosate-resistant corn (Zea mays L.) or soybean [Glycine max (L.) Merr.] planted in neighbouring 

fields to their crop, increasing the possibility of injury from glyphosate drift.  POST glyphosate 

applications to these field crops generally occur between tomato transplant and first bloom, 

corresponding to when processing tomato is most susceptible to glyphosate injury (Gilreath et al. 2000b; 

Romanowski 1980).  Romanowski (1980) found that a simulated glyphosate drift rate of 100 g ae ha-1 

reduced tomato yields.  Recently, Kruger et al. (2012) reported a 25% yield loss when a drift rate of 8.5 g 

ha-1 glyphosate was applied to tomato in the early bloom stage; when glyphosate drift occurred at the 

late bloom stage a glyphosate dose of 43.9 g ha-1 was required to achieve the same level of yield 

reduction.  Timely identification of a glyphosate drift event on processing tomatoes is important for the 

producer, but may be difficult.  Visible glyphosate injury symptoms often take 3 to 7 days to manifest, 

during which time the producer may apply an in-crop tomato herbicide and inadvertently increase crop 

damage.  The time lag between a drift event and identifying the injury also delays the producer’s 
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decision to replant the damaged tomatoes, potentially impacting yield and profits.  Injury symptoms 

caused by glyphosate can be subtle if the drift rate is low and occasionally mimic auxinic herbicide 

injury, again possibly delaying proper identification.  Typically, visible glyphosate injury on tomato is first 

observed in actively growing plant tissue and includes chlorosis at the base of new leaflets, leaf cupping, 

and plant stunting.  Injury symptoms may also include twisting and curling of new leaves, similar to 

epinasty symptoms, distortion of leaf morphology, causing the formation of smaller leaflets, and the 

termination of apical growth coupled with excessive lateral branching.  According to Caseley and 

Coupland (1985) glyphosate can alter the amount of endogenous plant growth regulators and enzymes 

produced, which could result in injury symptoms more typically associated with 2,4-D.  Tryptophan, one 

of the aromatic amino acids produced by the shikimic acid pathway, is a precursor for IAA production.  

Additionally, glyphosate may also cause the discolouration or abortion of tomato flowers (Romanowski 

1980). 

1.3 Bromoxynil and the inhibition of photosystem II 

Bromoxynil (Figure 1.3) is a postemergent broadleaf herbicide that inhibits photosynthesis at 

photosystem II (PSII) by binding to the QB-binding niche on the D1 protein (Abendroth et al. 2006; 

Devine et al. 1993).  The herbicide primarily moves apoplastically within the plant but also has limited 

symplastic movement (Sanders and Pallett 1987).  Photosystem II inhibitors were some of the first 

organic herbicides developed in the 1950’s, and although still commonly used, their market share has 

decreased in recent years (Devine et al. 1993).  In Ontario, bromoxynil is used primarily in field, seed, or 

sweet corn and cereals, accounting for almost 3% of the herbicide use in the province (McGee et al. 

2010).  In southern Ontario, the herbicide is often used in sweet and seed corn production due to its 

level of crop tolerance and lack of vegetable recropping issues. 
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Figure 1.3 Bromoxynil molecular structure. 

 

As with other PSII inhibitors, bromoxynil works by inhibiting the flow of electrons in the 

photosynthetic electron transport chain (ETC).  The herbicide binds to the QB-binding domain of the D1 

protein in PSII, which displaces the plastoquinone (QB) molecule (Figure 1.4).  Unlike the QB 

plastoquinone, the herbicide does not accept the two electrons being passed along the ETC from the QA 

plastoquinone, thus disrupting the ETC.  Additionally, since the herbicide is not reduced, no electrons 

are donated to photosystem I (PSI) via the cytochrome b6/f complex, which stops the production of 

NADPH by PSI.  The synthesis of ATP, which is indirectly associated with electron transport and 

photosynthesis, is also stopped.  Although binding of a photosynthetic inhibitor to the D1 protein would 

slowly starve the plant by stopping NADPH and ATP production, ultimately plant death is relatively quick 

due to lipid peroxidation.  The ETC disruption creates a buildup of electrons which eventually form 

highly reactive species, such as triplet chlorophyll (3chl) and singlet oxygen (1O2) free radicals which can 

cause lipid peroxidation, chlorophyll destruction, and membrane breakdown (Hess 2000). 

  

Br

Br
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Figure 1.4 Photosystems I and II. Systems are located in the thylakoid membrane.  Light energy, hv, excites 
chlorophyll and excitation energy passed from chlorophyll to chlorophyll until it is transferred to P680 in PSII.  
From there the excited electrons are passed to pheophytin (Pheo), then to plastoquinone QA on the D2 protein.  QA 
passes electrons to QB, which has a niche in the D1 protein.  Once the QB plastoquinone is reduced and accepts two 
protons from the stroma side it leaves D1 as plastohydroquinone (PQH2).   PQH2 donates electrons to the 
cytochrome b6/f complex which in turn donates electrons to plastocyanin (PC) and photosystem I.  Electrons pass 
through PSI until ferredoxin:NADP

+
 oxidoreductase (FNR) is generated.  FNR catalyzes the reduction of NADP

+
 to 

NADPH.  Meanwhile, the two protons (H
+
) released by PQH2 to the lumen generates an acidic environment in the 

lumen compared to the basic environment on the stroma side.  The ATP synthase complex shuttles the H
+
 from the 

lumen side to the stroma, generating ATP.  Figure from Govindjee et al. 2010. 

 

 

1.3.1 Bromoxynil drift on vegetable crops.  In southern Ontario bromoxynil use patterns could allow for a 

spray drift event to occur.  Since bromoxynil is applied postemergent (POST), its application to corn 

fields could coincide with tomato vegetative growth following transplant up to the early bloom stage.  

Low doses of bromoxynil on potato (Solanum tuberosum L.) have been reported to cause visible injury 

and up to a 25% yield reduction (Haderlie and Petersen 1986; Leino and Haderlie 1985).  Visible 

bromoxynil injury symptoms include chlorosis, caused by chlorophyll destruction, and necrosis, caused 

by lipid peroxidation membrane destruction (Hess 2000).  Typically, injury symptoms appear on older 

plant tissue, which was exposed to the bromoxynil drift event. 

 

1.4 Processing tomato.  Tomato belongs to the nightshade or Solanaceae family, along with other 

vegetable crops such as potato, eggplant (Solanum melongena L.), and pepper (Capsicum annuum L.), 
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and likely originated from western South America; Ecuador, Peru, Bolivia, Columbia, and Chile (Sims 

1980).  Traditionally, tomato was identified as Lycopersicon esculentum [L.] Merr., but based on modern 

phylogenic studies it has been suggested that Solanum lycopersicum would better identify the species.  

The ancestor to cultivated tomato is believed to be wild cherry tomato, S. lycopersicum var. cerasiforme 

(Peralta and Spooner 2007). Tomato was first introduced to Europe in the sixteenth century and 

Anguillara identified the fruit as Lycopersicon, meaning “wolf peach” (Peralta and Spooner 2007).    

The crop is economically important, and ranks fourth worldwide among vegetable production 

(Peralta and Spooner 2007).  In 2011 the Food and Agriculture Organization of the United Nations (FAO) 

stated that over 159 million metric tonnes of tomato were produced worldwide (FAO 2013).  Although 

Canada is not one of the primary tomato producers, based on total hectares grown, it produces some of 

the highest yields per hectare.  Globally, the average yield of tomato is 33.6 tonnes per hectare; 

however, based on preliminary 2011 FAO data (2013) Canada produced 70.9 tonnes per hectare.  In 

Ontario, in 2010, approximately 466,042 metric tonnes of processing tomato were produced on 5,139 

ha of land, primarily located in southern Ontario (OPVG 2012).  Depending on negotiated contracted 

price, returns for Ontario tomato ranged from approximately $8,400 to $9,400 per hectare in 2011 

(OPVG, 2012). In 2011, the processing tomato crop generated gross on-farm income of $45.5M (OPVG, 

2012). 

Since tomato is such a high value crop, producers strive to limit yield losses whenever possible 

implementing rigourous disease control programs, early-season replanting following frost, and limiting 

spray drift injury.  Spray drift can cause yield loss if not detected in time for replanting and can result in 

the field being rejected by the contracting company if the herbicide in question is not regulated for use 

in tomato.  The decision to replant can be challenging and can be further complicated by other factors.  

For instance, the general health of the crop can determine how much of the spray drift is absorbed by 
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the plant.  Typically, plants under stress (temperature, drought, cold) absorb less herbicide than those 

grown in a stress-free environment.  Cumulative herbicide stress may also accentuate drift injury.  If a 

tomato crop is exposed to a drift event and then the producer applies an in-crop herbicide, such as 

metribuzin, the drift injury, when observed, may be greater than expected.  Since tomato crops are 

often grown in close proximity to field crops in Ontario and the spray season for both field and 

vegetable crop can overlap, this scenario is possible.  To further complicate matters, cumulative 

herbicide injury could occur if the in-crop herbicide application is applied 3 to 7 days after the drift 

event, since some herbicides, such as glyphosate take several days for injury symptoms to appear.  

Potentially, the cumulative herbicide stress can be additive, synergistic, or antagonistic. 

 

1.4.1 Metribuzin use on processing tomato.  Metribuzin (Figure 1.5) is a photosynthetic II inhibitor and 

functions similarly within the plant to bromoxynil (Figure 1.4).  Although used in a number of crops, 

metribuzin use is common in processing tomato.  Despite some cultivar issues, tomato is relatively 

tolerant to the herbicide and is generally able to quickly metabolize the herbicide before injury occurs.  

At recommended usage rates, any observed visible injury is transient and appears as chlorosis or 

necrosis of older plant tissue.  To prepare fields for tomato production,  Ontario producers often apply a 

pre-incorporated (PPI) application of s-metolachlor (1,600 g ai ha-1) plus metribuzin (700 g ai ha-1) 

(OMAFRA 2009).  This initial herbicide application provides limited residual broadleaf and annual grass 

control, allowing the transplanted tomato to establish in the absence of weed competition.  

Approximately, three weeks after transplanting, weeds begin to compete with the crop again and 

additional herbicides are applied.  Depending on weed species present, POST applications of metribuzin 

(150 to 830 g ha) may be used.  Although one POST application of metribuzin can be applied, producers 

often choose to apply several, smaller metribuzin applications, called micro-rates.  Micro-rates are often 
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applied since the smaller dose decreases the chance of metribuzin injury, and if well timed with weed 

stage, can provide excellent broadleaf control.  Limitations to metribuzin as a weed control option 

include triazine-resistant weeds, nightshade control (Solanum spp.), and the possibility of increased 

metribuzin injury if a rainfall event occurs shortly after application. 
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Figure 1.5 Metribuzin molecular structure. 

 

1.4.2 Possibility of glyphosate or bromoxynil drift on processing tomato.  As previously mentioned 

glyphosate is widely used as a weed control method in Ontario, accounting for approximately 55% of all 

herbicide sold (McGee et al. 2010).  Based on the sheer volume of glyphosate being applied in the 

Province spray drift events are likely to occur.  Also, POST applications of the herbicide to glyphosate-

resistant soybean and corn in southwestern Ontario coincides to the early bloom stage of processing 

tomato, which also overlaps with tomato producers first in-crop application of metribuzin.  Therefore, 

not only is a glyphosate drift event likely to occur on processing tomato, but it is probable that the drift 

event may be closely followed by an in-crop application of metribuzin. 

 Although bromoxynil use in Ontario is much lower than that of glyphosate, a bromoxynil drift 

event on processing tomato is still possible.  Within southwestern Ontario bromoxynil is commonly used 

by sweet and seed corn producers due to its relatively low crop phytotoxicity and lack of carryover 
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restrictions.  Often sweet/seed corn producers include processing tomato in their crop rotations so the 

likelihood of having sweet/seed corn grown in close proximity to tomato is high, even if the overall use 

pattern of bromoxynil in Ontario is limited.  Similar to glyphosate, POST bromoxynil applications would 

be applied to corn when tomatoes were at the early bloom stage, again potentially coinciding with a 

producer’s decision to apply the first in-crop metribuzin application. 

1.5 Cumulative herbicide interactions.  Cumulative herbicide interactions can result following the 

application of two or more herbicides to a given plant.  Green and Streibig (1993) suggest the 

interactions could be caused by biochemical (one herbicide affects the amount of another reaching its 

active site through uptake, translocation, or metabolism), competitive (binding at active site is altered), 

physiological (biological effect of one herbicide interferes with the overall effect), or chemical 

(herbicides react chemically) methods.  Regardless of reason, interactions between two or more 

herbicides can be predicted using mathematical models and are identified as synergistic, antagonistic, or 

additive.  The analysis method most commonly used was designed by Colby in 1967.  Colby used the 

equation: 

                                                                                                                                                                      

to identify synergistic, antagonistic, and additive responses, where E = percent (%) expected response 

with respect to the untreated check, A = % response of herbicide A at rate x, and B = % response of 

herbicide B at rate y.  If the combined response of the two herbicides was greater than expected when 

applied individually the interaction was deemed synergistic.  Colby (1967) identified the interaction as 

antagonistic if the combined response was less than expected when applied individually and additive if 

the combined effect of the two herbicides was no different than if they had been applied separately.  

Advantages to using Colby’s method to identify herbicide interactions is that the analysis is fairly 

straightforward and the data used to form the analysis can include almost anything, including visible 
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injury, plant biomass, and yield.  A major drawback to Colby’s method is its failure to include a statistical 

test for deviations from the predicted response (Flint et al. 1988).  In order to rectify this problem a 

number of alternative methods have been devised, all of which are based on the initial model designed 

by Colby and are thus variants of the Multiplicative Survival Model (MSM).  Flint et al. (1988) proposed 

that Colby’s equation be modified to include an analysis of variance (ANOVA) to compare slopes of 

derived curves and a number of researchers have used loglogistic models to analyze herbicide dose-

response curves (Seefeldt et al. 1995; Streibig and Jensen 2000).  Within literature there are numerous 

articles describing synergistic and antagonistic interactions when two or more herbicides are combined 

in a tank-mix and applied. 

 

1.5.1 Synergistic herbicide interactions.  Synergistic interactions are often welcomed when attempting to 

control weeds.  A synergistic interaction implies that the selected tank-mix application controls the 

weed spectrum better when the herbicides are combined than when applied individually.  However, a 

synergistic interaction with respect to crop tolerance would be problematic.  There have been several 

reports of synergism between mesotrione and various photosynthetic inhibitors (Abendroth et al. 2006; 

Hugie et al. 2008; Sutton et al. 2002).  Mesotrione is a p-hydroxyphenyl pyruvate dioxygenase inhibitor 

(HPPD), which is the enzyme responsible for producing homogentisate in plants.  Homogentisate is a 

precursor to the synthesis of tocopherols and plastoquinones; therefore, when HPPD is inhibited by 

mesotrione, among other things, carotenoid and plastoquinone production decreases.  Plastoquinones 

are necessary to accept electrons from the ETC in PSII and carotenoids are able to quench free radicals 

within the plant limiting membrane damage.  Therefore, it is reasonable that a combination of 

mesotrione and a photosynthetic inhibitor could be synergistic.  Other documented synergistic 

interactions include increased control of field bindweed (Convolvulus arvensis L.) when glyphosate and 
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2,4-D are combined (Flint and Barrett 1989), improved johnsongrass (Sorghum halepense L.) control 

when sethoxydim and dimethenamid are combined (Scott et al. 1998), and  increased efficacy of several 

organophosphate insecticides when tank-mixed with triazine herbicides (Lichtenstein et al. 1973).  

Harker et al. (1995) documented canola yield reductions when ethametsulfuron was combined with a 

number of cyclohexanediones, such as quizalofop-p-ethyl. 

 

1.5.2 Antagonistic herbicide interactions.  Antagonistic interactions are three times more common than  

synergistic interactions (Zhang et al. 1995) and often reduce herbicide efficacy on specific weed species 

(Damalas 2004).  Examples of antagonistic interactions include reduced large crabgrass [Digitaria 

sanguinalis (L.) Scop.] control with pyrithiobac and fluazifop-p mixtures (Ferreira et al. 1995) and 

decreased wild oat (Avena fatua L.) control with tank-mix combinations of tribenuron and diclofop 

(Baerg et al. 1996).  Although antagonistic interactions tend to be problematic, there are incidences 

where antagonism has increased crop tolerance to a specific herbicide.  Addition of MCPA to fenoxaprop 

decreased barley sensitivity to fenoxaprop (Deschamps et al. 1990) and bentazon decreased soybean 

toxicity to thifensulfuron-methyl when tank-mixed (Lycan and Hart 1999). 

 

1.6 Cumulative herbicide interactions and spray drift.  Despite the many reports of synergistic and 

antagonistic herbicide interactions in the literature there are relatively few reports, or apparent interest, 

in possible interactions occurring following a spray drift incident and an in-crop herbicide application.  

This avenue of inquiry appears to only have been investigated by a group of researchers from the 

University of Guelph who examined simulated drift rates of various herbicides followed by (fb) an in-

crop herbicide in corn and soybean.  In their studies a transient synergistic interaction was identified 

when a drift application of mesotrione was followed by an in-crop bentazon application in soybean.  
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Conversely, a transient antagonistic interaction was identified when mesotrione was followed by either 

imazethapyr or glyphosate+chlorimuron (Brown et al. 2009a).  In both instances, Brown et al. (2009a) 

found that the interaction was transient and by harvest had become additive, despite significant yield 

reductions caused by the mesotrione drift rates.  Similarly, transient interactions were identified when 

simulated spray drift rates of glyphosate were followed by nicosulfuron/rimusulfuron plus 

dicamba/diflufenzopyr or foramsulfuron plus bromoxynil plus atrazine in corn (Brown et al. 2009b).  

With continued reliance on genetically modified crops the potential for a glyphosate drift event is high.  

The general perception is that if not increasing, then at least the number of reported spray drift 

occurrences is increasing.  Since 2008 the number of spray drift or overspray complaints registered with 

the Ontario Ministry of the Environment has increased by almost 1.5 times (Roberto Sacilotto, personal 

communication, 2012). 

 

1.7 Hypothesis.  I tested the hypothesis that drift of glyphosate or bromoxynil followed 3-5 days later by 

an in-crop application of metribuzin results in cumulative herbicide injury to processing tomato.  I 

predicted that as herbicide drift rates increased so would injury to tomato.  Also, I expected to identify a 

synergistic interaction when either drift herbicide was followed by an in-crop application of metribuzin. 

Field trials were established to address my hypothesis.  For the purpose of this study all drift 

rates applied were simulated and were applied using a constant volume of 200 L ha-1.  If an actual drift 

event were to occur in the field, the carrier volume would decrease as the spray droplet evaporated; 

meanwhile, the concentration of the drift herbicide would remain constant.  Therefore, any herbicide 

injury identified in this study (spray volume kept constant), would underestimate the injury expected 

(Banks and Schroeder 2002).  Simulated drift rates of 2.5, 5, 10, and 20% of the recommended field rates 

of glyphosate and bromoxynil were chosen in order to achieve a limited dose-response.  The maximum 
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drift rate of 20% was selected since Wolf et al. (1993) found that up to 16% drift could be expected 

when using 8001 TeeJet tips in an unshielded sprayer. 

