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     Weeds can respond to herbicide stress with three defence strategies: escape, 

resistance, and tolerance. Escape occurs when a weed changes the timing of its life cycle 

to avoid a herbicide; resistance occurs when a weed reduces the extent of damage it 

receives from a herbicide; and tolerance occurs when a weed withstands damage from a 

herbicide, but compensates for the loss of fitness resulting from that damage. Whether a 

weed population evolves to escape, resist, or tolerate a herbicide depends on tradeoffs 

among defence strategies, limits to the evolution of defence strategies, and selection on 

defence strategies in competitive agricultural environments. I examined how each of 

these factors shape the evolution of defence strategies in the noxious agricultural weed, 

Amaranthus palmeri S. Wats., in response to glyphosate herbicide. First, I examined 

whether escape and tolerance are correlated both within and among populations, which 

would indicate whether defence strategies are trading off. Second, I tested whether 

genotype by environment interactions (GEI) and estimated fitness costs have the potential 

to limit the evolution of escape and tolerance. Third, I measured selection acting on 

glyphosate escape and resistance within two environmental contexts: a high competition 

corn (Zea mays L.) crop environment and a low competition no crop environment. I 

found that both within and among populations there were no tradeoffs between escape 
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and tolerance, suggesting that populations can potentially evolve high magnitudes of both 

escape and tolerance. Further indicating this, I did not find fitness costs for escape or 

tolerance in the absence of glyphosate, though one potential limit I discovered was from a 

GEI, showing that variable environments could limit the evolution of escape and 

tolerance. Finally, though I found no selection acting on glyphosate escape, there was 

selection for increased resistance in the low competition environment, and selection 

against high magnitudes of resistance in the high competition environment, indicating 

that competition with crops could slow the evolution of glyphosate resistance. Overall, I 

found that glyphosate escape and tolerance are less likely to evolve than resistance, 

though the evolution of resistance could be managed by manipulating the competitive 

crop growing environment. 
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Chapter 1: Introduction 

 

1.1 BACKGROUND 

 

 

Plants are faced with an array of stresses that impair their development, survival, and 

reproduction (Larcher 2003), including biotic stresses such as herbivory, microbial 

pathogens, and plant competitors (Pons et al. 1998); as well as abiotic stresses such as 

drought, salinity, extreme temperature, and herbicide exposure (Jenks and Hasegawa 

2008). Plants can respond to these biotic and abiotic stresses through three defence 

strategies: escape, resistance, and tolerance (Xiao et al. 2007, Agrawal 2000). Resistance 

occurs when a plant reduces the extent of damage it receives from a biotic or abiotic 

stress (Mauricio et al. 1997). Escape occurs when a plant changes the timing of its life 

cycle to avoid a biotic or abiotic stress (Hilgenfeld et al. 2004). Finally, tolerance occurs 

when a plant bears damage from a biotic or abiotic stress, but compensates for the 

resultant loss of fitness (Mauricio et al. 1997). Whether a plant population evolves to 

escape, resist, or tolerate a biotic or abiotic stress will depend on a multitude of factors 

including tradeoffs among defence strategies, limits to the evolution of defence strategies, 

and selection on defence strategies in competitive agricultural environments.   

For my PhD dissertation, I studied how multiple factors can affect the evolution of 

escape, resistance, and tolerance in response to pesticide application. Since the 

introduction of genetically engineered crops in 1996, until 2011, pesticide use in the USA 

has increased by 7% (Benbrook 2012). In particular, herbicides with the active ingredient 

glyphosate have globally increased 15-fold since 1996, making this herbicide one of the 

strongest stresses that plants have been subject to in modern agriculture (Baylis 2000, 
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Benbrook 2016). Part of the widespread appeal of glyphosate (i.e. RoundUp®) to farmers 

is that it acts as a generalist herbicide once plants have emerged, and does not remain in 

the soil system after use. As well, glyphosate inhibits the chloroplast enzyme EPSPS 

(Steinrücken and Amrhein 1980), a necessary component of plant growth and metabolism 

(Herrmann and Weaver 1999). Because glyphosate attacks such a physiologically 

essential process, it has become a widely used herbicide, with USA herbicide usage in 

2001 being more than 60% glyphosate (Duke and Powles 2008). 