Glyphosate and bromoxynil were chosen for study here  and in both incidences a synergistic 

interaction with metribuzin was predicted.  A sub-lethal glyphosate dose would deplete aromatic amino 

acids, in turn limiting coumarin and carotenoid production.  Since carotenoids are one of the defense 

mechanisms plants utilize to trap free radicals, tomato plants may not be able to quench the radicals as 

effectively following an in-crop metribuzin application.  Also, glyphosate can cause reductions in 

photosynthesis and chlorophyll degradation (Baylis 2000), which could be exacerbated while the plant 

metabolized the photosynthetic inhibitor, metribuzin.  Therefore, although metribuzin alone was not 

expected to harm the crop, the combination of glyphosate followed by metribuzin is predicted to 

increase the visible injury caused by glyphosate.  Bromoxynil and metribuzin are both photosynthetic 

inhibitors that inhibit PS II, and it was expected that application of the two herbicides sequentially over a 

short time period might overwhelm the plant’s ability to survive the sub-lethal bromoxynil dose.  A 

synergistic interaction may result due to the plant’s inability to successfully metabolize metribuzin while 

stressed by the ETC disruption caused by the bromoxynil dose.  The expected result would be the 

increased formation of free radicals, such as triplet chlorophyll and singlet oxygen, ultimately leading to 

greater lipid peroxidation and membrane disruption.  We therefore predicted that bromoxynil followed 

by metribuzin would cause synergistic bromoxynil injury resulting in increased visible injury symptoms 

and decreased tomato yield.  It was expected that greater glyphosate or bromoxynil drift rates would 

accentuate the cumulative herbicide injury.  Also, we expected to find that absorption and translocation 

of [14C] glyphosate in tomato following an application of metribuzin would increase compared to plants 

treated with [14C] glyphosate alone.   

The uptake and translocation of glyphosate drift followed by metribuzin was examined in an 

attempt to identify a cause of the expected synergism when glyphosate was followed by metribuzin in 
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processing tomato.  As a result of unexpected glyphosate injury observed in field trials, the difference of 

uptake and translocation of glyphosate alone and followed by metribuzin under moisture-limiting 

conditions was also examined.  During field trials, tomato injury due to glyphosate drift was substantially 

different between two trials planted at the same time, in the same field.   One trial was sprayed with 

simulated glyphosate drift rates after an extended period of drought conditions.  There was a significant 

rainfall event approximately 18 hours after spraying, in part due to the heavy rainfall the second trial 

was not sprayed until two days later.  Surprisingly, the first trial showed extensive glyphosate injury.  It is 

generally assumed that herbicide absorption is greater when plants are healthy and non-stressed; 

however, in this incidence the drought-stressed tomato plants appeared to absorb glyphosate drift 

doses more efficiently.  Previously, Moosavi-Nia and Dore (1978) found control of purple nutsedge 

(Cypvrus rotundus L.) by glyphosate was limited under drought conditions.  However, if moisture 

conditions improved following a glyphosate application then purple nutsedge plants began to exhibit 

glyphosate injury symptoms.  We predicted that glyphosate uptake and translocation would decrease 

under moisture-limiting conditions relative to moisture –non-limiting conditions.  A series of greenhouse 

and growth room experiments were designed to determine if drought conditions increased injury 

caused by simulated glyphosate drift rates alone or followed by metribuzin.  The possibility of herbicide 

interactions for both environments was also explored. 
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2.0 RESPONSE OF PROCESSING TOMATO TO SIMULATED GLYPHOSATE DRIFT FOLLOWED BY IN-CROP 

METRIBUZIN APPLICATION 

2.1 Abstract.  Eight field studies were conducted over a three year period from 2008 to 2010 in 

Ridgetown, Ontario to determine the cumulative stress caused by simulated glyphosate spray drift, 

followed by an in-crop application of metribuzin in processing tomato.  As the simulated glyphosate 

spray drift rate increased so did the degree of injury to the tomatoes.  At a simulated spray drift rate of 

22.5 g ae ha-1 (2.5% of the recommended glyphosate field rate) a 23% decrease in red tomato yield was 

observed.  Yield reductions increased to 88% of the control when 180 g ae ha-1 glyphosate (20% of the 

recommended field rate) was applied.  Similarly, when simulated spray drift rates were followed 3-5 

days after with an in-crop application of metribuzin at 250 g ai ha-1, tomato yields decreased by 22-85% 

depending on the glyphosate rate applied.  A transient synergistic interaction was observed only when 

22.5 g ae ha-1 glyphosate was followed by metribuzin.  The synergistic visible injury response was no 

longer evident by the 28 day injury rating.  Herbicide interactions were additive for crop injury, dry 

mass, fruit counts, and yield when glyphosate spray drift rates of 45, 90, and 180 g ae ha-1 were followed 

by metribuzin. 

 

2.2 Introduction.  Glyphosate is a foliar applied, non-selective herbicide that functions by inhibiting 5-

enolpyruvylshikimate-3-phosphate (EPSP) synthase (Steinrücken and Amrhein 1980).  EPSP synthase is a 

key enzyme in the shikimate pathway and is required for the synthesis of aromatic amino acids in plants 

(Franz et al. 1997).  In Ontario, glyphosate use has increased by approximately 76% from 2003 to 2008.  

Since the introduction of glyphosate to agriculture in the 1970’s it has become widely used in many 

cropping systems as either a burndown treatment or in conjunction with glyphosate-resistant crops.  In 

2008 almost 55% of all herbicide sold in Ontario (per kg weight) was glyphosate (McGee et al. 2010).  
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Unfortunately, increased use of glyphosate also increases the potential for spray drift and damage to 

susceptible crops.   

Offsite herbicide drift is of concern to all agriculture producers, but can be particularly 

devastating to vegetable producers (Gilreath et al. 2000a; Santos et al. 2007).  Romanowski (1980) 

reported a yield reduction in processing tomato when glyphosate was applied at a simulated spray drift 

rate of 100 g ae ha-1.  In 2010, approximately 466,042 metric tonnes of processing tomato (Solanum 

lycopersicum L.) were produced on 5,139 hectares of farmland primarily located in Southern Ontario 

(OPVG 2012).  In addition to processing tomato, Southern Ontario growers have adopted glyphosate-

resistant corn and soybean technologies.  Processing tomato fields are often adjacent to glyphosate-

resistant crops and risk potential spray drift injury.  Post emergence herbicide applications of these field 

crops generally occur between tomato transplant and first bloom, corresponding to the stage when 

tomato is most susceptible to glyphosate injury (Gilreath et al. 2000b; Romanowski 1980).  Since it can 

take 3-7 days before glyphosate injury symptoms are observed, additional herbicide stress may 

unknowingly be placed on a tomato crop if a producer follows a spray drift event with a typical in-crop 

herbicide application of metribuzin.  This cumulative herbicide stress may be additive, synergistic, or 

antagonistic. 

Traditionally additive, synergistic, or antagonistic responses were thought to occur when 

herbicide mixtures were purposely combined in an attempt to customize weed control.  However, the 

same definitions apply when a spray drift event is followed by an in-crop herbicide application.  Additive 

responses occur when the observed effect of the mixture is equal to the sum of the mixture components 

alone (Green 1989).  Synergistic responses occur when the herbicidal effect of the compounds is greater 

than the expected sum of each of the compounds alone (Gressel 1990), whereas antagonistic responses 

occur when the herbicidal effect of the compounds is less than expected (Lich et al. 1997).   
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In previous research Brown et al. (2009b) found additive yield responses when non-glyphosate-

resistant field corn was sprayed with simulated glyphosate drift rates followed by in-crop herbicide 

application of either nicosulfuron/rimsulfuron+dicamba/diflufenzopyr or 

foramsulfuron+bromoxynil+atrazine.  The objective of this research is to determine the degree of injury 

caused by a glyphosate spray drift event to processing tomato either alone or followed by an in-crop 

application of metribuzin.  Although metribuzin applied POST to tomato can cause phytotoxicity, 

including stunting and marginal leaf chlorosis and necrosis (Fortino and Splittstoesser 1974; Friesen and 

Hamill 1978), smaller micro-rates, such as 250 g ai ha-1 can often be applied with little or no injury. In 

addition, this study was established to determine if the effect of cumulative herbicide injury with 

respect to crop injury, dry weight, fruit counts, and yield was additive, synergistic, or antagonistic. 

 

2.3 Materials and Methods. 

2.3.1 Study sites.  Field studies were conducted at the University of Guelph, Ridgetown Campus located 

in Ridgetown, Ontario (42O26’N, 81O53’W) at eight sites from 2008-2010.  ‘H9909’ tomato plugs (H.J. 

Heinz Company of Canada Ltd., Erie St. S., Leamington, ON, Canada, N8H 3W8) were transplanted using 

a RJV600 plug planter unit (RJ Equipment, 75 Industrial Ave., P.O. box 1180, Blenheim, ON, Canada, N0P 

1A0) to a depth of 5 cm in twin rows spaced 45 cm apart, with twin row centers 1.5 m apart and an in-

row spacing of 45 cm.  Plot size was 1.5 m by 8 m with a planting density of approximately 29,167 plants 

ha-1.  Fertilizer requirement for each trial was determined based on soil N-P-K levels and the 

recommended nutrient application rate cited by the Ontario Ministry of Agriculture Food and Rural 

Affairs (OMAFRA), in Vegetable Production Recommendations (Ontario Ministry of Agriculture, Food, 

and Rural Affairs.  Publication 363: Vegetable Production Recommendation ).  Consistent with standard 

grower practices, all treatments in the trials were treated with a preplant incorporated (PPI) application 

of s-metolachlor (1200 g ai ha-1) plus metribuzin (700 g ha-1) to provide early season weed control.  Plots 
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were then maintained weed-free for the duration of the season using a combination of inter-row 

cultivation and hand weeding.  Trial planting dates and soil specifications are listed in Table 2.1.  For all 

site-years the soil was a Watford/Brady series sandy clay loam.  

 

Table 2.1:  Ridgetown Campus Soil Specifications of Trial Site-years for Cumulative Herbicide Stress in 

Tomato after Applications of Glyphosate and Metribuzin. 

Year Location Planting 

Date 

Sand Silt Clay OM pH CEC 

   %   

2008 
1 May 23 49.3 29.5 21.2 5.8 5.8 14 

2 May 23 51.0 28.5 20.5 5.1 7.1 12 

2009 

3 May 20 49.5 26.1 24.4 3.8 6.9 17 

4 May 21 49.5 26.1 24.4 3.8 6.9 17 

7 May  21 49.5 26.1 24.4 3.8 6.9 17 

2010 

5 May 27 49.5 28.1 22.3 5.7 6.0 21 

6 May 27 49.5 28.1 22.3 5.7 6.0 21 

8 May 27 49.5 28.1 22.3 5.7 6.0 21 

 

2.3.2 Experimental Design.  Studies were designed as a randomized complete block (RCB) with four 

replicates.  Simulated glyphosate (RoundUp Weathermax® 540 SN, Monsanto Canada Inc., 6-130 

Research Lane, Guelph, ON, N1G 5G3) drift rates were applied 28 days after emergence (DAE).  Four 

glyphosate drift rates of 22.5, 45, 90, and 180 g ae ha-1, corresponding respectively to 2.5%, 5%, 10%, 

and 20% the recommended glyphosate field rate in Ontario, were applied.  Three to five days after the 

simulated spray drift application, an in-crop application of metribuzin (Sencor® 75 DF. Bayer CropScience 
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Inc., 5-160 Research Lane, Guelph, ON, N1G 5B2) at 250 g ha-1 was applied.  Treatments included an 

untreated check, metribuzin at 250 g ha-1, the four rates of simulated glyphosate drift alone, and the 

four drift rates followed by (fb) a 250 g ha-1 metribuzin application.  Herbicides were applied using a 

back-pack CO2-pressurized sprayer (R&D CO2 pressurized sprayer, 419 Hwy. 104, Opelousas, LA 70570) 

fitted with Hypro Ultra-Lo Drift 120-02 nozzles (Hypro® ULD 120-02 nozzle, 375 5th Ave. NW, New 

Brighton, MN 55112) at 207 kPa and an output of 200 L ha-1. 

 

2.3.3 Data Collection.  Tomato injury was visually rated 7, 14, and 28 days after metribuzin application 

(DAT-B) on a 0 to 100% scale where 0% represented no injury and 100% represented complete plant 

death.  Dry weights of four tomato plants from the back of each plot were determined at 14 DAT-B and 

flower and fruit counts from one, previously flagged tomato plant in each plot were recorded at 14 and 

28 DAT-B in 2009 and 2010.  Tomatoes were hand-harvested from a 1.5 by 2.0 m area in each plot and 

fruit was separated into reds and greens.  Red tomatoes were defined as those having at least a faint 

blush of red; greens were those tomatoes that were solid green. 

 

2.3.4 Statistical Analysis.  The PROC MIXED procedure in SAS (SAS, SAS Institute Inc., 100 SAS Campus 

Drive, Cary, NC 27513) was used to compare individual treatments for the ratings.  Significant 

differences between treatments were compared using a Fisher’s Protected LSD Test (P ≤ 0.05).  A 

logarithmic+1 transformation was required to normalize the dry weight, plant flower and fruit counts, 

and green tomato yields.  Visible injury data was transformed using an arcsine square root 

transformation.  Data from these ratings were back-transformed for the purpose of reporting.  Injury, 

red tomato yields, and the combined red+green tomato yields did not require transformation.  Herbicide 

interactions were identified using a Student’s paired t-test to compare the calculated expected value of 

a rating parameter to the observed.  Expected values were calculated using Colby’s Model (1967)   
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where E = percent (%) expected response with respect to the untreated check, A = % response of 

glyphosate at rate x, and B = % response of metribuzin at 250 g ha-1.  Herbicide interactions were 

identified as synergistic if the observed rating value was significantly greater than the calculated 

expected value based on a Student’s paired t-test.  Antagonistic responses were those where the 

observed value was less than the expected and additive responses were identified as those where the 

observed value was equal to the expected value.  The Pearson product-moment correlation (r) (PROC 

CORR in SAS) was used to identify a possible linear relationship between red tomato yield and plant dry 

weight.  For all analysis, significance was set using a probability level of P ≤ 0.05. 

 

2.4 Results and Discussion. 

2.4.1 Crop Injury.  Tomato injury at 7, 14, and 28 DAT-B consisted of typical glyphosate symptoms in 

actively growing tissue, including chlorosis in the center of newly formed compound leaves, moderate to 

severe leaf cupping, and plant stunting.  Other symptoms included occasional leaf margin necrosis, 

severe twisting and curling of leaves and stems (similar to 2,4-D epinasty symptoms), termination of 

apical growth combined with excessive lateral branching, and an altered leaf morphology.  When 

glyphosate was applied at 90 g ha-1 or higher, flowers were often delayed, were pale yellow or white in 

colour, and occasionally would abort.  Flower symptoms were consistent with those observed by 

Romanowski (1980) in tomato.   When glyphosate was applied alone, injury increased with increasing 

glyphosate rates and ranged from 4 to 37, 5 to 45, and 4 to 47% at 7, 14, and 28 DAT-B, respectively 

(Table 2.2).  The only difference between any glyphosate alone treatment and its respective glyphosate 

followed by metribuzin treatment occurred at the 7 DAT-B rating when glyphosate was applied at 22.5 g 

ha-1; at all other rates and rating dates there was no difference (Table 2.2). 
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Table 2.2. Injury and dry weights of tomato plants receiving simulated glyphosate spray drift either alone or followed by an in-crop metribuzin 

application in Ridgetown, ON 2008-2010. 

Treatment Rate Injurybc Dry weightbd 

  7 DAT-B 14 DAT-B 28 DAT-B 14 DAT-B 
  Observed Expected Observed Expected Observed Expected Observed Expected 
 g ae/ai ha-1 % g 

Untreated check  0   f  0   e  0   e  316.3 a  
Glyphosate 22.5 4   e  5   d  4   d  294.9 a  
Glyphosate 45 13 c  15 c  12 c  264.1 ab  
Glyphosate 90 20 b  24 b  22 b  211.7 b  
Glyphosate 180 37 a  45 a  47 a  158.2 c  
Metribuzin 250 0   f  0   e  0   e  303.9 a  
Glyphosate fba 
metribuzin 

22.5 fb 250 8  d 4    9  d 6    5   d 4    289.0 a 277.7  

Glyphosate fb 
metribuzin  

45 fb 250 13 c 13  16 bc 16  12 c 12  277.7 a 253.7  

Glyphosate fb 
metribuzin 

90 fb 250 21 b 20  26 b 25  25 b 22  220.4 b 205.4  

Glyphosate fb 
metribuzin 

180 fb 250 37 a 37  44 a 46  48 a 47  150.4 c 148.9  

aAbbreviation: fb, followed by. 
bMeans followed by the same letter in each column are not significantly different according to Fisher’s protected LSD test, P<0.05. 
cVisible injury data, observed and expected, received an arcsine square root transformation; the data reported in table is back-transformed. 
dDry weight data, observed and expected, required a (log + 1) transformation; the data reported in table is back-transformed. 
Expected responses based on Colby’s equation E = A x B/100.  Significant differences based on a paired t-test between observed and expected 
values are in bold.
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 Using expected injury values generated from Colby’s model, a transient synergistic interaction was 

identified when 22.5 g ha-1 glyphosate was followed by metribuzin at the 7 and 14 DAT-B ratings with 8% 

injury observed but only 4% injury expected and 9% injury observed for this treatment but only 6% 

injury expected, respectively (Table 2.2).  By 28 DAT-B there was no longer a difference between 

observed and expected injury values.  Otherwise, the herbicide interaction was additive for the 7, 14, 

and 28 DAT-B ratings at 45, 90, and 180 g ha-1 glyphosate rate followed by metribuzin (Table 2.2). 

 

2.4.2 Tomato Dry Weight.  When either 90 or 180 g ha-1 glyphosate alone or followed by metribuzin was 

applied plant dry weight was less than the untreated check or metribuzin alone treatment. Regardless of 

rate, reductions in dry weight were similar when glyphosate was applied alone and when glyphosate 

was followed by 250 g ha-1 metribuzin (Table 2.2).  All herbicide interactions were additive based on 

Colby’s equation. 

 

2.4.3 Flower and Fruit Counts.  Although Romanowski (1980) noted that glyphosate applied early in the 

tomato season may cause catfacing of fruit we observed no tomato fruit injury in our study.  Similar to 

tomato plant injury and dry weight ratings, there were fewer flowers and fruit on plants 14 DAT-B when 

90 or 180 g ha-1 glyphosate alone or followed by metribuzin was applied (Table 2.3).  For instance, flower 

and fruit counts were reduced by 70% and 88%, respectively, compared to that in the untreated check 

when 180 g ha-1 glyphosate was applied.  Average flower counts at 28 DAT-B showed a different trend 

than those at the 14 DAT-B rating.  Treatments receiving 22.5, 45, and 90 g ha-1 glyphosate had higher 

flower numbers than in the untreated check.  This was due to the fact that by then tomatoes in the 

untreated check and metribuzin alone plots had almost completed flowering and were primarily 

developing fruit.  However, glyphosate applied at the 22.5, 45, and 90 g ha-1 rate was sufficient to delay 

flowering; therefore, flower counts in treatments with those rates were still greater than that of the 
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untreated check and metribuzin alone at 28 DAT-B.  Interestingly, treatments sprayed at the 180 g ha-1 

glyphosate rate had the same average flower number as the untreated check most likely due to the 

injury caused by the 180 g ha-1 glyphosate rate being severe enough to result in fewer flowers per plant 

in addition to a flowering delay.  As previously mentioned in this paper and by Gilreath et al. (2000b), 

one of the injury symptoms observed at higher glyphosate drift rates is flower abortion.  Moreover, the 

decrease in average fruit counts at 28 DAT-B was consistent with plant injury ratings; the 45, 90, and 180 

g ha-1 glyphosate treatments had fewer fruit than the untreated check.  Application of the 45, 90, and 

180 g ha-1 glyphosate rates reduced average fruit counts by 48, 71, and 90%, respectively, at 28 DAT-B.  