In response to the widespread application of glyphosate herbicide, many weed 

populations have evolved high magnitudes of resistance (Heap 2018), though far less is 

known about escape and tolerance. Resistance to glyphosate has been found in 41 weed 

species (Heap 2018). Among species, the mechanism of glyphosate resistance can vary 

considerably; herbicide-resistant plants can resist through target-site mutations to the 

EPSPS gene, through reduced glyphosate translocation within the plant, and through gene 

amplification of the EPSPS enzyme (Powles and Preston 2006, Gaines et al. 2010, 

Powles 2010). Relative to the evolution of herbicide resistance, much less is known about 

the evolution of escape and tolerance as herbicide stress responses. Glyphosate escape 

occurs when weeds avoid the exclusively post-emergent effects of early-season 

glyphosate application by shifting the emergence time of their seedbanks to later in the 

season (Hilgenfeld 2004). Seedbanks in typical agricultural fields contain a large 

diversity of weed species with different phenologies (Forcella et al. 1992), so to avoid 

detrimental crop-weed competition at the crop’s most vulnerable life-history stage, 

herbicides will often be applied early in the growing season. This early application of 

glyphosate should select for the evolution of later-emerging seeds (Jordan and Jannink 
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1997). Tolerance occurs when weeds sustain the damaging effects of glyphosate by 

reallocating resources to vital reproductive systems in order minimize a loss in fitness 

(Mauricio et al. 1997). In doing so, a tolerant plant sprayed with glyphosate would retain 

the same or similar seed production as an unsprayed plant, while a non-tolerant plant 

sprayed with glyphosate would have a diminished seed set. The evolution of tolerance 

would be ineffective for plants that express no resistance since they do not survive to 

reproductive maturity, or redundant on plants that express complete resistance since they 

go completely undamaged. Though 41 weed species have been documented to display 

glyphosate resistance (Heap 2018), few researchers have attempted to document tolerance 

(e.g. Ipomoea purpurea; Baucom and Mauricio 2004) or escape (Scursoni et al. 2007) as 

defense mechanisms. It is therefore unknown how common escape and tolerance stress 

responses are relative to resistance in glyphosate-stressed environments.  

 

1.2 STUDY SYSTEM 

 
 

To study the evolution of glyphosate escape, resistance, and tolerance, I used the 

agricultural weed, Amaranthus palmeri. I collected seed for use in my research from 22 

A. palmeri populations across Illinois, North Carlina, and Georgia, USA in 2016. The C4 

summer-annual A. palmeri is prevalent and ranked one of the most troublesome weeds of 

cotton, corn, and soybean in the USA (Sauer 1957, Webster et al. 2001, Webster and 

Nichols 2012, Ward et al. 2013).  It’s rapid growth rate, competitive ability, high 

fecundity, and wide genetic diversity has led to significant economic losses in crop 

production, making it a heavily targeted species for both farmers and researchers. As 

well, resistance to glyphosate has quickly spread far in A. palmeri, making it an ideal 
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system to study rapid evolution in response to a post-emergent herbicide. Confirmed 

glyphosate-resistant A. palmeri was first detected in 2005 in Georgia (Culpepper et al. 

2006) and has since been found in 27 states and Brazil (Heap 2018). No fitness costs 

were found in assessing glyphosate-resistance in A. palmeri (Giacomini et al. 2014), 

which could help explain why resistance is prevalent. Somewhat uniquely among weeds, 

A. palmeri is both dioecious (Grant 1959) and wind pollinated. These traits could 

exacerbate the spread of resistance genes by enforcing and facilitating obligate 

outcrossing, respectively (Sosnoskie et al. 2007).  

 

1.3 OVERVIEW 

 

To determine what factors influences the evolution of glyphosate escape, 

resistance, and tolerance in A. palmeri, I examined tradeoffs among defence strategies, 

limits to the evolution of defence strategies, and selection on defence strategies in 

competitive agricultural environments. First, I determined whether glyphosate escape and 

tolerance are trading off by measuring correlations between them (Chapter 2). 

Correlations were measured at both the population and family level in common garden 

field experiments in 2017 and 2018. Tradeoffs resulting from negative genetic 

correlations between escape and tolerance would indicate that both defence strategies are 

unlikely to evolve together. I then determined if there were limits to evolving glyphosate 

defence strategies by measuring fitness costs and genotype by environment interactions 

(GEI) for escape and tolerance (Chapter 3). Fitness costs of escape and tolerance in the 

absence of glyphosate stress were measured in the field in 2017, and GEI were looked for 
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by comparing field and greenhouse measures of escape and tolerance in 2017. Finally, I 

determined whether competitively stressful environments can influence selection for 

defence strategies (Chapter 4). Selection on glyphosate resistance and tolerance was 

measured in the field in 2018 for A. palmeri grown in in both a competitive corn-crop 

environment, and a non-competitive no-crop environment.  
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Chapter 2: Are there trade-offs between glyphosate escape and 

tolerance in the agricultural weed Amaranthus palmeri? 
 