Only treatments receiving metribuzin alone or the low glyphosate rate had the same number of fruit per 

plant as the control.  Similar to injury and dry weight ratings, the interaction between simulated 

glyphosate drift and an in-crop application of metribuzin was additive (Table 2.3). 

 

2.4.4 Yield.  Despite the lack of difference between the untreated check and any 22.5 g ha-1 glyphosate 

application for plant injury and dry weight or fruit counts at 28 DAT-B, a significant reduction in red yield 

was observed with a 22 to 23% reduction when that low rate of glyphosate was applied alone or 

followed by metribuzin (Table 2.4).  Yield reductions at the 22.5 g ha-1 glyphosate rate were unexpected 

since injury was 6% or less and no differences in average fruit counts per plant at 28 DAT-B were 

observed.  The yield reduction at low glyphosate rates, despite the lack of pronounced injury symptoms, 

emphasizes the need for care when glyphosate is applied near tomato crops.  Tomato producers may be 

experiencing substantial yield losses even if glyphosate injury symptoms were not noticed or deemed 

noteworthy early in the season.  Despite significant red yield reductions, the herbicide interaction 

between glyphosate and an in-crop application of metribuzin was additive (Tables 4).  When the red and 

green tomato yields were combined no difference between the untreated check and either treatment 

sprayed with 22.5 g ha -1 glyphosate was observed, indicating that the low glyphosate rate caused a 
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slight developmental delay but did not decrease overall production.  This hypothesis is supported by the 

increased green yield (Table 2.4) compared to the untreated check coupled with the same average fruit 

count per plant at 28 DAT-B (Table 2.3).  Unfortunately, for processing tomato producers developmental 

delays often translate to actual yield loss since harvest dates are strictly scheduled and often inflexible. 

 The Pearson product-moment correlation (r) was examined to determine if a linear relationship 

existed between plant dry weight at 14 DAT-B and red tomato yield.  Plant dry weight data required a  

natural logarithm transformation for the analysis.  The Pearson coefficient was 0.71 (P<0.001) for the 

untreated check and glyphosate only treatments and r = 0.73 (P<0.001) for the untreated check and 

glyphosate followed by metribuzin treatments, indicating a strong linear correlation.  The strong 

correlation indicates that plant dry weight at 14 DAT-B could be used by producers to help predict red 

tomato yield following a glyphosate spray drift event; however, based on the calculated r coefficients 

additional factors should also be examined to fully describe red yield. 

 There was an expected decrease in red tomato yield at the 45, 90, and 180 g ha-1 glyphosate 

rates either alone or followed by metribuzin, that increased from 40 to 88% as rate increased.  

Romanowski (1980) cited a 33-58% yield loss, depending on year when tomato was sprayed with 100 g 

ha-1 of glyphosate.  In this study, a similar rate of 90 g ha-1 glyphosate resulted in a red yield decrease of 

60%.  Unlike what occurred with the lowest rate, when the red and green tomato yields were combined, 

a yield reduction was still observed; up to a 60% reduction when 180 g ha-1 glyphosate was sprayed 

(Table 2.4).  The 45, 90, and 180 g ha-1 glyphosate rates did cause a developmental delay in the tomato, 

as observed by lower yield reductions when red and green tomatoes were combined versus red alone.  

However, at these higher rates there was also a significant decrease in average fruit number at 14 and 

28 DAT-B (Table 2.3) which resulted in the combined yield reductions.   At all rates there was an additive 

herbicide interaction when glyphosate was followed by metribuzin for the red and red plus green yields.  
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Table 2.3: Flower and fruit counts of tomato plants receiving simulated glyphosate spray drift either alone or followed by an in-crop metribuzin 

application in Ridgetown, ON 2009-2010. 

Treatment Rate Flower Countbc Fruit Countbc 

  14 DAT-B 28 DAT-B 14 DAT-B 28 DAT-B 
  Observed Expected Observed Expected Observed Expected Observed Expected 
 g ae/ai ha-1 # 

Untreated check  36 a  9   bc  17 a  48 a  
Glyphosate 22.5 28 ab  21 a  12 abc  31 abc  
Glyphosate 45 25 abc  30 a  9   bcd  25 bc  
Glyphosate 90 16 cd  27 a  5   def  14 d  
Glyphosate 180 11 d  9   bc  2   g  5   e  
Metribuzin 250 33 a  6   c  15 ab  42 ab  
Glyphosate fba 
metribuzin 

22.5 fb 250 27 ab 26  17 ab 13  10 abc 11  32 ab 27  

Glyphosate fb 
metribuzin  

45 fb 250 24 abc 23  26 a 16  7   cde 8    19 cd 22  

Glyphosate fb 
metribuzin 

90 fb 250 19 bc 15  23 a 15  4   ef 4    12 d 12  

Glyphosate fb 
metribuzin 

180 fb 250 12 d 10  7   c 5    2  fg 2    5   e 4    

aAbbreviation: fb, followed by. 
bMeans followed by the same letter in each column are not significantly different according to Fisher’s protected LSD test, P<0.05. 
cAll flower and fruit count data, observed and expected, required a (log + 1) transformation; the data reported in table is back-transformed. 
Expected responses based on Colby’s equation E = A x B/100.  No significant differences were identified between observed and expected values 
based on a paired t-test. 
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Table 2.4: Fruit yield of tomato plants receiving simulated glyphosate spray drift either alone or followed by an in-crop metribuzin application in 

Ridgetown, ON 2008-2010. 

Treatment Rate Yieldb 

  Red Greenc Red + Green 
  Observed Expected Observed Expected Observed Expected 
 g ae/ai ha-1 T ha-1 

Untreated check  65 a  5   d  73 a  
Glyphosate 22.5 50 bc  12 bc  68 abc  
Glyphosate 45 35 de  19 ab  60 cd  
Glyphosate 90 26 e  23 a  52 de  
Glyphosate 180 8   f  16 ab  29 f  
Metribuzin 250 63 a  7   cd  74 a  
Glyphosate fba metribuzin 22.5 fb 250 51 b 50  15 ab 20  72 ab 70  
Glyphosate fb metribuzin  45 fb 250 39 cd 35  17 ab 34  62 bc 61  

Glyphosate fb metribuzin 90 fb 250 27 e 26  17 ab 41  49 ef 54  

Glyphosate fb metribuzin 180 fb 250 10 f 9  15 ab 27  29 f 30  
aAbbreviation: fb, followed by. 
bMeans followed by the same letter in each column are not significantly different according to Fisher’s protected LSD test, P<0.05. 
cGreen yield data, observed and expected, required a (log + 1) transformation; the data reported in table is back-transformed. 
Expected responses based on Colby’s equation E = A x B/100.  Significant differences based on a paired t-test between observed and expected 
values are in bold.
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Based on the calculated expected green yield values there was an antagonistic response when 45, 90, 

and 180 g ha-1 glyphosate was followed by metribuzin (Table 2.4).   Using Colby’s equation an additional 

17, 24, and 12 T ha-1 was expected when the 5, 10, and 20% field rate of glyphosate was followed by 

metribuzin respectively. 

 This study was conducted to determine if simulated glyphosate spray drift applications followed 

by an in-crop metribuzin treatment would result in accentuated tomato injury.  Based on the results of 

this study, the interaction between the simulated spray drift and metribuzin was found to be primarily 

additive since a transient synergistic response, up to 14 days after metribuzin application, was only 

noted when 22.5 g ha-1 glyphosate was followed by metribuzin. These results are consistent with those 

outlined by Brown et al. (2009) when simulated glyphosate drift was followed by 

nicosulfuron/rimsulfuron + dicamba/diflufenzopyr in field corn.  Brown et al. (2009) reported an overall 

additive response despite occasional synergistic plant injury interactions; all corn yield data indicated an 

additive interaction, similar to the findings of our research.  This study also identified the degree of 

processing tomato injury that might be expected from a glyphosate drift incident.  Plant injury generally 

persisted to 28 DAT-B, especially at the higher glyphosate rates.  Although expected symptoms of 

chlorosis were observed, epinasty, loss of apical dominance, and flower abortion also occurred.  Injury 

ratings were severe at a glyphosate rate of 20% of the recommended field rate (180 g ha-1) and were 

consistent with the plant dry weight, average fruit count, and yield reductions identified.  As expected, 

injury caused by the high glyphosate rate persisted throughout the season and reduced red tomato 

yields by up to 88%.  Unexpectedly, the lowest simulated glyphosate drift rate of 22.5 g ha-1, or 2.5% of 

the recommended field rate, also resulted in red yield losses, despite injury ratings under 10% at 28 

DAT-B.  This yield reduction could have devastating effects on producers.  In 2010 tomato producers 

would have received approximately $9880 ha-1 (OPVG 2012) for their crop, if there was a 23% yield 

reduction caused by a low glyphosate drift event, that same producer could expect a loss of almost 
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$2275 ha-1.  In addition, this finding may assist tomato producers and industry when determining the 

need to replant fields affected by glyphosate drift. 
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3.0 RESPONSE OF PROCESSING TOMATO TO SIMULATED BROMOXYNIL DRIFT FOLLOWED BY IN-CROP 

METRIBUZIN APPLICATION 

3.1 Abstract.  Simulated drift rates of bromoxynil followed by an in-crop application of metribuzin were 

applied to processing tomato in eight field studies conducted from 2008-2010 in Ridgetown, Ontario to 

determine if a synergistic interaction occurred due to a cumulative herbicide application.  A transient 

synergistic response was observed 7 days after treatment (DAT) when 8.5, 17, and 34 g ai ha-1 

bromoxynil was applied 3-5 days prior to a 250 g ai ha-1 metribuzin application.  By 28 DAT, visible injury 

ratings were additive for 8.5, 17, and 34 g ai ha-1 bromoxynil followed by metribuzin treatments.  

However, when 68 g ai ha-1 of bromoxynil (20% of field rate) was followed by metribuzin, a synergistic 

interaction persisted until harvest.  Using Colby’s equation there was greater visible injury than expected 

at 7, 14, and 28 DAT.  A corresponding antagonistic response for tomato plant dry weight and red 

tomato yield was determined.  Expected red tomato yield was 50 T ha-1 according to Colby’s equation, 

but observed yield was only 36 T ha-1 when 68 g ai ha-1 bromoxynil was followed by metribuzin, 

indicating an antagonistic herbicide interaction at higher drift rates.  Generally, tomatoes sprayed with 

metribuzin after a bromoxynil drift rate had greater injury than treatments sprayed with bromoxynil 

alone.  A bromoxynil drift rate of 68 g ai ha-1 reduced red tomato yield by 30%, whereas the same rate 

followed by metribuzin decreased yield by 49%. 

 

3.2 Introduction.  Herbicide drift can be devastating, especially to vegetable producers.  Aside from 

visible injury and potential yield decreases, contractors may reject a crop due to the application of an 

unregistered pesticide.  Since 2008 there have been 212 spray drift or overspray complaints registered 

with the Ontario Ministry of the Environment, 97 of which occurred in southwestern Ontario (Roberto 

Sacilotto, personal communication, 2012).  Within southwestern Ontario vegetable and field crop 
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producers are often closely situated and in some situations will incorporate both field and vegetable 

crops, such as tomato (Solanum lycopersicum L.), in their rotation.   The close proximity of processing 

tomato to field crops increases the probability that a spray drift event will occur.  Processing tomatoes 

are a high value crop in Ontario with returns ranging from approximately $8,400-9,400 per hectare in 

2011, depending on individual contracts (OPVG, 2012).  Simulated drift rates of 2.5%, or less, of a 

glyphosate field dose have been shown to decrease red tomato yield by up to 25% (Kruger et al. 2012; 

Chapter 2.0).  Unfortunately, glyphosate is not the only herbicide applied to field crops that will damage 

processing tomatoes if a drift event occurs.   

Bromoxynil is a broadleaf herbicide that inhibits photosynthesis at photosystem II by binding to 

the QB-binding niche on the D1 protein (Abendroth et al. 2006; Devine et al. 1993).  In Ontario 

bromoxynil is used primarily in field, seed, and sweet corn and cereals, accounting for almost 3% of 

herbicide use in the province (McGee et al. 2010).  In corn, particularly for seed and sweet, bromoxynil is 

applied post-emergence (POST) and its application can coincide with the first POST, in-crop metribuzin 

application in processing tomato.  Low doses of bromoxynil on potato (Solanum tuberosum L.) have 

been reported to cause anywhere from no visible injury or yield reduction (Pfleeger et al. 2008) to 

extensive leaf necrosis, where injury was rate dependent and resulted in a 25% yield reduction (Haderlie 

and Petersen 1986; Leino and Haderlie 1985).  The varying degree of bromoxynil damage was in part 

dependent on potato developmental stage at the time of application (Haderlie and Petersen 1986) and 

rate applied; nonetheless, bromoxynil can cause extensive injury to sensitive crops as a result of drift.   

 Since bromoxynil applications to corn can correspond with the first metribuzin application in 

processing tomato, it is reasonable to assume that the combination of a bromoxynil spray drift event 

followed by an in-crop metribuzin application could lead to cumulative herbicide damage.  Metribuzin is 

also a photosynthetic inhibitor affecting photosystem II (Devine et al. 1993).  Injury to susceptible plants 

generally consists of marginal chlorosis to necrosis beginning on older plant tissue.  The unintentional 
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application of bromoxynil followed by metribuzin could cause a synergistic response in processing 

tomato.  Synergism occurs when the herbicidal effect of two or more compounds is greater than 

expected than if each compound had been applied individually (Gressel 1990).  Additive responses are 

those where the effect of the herbicide mixture is equal to the sum of the mixture’s components applied 

individually (Green 1989), whereas antagonistic responses occur when the mixture results in less injury 

or control than expected (Lich et al. 1997).  Previous research has indicated that drift events followed by 

an in-crop herbicide application can result in transient synergistic effects but that the cumulative effect 

of the herbicides at yield is additive (Brown et al. 2009). 

 The objective of this research was to determine if simulated bromoxynil drift followed by a POST 

metribuzin application causes synergistic, antagonistic, or additive herbicide injury in processing tomato.  

Also, the degree of injury caused by bromoxynil drift either alone or followed by metribuzin was 

examined.   

 

3.3 Materials and Methods. 

3.3.1 Study Sites.  The eight field trials were conducted from 2008 to 2010 at the University of Guelph, 

Ridgetown Campus in Ridgetown, Ontario (42O26’N, 81O53’W).  All study site information, with the 

exception of planting date was identical to that previously outlined in Section 2.3.1 (Table 2.1); in 2008 

the Location 1 trial was planted on May 23 and in 2009 the Location 3 trial was planted on May 20. 

 

3.3.2 Experimental Design.  Trials had four replicates and were designed as a randomized complete 

block (RCB).  Four simulated bromoxynil (Pardner® 280 EC, Bayer CropScience Inc., 5-160 Research Lane, 

Guelph, ON, N1G 5B2) drift rates of 8.5, 17, 34, and 68 g ha-1, corresponding respectively to 2.5%, 5%, 
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10%, and 20% the recommended bromoxynil field rate in Ontario, were applied.  Simulated drift rates 

were chosen based on work conducted by Wolf et al. (1993) who found that drift could range from 2 to 

16% of a field dose.  All drift rates were applied 28 days after transplanting, which typically 

corresponded to tomato flower initiation.  An in-crop application of metribuzin (Sencor® 75 DF, Bayer 

CropScience Inc., 5-160 Research Lane, Guelph, ON, N1G 5B2) at 250 g ha-1 was applied three to five 

days after the simulated bromoxynil drift application.  Treatments included an untreated check, 

metribuzin at 250 g ha-1, the four rates of simulated bromoxynil drift alone, and the four drift rates 

followed by (fb) a 250 g ha-1 metribuzin application.  A back-pack CO2-pressurized sprayer (R&D CO2 

pressurized sprayer, 419 Hwy. 104, Opelousas, LA 70570) with Hypro Ultra-Lo Drift 120-02 nozzles 

(Hypro® ULD 120-02 nozzle, 375 5th Ave. NW, New Brighton, MN 55112) was used to apply herbicides at 

207 kPa and an output of 200 L ha-1. 

 

3.3.3 Data Collection.  All data collection information is identical to that previously outlined in Section 

2.3.3. 

 

3.3.4 Statistical Analysis.  Statistical analysis of the data was previously described in Section 2.3.; the 

only exception was the use of transformations to normalize the data.  Here, an arcsine square root 

transformation was required to normalize all visible injury and yield data; logarithmic and square root 

transformations were used to normalize dry weight data and flower/fruit counts, respectively.  Data 

were back-transformed for the purpose of reporting.  Data across years were pooled.   
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3.4 Results and Discussion. 

3.4.1 Crop Injury.  There was evidence at all rating dates of chlorosis, slight cupping, and necrotic spots 

on leaves, which is typical of bromoxynil injury on tomato.  Generally, injury symptoms were located 

along the length of the leaf blade and were not limited to leaf margins as might be expected with 

metribuzin injury to tomato.  As bromoxynil drift rates increased so did tomato injury at 7, 14, and 28 

DAT-B (Table 3.2).  However, by the 28 DAT-B injury rating only tomatoes sprayed with 34 and 68 g ha-1 

bromoxynil had injury greater than or equal to 10%, which is considered commercially significant.  Drift 

rates of 68 g ha-1 caused 18 and 26% tomato injury at 28 DAT-B when bromoxynil was applied alone or 

followed by (fb) metribuzin respectively.  Regardless of herbicide interaction, if bromoxynil was followed 

by metribuzin there was an increase in visible injury compared to the corresponding bromoxynil alone 

treatment, across all rating dates, with the exception of the 28 DAT-B, 34 g ha-1 bromoxynil treatments 

(Table 3.2).  Based on Colby’s model a transient synergistic interaction was identified at 7 DAT-B when 

8.5 or 17 g ha-1 bromoxynil was followed by metribuzin; by 14 DAT-B the interaction was additive.  Injury 

ratings of 3 and 7% were expected when 8.5 and 17 g ha-1 bromoxynil was followed by metribuzin 

respectively; however, 5 and 11% injury respectively, was observed (Table 3.2).  As bromoxynil drift 

rates increased so did the persistence of the synergistic interaction.  Tomatoes sprayed with 34 g ha-1 

bromoxynil followed by metribuzin maintained the synergistic interaction until the 14 DAT-B rating, 

while the highest drift rate, 20% of a bromoxynil field dose followed by metribuzin, still showed a 

synergistic interaction at 28 DAT-B. 

 

3.4.2 Tomato Dry Weight.  Generally, as bromoxynil drift rates increased, tomato plant dry weight 

decreased, corresponding with the trend observed with injury symptoms.  However, only treatments 

with drift rates of 10 to 20% of bromoxynil field rates had lower plant dry weights than the untreated 

check.  Dry weight reductions ranged from 21 to 58% of the control, depending on treatment (Table 
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3.2).  The synergistic interaction identified with the visible injury ratings for the 68 g ha-1 bromoxynil 

followed by metribuzin treatment was mirrored by the 14 DAT-B dry weight rating.  Based on Colby’s 

equation the dry weight was expected to be 177.9 g, but the observed dry weight was 137.1 g, indicating 

an antagonistic interaction (or synergistic reduction).  The effect of the interaction on plant dry weight 

was additive in those treatments where less than 68 g ha-1 bromoxynil followed by metribuzin was 

applied. 

 

3.4.3 Flower and Fruit Counts.  Bromoxynil applied at 34 and 68 g ha-1 caused a decrease in average 

flower number per plant compared to the untreated check at 14 DAT-B.  However, when bromoxynil 

was followed by metribuzin there was a decrease in flower number, even at the lowest simulated 

bromoxynil drift rate of 8.5 g ha-1; 2.5% of a field rate (Table 3.3).  Average flower reductions ranged 

from 66 to 80% of the control when a bromoxynil drift rate of 68 g ha-1 was applied.  Generally, flower 

counts at 14 DAT-B were lower in treatments where bromoxynil drift rates were followed by metribuzin 

compared to treatments that received the corresponding bromoxynil rate alone.  Also, an antagonistic 

response (or synergistic reduction) was identified for both the 34 and 68 g ha-1 bromoxynil drift rates 

followed by metribuzin, which corresponds to the antagonistic dry weight interaction and synergistic 

injury interactions identified.  Twenty-three and 12 flowers per plant were expected when tomato was 

treated with 34 and 64 g ha-1 bromoxynil followed by metribuzin, respectively; however,  17 and 7 

flowers, were observed (Table 3.3).  There was little difference in average flower counts at 28 DAT-B 

among treatments.  This finding was not unexpected since bromoxynil is primarily a contact herbicide 

and typically causes damage only to tissue coming in contact with the herbicide.  Bromoxynil application 

in this study occurred either just prior to, or at, flower initiation.  Therefore, any injury resulting in 

flower loss or abortion would likely be observed at the 14 DAT-B rating; by 28 DAT-B new flowers would 

have developed, and therefore were unaffected. 
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Table 3.2. Injury and dry weight of tomato plants receiving simulated bromoxynil spray drift either alone or followed by an in-crop metribuzin 

application in Ridgetown, ON 2008-2010 

Treatment Rate Injurybc Dry weightbd 

  7 DAT-Be 14 DAT-B 28 DAT-B 14 DAT-B 
  Observed Expected Observed Expected Observed Expected Observed Expected 
 g ai ha-1 % g 

Untreated check  0   h  0   g  0   g  326.9 a  
Bromoxynil 8.5 2   g  2   f  1   f  322.3 a  
Bromoxynil 17 6   f  6   e  3  ef  275.4 ab  
Bromoxynil 34 15 d  16 c  10 c  258.2 bc  
Bromoxynil 68 29 b  29 b  18 b  193.9 d  
Metribuzin 250 1   g  1   f  1   f  298.5 ab  
Bromoxynil fba 
metribuzin 

8.5 fb 250 5   f 3    5  e 4    3   de 3    291.4 ab 295.7  

Bromoxynil fb 
metribuzin  

17 fb 250 11 e 7  10 d 8  5   d 4  261.8 bc 252.6  

Bromoxynil fb 
metribuzin 

34 fb 250 24 c 17  24 b 18  14 bc 12  223.6 cd 236.7  

Bromoxynil fb 
metribuzin 

68 fb 250 43 a 30  42 a 31  26 a 20  137.1 e 177.9  

a,eAbbreviations: fb, followed by; DAT-B, days after metribuzin application. 
bMeans followed by the same letter in each column are not significantly different according to Fisher’s protected LSD test, P<0.05. 
cInjury data, observed and expected, required an arcsine square root transformation; the data reported in table is back-transformed. 
dDry weight data, observed and expected, required a (log + 1) transformation; the data reported in table is back-transformed. 
Expected responses based on Colby’s equation E = A x B/100.  Significant differences based on a paired t-test between observed and expected 
values are in bold. 
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 When bromoxynil was applied alone, only the highest drift rate treatment, at 28 DAT-B, had 

fewer fruit per plant than the untreated check.   At the same rating date, both the 34 and 68 g ha-1 

bromoxynil followed by metribuzin treatments also had fewer fruit per plant than the check (Table 3.3).  

A 20% bromoxynil field rate application, either alone or followed by metribuzin, decreased fruit 

production by 33 and 57% of the untreated check, respectively.  Treatments sprayed with 34 or 68 g ha-1 

bromoxynil followed by metribuzin had fewer tomatoes per plant than the corresponding bromoxynil 

treatment.  Similar to the 14 DAT-B average flower count rating, an antagonistic interaction (or 

synergistic reduction) occurred when metribuzin was applied after a simulated 68 g ha-1 bromoxynil 

spray drift rate.  Using Colby’s model an average of 32 tomatoes per plant were expected but only 22 

tomatoes were observed at 28 DAT-B (Table 3.3).  This interaction corroborates those identified from 

the visible injury and dry weight rating parameters.  Also, in agreement with the previous rating 

parameters, the interaction between simulated bromoxynil drift at 8.5, 17, and 34 g ha-1 followed by 

metribuzin was additive for the 28 DAT-B average fruit count rating. 

 

3.4.4 Yield.  Similar to tomato dry weight, only the 68 g ha-1 bromoxynil followed by metribuzin 

treatment had a lower red tomato yield than the corresponding bromoxynil alone treatment.  

Treatments sprayed with 8.5, 17, or 34 g ha-1 bromoxynil alone had similar red tomato yields to their 

corresponding drift rates followed by metribuzin.  Bromoxynil at 68 g ha-1 alone reduced red yields by 

30% compared to the untreated check or metribuzin alone treatments (Table 3.4).  However, when 

metribuzin was included with drift rates of 17, 34, and 68 g ha-1 bromoxynil, red yield decreased by 13, 

18, and 49% respectively, compared to the control.  This trend was consistent with that observed for the 

dry weight, 14 DAT-B flower counts, and 28 DAT-B fruit counts.  An additive interaction was identified 

when 8.5, 17, or 34 g ha-1 bromoxynil was followed by metribuzin using Colby’s model.  However, at the 

highest simulated drift rate, 20% of a bromoxynil field rate, an antagonistic interaction (or synergistic 
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reduction) was identified when metribuzin and bromoxynil was applied; a red yield of 50 T ha-1 was 

expected, but only 36 T ha-1 was observed (Table 3.4). 

 Tomatoes were separated at harvest into reds and greens to determine if treatments caused a 

physiological delay (ie. increased green yield), or an overall decrease in fruit production (i.e., decreased 

total red plus green yield).  When 68 g ha-1 bromoxynil alone and 34 or 68 g ha-1 bromoxynil followed by 

metribuzin were applied there was an increase in green tomato yield compared to the control (Table 

3.4).  Green tomato yield increased by almost 2.5 times compared to the control when the highest 

bromoxynil rate followed by metribuzin was sprayed.  Also, a synergistic interaction was identified in 

treatments where the two highest bromoxynil drift rates were followed by metribuzin.  Despite the 

increased green yield when 34 g ha-1 bromoxynil was followed by metribuzin, the combined red plus 

green yield was equivalent to the control, indicating this treatment only caused a delay in maturity.  

However, there was a reduction in total fruit production and a developmental delay caused by the 

application of 68 g ha-1 bromoxynil alone or followed by metribuzin (Table 3.4).  Although combined red 

and green yield was similar between the control and several treatments, the red yield reductions could 

pose a problem for producers, since some tomato processors pay based on marketable red yield and not 

total yield. 

 The Pearson product-moment correlation (r) was examined to determine the existence of a 

linear relationship between plant dry weight at 14 DAT-B and red tomato yield.  The Pearson coefficient 

was 0.74 (P<0.001) for the untreated check and bromoxynil only treatments, r = 0.78 (P<0.001) for the 

untreated check and bromoxynil followed by metribuzin treatments and when all treatments were 

compared to the untreated check r=0.76 (P<0.001), indicating a strong linear correlation.  Potentially, 

tomato producers could use plant dry weights at 14 DAT-B to estimate their red tomato yield following a 

bromoxynil spray drift incident, either alone or if the producer unintentionally compounded the damage 

by applying metribuzin following the drift incident.  
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Table 3.3: Flower and fruit counts for tomato plants receiving simulated bromoxynil spray drift either alone or followed by an in-crop metribuzin 

application in Ridgetown, ON 2009-2010 

Treatment Rate Flower Countbc Fruit Countbc 

  14 DAT-Bd 28 DAT-B 14 DAT-B 28 DAT-B 
  Observed Expected Observed Expected Observed Expected Observed Expected 
 g ai ha-1 # 

Untreated check  35 ab  22 ab  14 abc  50 a  
Bromoxynil 8.5 38 a  22 ab  16 a  55 a  
Bromoxynil 17 31 abc  22 ab  14 abc  48 a  
Bromoxynil 34 26 c  18 ab  15 ab  45 a  
Bromoxynil 68 12 d  25 a  10 cd  33 bc  
Metribuzin 250 29 bc  19 ab  11 bcd  46 a  
Bromoxynil fba 
metribuzin 

8.5 fb 250 24 c 34  16 b 24  16 a 14  44 ab 51  

Bromoxynil fb 
metribuzin  

17 fb 250 27 c 29  17 ab 24  16 a 12    45 a 45  

Bromoxynil fb 
metribuzin 

34 fb 250 17 d 23  22 ab 16  11 bcd 13    32 c 43  

Bromoxynil fb 
metribuzin 

68 fb 250 7  e 12  26   a 24    8  d 10    22 d 32    

a,dAbbreviation: fb, followed by; DAT-B, days after metribuzin application. 
bMeans followed by the same letter in each column are not significantly different according to Fisher’s protected LSD test, P<0.05. 
cAll flower and fruit count data, observed and expected, required a (square root +0.05) transformation; the data reported in table is back-
transformed. 
Expected responses based on Colby’s equation E = A x B/100.  Significant differences based on a paired t-test between observed and expected 
values are in bold.  
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Table 3.4: Fruit yield of tomato plants receiving simulated bromoxynil spray drift either alone or followed by an in-crop metribuzin application in 

Ridgetown, ON 2008-2010 

Treatment Rate Yieldbc 

  Red Green Red + Green 
  Observed Expected Observed Expected Observed Expected 
 g ai ha-1 T ha-1 

Untreated check  71 a  8   c  79 a  
Bromoxynil 8.5 71 a  8   c  79 a  
Bromoxynil 17 66 ab  9   c  77 a  
Bromoxynil 34 64 ab  9   c  74 a  
Bromoxynil 68 50 c  13 b  67 b  
Metribuzin 250 64 ab  8   c  73 a  
Bromoxynil fba metribuzin 8.5 fb 250 65 ab 66  10 bc 9  76 a 76  
Bromoxynil fb metribuzin  17 fb 250 62 b 63  11 bc 9  74 a 73  
Bromoxynil fb metribuzin 34 fb 250 58 bc 60  14 b 9  74 a 70  

Bromoxynil fb metribuzin 68 fb 250 36 d 50  19 a 14  61 b 63  
aAbbreviation: fb, followed by. 
bMeans followed by the same letter in each column are not significantly different according to Fisher’s protected LSD test, P<0.05. 
cYield data, observed and expected, required an arcsine square root transformation; the data reported in table is back-transformed. 
Expected responses based on Colby’s equation E = A x B/100.  Significant differences based on a paired t-test between observed and expected 
values are in bold.
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 While visible injury was greater when bromoxynil was followed by metribuzin, compared to the 

corresponding bromoxynil alone treatment, this trend did not persist across remaining rating 

parameters, such as dry biomass or yield.  However, when metribuzin was applied following bromoxynil 

drift there tended to be increased injury compared to bromoxynil only treatments.  For instance, 

tomatoes sprayed with the three lowest drift rates of bromoxynil alone had similar red yields to the 

control.  In contrast, only the lowest bromoxynil rate followed by metribuzin had a red yield comparable 

to the control, while tomato red yield was reduced with the three higher rates of bromoxynil (Table 3.4).  

Producers could expect up to a 49% yield reduction when a 20% field dose of bromoxynil is followed by 

an in-crop metribuzin application, but only a 30% reduction if the drift rate alone occurred.  The 

application of metribuzin three to five days following a 20% bromoxynil field dose not only increased 

tomato damage but caused a synergistic interaction that persisted until harvest.  The synergistic 

interaction, with respect to visible injury ratings and green yield, and the matching antagonistic 

interaction, with respect to dry weights, flower counts at 14 DAT-B, fruit counts at 28 DAT-B, and red 

tomato yields indicate the possibility of herbicide interactions even when mixture components are 

applied separately, up to five days apart.  This finding could increase the complexity of determining 

projected damage caused by a spray drift incident.  Although cumulative herbicide injury was identified 

with the 68 g ha-1 bromoxynil followed by metribuzin treatment, a primarily additive interaction was 

associated with the lower bromoxynil drift rates of 8.5, 17, and 34 g ha-1 followed by metribuzin, despite 

transient synergistic interactions for some visible injury ratings.   

 Despite the cumulative herbicide interaction identified, damage resulting from bromoxynil spray 

drift appears to be less insidious than that of glyphosate in processing tomato.  Kruger et al. (2012) and 

this thesis (Chapter 2.0) both documented at least a 23% yield reduction when a 2.5% field dose, or 

lower, of glyphosate was applied, even though little visual injury was observed.  Conversely, in this study 

only tomatoes sprayed with 68 g ha-1 bromoxynil alone, 20% of a field dose, reduced red tomato yields 
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compared to the control.  Bromoxynil doses of 2.5, 5, and 10% of a field rate did not reduce red yields, a 

finding mirrored by relatively low 28 DAT-B injury ratings. 
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4.0 EFFECT OF MOISTURE-LIMITING CONDITIONS ON UPTAKE AND TRANSLOCATION OF GLYPHOSATE 

DRIFT RATES ON PROCESSING TOMATO  

4.1 Abstract.  Growth room/greenhouse experiments were conducted to identify possible cumulative 

herbicide interactions when simulated glyphosate drift rates were followed by an in-crop metribuzin 

application three days later in processing tomatoes grown under moisture-limiting and moisture-non-

limiting conditions.  Tomatoes were treated with 45 and 90 g ae ha-1 [14C] glyphosate alone and followed 

by metribuzin under moisture-limiting and non-limiting conditions to determine if glyphosate absorption 

and translocation were affected by the metribuzin application or drought-stress.  Growth 

room/greenhouse trials, independent from the radiolabelling aspect of the research, indicated that a 

transient synergistic interaction could be expected at the 7 days after metribuzin (DAT-B) rating when 

22.5 g ha-1 glyphosate was followed by 250 g ai ha-1 metribuzin in the moisture-limiting environment. By 

14 DAT-B, visible injury and height interactions were additive.  Examination of the radiolabeled data 

indicated a temporary increase in percentage of applied 14C absorbed by plants and retained in the 

treated leaf 24 hours after metribuzin (HAT-B) application for plants treated with 45 g ha-1 glyphosate 

followed by metribuzin compared to those treated with glyphosate alone, under moisture-limiting 

conditions.  However, by 96 HAT-B there were no differences; supporting the possibility of transient 

synergism.  Visible injury was greatest across glyphosate drift rates for tomatoes grown with adequate 

moisture in growth room experiments.  At 6 HAT-B, plants treated with 45 and 90 g ha-1 glyphosate had 

absorbed 13.1% and 5.3%, respectively, of applied 14C in the moisture-limited environment compared to 

25% and 9.9%, respectively, in the moisture-non-limited environment, which supports the observation 

of increased glyphosate injury in non-stressed plants.  Also, a spike in 14C absorption was observed at 24 

HAT-B for plants treated with 45 g ha-1 glyphosate alone and followed by metribuzin and 90 g ha-1 

glyphosate only in the drought-stressed environment.  The spike corresponded to the first plant 

watering following metribuzin application, suggesting that if drought conditions are removed stressed 
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plants may be able to absorb additional glyphosate days after the drift event, potentially influencing 

producers’ management decisions following drift with respect to irrigation or replanting. 

4.2 Introduction.  Glyphosate is a foliar applied, non-selective herbicide routinely used in agriculture as 

a field burn-down treatment or for weed control in glyphosate-resistant crops.  The herbicide inhibits 5-

enolpyruvylshikimate-3-phosphate (EPSP) synthase (Steinrücken and Amrhein 1980), which is a key 

enzyme in the shikimate pathway, required for the synthesis of aromatic amino acids in plants (Franz et 

al. 1997).  Producers reliance on glyphosate has drastically increased from its introduction in the early 

1970’s.  The Environmental Protection Agency (EPA) reported that between 38.5 and 40.8 million kg of 

glyphosate was used in the United States in 2001; by 2007 glyphosate usage had grown to between 81.6 

and 83.9 million kg (Grube et al. 2011).  As with any herbicide, incidences of drift can occur.  The level of 

crop injury is influenced by drift dose, weather conditions, and the sensitivity of the crop.  Research on 

glyphosate drift on tomato (Solanum lycopersicum L.) found that drift rates of 2.5% or less of a 

glyphosate field dose decreased tomato yield by up to 25% (Kruger et al. 2012; thesis Chapter 2.0).  In a 

high value crop such as Ontario processing tomatoes, a 25% yield reduction equates to a greater than 

$2,000 per hectare loss, depending on individual contracts (OPVG 2012).  Therefore, it is critical that 

agronomists make an informed decision as to the necessity of replanting tomato fields which have been 

injured due to glyphosate drift.   In order to do so, information about the extent of the spray drift, crop 

health, in-crop herbicide applications, and environmental conditions bracketing the drift event are 

important. 

 Environmental conditions, such as temperature, humidity, and moisture as well as nutrient 

availability can affect the absorption and translocation of glyphosate within a plant (Devine et al. 1983; 

Franz et al. 1997; Mithila et al. 2008; Waldecker and Wyse 1985), potentially increasing the injury 

caused by the herbicide.  Franz et al. (1997) also reported that plant species, glyphosate concentration, 

and adjuvant used in the formulation affect absorption and translocation.  Field rates of glyphosate 
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applied to common milkweed (Asclepias syriaca L.) with adequate moisture resulted in 44% glyphosate 

absorption, 20% of which was translocated; when glyphosate was applied under moisture-limited 

conditions only 29% of applied glyphosate was absorbed and 7% translocated (Waldecker and Wyse 

1985).  In weed control situations this difference in absorption and translocation can mean the 

difference between a weed escape or control; after a glyphosate spray drift event it could mean the 

difference between leaving or replanting the crop.  The degree of observed tomato injury following a 

simulated glyphosate drift field application varied between experiments; the primary difference 

between these experiments was the timing of a drought-ending rainfall event relative to glyphosate 

application (personal observation).  Based on these observations, it was hypothesized that the 

absorption and translocation of sub-lethal doses of glyphosate differ under moisture-limiting and –non-

limiting conditions.  Experiments were carried out under growth room /greenhouse conditions to 

determine the extent of tomato plant injury at various simulated glyphosate spray drift rates under 

adequate and limited moisture regimes. Plants were treated with simulated spray drift rates of 

glyphosate alone and glyphosate followed by (fb) metribuzin to identify potential synergistic interactions 

between the glyphosate and an in-crop application of metribuzin. In separate experiments radiolabeled 

glyphosate was applied, either alone or prior to metribuzin, under the two moisture regimes to identify 

possible differences in glyphosate absorption and translocation in tomato.  These trials could aid 

agronomists in their decision to replant or leave tomato fields which are exposed to glyphosate drift. 