2.1 ABSTRACT 
 

Plants can evolve multiple defence strategies in response to environmental stress, 

including escape (i.e., avoiding a stress by changing the timing of life history events), and 

tolerance (i.e., compensating for damage from the stress through the reallocation of 

resources). These two defence strategies can evolve independently of each other or be 

trading off such that the expression of one may depend on the expression of the other. To 

test for tradeoffs between escape and tolerance, I measured the expression of these 

defence strategies at the population and family level in response to glyphosate herbicide 

in the agricultural weed, Amaranthus palmeri. This was done using 22 populations as 

well as a separate 30-family synthetic population in a common garden agricultural field in 

North Carolina, USA. At the population level, escape and tolerance were not correlated, 

at least indicating that populations with high expression of one defence strategy did not 

have high expression of the other strategy. At the family level, escape and tolerance were 

also not correlated, indicating that plants could evolve both high magnitudes of escape 

and tolerance. The potential evolution of high magnitudes of both of these herbicide 

defence strategies could make it more challenging for weed suppression efforts.   

 

2.2 INTRODUCTION 

 

Plants in natural and agricultural environments can evolve multiple defence 
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strategies in response to the biotic and abiotic stresses they face (Larcher 2003, Powles 

and Yu 2010, Agrawal 2011, Lipiec et al. 2013). The ability of plants to evolve more than 

one defence strategy can enhance and diversify their overall defensive function. Multiple 

modes of defence can in turn create an evolutionary trajectory that selects for stronger 

and more varied types of herbivore or human-mediated herbicide stresses (Leimu et al. 

2012). In plant systems where multiple alternative defence strategies exist, there are two 

possible outcomes for their evolution. One possibility is that plants express a single 

defence strategy. This could occur if alternative defence strategies are costly to express or 

because multiple strategies are redundant (Herms and Mattson 1992, Rosenthal and 

Kotanen 1994, Fineblum and Rausher 1995, Baucom and Mauricio 2008a). A second 

possibility is that plants express multiple defence strategies. This could occur if multiple 

defence strategies are not costly to express or because multiple strategies are not 

redundant (Steward and Keeler 1988, van der Meijden et al. 1988, Koricheva et al. 2004, 

Leimu and Koricheva 2006, Agrawal 2011, Romeo et al. 2013). Distinguishing between 

these two possibilities can provide insight into how defence strategies will impact each 

other’s evolutionary trajectories.  

 Whether a single defence strategy or multiple defence strategies evolve will 

depend on the correlation between defence strategies. Multiple defence strategies could 

persist in a population if they do not trade off with each other. Tradeoffs can be identified 

by testing for a negative genetic correlation between two defence strategies (Leimu and 

Koricheva 2006). For example, negative genetic correlations between induced and 

constitutive herbivore defences in common milkweed were interpreted as evidence of 

tradeoffs between types of defence (Bingham and Agrawal 2010). If there are negative 
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genetic correlations between defence strategies within a population, then selection for one 

strategy should indirectly select against the other strategy, making it unlikely that both 

strategies will evolve simultaneously at the population level (Fineblum and Rausher 

1995). However, if there is not a correlation between defence strategies within a 

population, then evolution in response to selection for one strategy will be independent of 

selection for the other strategy (Bingham and Agrawal 2010). Thus, if both defence 

strategies incur positive fitness benefits, there will be selection for both strategies. With 

selection for both, populations can simultaneously evolve multiple defence strategies, 

potentially strengthening plant defence. Although much evidence suggests that negative 

genetic correlations should not always be expected and that tradeoffs are uncommon 

(Mauricio et al. 1997, Stinchcombe and Rausher 2002), they are still sometimes detected 

(Fineblum and Rausher 1995, Baucom and Mauricio 2008a) and should still be tested for. 

This is especially true in systems with new stresses where tradeoffs have rarely been 

tested, and in new environments that can influence tradeoffs (Sgro and Hoffmann 2004).  