 

4.3 Materials and Methods. 

4.3.1 Growth Room and Greenhouse Experiments.  Four trials were conducted from 2010 to 2011 to 

identify differential tomato responses to glyphosate drift rates applied alone or followed by metribuzin 

under moisture-limiting (D) and non-limiting conditions (M).  Three growth room and one greenhouse 
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experiment were performed.  Pelletized ‘H9909’ tomato seed (H.J. Heinz Company of Canada Ltd., Erie 

St. S., Leamington, ON, Canada, N8H 3W8) was planted into 200 cell trays filled with BM2 soilless mix 

(Les Tourbières Berger Ltee., 121, 1er Rang, Saint-Modeste, QC, Canada, G0L 3W0).  Tomato seed were 

allowed to germinate in the dark.  Once seed germinated, trays were placed in either a growth room or 

greenhouse for the remainder of the trial.  Growth rooms had a 16 hour photoperiod and a 24/20 (± 1) C 

day/night temperature.  Light intensity and humidity were maintained at 320 μmol m-2 s-1 and 45% (± 

5%), respectively.  Greenhouse illumination and humidity were natural.  The photoperiod was 

approximately 16 hour with the venting system programmed to open and close vents at 30 and 20 C, 

respectively.  A shade curtain was used for the duration of the experiment.  Tomato seedlings were 

transplanted to 10 cm diameter plastic pots filled with BM2 soilless mix at the 2 to 3 leaf stage at a 

planting density of one plant per pot.  Once transplanted, plants grown under moisture-limited 

conditions did not receive water unless they became extremely flaccid, at which point 5 ml of water was 

applied to the soil surface using a syringe.  In all experimental trials, moisture-limited plants were only 

watered once prior to herbicide application.  Treatments which were not limited by moisture were 

placed in trays and had constant access to water.   

 

4.3.2 Growth Room/Greenhouse Experimental Design.  Trials had six replicates and were designed as a 

randomized complete block (RCB).  Three simulated glyphosate (RoundUp Weathermax® 540 SN, 

Monsanto Canada Inc., 6-130 Research Lane, Guelph, ON, Canada N1G 5G3) drift rates of 22.5, 45, and 

90 g ae ha-1 were applied, corresponding to 2.5%, 5%, and 10% of the recommended Ontario field dose, 

respectively.  Glyphosate drift rates were applied to tomato seedlings once the majority of plants had 

reached the 4 leaf stage.  An in-crop application of metribuzin (Sencor® 75 DF, Bayer CropScience Inc., 5-

160 Research Lane, Guelph, ON, N1G 5B2) at 250 g ha-1 was applied three days after the simulated 

glyphosate drift application.  For each moisture regimen, moisture-limiting and -non-limiting, treatments 
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included an untreated check, metribuzin at 250 g ha-1, the three simulated glyphosate drift rates alone, 

and the three drift rates followed by (fb) metribuzin, for a total of 16 treatments.  In two of the growth 

room experiments treatments receiving 45 g ha-1 glyphosate either alone or followed by metribuzin 

were eliminated due to lack of space, reducing treatment number to 12.  A motorized, one nozzle spray 

chamber with a TeeJet 8002XR nozzle (TeeJet® 8002XR nozzle, Spraying Systems Co., North Ave., 

Wheaton, IL, 60187) was used to apply growth room trial herbicides at 276 kPa and an output of 200 L 

ha-1.  The greenhouse trial was sprayed outdoors using a back-pack CO2-pressurized sprayer (R&D CO2 

pressurized sprayer, 419 Hwy. 104, Opelousas, LA 70570) with Hypro Ultra-Lo Drift 120-02 nozzles 

(Hypro® ULD 120-02 nozzle, 375 5th Ave. NW, New Brighton, MN 55112) at 207 kPa and an output of 200 

L ha-1.  Planting, emergence, and spray dates can be found in Table 4.1. 

 

Table 4.1:  Planting and spray dates of trial locations for cumulative herbicide stress in tomato under 

moisture-limited and –non-limited conditions. 

Trial Location Treatment 

Number 

Planting 

Date 

Emergence 

Date 

Transplant 

Date 

Glyphosate 

Spray Date 

Metribuzin 

Spray Date 

1 Greenhouse 16 June 13, 

2010 

June 19, 

2010 

June 28, 

2010 

July 5, 

2010 

July 8, 

2010 

2 Growth Room 16 February 

17, 2010 

February 

25, 2010 

March 10, 

2010 

March 14, 

2010 

March 17, 

2010 

3 Growth Room 12 September 

29, 2010 

October 4, 

2010 

October 

11, 2010 

October 

20, 2010 

October 

23, 2010 

4 Growth Room 12 January 3, 

2011 

January 9, 

2011 

January 

17, 2011 

January 29, 

2011 

February 

1, 2011 

 

  



- 49 - 
 

4.3.3 Growth Room/Greenhouse Data Collection.  Tomato visible injury and height were evaluated 7, 14, 

21, and 28 days after metribuzin application (DAT-B).  Injury was rated on a 0 to 100% scale where 0% 

indicated no visible plant injury and 100% indicated complete plant death.  Date of flower and fruit 

initiation was recorded for each plant.  For analysis, flower and fruit initiation dates were converted into 

a rank; the earliest flowering treatment received a value of 1, any plant flowering the following day 

received a value of 2 and so on.  If a treatment did not flower prior to the completion of the trial, it 

received a ranking of 30.  Plants were harvested at 28 DAT-B.  Fresh and dry plant biomasses were 

recorded for above (shoot) and below (root) ground plant material.   

 

4.3.4 Glyphosate Uptake and Translocation Experiments.  Radiolabeled glyphosate (Amersham Life 

Science, U.K.) was used for uptake and translocation experiments.  The specific activity of [14C] 

glyphosate was 2.0 GBq mmol-1 with a radiochemical purity of >96%.  The glyphosate drift rates used for 

this experiment, 45 and 90 g ha-1, were the same as those examined in the growth room/greenhouse 

component of this study and were also previously examined during field studies (refer to Chapter 2.0).  

Tomato plants were grown in growth rooms using the same conditions outlined previously.  Plants were 

treated at the four-leaf stage with either glyphosate alone or glyphosate followed by metribuzin 3 days 

later to determine if metribuzin altered glyphosate uptake or translocation.  Also, the experiment 

consisted of two runs; for the first run tomato plants had constant access to bottom-fed water and for 

the second run plants were kept in moisture-limiting conditions until approximately 24 hours after 

metribuzin treatment when 5 ml of water was applied to the soil surface with a syringe.  Prior to 

treatment with [14C] glyphosate, plants were treated with either 45 or 90 g ha-1 glyphosate (RoundUp 

Original® 356 SN, Monsanto Canada Inc., 6-130 Research Lane, Guelph, ON, Canada N1G 5G3).  [14C] 

glyphosate was dissolved in distilled water and a total of 3,333 Bq, applied in 10, 1 μl aliquots, was 

applied to the third leaf of each plant.  Aliquots were applied using a 10 μl Wiretrol micropipet 
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(Drummond Scientific Company, 500 Parkway, Broomall, PA 19008), avoiding the midrib.  Glyphosate 

alone and glyphosate followed by metribuzin treated plants were harvested 6, 24, and 48 hours after 

metribuzin application (HAT-B) for both runs.  Also, at 72 and 96 HAT-B, plants treated with glyphosate 

followed by metribuzin were harvested in run 1 and plants treated with both glyphosate alone and 

followed by metribuzin were harvested in run 2.  There were four replications for each treatment at all 

harvest times and runs.  At harvest, plants were excised into treated leaf (TL), foliage above (AL) and 

below treated leaf (BL), and roots.  [14C] glyphosate not absorbed by the plant was determined by rinsing 

the treated leaf twice with a 10 ml foliar rinse treatment consisting of a 10% (v/v) ethanol and 0.5% (v/v) 

Tween 20 solution.  The treated leaf rinsate was collected in two, 22 ml scintillation vials and 5 ml of 

Ecolite (+) (MP Biomedicals, formally ICN Biomedicals Inc., 29525 Fountain Parkway, Solon, OH 44139) 

scintillation cocktail added to each.  Radioactivity was determined by liquid scintillation spectrometry 

using a Beckman LS 6500 scintillation counter (Beckman Instruments Inc., 2500 Harbor Blvd., Fullerton, 

CA 92634).  After harvest, plant parts were wrapped in Kimwipes (Kimberly-Clark Inc., 1400 Holcomb 

Bridge Rd., Rosewell, GA, 30076) and dried for 48 hr at 60 C.  An OX-300 oxidizer (R.J. Harvey Instrument 

Corp., 11 Jane St., Tappan, NY 10983) was used to combust dried plant tissue and collect 14CO2 to 

quantify the radioactivity in each plant sample.  14CO2 was trapped in carbon-14 scintillation cocktail and 

measured using the scintillation counter.  14CO2 recovery was > 95%. 

 

4.3.5 Statistical Analysis.  The MIXED procedure in SAS 9.2 (SAS, SAS Institute Inc., 100 SAS Campus 

Drive, Cary, NC 27513) was used to compare individual treatment means for each dependent variable 

for both the growth room/greenhouse and uptake/translocation trials.  Growth room/greenhouse trials 

were combined since there was no significant trial by treatment interaction.  Differences between 

treatments were compared using a Fisher’s protected LSD Test (P ≤ 0.05).  Data were transformed when 

required to satisfy normality assumptions.  An arcsine square root transformation was required for the 
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analysis of injury, fresh shoot and root biomass, and all radioactivity data.  A logarithmic transformation 

was required to normalize flower and fruit initiation rankings, as well as shoot and root dry biomass 

data.  No transformation was required for tomato height data.  Data were back-transformed for the 

purpose of reporting and radioactivity data was expressed as a percentage of 14CO2 recovered.  

Contrasts were constructed to compare moisture-limited treatments (D) to moisture-non-limited (M) 

treatments from greenhouse and growth room studies as well as between glyphosate only and 

glyphosate followed by metribuzin treatments for each harvest time and tissue sample from the 

radioactivity study.  All contrasts were significant at P ≤ 0.05.  Expected values for parameters collected 

during the growth room/greenhouse experiments were calculated using Colby’s Model (1967)   

                                                                                                                                                                      

where E = percent (%) expected response with respect to the untreated check, A = % response of 

glyphosate at rate x, and B = % response of metribuzin at 250 g ha-1.  A Student’s paired t-test was used 

to identify herbicide interactions by comparing the calculated expected value of a rating parameter to 

the observed.  A herbicide interaction was defined as synergistic if the observed rating value was greater 

than the calculated expected value, based on the Student’s paired t-test.  Additive responses were 

identified as those where the observed value was equal to the expected value and antagonistic 

responses were those where the observed value was less than the expected value. 

 

4.4 Results and Discussion. 

4.4.1 Growth Room/Greenhouse.  Injury symptoms observed at all rating dates were consistent with 

glyphosate injury; chlorosis at the base of new leaflets and distorted new growth with leaf cupping and 

formation of smaller leaflets.  Occasionally, necrotic leaf margins were observed on older leaves, which 

was attributed to metribuzin injury.  Metribuzin injury was normally transient.  For all visible injury 
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rating dates there was no difference between moisture-limited and moisture-non-limited untreated 

controls and the D and M metribuzin only injury ratings.  Regardless of moisture environment, injury 

ratings generally increased with increasing glyphosate rate at 7, 14, 21, and 28   DAT-B (Table 4.2).  By 28 

DAT-B visible injury ratings for glyphosate only treatments ranged from 3 to 15% for the D environment 

and 7 to 31% for the M environment.  In almost all instances, the application of an in-crop metribuzin 

rate following a glyphosate drift rate did not affect the extent of glyphosate injury.  Only the 22.5 g ha-1 

glyphosate followed by metribuzin treatment, at 7 DAT-B in the D environment, had greater injury than 

the respective glyphosate only treatment (Table 4.2).  At all other rating dates, within a similar 

environment, the application of metribuzin following a glyphosate drift rate did not increase injury 

compared to respective glyphosate alone treatments. Colby’s equation was used to identify a possible 

herbicide interaction when glyphosate was followed by metribuzin.  As expected, the only synergistic 

interaction identified was for the D environment, 22.5 g ha-1 glyphosate followed by metribuzin 

treatment; 2% visible injury was expected at the 7 DAT-B rating but 5% injury was observed (P=0.0105) 

(data not shown).  The synergism was transient; by the 14 DAT-B rating Colby’s equation identified the 

interaction as additive.  This finding was consistent with the simulated glyphosate field drift trials 

previously discussed in Chapter 2.0, where a transient synergistic interaction was identified when 22.5 g 

ha-1 glyphosate was followed by a 250 g ha-1 metribuzin application in processing tomato.  Although all 

interactions were additive in the M environment, the moisture environment did affect visible injury 

ratings across all four rating dates.  Glyphosate injury symptoms were more severe in the M 

environment; the P values for contrasts between D and M environment treatments were 0.0017, 

<0.0001, <0.0001, and 0.0012 respectively for the 7, 14, 21, and 28 DAT-B ratings.  The increased 

glyphosate injury observed when tomato plants receive adequate water is in agreement with previous 

studies (Franz et al. 1997; Lassiter et al. 2007; McWhorter and Azlin 1978; Waldecker and Wyse 1985). 
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Table 4.2. Tomato injury with simulated glyphosate spray drift either alone or followed by an in-crop 

metribuzin application in growth rooms (Guelph, ON 2010-2011) and greenhouse (Ridgetown, ON 2010) 

under moisture-limited (D) and moisture-non-limited (M) conditions 

 

Treatment Rate Moisture Injuryab 
   7 DAT-B 14 DAT-B 21 DAT-B 28 DAT-B 
 g ae/ai ha-1  % 

Untreated check  D 0   h 0   h 0   e 0   g 
Glyphosate 22.5 D 1   fgh 4   efg 2   de 3   efg 
Glyphosate 45 D 6   cde 5   def 5   bcd 4   defg 
Glyphosate 90 D 10 bc 8   bcde 11 b 15 bc 
Metribuzin 250 D 0   gh 1   gh 1   de 0   fg 
Glyphosate fb 
metribuzin 

22.5 fb 250 D 5   cde 4   ef 4   cd 5   de 

Glyphosate fb 
metribuzin 

45 fb 250 D 2   efg 2   fgh 1   de 5   def 

Glyphosate fb 
metribuzin 

90 fb 250 D 10 bc 11 bcd 11 bc 12 cd 

Untreated check  M 0   h 0   h 0   e 0   g 
Glyphosate 22.5 M 4   def 7   cde 9   bc 7   cde 
Glyphosate 45 M 8   cd 15 abc 14 b 13 cd 
Glyphosate 90 M 16 ab 26 a 29 a 31 a 
Metribuzin 250 M 1   gh 0   h 0   e 0   fg 
Glyphosate fb 
metribuzin 

22.5 fb 250 M 5   cde 10 bcd 8   bc 10 cde 

Glyphosate fb 
metribuzin 

45 fb 250 M 11 abc 16 ab 9   bc 12 cde 

Glyphosate fb 
metribuzin 

90 fb 250 M 18 a 22 a 27 a 29 ab 

Abbreviations: D=plants grown in a moisture-limiting environment; M=plants grown with sufficient 
water; fb=followed by; DAT-B=days after metribuzin treatment. 
aMeans followed by the same letter in each column are not significantly different according to Fisher’s 
protected LSD test, P<0.05. 
bInjury data required an arcsine square root transformation; the data reported in table are back-
transformed.  
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 Consistent with visible injury ratings, there was no difference in plant height at 7, 14, 21, or 28 

DAT-B between the untreated check and metribuzin only treatment within either moisture regime.    

Similarly, the application of 250 g ha-1 metribuzin 3 days after a glyphosate drift rate did not affect plant 

height compared to the equivalent glyphosate drift rate alone for either the D or M environment (Table 

4.3).  Based on Colby’s equation a transient antagonistic interaction was identified for the 7 DAT-B 

height rating when 22.5 g ha-1 glyphosate was followed by metribuzin, for the D environment (a height 

of 11.6 cm was expected but a height of 10.3 cm was observed; P=0.0270) (data not shown).  The 

antagonistic interaction was equivalent to the synergistic interaction noted at the same rating time for 

visible injury.  Despite increased visible glyphosate injury in the M environment, tomato plants were 

taller at the 7, 14, and 21 DAT-B rating in the M environment, based on contrasts (P<0.0001, P<0.0001, 

and P=0.0041, respectively).  There was no difference in plant height between M and D environment 

treatments by the 28 DAT-B rating (Table 4.3), however this finding was likely due to the plants being 

root-bound in the pots.  By the 28 DAT-B rating the larger M environment tomato plants growth was 

restricted by the 10 cm diameter pots, while the D environment plants continued to grow thus masking 

the expected difference in plant height between environments at 28 DAT-B. 

 Overall, tomato plants began flowering earlier in the M environment (P<0.0001, for contrast 

between D and M environment treatments) however, by plant harvest at 28 DAT-B, virtually every plant 

in the study had initiated flowering.  Within the M environment any treatment sprayed with 90 g ha-1 

glyphosate, either alone or followed by metribuzin, began flowering, on average, one week later than 

the untreated check (Table 4.4).  Within the D environment a similar trend was observed, but the results 

were not significant.  There was no difference in fruit set initiation dates between M and D 

environments, based on contrasts (P=0.2307).  However, not all plants within the study had begun to set 

fruit at harvest.  Within the M environment, the application of glyphosate clearly affected the date of   
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Table 4.3. Tomato height with simulated glyphosate spray drift either alone or followed by an in-crop 

metribuzin application in growth rooms (Guelph, ON 2010-2011) and greenhouse (Ridgetown, ON 2010) 

under moisture-limited (D) and moisture-non-limited (M) conditions 

 

Treatment Rate Moisture Heighta 
   7 DAT-B 14 DAT-B 21 DAT-B 28 DAT-B 
 g ae/ai ha-1  cm 

Untreated check  D 10.8 c 15.5 de 23.1 c 30.8 a 
Glyphosate 22.5 D 11.1 c 16.0 cde 23.7 abc 29.4 a 
Glyphosate 45 D 12.3 bc 18.0 abcde 24.4 abc 27.3 a 
Glyphosate 90 D 10.3 c 15.5 de 23.0 c 29.7 a  
Metribuzin 250 D 11.3 c 15.8 de 23.3 bc 30.0 a 
Glyphosate fb 
metribuzin 

22.5 fb 250 D 10.3 c 15.2 e 22.7 c 31.0 a 

Glyphosate fb 
metribuzin 

45 fb 250 D 12.0 bc 17.4 abcde 23.9 abc 29.5 a 

Glyphosate fb 
metribuzin 

90 fb 250 D 11.1 c 16.1 bcde 24.0 abc 30.1 a 

Untreated check  M 14.3 ab 18.8 abc 26.3 abc 29.4 a 
Glyphosate 22.5 M 15.1 a 20.2 a 26.8 ab 29.6 a 
Glyphosate 45 M 14.3 ab 19.2 ab 24.8 abc 30.2 a 
Glyphosate 90 M 14.4 ab 17.9 abcde 24.9 abc 31.3 a 
Metribuzin 250 M 13.7 ab 18.1 abcd 25.3 abc 28.4 a 
Glyphosate fb 
metribuzin 

22.5 fb 250 M 14.2 ab 19.2 a 27.3 a 31.5 a 

Glyphosate fb 
metribuzin 

45 fb 250 M 12.9 ab 19.0 abc 25.2 abc 30.1 a 

Glyphosate fb 
metribuzin 

90 fb 250 M 13.5 ab 18.1 abcd 24.3 abc 31.1 a 

Abbreviations: D=plants grown in a moisture-limiting environment; M=plants grown with sufficient 
water; fb=followed by; DAT-B=days after metribuzin treatment. 
aMeans followed by the same letter in each column are not significantly different according to Fisher’s 
protected LSD test, P<0.05. 
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Table 4.4. Tomato flower and fruit initiation date rankings with simulated glyphosate spray drift either 

alone or followed by an in-crop metribuzin application in growth rooms (Guelph, ON 2010-2011) and 

greenhouse (Ridgetown, ON 2010) under moisture-limited (D) and moisture-non-limited (M) conditions  

 

Treatment Rate Moisture Flower Initiationab Fruit Initiationab 
 g ae/ai ha-1    

Untreated check  D 10 ab 9   abcd 
Glyphosate 22.5 D 9 ab 8   abcd 
Glyphosate 45 D 9 ab 7   cde 
Glyphosate 90 D 13 a 14 ab 
Metribuzin 250 D 10 ab 10 abcd 
Glyphosate fb 
metribuzin 

22.5 fb 250 D 11 ab 11 abcd 

Glyphosate fb 
metribuzin 

45 fb 250 D 9 ab 12 abcd 

Glyphosate fb 
metribuzin 

90 fb 250 D 13 a 17 a 

Untreated check  M 4   c 3   e 
Glyphosate 22.5 M 4   c 8   bcd 
Glyphosate 45 M 6   bc 13 abc 
Glyphosate 90 M 11 ab 15 ab 
Metribuzin 250 M 6   bc 5   de 
Glyphosate fb 
metribuzin 

22.5 fb 250 M 4   c 10 abcd 

Glyphosate fb 
metribuzin 

45 fb 250 M 6   bc 10 abcd 

Glyphosate fb 
metribuzin 

90 fb 250 M 11 ab 15 ab 

Abbreviations: D=plants grown in a moisture-limiting environment; M=plants grown with sufficient 
water; fb=followed by; DAT-B=days after metribuzin treatment. 
aMeans followed by the same letter in each column are not significantly different according to Fisher’s 
protected LSD test, P<0.05. 
bFlower and fruit initiation data required a logarithmic+1 transformation; the data reported in table are 
back-transformed.  Flower and fruit initiation dates represented numerically in Table.  Plants which 
initiated either flowers or fruit on the earliest date received a value of one, plants that 
flowered/produced fruit the next day received a value of 2 and so on.  Any plants which had not 
flowered or produced fruit by the 28 DAT-B harvest received a value of 30.  
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fruit set; all glyphosate treatments, either alone or followed by metribuzin, set fruit later than the 

untreated control.  Fruit initiation delay ranged from 5 to 12 days on average, depending on glyphosate 

rate (Table 4.4).  The delay in fruit set following glyphosate application, despite the observation of 

flower initiation, was not unexpected.  Incidents of glyphosate spray drift on tomato can cause flower 

abortion (Gilreath et al. 2000b; Romanowski 1980).  Similar to flower initiation data, there was no 

difference between fruit set initiation dates of the untreated control and any glyphosate drift rate in the 

dry environment. 

 The application of 90 g ha-1 glyphosate either alone or followed by metribuzin reduced dry 

tomato shoot biomass by 28% and 31% respectively, compared to the untreated control in the M 

environment.  A similar reduction was observed for fresh shoot biomass in the M environment (Table 

4.5).  There was no difference in either fresh or dry shoot biomass among any D environment 

treatments.  Unexpectedly, there were no differences for fresh or dry root biomass among treatments, 

regardless of moisture regime.  An earlier biomass rating, prior to plants becoming root-bound, may 

have increased the probability of detecting differences among treatments.  However, there was a trend 

towards decreased fresh and dry root biomass accumulation as glyphosate drift rates increased within 

the M environment, similar to the one observed for shoot biomass data (Table 4.5).  Based on height 

data, biomass accumulation was expected to be greater across treatments, for the M environment, 

however there was no difference between M and D environment contrasts for any biomass rating.  The 

lack of response was likely due to the root-bound nature of the tomato plants at 28 DAT-B. 

 

4.4.2 Glyphosate Uptake and Translocation.  At the 24 HAT-B harvest interval, there was an increase in 

14C absorption in the D environment for plants sprayed with 45 g ha-1 glyphosate alone and followed by 

metribuzin (Table 4.6) and for plants sprayed with 90 g ha-1 glyphosate alone (Table 4.7).  The increase in 

absorption corresponded to the first substantial watering of plants kept under moisture-limiting  
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Table 4.5:  Fresh and dry biomasses for tomato shoot and root tissues with simulated glyphosate spray 

drift either alone or followed by an in-crop metribuzin application in growth rooms (Guelph, ON 2010-

2011) and greenhouse (Ridgetown, ON 2010) under moisture-limited (D) and moisture-non-limited (M) 

conditions 

 

Treatment Rate Moisture Biomassa 
   Shoot Root 

   Freshb Dryc Freshb Dryc 

 g ae/ai ha-1  g 

Untreated check  D 46.2 ab 5.98 abcd 12.9 a 1.19 a 
Glyphosate 22.5 D 47.0 ab 6.18 abcd 12.8 a 1.14 a 
Glyphosate 45 D 50.4 ab 6.74 abcd 14.9 a 1.28 a 
Glyphosate 90 D 44.3 b 5.99 abcd 13.2 a 1.17 a 
Metribuzin 250 D 45.3 ab 5.95 bcd 14.7 a 1.20 a 
Glyphosate fb 
metribuzin 

22.5 fb 250 D 46.5 ab 6.22 abcd 14.2 a 1.19 a 

Glyphosate fb 
metribuzin 

45 fb 250 D 50.2 ab 6.58 abcd 14.2 a 1.33 a 

Glyphosate fb 
metribuzin 

90 fb 250 D 46.7 ab 6.29 abcd 12.8 a 1.20 a 

Untreated check  M 59.1 a 7.57 ab 15.2 a 1.40 a 
Glyphosate 22.5 M 56.1 ab 7.64 a 17.8 a 1.58 a 
Glyphosate 45 M 51.9 ab 6.55 abcd 15.9 a 1.37 a 
Glyphosate 90 M 44.3 b 5.44 cd 14.3 a 1.25 a 
Metribuzin 250 M 53.9 ab 7.49 ab 16.5 a 1.49 a 
Glyphosate fb 
metribuzin 

22.5 fb 250 M 53.6 ab 7.19 abc 16.8 a 1.57 a 

Glyphosate fb 
metribuzin 

45 fb 250 M 52.5 ab 7.00 abcd 15.0 a 1.34 a 

Glyphosate fb 
metribuzin 

90 fb 250 M 43.9 b 5.20 d 13.0 a 1.19 a 

Abbreviations: D=plants grown in a moisture-limiting environment; M=plants grown with sufficient 
water; fb=followed by; DAT-B=days after metribuzin treatment. 
aMeans followed by the same letter in each column are not significantly different according to Fisher’s 
protected LSD test, P<0.05. 
bFresh biomass data required an arcsine square root transformation; the data reported in table are 
back-transformed. 
cDry biomass data required a logarithmic+1 transformation; the data reported in table are back-
transformed.  



- 59 - 
 

Table 4.6:  Distribution of radioactivity expressed as percentage of recovered 14C in tomato plants sprayed with 45 g ae ha-1 [14C]glyphosate or 45 

g ae ha-1 [14C]glyphosate followed by metribuzin and grown under moisture-limiting conditions 

 

 % Distribution of [14C] recoveredc 

 Harvest time (HAT-B) 

Plant part Herbicide Treatment 6 24 48 72 96 
  % 

Leaf rinse (% not absorbed) Glyphosate 86.9   78.7b  82.5  89.0  85.1  
 Glyphosate fb metribuzin 91.9  64.5b  75.9  86.3  88.2  
Total absorbed by plant Glyphosate 13.1  21.3b  17.5  11.0  14.9  
 Glyphosate fb metribuzin   8.1  35.5b  24.1  13.7  11.8  
Treated Leaf Glyphosate   5.1    7.7b    8.6   4.1    4.7  
 Glyphosate fb metribuzin   3.7  22.7b    8.6    4.7    3.6  
Total translocated by plant Glyphosate   7.9  13.2    8.6b    6.9  10.1  
 Glyphosate fb metribuzin   4.3  12.5  15.2b    9.0    8.2  
Above treated leaf Glyphosate   1.6    3.6    2.9    1.0    2.6  
 Glyphosate fb metribuzin   0.5    4.0     4.6    2.0    1.5  
Below treated leaf Glyphosate   2.0    4.1    3.3    2.0    3.0  
 Glyphosate fb metribuzin   2.3    6.3    3.9    2.6    1.8  
Roots Glyphosate   4.2b    5.2b   2.3b    3.8    4.5  
 Glyphosate fb metribuzin   1.4b    1.3b    6.5b    4.2    4.7  
aAbbreviations: fb=followed by; HAT-B=hours after metribuzin treatment. 
bIndicates significant differences between glyphosate only and glyphosate fb metribuzin treatment contrasts within a plant part at time of 
harvest. 
cData required an arcsine square root transformation; the data reported in table are back-transformed. 
14CO2 recovery was > 95% which corresponds to > 42.8 g ae ha-1 of applied glyphosate recovered. 
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Figure 4.1: [14C]Glyphosate absorbed by tomato plant over time following applications of either 45 g ae ha-1 glyphosate or 45 g ae ha-1 glyphosate fb 

metribuzin applied under moisture-limiting (D) or –non-limiting condition (M).  ‘*’ represents a difference between the glyphosate only and 

glyphosate fb metribuzin treatments for that sampling time (P≤0.05); ‘fb’ = followed by. 
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Figure 4.2: [14C]Glyphosate translocated by tomato plant over time following applications of either 45 g ae ha-1 glyphosate or 45 g ae ha-1 glyphosate fb 

metribuzin applied under moisture-limiting (D) or –non-limiting condition (M).  ‘*’ represents a difference between the glyphosate only and 

glyphosate fb metribuzin treatments for that sampling time (P≤0.05); ‘fb’ = followed by. 
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Table 4.7:  Distribution of radioactivity expressed as percentage of recovered 14C in tomato plants sprayed with 90 g ae ha-1 [14C]glyphosate or 90 

g ae ha-1 [14C]glyphosate followed by metribuzin and grown under moisture-limiting conditions 

 

 % Distribution of [14C] recoveredc 

 Harvest time (HAT-B) 

Plant part Herbicide Treatment 6 24 48 72 96 
  % 

Leaf rinse (% not absorbed) Glyphosate 94.7b 70.5  74.7b  62.8b  72.9  
 Glyphosate fb metribuzin 78.7b  83.7  88.6b  84.1b  82.0  
Total absorbed by plant Glyphosate   5.3b  29.5b  25.3b  37.2b  27.1  
 Glyphosate fb metribuzin 15.3b  16.3b  11.4b  15.9b  18.0  
Treated Leaf Glyphosate   2.5  14.9  15.3b  25.2b  13.3  
 Glyphosate fb metribuzin   9.6    6.0     4.3b    5.8b    7.3  
Total translocated by plant Glyphosate   2.8b  14.2     8.9  11.7  12.8  
 Glyphosate fb metribuzin   6.7b  10.1     6.9    9.9  10.4  
Above treated leaf Glyphosate   0.8    3.8b     4.1    4.7    4.4  
 Glyphosate fb metribuzin   2.3    1.1b      2.5    2.9    5.4  
Below treated leaf Glyphosate   0.8b    4.1     3.8    4.5    5.5  
 Glyphosate fb metribuzin   3.0b    2.6     1.8    2.4    2.7  
Roots Glyphosate   1.1    6.0     0.8    1.8b    2.0  
 Glyphosate fb metribuzin   2.7    6.0     2.5    4.3b    2.2  
aAbbreviations: fb=followed by; HAT-B=hours after metribuzin treatment. 
bIndicates significant differences between glyphosate only and glyphosate fb metribuzin treatment contrasts within a plant part at time of 
harvest. 
cData required an arcsine square root transformation; the data reported in table are back-transformed. 
14CO2 recovery was > 95% which corresponds to > 85.5 g ae ha-1 of applied glyphosate recovered.
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conditions and may explain the increased glyphosate injury observed in an earlier field trial, when a 

rainfall event, occurring shortly after glyphosate application, eliminated drought conditions but resulted 

in increased injury symptoms compared to another trial sprayed one day later when plants were no 

longer drought-stressed (refer to Chapter 2.0).  Previous studies have also found that glyphosate can still 

cause plant injury following rehydration of soil (Moosavi-Nia and Dore 1979). 

 In addition to the general increase in 14C absorption following soil rehydration at the 24 HAT-B 

sampling time in the D environment, the 45 g ha-1 glyphosate followed by metribuzin treatment 

absorbed a greater percentage of applied [14C] glyphosate than the glyphosate alone treatment, 35.5% 

versus 21.3% respectively (Table 4.6).  A corresponding increase of 14C in the TL was also observed for 

the metribuzin treatment.  However, by 48, 72, and 96 HAT-B there was no difference in total [14C] 

absorption between the glyphosate only and glyphosate followed by metribuzin treatments, supporting 

the observation of a transient synergistic interaction in growth room experiments (Figure 4.1).  At 48 

HAT-B there was more total glyphosate translocated by plants treated with glyphosate followed by 

metribuzin than those treated with glyphosate alone (Table 4.6).  The increase in translocation parallels 

the increased absorption noted at 24 HAT-B, and similar to absorption data, no [14C] translocation 

differences were present by 96 HAT-B.  Aside from the increase in translocation at 48 HAT-B, 

translocation within the plant remained relatively constant over time between the two treatments 

(Figure 4.2). 

 At 6 HAT-B, plants treated with 90 g ha-1 [14C] glyphosate under drought-stressed conditions only 

absorbed 5.3% of the 14C applied, whereas plants sprayed with glyphosate followed by metribuzin 

absorbed 15.3% (Table 4.7).  After the initial increase in absorption at 6 HAT-B, the absorption levels for 

the 90 g ha-1 glyphosate followed by metribuzin treatment remained relatively constant for the 

remaining 24, 48, 72, and 96 HAT-B sampling times, whereas the glyphosate only treatment had an 

increase in absorption between the 6 HAT-B and 24 HAT-B sampling times. There was more 14C absorbed 
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by plants treated with 90 g ha-1 glyphosate alone than those treated with glyphosate followed by 

metribuzin at the 24, 48, and 72 HAT-B sampling times.  Additionally, plants treated only with 

glyphosate still had more 14C in the TL than plants treated with glyphosate followed by metribuzin at the 

72 HAT-B sampling.  This finding hints that at the higher glyphosate rate, metribuzin may have an 

antagonistic effect on glyphosate absorption, however no corresponding antagonistic interaction was 

identified in growth room studies or earlier field experiments (refer to Chapter 2.0).  Regardless, by 96 

HAT-B there was no difference between the glyphosate only and glyphosate followed by metribuzin 

treatments, suggesting that if an interaction existed it would be transient (Figure 4.3).  Although more 

[14C] was translocated when glyphosate was followed by metribuzin at 6 HAT-B, by 24 HAT-B there were 

no differences in total translocation between the glyphosate only and glyphosate followed by 

metribuzin treatments.  In general, over the sampling time there was little difference in total 

translocation between the two treatments (Figure 4.4). 

 Despite apparent differences in the percentage of applied [14C] glyphosate absorbed by plants 

treated with the two glyphosate rates, alone or followed by metribuzin, the tissue allocation of total 

percent 14C absorbed was similar among the five harvest times  in the D environment.  For plants treated 

with 45 g ha-1 glyphosate followed by metribuzin, 46%, 64%, 36%, 34%, and 31% of absorbed 14C was 

located in the TL and 53%, 35%, 63%, 66%, and 69% was moved out of the TL by the 6, 24, 48, 72, and 96 

HAT-B harvest times, respectively (Table 4.6).  When we examined the equivalent data for 90 g ha-1 

glyphosate followed by metribuzin plants had approximately 62%, 37%, 38%, 36%, and 41% of total 

absorbed 14C in the TL after 6, 24, 48, 72, and 96 HAT-B (Table 4.7).  The relative allocation of 14C 

between the two glyphosate drift rates followed by metribuzin were similar, however the response took 

about 24 hours longer to occur for 45 g ha-1 glyphosate followed by metribuzin treatment.  Therefore, 

although the overall amount of radiolabeled glyphosate absorbed by plants treated with 45 or 90 g ha-1  
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Figure 4.3: [14C]Glyphosate absorbed by tomato plant over time following applications of either 901 g ae ha-1 glyphosate or 90 g ae ha-1 glyphosate fb 

metribuzin applied under moisture-limiting (D) or –non-limiting condition (M).  ‘*’ represents a difference between the glyphosate only and 

glyphosate fb metribuzin treatments for that sampling time (P≤0.05); ‘fb’ = followed by. 
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Figure 4.4: [14C]Glyphosate translocated tomato plant over time following applications of either 90 g ae ha-1 glyphosate or 90 g ae ha-1 glyphosate fb 

metribuzin applied under moisture-limiting (D) or –non-limiting condition (M).  ‘*’ represents a difference between the glyphosate only and 

glyphosate fb metribuzin treatments for that sampling time (P≤0.05); ‘fb’ = followed by. 
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glyphosate followed by metribuzin was different, there was a similar ratio of total 14C absorbed located 

within the TL. 

 For both glyphosate rates in the D environment, either alone or followed by metribuzin, the 

percent allocation of absorbed 14C was similar for AL and BL harvested tissue for the 24 to 96 HAT-B 

harvest times; allocation of 14C differed between the two rates for the roots.  There was 20%, 3%, 5%, 

and 7% of total absorbed 14C translocated to the roots at 24, 48, 72, and 96 HAT-B respectively, when 

tomatoes were treated with 90 g ha-1 glyphosate alone (calculated from Table 4.7), but 24%, 13%, 35%, 

and 30%, respectively, when plants were treated with 45 g ha-1 glyphosate alone (Table 4.6).  

Conversely, when 90 g ha-1 glyphosate was followed by metribuzin in moisture-limiting conditions, 37%, 

22%, 27%, and 12% of absorbed 14C was translocated to the roots at 24, 48, 72, and 96 HAT-B 

respectively, while 4%, 27%, 31%, and 40%, respectively, was translocated when 45 g ha-1 glyphosate 

was followed by metribuzin.  The glyphosate followed by metribuzin treated plants also had increased 

translocation levels, specifically to the older plant tissue (region below the treated leaf) compared to 

those treated with glyphosate alone (Table 4.7).   This finding suggests that the application of metribuzin 

allows for increased late absorption of the [14C] glyphosate remaining on the treated leaf. 