To determine whether there are tradeoffs between defence strategies, I studied 

defences against herbicide application in an agricultural weed. Two alternative defence 

strategies that agricultural weeds can evolve in response to herbicide application are 

escape and tolerance. Escape occurs when the timing of a plant’s life cycle allows it to 

avoid herbicide stress (Hilgenfeld et al. 2004). For example, late seedling emergence in 

agricultural weeds allowed for escape from the post-emergent glyphosate herbicide 

applications by avoiding contact with it (Scursoni et al. 2007). Alternatively, tolerance 

occurs when a plant can sustain herbicide damage while maintaining its overall fitness 

(Mauricio et al. 1997, Baucom and Mauricio 2004). For example, tolerance to glyphosate 
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herbicide in an agricultural weed was determined by the ability of plants to produce as 

many seeds following herbicide damage as unsprayed plants (Baucom and Mauricio 

2004). Although defence tradeoffs have been commonly studied in response to other 

stresses like herbivory and drought, examples of studies measuring tradeoffs in response 

to herbicide are rare (Baucom and Mauricio 2008a). Further, research on agricultural 

weed herbicide defence typically focusses on resistance only (Duke and Powles 2009). 

The evolution of herbicide escape and tolerance in agricultural weeds is very rarely 

examined and no assessments have been made on tradeoffs between these two herbicide 

defence strategies. However, if these two defence strategies are not genetically correlated, 

and there is selection for both, then there could be populations of weeds that evolve to 

both escape and tolerate herbicide application.   

I estimated tradeoffs between escape and tolerance in response to glyphosate 

herbicide in the agricultural weed Amaranthus palmeri. Glyphosate resistant A. palmeri 

was first detected in 2005 in Georgia (Culpepper et al. 2006) and has since been found in 

28 states and Brazil (Heap 2018). As such, A. palmeri is prevalent across the USA and 

ranked at or near the top of many crops’ “most troublesome weed” lists, including cotton 

(Gossypium hirsutum L.), soybean (Glycine max (L.) Merr.), peanut (Arachis hypogaea 

L.), and corn (Sauer 1957, Webster et al. 2001, Webster and Nichols 2012). Though there 

have been no tests of whether A. palmeri has evolved escape and tolerance, not finding 

tradeoffs would indicate multiple glyphosate defence strategies could evolve together, 

creating an especially difficult scenario to manage. Thus, examining evolutionary 

tradeoffs for glyphosate escape and tolerance in A. palmeri may be vital in efforts to 

control proliferation of this relatively new and noxious pest. 
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To determine whether there are trade-offs between herbicide defence strategies, I 

estimated correlations between glyphosate escape and tolerance in A. palmeri. First, to 

determine if selection for one defence strategy affects selection for another defence 

strategy, I estimated the family-mean correlation (a proxy for the genetic correlation; Via 

1984) between glyphosate escape and tolerance of A. palmeri in a common garden 

agricultural field. This will tell me if there are tradeoffs between escape and tolerance 

which would prevent multiple strategies from evolving simultaneously within 

populations. Second, to determine whether these tradeoffs are affecting the composition 

of defence strategies among populations, I estimated correlations between glyphosate 

escape and tolerance across populations of A. palmeri in a common garden agricultural 

field. This will tell me, for example, if high expressions of multiple strategies have 

evolved. I investigated the current state and future evolutionary potential of alternative 

glyphosate defence strategies in A. palmeri by asking the following two questions: 

1. Is there a tradeoff between glyphosate escape and tolerance, as evidenced by a 

negative genetic correlation across families of A. palmeri? 

2. Are glyphosate escape and tolerance correlated across populations of A. palmeri? 

 

2.3 METHODS 

 

2.3.1 Study System 

Amaranthus palmeri is a wind-pollinated C4 summer-annual agricultural weed 

that originated in the Sonoran Desert (Sauer 1957) and has spread recently via animal 

vectors, farming equipment, and seed contamination throughout midwestern and 

southeastern USA (Hensleigh and Pokorny 2017). Amaranthus palmeri is dioecious and 
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an obligate outcrosser (Ward et al. 2013). In hot and sunny environments, A. palmeri can 

grow up to 5 cm/day (Horak and Loughin 2000) due to its high photosynthetic rate (81 

mol/m2/s, Ehleringer 1983), enabling females to produce as many as 600,000 seeds 

(Keeley et al. 1987). Amaranthus palmeri mostly emerge between March and June, 

typically flower 5-9 weeks after emergence, and produce viable seed as early as 2-3 

weeks after flowering. Although plants can emerge as late as October, lethal November 

frosts can come before they are able to set seed (Keeley et al. 1987).  