 In general, the data from the M environment was more consistent, with fewer differences in 14C 

absorption and translocation between plants treated with glyphosate only and glyphosate followed by 

metribuzin for the respective glyphosate rate (Tables 4.8 and 4.9; Figures 4.1 to 4.4).  The only 

difference between glyphosate alone and glyphosate followed by metribuzin treatments occurred at the 

90 g ha-1 glyphosate rate, in the M environment, at 6 HAT-B with respects to total translocation (Figure 

4.4).  At 6 HAT-B, plants sprayed with glyphosate followed by metribuzin translocated a greater 

percentage of applied 14C than those treated with 90 g ha-1 glyphosate alone (4.3% versus 1.6%, 

respectively); additionally more 14C moved to older plant tissue, BL (1.8% versus 0.4%, respectively) 

(Table 4.9).   Of the [14C] glyphosate absorbed by the tomato plants in the M environment, 83 to 84% 
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Table 4.8:  Distribution of radioactivity expressed as percentage of recovered 14C in tomato plants sprayed with 45 g ae ha-1 [14C]glyphosate or 45 

g ae ha-1 [14C]glyphosate followed by metribuzin and grown under adequate moisture  

 

 % Distribution of [14C] recovered c 

 Harvest time (HAT-B) 

Plant part Herbicide Treatment 6 24 48 72 96 
  % 

Leaf rinse (% not absorbed) Glyphosate 75.0  80.2 85.6   
 Glyphosate fb metribuzin 84.2 81.5 81.6 85.1 84.6 
Total absorbed by plant Glyphosate 25.0 19.8 14.4   
 Glyphosate fb metribuzin 15.8 18.5 18.4 15.0 15.4 
Treated Leaf Glyphosate 20.9 13.5   8.9   
 Glyphosate fb metribuzin 11.2 14.7 13.1   9.4 10.2 
Total translocated by plant Glyphosate   3.8   5.3   5.4   
 Glyphosate fb metribuzin   4.6   3.9   5.2   5.1   4.8 
Above treated leaf Glyphosate   0.8   1.1   1.1   
 Glyphosate fb metribuzin   1.0   0.7    1.1   0.9   1.1 
Below treated leaf Glyphosate   1.5   1.6   1.4   
 Glyphosate fb metribuzin   1.5   1.6   2.0   1.4   1.6 
Roots Glyphosate   1.4   2.5   2.8   
 Glyphosate fb metribuzin   2.0   1.6   1.9   2.7   2.0 
aAbbreviations: fb=followed by; HAT-B=hours after metribuzin treatment. 
bIndicates significant differences between glyphosate only and glyphosate fb metribuzin treatment contrasts within a plant part at time of 
harvest. 
cData required an arcsine square root transformation; the data reported in table are back-transformed.  No data was presented at the 72 and 96 
HAT-B sampling time for glyphosate only treatments since there were not enough samples tested to be statistically confident in results. 
14CO2 recovery was > 95% which corresponds to > 42.8 g ae ha-1 of applied glyphosate recovered.  
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Table 4.9:  Distribution of radioactivity expressed as percentage of recovered 14C in tomato plants sprayed with 90 g ae ha-1 [14C]glyphosate or 90 

g ae ha-1 [14C]glyphosate followed by metribuzin and grown under adequate moisture  

 

 % Distribution of [14C] recovered c 

 Harvest time (HAT-B) 

Plant part Herbicide Treatment 6 24 48 72 96 
  % 

Leaf rinse (% not absorbed) Glyphosate 90.1 89.0  87.3    
 Glyphosate fb metribuzin 89.8 88.4  86.5  87.7  86.0  
Total absorbed by plant Glyphosate   9.9 11.0  12.7    
 Glyphosate fb metribuzin 10.2 11.6  13.5  12.3  14.0  
Treated Leaf Glyphosate   8.2   6.5    7.8    
 Glyphosate fb metribuzin   5.8   5.9    7.6    7.7    8.6  
Total translocated by plant Glyphosate   1.6b    4.4    4.8    
 Glyphosate fb metribuzin   4.3b    5.6    5.8    4.4    5.1  
Above treated leaf Glyphosate   0.5    0.71    0.98    
 Glyphosate fb metribuzin   1.55   0.79     0.93    0.97    1.1  
Below treated leaf Glyphosate   0.4b    1.2    1.3b    
 Glyphosate fb metribuzin   1.8b    1.8    2.6b    1.2    1.6  
Roots Glyphosate   0.6    2.5    2.5    
 Glyphosate fb metribuzin   1.9    2.9    2.0    2.2    2.2  
aAbbreviations: fb=followed by; HAT-B=hours after metribuzin treatment. 
bIndicates significant differences between glyphosate only and glyphosate fb metribuzin treatment contrasts within a plant part at time of 
harvest. 
cData required an arcsine square root transformation; the data reported in table are back-transformed.  No data was presented at the 72 and 96 
HAT-B sampling time for glyphosate only treatments since there were not enough samples tested to be statistically confident in results. 
14CO2 recovery was > 95% which corresponds to > 85.5 g ae ha-1 of applied glyphosate recovered.
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was in the TL of plants treated with 90 and 45 g ha-1 glyphosate, respectively, at 6 HAT-B; by 48 HAT-B 

the value had dropped to 61 and 62%, respectively.  This decrease in percent absorbed 14C in the TL was 

accompanied by a corresponding increase in percent 14C being translocated within plants from 6 HAT-B 

to 48 HAT-B for both glyphosate alone rates.  Plants treated with metribuzin following glyphosate did 

not have a similar decrease in percent 14C absorbed in TL after 6 HAT-B or the corresponding increase in 

14C translocated, rather the percentage of glyphosate absorbed remained steady.  However, plants 

treated with 90 g ha-1 glyphosate followed by metribuzin had approximately 55% of absorbed 14C in the 

TL and 45% being moved outside of the TL (Table 4.9), while plants treated with 45 g ha-1 glyphosate 

followed by metribuzin had about 70% of absorbed glyphosate in the TL and 30% being translocated 

between 6 and 48 HAT-B (Table 4.8).  Hetherington et al. (1998) reported that glyphosate absorption by 

maize and soybean cell suspensions was complex; at doses up to 250 µM glyphosate was actively 

absorbed but at higher doses of glyphosate the primary mode of uptake became diffusion.  They 

suggested that at higher glyphosate concentrations active uptake becomes masked by diffusion.  It is 

possible that plants treated with 45 g ha-1 glyphosate were able to absorb glyphosate by both active and 

passive means, resulting in increased absorption and translocation values.  In the M environment, the 

majority of absorbed 14C translocated out of the TL was shuttled below the TL to either the BL tissue or 

roots.  Both rates of glyphosate, either alone or followed by metribuzin, had similar percentages of 

absorbed 14C in the AL tissue (3 to 15%) at 6, 24, and 48 HAT-B.  In BL tissue, the percentage of absorbed 

[14C] glyphosate in plants treated with either glyphosate rate alone remained relatively constant (~10%) 

between the 6 and 48 HAT-B harvest times.  In the root tissue, there was an increase from 6% of the 

absorbed 14C at 6 HAT-B for both glyphosate rates, 20% and 19% at 48 HAT-B for plants treated with 90 

and 45 g ha-1 glyphosate alone, respectively.  Plants treated with glyphosate followed by metribuzin 

showed a similar trend over the same harvest period, with the exception that tomatoes treated with 90 

g ha-1 glyphosate had approximately 20% of absorbed 14C in BL and root tissue each, while those treated 
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with the lower rate had approximately 20% of absorbed glyphosate in BL tissue and 10% in root tissue.  

Regardless of glyphosate rate or treatment, total 14C absorption and translocation remained constant 

after 6 HAT-B in the M environment. 

 In summary, this research highlights several key issues concerning glyphosate injury following a 

drift event or a drift event followed by an in-crop metribuzin application.  Similar to field trial results 

(refer to Chapter 2.0), herbicide interactions at the time of plant harvest for growth room/greenhouse 

trials were additive for both D and M environments.  At 7 DAT-B, there was a transient synergistic 

interaction for visible injury and a corresponding antagonistic interaction for height when plants were 

treated with 22.5 g ha-1 glyphosate followed by metribuzin in the D environment only.  Although 

absorption and translocation data were not presented for a 22.5 g ha-1 glyphosate drift rate, [14C] 

glyphosate absorption did temporarily increase when metribuzin was applied after a 45 g ha-1 

glyphosate rate in the D environment.  The increased total 14C absorption was accompanied by an 

increase in 14C in the treated leaf, compared to plants treated with glyphosate alone at the 24 HAT-B 

harvest.  There was no difference in glyphosate absorption or translocation between the glyphosate 

only and glyphosate followed by metribuzin treatments in the moisture-limiting environment by the 72 

HAT-B harvest.  The increased 14C absorption following the metribuzin application at 24 HAT-B could 

account for the transient synergism observed in field and greenhouse studies.  The transient synergism 

observed in field and growth room trials was likely caused by changes in glyphosate absorption rather 

than changes in translocation since translocation data remained fairly constant throughout the sampling 

time in both environments.  Absorption and translocation patterns observed in the radiolabeling aspect 

of the trial support an overall additive interaction since there was no difference in percentage 14C 

isolated in any plant part between either glyphosate rate alone or the corresponding glyphosate 

followed by metribuzin treatment by 96 HAT-B.  The 96 HAT-B harvest data corresponds to 4 DAT-B, 

which is 3 days prior to the first visible injury rating taken for growth room/greenhouse trials.         
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 Although herbicide interactions were identified as additive, soil moisture did impact the severity 

of simulated glyphosate drift injury on tomato plants.  Tomato visible injury in the growth 

room/greenhouse was higher when there was sufficient moisture in the soil prior to and following a 

glyphosate application.  However, tomato plants treated with glyphosate and grown under moisture-

limiting conditions were shorter and initiated flowering later than those grown with sufficient moisture.  

Caseley and Coupland (1985) suggested that the shorter stature of plants treated with glyphosate and 

grown under drought stress resulted in part from inhibition of cell enlargement and division and 

changes in plant growth regulator levels.   A resurgence of glyphosate absorption appeared to occur 

when drought stress was eliminated up to four days after glyphosate application.  There was a 

substantial increase in the percentage of applied [14C] glyphosate absorbed by plants at 24 HAT-B, which 

corresponded to bottom-watering the treated plants to alleviate water stress.  This knowledge could aid 

tomato producers when deciding how to best manage a field affected by glyphosate drift.  If the drift 

event occurred on drought-stressed tomatoes then glyphosate injury may be accentuated if a 

substantial rainfall or irrigation event were to occur up to four days following the glyphosate drift.  

Lastly, despite differences in the overall percent of applied [14C] glyphosate absorbed between plants 

treated with either 45 or 90 g ha-1 glyphosate in the D environment, the relative percentage of absorbed 

14C allocated between the various plant tissues harvested was similar; plants treated with the lower 

glyphosate dose appeared to respond slower than those treated with the higher rate. 
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5.0 GENERAL DISSCUSION AND CONCLUSIONS 

 The glyphosate drift rate studies, both field and growth room, yielded some unexpected results.  

At study initiation it was predicted that drift rates of glyphosate followed by an in-crop metribuzin 

application would cause synergistic visible injury, resulting in a corresponding antagonistic yield loss 

(i.e., greater than expected injury would result in lower than expected yields).  However, this did not 

occur.  A synergistic interaction was only observed in field studies when the lowest drift rate, 22.5 g ha-1 

glyphosate was followed by metribuzin for the visible injury ratings at 7 and 14 DAT-B.  The interaction 

was deemed additive when the 45, 90, and 180 g ha-1 glyphosate was followed by metribuzin for the 

same rating interval.  At harvest, there was an additive interaction with all four glyphosate drift rates  

followed by metribuzin.  Greenhouse/growth room studies support this finding; a transient synergistic 

interaction was observed when 22.5 g ha-1 glyphosate was followed by metribuzin for the visible injury 

rating at 7 DAT-B, but only when tomato plants were grown in the moisture-limiting environment.  An 

equivalent, antagonistic interaction was identified at 7 DAT-B when height data was analyzed for the 

same glyphosate rate and moisture environment.  Like the field studies, all greenhouse/growth room 

interactions were additive for biomass accumulation at 28 DAT-B .  [14C] glyphosate uptake and 

translocation studies further support this finding.  Despite temporary differences between the 

percentage of applied 14C absorbed and translocated for plants treated with glyphosate either alone or 

followed by metribuzin in the D environment, there was no difference between the two treatments at 

either rate by 96 HAT-B, and no difference by 24 HAT-B for the W environment.  Therefore, based on all 

studies in this project, it appears as though the interaction between glyphosate drift rate and metribuzin 

is generally additive and not synergistic as initially supposed.  The reason for this finding likely has 

several contributing factors.  Under normal field conditions, when plants are not stressed, glyphosate is 

absorbed relatively quickly by plants (Franz et al. 1997).  However, when plants are stressed or different 

glyphosate rates are applied, the rate and level of glyphosate uptake and translocation can vary (Caseley 
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and Coupland 1985).  It is likely that if a glyphosate drift event were to occur on otherwise unstressed 

tomato, there would be little chance of observing a synergistic interaction if metribuzin were applied 3 

to 5 days after.  There was no difference in 14C total absorbance between glyphosate alone or 

glyphosate followed by metribuzin treatments, at any harvest time for either glyphosate rate in the M 

(unstressed) environment.  The only differences observed were for the higher drift rate (10% glyphosate 

field rate) at 6 and 48 HAT-B, where the glyphosate followed by metribuzin treatment showed a greater 

percentage of applied 14C in the leaf tissue below the treated leaf.  Although this finding may hint at a 

possible synergistic interaction, it is unlikely that a synergistic interaction would affect visible injury at 

the field level.  However, if the tomato plants were already stressed then permanent synergistic 

interactions may occur.  When the data from the drought-stressed, 2009 field drift trial (trial was 

sprayed with glyphosate and then received a significant rainfall event 18 hours after application) was 

analyzed separately, a significant interaction was observed when 90 g ha-1 glyphosate was followed by 

metribuzin for red tomato yield (data not shown).  However, the other 2009 trials which were located 

directly beside the first, but were not stressed, showed only additive interactions for all four glyphosate 

drift rates at harvest, suggesting environmental conditions may affect the occurrence of cumulative 

herbicide interactions.  

Another unexpected finding was the level of injury caused by a glyphosate drift rate on tomato.  

It was predicted  that visible injury would increase as drift rates increased, which occurred for field and 

growth room trials.  However, despite observing less than 10% visible injury when plants received a 22.5 

g ha-1 dose of glyphosate at the 28 DAT-B rating there was a 23% red tomato yield loss.  There was no 

difference in visible injury, dry mass accumulation at 14 DAT-B, flower counts at 14 DAT-B, or fruit 

counts between the untreated check and treatments sprayed with the low glyphosate rate.  The only 

hint at lowered red yields was the 28 DAT-B flower count, when tomatoes treated with the lowest 

glyphosate rate had more flowers on the plant than the untreated check or metribuzin alone 
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treatments, suggesting that the glyphosate treatment caused a developmental delay.  This finding is 

critical for tomato producers, and strongly supports the idea that even minute doses of glyphosate drift, 

2.5% of a field rate, can cause irreversible harm to the crop.  The 22.5 g ha-1 glyphosate rate is only 2.5% 

of a typical glyphosate field dose; at a 20% field dose of glyphosate the yield loss was about 88%.  A 

Pearson product-moment correlation was used to analyze red yield and plant biomass at 14 DAT-B to 

determine if biomass could be used to estimate potential yield loss by producers.  The Pearson 

coefficient was 0.71 (P<0.001) for the untreated check and glyphosate only treatments and r = 0.73 

(P<0.001) for the untreated check and glyphosate followed by metribuzin treatments, indicating a strong 

linear correlation that could be used to estimate yield loss.  A potential drawback to using the 14 DAT-B 

biomass data to estimate red yield loss is the lag time between drift application and dry weight 

collection, i.e., the producer would need to wait up to 17 days after the drift event to determine 

potential loss.  Seventeen days to quantify yield loss and determine the feasibility of alternative options 

is a long time in agriculture.  The estimate would be more valuable if determining degree of loss with 

respect to crop insurance or settlement agreements.  It is beneficial to note that although a correlation 

coefficient of 0.7 is considered to be high, additional factors are needed to fully describe yield.  

Unfortunately, there was no discernible difference between treatments for either fresh or dry shoot and 

root biomasses at 28 DAT-B for the greenhouse/growth room trials.  Based on visible injury and height 

ratings a difference was expected; however, at harvest many of the plants were rootbound in the pots, 

which likely masked potential differences among treatments.  

 Drought conditions affected the degree of visible glyphosate injury observed in 

greenhouse/growth room trials.  Unlike the injury pattern observed from the 2009 field season, 

greenhouse plants receiving adequate moisture prior to and following glyphosate applications had 

greater visible injury than those grown under moisture-limiting conditions.  Contrasts between 

moisture-limiting and –non-limiting treatments had P values of 0.0017, <0.0001, <0.0001, and 0.0012, 
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respectively, for the 7, 14, 21, and 28 DAT-B visible injury ratings.  This finding was not unexpected since 

it is generally assumed that glyphosate injury is greater when plants are not stressed since glyphosate 

absorption and translocation is uninhibited (Franz et al. 1997).  Moosavi-Nia and Dore (1979) offer a 

possible explanation for injury symptoms observed in the field in 2009.  In their research they found that 

when drought-stressed purple nutsedge was rehydrated a week prior to and following a glyphosate 

application, weed control was equivalent to glyphosate applied under stress-free conditions.  The 

researchers hypothesized that when the drought-stress was eliminated the plants were able to resume 

processes disrupted by the lack of moisture.  However, the increased glyphosate injury observed on the 

2009 processing tomato field trial may have resulted from a combination of environmental effects.  Soil 

rehydration could play a part in combination with humidity at time of application and the rainfall event.  

The relative humidity at the time of glyphosate application for the trial with the greatest injury was 75% 

with an air temperature of 17 oC, whereas the second trial was sprayed at a relative humidity of 50% and 

an air temperature of 25 oC.  Caseley and Coupland (1985) suggest that rain can redistribute herbicide 

on a plants surface, moving it to a site on the leaf more receptive to herbicide absorption.  Glyphosate 

activity on quackgrass [Agropyron repens (L.) Beauv.] was increased when wetted 6 hours after spraying 

and then again daily, for the next 3 days (Caseley et al. 1975).  Caseley and Coupland (1985) found that 

plant age, species, and other environmental conditions made it challenging to quantify the effect rain 

had on herbicide performance.  Humidity can also affect glyphosate performance.  Quackgrass sprayed 

with glyphosate and kept at 90% humidity showed decreased viability of rhizome nodes 3, 6, and 12 

hours after spraying compared to plants kept at 50% humidity (Coupland and Caseley 1981). 

 The absorption and translocation of [14C] glyphosate applied to tomato was affected by different 

moisture regimes in our research.  When [14C] glyphosate was applied to plants grown under sufficient 

moisture the percentage of applied 14C absorbed by tomato was similar between plants sprayed with 

glyphosate only and those followed by metribuzin for the 6, 24, and 48 HAT-B harvest times.  Plants 
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sprayed with the 45 g ha-1 glyphosate dose appeared to absorb more 14C than those treated with the 

higher, 90 g ha-1 rate.  However, when the percent absorption values were converted to g ae ha-1 

glyphosate absorbed, the plants treated with the higher glyphosate rate showed that more glyphosate 

was absorbed then those treated with 45 g ha-1.  This finding was supported by a previous study 

conducted by Merritt (1982) who found that glyphosate penetration was enhanced as glyphosate 

concentration increased.  Despite apparent differences between the total percentage of 14C absorbed 

between plants treated with the two glyphosate drift rates, the percent distribution of absorbed [14C] 

glyphosate between the TL, AL, BL, and root tissue was similar between the two glyphosate rates for 

each respective plant tissue.  The primary difference noted was that a greater percentage of absorbed 

14C was translocated to the BL and root tissue for treatments sprayed with 90 g ha-1 glyphosate followed 

by metribuzin than those sprayed with 45 g ha-1 glyphosate followed by metribuzin.  The percentage 

absorbed 14C translocated to BL and root tissue of tomato treated with 45 and 90 g ha-1 glyphosate alone 

were similar.  The increased movement of [14C] glyphosate below sink leaves was not unexpected since 

Gougler and Geiger (1984) discovered that glyphosate applications to sugar beet (Beta vulgaris L.) 

inhibited the import of carbon by sink leaves but allowed its export to older leaves.  It is reasonable to 

assume that tomato plants treated with the greater glyphosate rate would respond more strongly than 

those treated with the 45 g ha-1 rate.  

 Moisture-limiting conditions appeared to inhibit the amount of 14C absorbed at both rates of 

glyphosate.  At 6 HAT-B plants treated with 45 g ha-1 glyphosate had absorbed 13.1 and 25.0% of applied 

14C in the D and W environments, respectively, whereas tomato treated with 90 g ha-1 glyphosate had 

absorbed 5.3% of applied 14C in the D environment, and 9.9% in the W.  Although there were differences 

in the percentage applied [14C] glyphosate absorption and translocation values between plants treated 

with glyphosate alone and glyphosate followed by metribuzin for both rates, there were no differences 

at the 96 HAT-B harvest.  However, the pattern of the percentage applied 14C absorbed was initially 
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perplexing.  At the 6 HAT-B application harvest time, more 14C was absorbed by plants treated with 90 g 

ha-1 glyphosate followed by metribuzin than glyphosate alone.  Plants treated with the lower glyphosate 

rate appeared to follow the same trend, only the reaction appeared to be delayed since the same result 

was identified at the 24 HAT-B harvest.  By 48 HAT-B plants treated with 45 g ha-1 glyphosate followed 

by metribuzin had translocated a greater percentage of applied 14C, particularly to the roots, than those 

treated with glyphosate alone and by 72 HAT-B no differences were observed between the two 

treatments.  The results for the 45 g ha-1 glyphosate drift support the concept that a transient synergistic 

interaction may be observed in early field tomato visible injury ratings, but that long-term interactions 

were likely to be additive.  The perplexing issue emerged on further examination of plants treated with 

90 g ha-1 [14C] glyphosate.  At the 24 HAT-B harvest the percentage of applied 14C absorbed by plants 

treated with 90 g ha-1 glyphosate alone was greater than those treated with glyphosate followed by 

metribuzin.  This trend persisted until the 72 HAT-B harvest; more 14C was absorbed by tomato treated 

with 90 g ha-1 glyphosate alone than when followed by metribuzin and the majority of the absorbed 14C 

remained in the TL.  Similar to the 45 g ha-1 glyphosate data, no differences among treatments were 

noted by the 96 HAT-B harvest.  Further examination of the data revealed a large increase of in the 

percentage of applied 14C absorbed by tomato plants at 24 HAT-B when plants were treated with 45 g 

ha-1 glyphosate alone or followed by metribuzin and 90 g ha-1 glyphosate alone.  The increase 

corresponded to when the drought-stressed tomato plants were first rehydrated.  Approximately 8 

hours after metribuzin application all plants in the experiment were bottom-watered to eliminate 

drought, for the remainder of the experiment all plants received adequate moisture.  Watering would 

have occurred approximately 12 hours prior to the 24 HAT-B harvest and could have been sufficient to 

reverse some of the changes caused by drought and allow glyphosate absorption. 

The differing absorbance and translocation patterns between the two glyphosate rates might 

result from differing glyphosate concentrations within the plant.  An application of 45 g ha-1 glyphosate 
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is low, only 5% of a typical field rate, so a delay in response between the lower and higher, 90 g ha-1, 

glyphosate rate is expected.  Therefore, the increase in percent applied 14C absorbed for plants treated 

with 45 g ha-1 glyphosate might result in part to the application of metribuzin, mirroring the 90 g ha-1 

glyphosate 6 HAT-B harvest data, and in part, to the rehydration of the trial.  At 24 HAT-B there was an 

increase in 14C absorption by all plants, albeit a small one for plants treated with 90 g ha-1 glyphosate 

followed by metribuzin.  At the 24 HAT-B harvest, plants treated with glyphosate alone readily absorbed 

the applied 14C once the drought-stress was lifted.  Plants treated with glyphosate followed by 

metribuzin were likely following the same pattern; however, in plants treated with 90 g ha-1 glyphosate 

followed by metribuzin the concentration of glyphosate within the plant was sufficient to interact with 

the metribuzin, decreasing its translocation.  Sprankle et al. (1975) found that photosynthetic inhibitors 

applied prior to or at the time of glyphosate application decreased glyphosate transport within the 

plant.  The observed spike in glyphosate absorbance following rehydration could affect field 

management practices.  If a tomato producer knows that a glyphosate drift event has occurred, then it 

would be in their best interest to avoid irrigating the crop shortly after the drift event, particularly if 

humidity levels remained high. 

The final component of research completed examined the possibility of synergistic herbicide 

interactions when bromoxynil drift rates were followed by in-crop metribuzin applications.  Like the field 

glyphosate drift rate trials, a transient synergistic interaction was identified at 7 DAT-B when 8.5, 17, and 

34 g ha-1 bromoxynil was followed by metribuzin.  By the 14 DAT-B visible injury rating all interactions 

were additive.  However, when a drift rate equivalent to 20% of a bromoxynil field dose, 68 g ha-1, was 

followed by metribuzin a permanent herbicide interaction was noted.  All visible injury ratings indicated 

the presence of a synergistic interaction, based on Colby’s equation and at yield an equivalent 

antagonistic interaction was identified for red yield.  The finding of a long-lasting cumulative herbicide 

interaction is believed to be the first cited in literature.  The interaction likely occurred because both 



- 80 - 
 

bromoxynil and metribuzin are photosynthetic inhibitors.  Although metribuzin is registered for use in 

tomato, its application shortly after the highest bromoxynil drift rate likely overwhelmed photosystem II.  

The plant would have been previously stressed by the sub-lethal bromoxynil dose and the ETC disrupted, 

resulting in the accumulation of 3chl and 1O2.  Application of metribuzin would have further stressed the 

plant leading to permanent physiological damage.  Although metribuzin application after lower 

bromoxynil drift rates caused a temporary synergistic interaction the combination of the lower drift rate 

followed by metribuzin was not sufficient to cause a lasting physiological synergistic interaction.  Yield 

loss caused by bromoxynil drift was less severe than that caused by glyphosate.  Yield losses resulted 

from glyphosate drift doses at 2.5% of field rates, but a bromoxynil drift dose of 20% of a field dose was 

required to reduce tomato yields compared to the untreated check.  At a 20% bromoxynil field dose 

there was a 30% reduction in red tomato yield and a 49% reduction when bromoxynil was followed by 

metribuzin.  This finding suggests that a bromoxynil drift event is unlikely to affect tomato yield, since 

drift rates tend to be less than 20% of field rates (Wolf et al. 1993).  Producers would be advised to avoid 

an in-crop metribuzin application shortly after a suspected drift event.  Fortunately, bromoxynil injury 

on tomato appears much sooner than glyphosate injury and it is less likely that producers would 

unknowingly apply metribuzin before bromoxynil injury symptoms appeared.  Pearson product-moment 

correlations were examined to determine if plant dry weight at 14 DAT-B could be used to estimate red 

tomato yield.  There was a high degree of correlation between the two variables (r=0.74, P<0.001 for 

bromoxynil alone treatments and r=0.78, P<0.001 when bromoxynil was followed by metribuzin), 

indicating that dry weights would provide a good estimate for red yield loss.   

 

5.1 Study limitations.  In this study simulated drift rates were applied at a constant carrier volume of 

200 L ha-1.  Previous studies have suggested that to accurately estimate the degree of injury expected 

from a drift rate, the carrier volume should be adjusted to correspond with the decrease in herbicide 
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dose (Banks and Schroeder 2002).  It is agreed that use of constant carrier volumes underestimates the 

degree of injury, implying that had this study used adjusted carrier rates the level of tomato yield loss 

observed would have been greater for both herbicides and the identified synergistic interactions more 

pronounced.  Theoretically, a long-lasting interaction might have been identified for lower bromoxynil 

drift rates, or a permanent interaction observed for glyphosate drift trials.   

Unfortunately, greenhouse/growth room trial results were affected because tomato plants 

outgrew their pots and became root-bound.  As a likely result, there was no treatment effect for fresh 

and dry shoot and root biomass data.  Additionally, contrast analysis between M and D environment 

treatments failed to identify an interaction for the 28 DAT-B height and all biomass data.  It is possible 

biomass results would have differed if harvested at 21 DAT-B, when contrasts conducted on height data 

still indicated a difference between glyphosate treatments maintained in a D environment versus M. 

 A regrettable limitation of the trial was the failure to examine how bromoxynil drift rates either 

alone or followed by metribuzin were absorbed and translocated by tomato, particularly because a 

permanent herbicide interaction was identified when 68 g ha-1 bromoxynil was followed by metribuzin.  

It would have been interesting to see if or how either [14C] bromoxynil or [14C] metribuzin absorption 

and translocation patterns differed upon the inclusion or exclusion of the other herbicide.   

The design of the completed [14C] glyphosate trial could have been improved , leading to more 

definitive answers.  For both M and D environments plant harvest should have included harvest times 

beginning shortly after glyphosate application; 6, 24, 48, and 72 hours after glyphosate application (HAT-

A).  This time series would have provided a more accurate picture of how drift rates of glyphosate on its 

own behaved within tomato.  At the very least the 72 HAT-A harvest timing should have been included 

to provide a starting point, or control by which to compare future harvest data.  Also, it would be 

interesting to see if metribuzin absorption and translocation patterns were affected by a previous 
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glyphosate application.  The inclusion of more treated plants for each environment and treatment at 

each harvest interval would have increased the robustness of the data.   

 

5.2 Future recommendations.  Further examination of environmental stresses and their impact on drift 

dose severity, particularly glyphosate, may be warranted.  Simulated glyphosate drift, even at low levels, 

has the ability to severely affect tomato yield.  Therefore, more information would enhance a producer’s 

ability to make appropriate and timely management decisions; should the field be replanted, what level 

of yield loss could be expected, and should crop irrigation occur?  Soil moisture appears to affect 

glyphosate uptake, but humidity and rainfall likely contribute as well.  In order to control various 

environmental conditions, future trials should be conducted under greenhouse or growth room 

conditions.  Also, field trials could be conducted to determine if the accumulation of shikimic acid in 

tomato tissue treated with glyphosate reflects the loss in in yield potential.  Lassiter et al. (2007) 

examined the effect of multiple glyphosate doses on peanut (Arachis hypogaea L.) and a 

spectrophotometric method was used to quantify shikimic acid accumulation in plant tissue.  They found 

that crop injury was negatively correlated to pod yield and that the test could detect changes in shikimic 

acid accumulation 7 days after glyphosate application.  The correlation coefficient identified for shikimic 

acid accumulation and yield was -0.75 < r < -0.87.  If shikimic acid accumulation could be correlated to 

yield in processing tomato this method could provide yield loss estimates sooner than dry weight 

correlations conducted at 14 DAT-B. 

 This study initiates a shift in traditional assumptions concerning herbicide interactions.  

Traditionally, synergistic or antagonistic interactions were believed to only occur when two or more 

chemicals were combined in the same spray-tank, at the same time.  Based on the findings identified in 

this study, in particular the bromoxynil simulated drift trials, herbicide interactions can occur even when 

two chemicals are applied separately, up to several days apart.  This finding may impact agronomist’s 
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recommendations to producers following suspected spray drift events or control of weed escapes with a 

different herbicide then the first application. 
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LIST OF APPENDICES 

Appendix 1: Sample SAS coding used for bromoxynil and glyphosate field and greenhouse trials. 

libname brom "C:\Documents and Settings\kmcnaugh\Desktop\cstats"; 

 

data first; 

set brom.completedata; 

   

 

title '7 DAT-B all locations combined';  

analvar=inj7; **change this from ered to red dependent on ls means required— 

   ALSO when doing t-test must be (eg.) inj not einj; 

*evar=einj7;   ** lock out code when not doing the t-test; 

*diff=analvar-evar;  **  lock out code when not doing the t-test; 

 

*title 'inj7(log transformation)';      

*analvar=log(inj7+1); 

*evar=log(einj7+1);   ** lock out code when not doing the t-test; 

*diff=analvar-evar;  ** lock out code when not doing the t-test; 

 

*title 'inj7(Square root transformation) all Locations';     

*analvar=sqrt(inj7+0.5); 

*evar=sqrt(einj7+1);   ** lock out code when not doing the t-test; 

*diff=analvar-evar;  ** lock out code when not doing the t-test; 

 

/* 

**Use the following adjustment for arcsine square root transformation; 

title 'inj7(arcsine sqrt transformation) all Locations'; 

analvar1=inj7; 

if analvar1=100 then analvar1=100-0.05; 

if analvar1=0 then analvar1=0+0.05; 

analvar2=analvar1/100; 

analvar=arsin(sqrt(analvar2)); 

 

*evar1=inj7; 

*if evar1=100 then evar1=100-0.05; 

*if evar1=0 then evar1=0+0.05; 

*evar2=evar1/100; 

*evar=arsin(sqrt(evar2)); 

 

*/ 

 

run; 

 

proc sort data=first; 

by location trt rep; 

run; 

 

**variable analysis; 

 

proc mixed covtest; 

class location trt rep; 

model analvar=trt/outp=second; 

random location rep(location) location*trt;    
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*random rep;  **WHEN looking at an individual section DEACTIVATE random 

statement above and ACTIVATE this random statement; 

lsmeans trt/pdiff; *pdiff=will be used to construct means separation; 

run; 

 

**residual analysis; 

 

proc plot; *plots a graph; 

plot resid*pred resid*trt resid*location resid*rep/vref=0; 

run; 

 

proc univariate normal plot; 

var resid; 

run; 

 

proc rank normal=blom out=two; 

var resid; 

ranks zvar; 

run; 

 

proc plot; 

plot resid*zvar='*';  

run; 

 

/* 

**paired t-test; 

title1 'red vs ered'; **variable being analyzed; 

title2 'all 8 locations';  **location label; 

 

*analvar=red;  **observed variable...should match title line or screwed up!; 

*evar=ered;  **evar=assigned name of expected value, expected value; 

*diff=analvar-evar; 

run; 

 

proc univariate data=first; 

class trt;  

var diff; 

run; 

 

proc sort data=first; 

by  trt; 

run; 

 

proc ttest data=first; 

by  trt; 

paired analvar*evar; 

run; 

*/ 

*for Pearson coefficient, change model line to apply to desired variable; 

*proc reg;  

*model yield=lnfl14/p cli; 

*run; 

 

*proc corr; 

*var yield lnfl14; 

*run; 
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Appendix 2: Sample SAS coding used for [14C] glyphosate uptake and translocation trials. 

*batch 1=1st run, 2=2nd run; 

*trt G22=Glyphosate @ 22.5 g ai/ha, GM22=Glyphosate @ 22.5 g 

ai/ha+metribuzin; 

*trt G45=Glyphosate @ 45 g ai/ha, GM22=Glyphosate @ 45 g ai/ha+metribuzin; 

*trt G22=Glyphosate @ 90 g ai/ha, GM22=Glyphosate @ 90 g ai/ha+metribuzin; 

 

*Trt 1 = Gxx_6HATA, Trt 2 = Gxx_24HATA, Trt 3 = Gxx_48HATA, Trt 4 = 

Gxx_72HATA, Trt 5 = Gxx_6HATB, Trt 6 = GMxx_6HATB; 

*Trt 7 = Gxx_24HATB, Trt 8 = GMxx_24HATB, Trt 9 = Gxx_48HATB, Trt 10 = 

GMxx_48HATB;  

*Trt 11 = Gxx_72 HATB, Trt 12 = GMxx_72HATB, Trt 13 = Gxx_96HATB, and Trt 14 

= GMxx_96HATB; 

 

*HATA refers to time after glyphosate application; 

*metribuzin was applied 3 days after glyphosate application, HATB refers to 

time after metribuzin application; 

*time 6HATB=6 hours after metribuzin was applied, therefore 78 hours after 

glyphosate was applied; 

*time 24HATB, 48HATB, 72HATB, and 96 HATB = 24, 48, 72, and 96 hours after 

metribuzin applied respectively; 

*time 6HATA, 24HATA, 48HATA and 72HATA= 6, 24, 48, and 72 hours after 

glyphosate applied respectively; 

*Rinse%= % dpm not absorbed by plant, TL%= % dpm absorbed into treated leaf, 

AL% = % dpm translocated to leaf above treated leaf; 

*BL% = % dpm translocated to plant tissue below treated leaf, root% = % dpm 

translocated to root of plant; 

*Tab% = % total dpm absorbed by plant (includes TL, AL, BL, and roots), 

Ttrans% = % total dpm translocated (includes AL, BL, and roots); 

      

 

data radio; 

 set radio.allradiodata;  

 

*if time="6AHAT" then delete;  *activate as required; 

*if time="24AHAT" then delete; 

*if time="48AHAT then delete; 

*if time="72AHAT" then delete; 

*if time="6BHAT" then delete; 

*if time="24BHAT" then delete; 

*if time="48BHAT" then delete; 

*if time="72BHAT" then delete; 

*if time="96BHAT" then delete; 

 

*if batch=1 then delete; 

if batch=2 then delete; 

 

 

if trt=1 then delete; **delete trt 1-3 when looking at batch 1 only 

if trt=2 then delete; 

if trt=3 then delete; 

*if trt=4 then trt=5; 

*if trt=11 then delete; 

*if trt=12 then delete; 

*if trt=13 then delete; 
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*if trt=14 then delete; 

 

 

if rate=22 then delete; 

if rate=45 then delete; 

*if rate=90 then delete; 

 

 

**Use the following adjustment for arcsine square root transformation; 

title 'Rinse(arcsine sqrt transformation) Batch 1 and 2'; 

analvar1=Rinse; 

if analvar1=100 then analvar1=100-0.05; 

if analvar1=0 then analvar1=0+0.05; 

analvar2=analvar1/100; 

analvar=arsin(sqrt(analvar2)); 

 

run; 

 

proc sort data=radio; 

by batch trt rep; 

run; 

 

**variable analysis; 

 

proc mixed covtest; 

class batch trt rep;         

*model analvar=trt batch*trt/outp=second;  * this out if you only have 

one batch you’re looking at; 

model analvar=trt/outp=second;  

*random rep rep(batch) rep*trt;        

random rep; 

 

/* 

*contrasts for batch 2 analysis (10 treatments); 

*only use these contrasts AFTER running the LSD info; 

 

contrast "Rinse G 6H vs Rinse GM 6H" trt 1 -1 0 0 0 0 0 0 0 0;   

contrast "Rinse G 24H vs Rinse GM 24H" trt 0 0 1 -1 0 0 0 0 0 0;   

contrast "Rinse G 48H vs Rinse GM 48H" trt 0 0 0 0 1 -1 0 0 0 0; 

contrast "Rinse G 72H vs Rinse GM 72H" trt 0 0 0 0 0 0 1 -1 0 0; 

contrast "Rinse G 96H vs Rinse GM 96H" trt 0 0 0 0 0 0 0 0 1 -1; 

*/ 

 

*contrasts for batch 1 analysis (8 treatments); 

*only use these contrasts AFTER running the LSD info; 

 

contrast "Rinse G 6H vs Rinse GM 6H" trt 1 -1 0 0 0 0 0 0;   

contrast "Rinse G 24H vs Rinse GM 24H" trt 0 0 1 -1 0 0 0 0;   

contrast "Rinse G 48H vs Rinse GM 48H" trt 0 0 0 0 1 -1 0 0; 

lsmeans trt/pdiff; 

run; 

 

/* 

**residual analysis; 

 

proc plot; *plots a graph; 

plot resid*pred resid*trt resid*rep resid*batch/vref=0; 
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run; 

 

proc univariate normal plot; 

var resid; 

run; 

 

proc rank normal=blom out=two; 

var resid; 

ranks zvar; 

run; 

 

proc plot; 

plot resid*zvar='*'; *symbol used to plot the normality line; 

run; 

 

*/ 
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