 

2.3.2 Seed Collection 

To estimate correlations between glyphosate escape and tolerance, from 

September to October in 2016, I collected seeds of A. palmeri from 22 populations spread 

across their Eastern USA range in Georgia, North Carolina, and Illinois. Populations were 

selected by contacting agricultural extension agents and researchers. A population was 

defined as a discrete farm field because herbicide is applied consistently within a farm 

field, and fields tend to differ in herbicide regimes (Kuester et al. 2015). Within each 

population, seeds were collected from 10-34 mature female plants. In populations with 

more than 34 females, seeds were sampled by systematically selecting a female for 

collection every five paces in a straight line from a haphazard point of entry into the field. 

In populations with 34 or fewer females, seeds were sampled from all females. For each 

female, entire inflorescences were removed with garden shears and placed in paper bags 

to be threshed of seeds. For the ‘within-population correlation experiment’ (1.3.3), seed 

from 1-2 randomly selected individuals per population were used to create a synthetic 

population of 30 different families. For the ‘among-population correlation experiment’ 



 

 

 

12 

(2.3.4), seed was bulked from all families (10-34 families) within a population to form 22 

bulked populations. 

 

2.3.3 Within-Population Correlation Experiment 

To measure genetic correlations between escape and tolerance in A. palmeri, I 

conducted a field experiment during the summer of 2018 at the Fountain Farm 

agricultural field research station in Edgecombe County, outside of Rocky Mount, North 

Carolina, USA (35.98 N , -77.77 W). Crops such as corn, cotton, peanut, and soybean 

are regularly grown at this facility. The station is within the current range of A. palmeri 

and there was a sizable A. palmeri population present in the soil seedbank prior to this 

study (Z. Teitel, personal observation 2017). From 1985 – 2015, the station’s average 

summer (May – September) temperature was 24.4 °C and its average precipitation was 

26.1 mm (Time and Date AS). 

To estimate glyphosate escape and tolerance in the field, A. palmeri seeds were 

planted on the shoulders of crop rows in three fields, with half the rows cultivated with 

corn and the other half left unplanted. Three randomized spatiotemporal complete blocks 

were separated by approximately three weeks between planting and in three adjacent 

farm fields. Each block contained four treatment combinations in a two-by-two factorial 

design: glyphosate sprayed and glyphosate unsprayed; corn crop planted and no crop 

planted. Nested within the three blocks, seeds from the 30 families in the experimental 

population were planted into a randomized split-plot design. Glyphosate sprayed / 

unsprayed and corn crop planted / unplanted were between plot factors, and family was a 

within plot factor. Spray treatment was a between plot factor to avoid glyphosate spray 

drift contamination between spray treatments (as in Baucom and Mauricio 2008a). As 
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well, crop treatment was a between plot factor to accommodate mechanized crop planting 

limitations. Each of the 30 families within the synthetic population was replicated four 

times and planted using a random order within each treatment combination plot. 

To manipulate weed-crop competition, A. palmeri plants were spaced every 2.44 

m within a row and staggered between rows such that weeds were 1.52 m away from their 

nearest weed neighbours in the next row over. Crop plants were planted 0.91 m apart 

within and between crop rows. To distinguish between weeds planted and those emerging 

from the seedbank, experimental seeds were planted in ~10 cm diameter holes that were 

filled with potting mix soil. At least five seeds were planted from the same family at each 

position to ensure adequate germination. Plants were marked with plastic tags in the soil 

for identification. Crop fields were cleared of non-experimental A. palmeri and other 

weed species through hoeing.   

To run my experiment’s herbicide treatment, both crops and A. palmeri weeds in 

the glyphosate spray treatment were sprayed once with RoundUp® Weathermax. Plants 

were sprayed at the basal rosette stage when they were less than 15 cm in height, using a 

backpack sprayer calibrated to the field-rate of glyphosate herbicide spray at 0.6858 kg 

a.e. ha-1. Having a 1.52 m distance between plots ensured there was no glyphosate drift.  

 

2.3.4 Among-Population Correlation Experiment 

To measure the across-population correlation between escape and tolerance in A. 

palmeri, I conducted a field experiment during the summer of 2017 at the Fountain Farm 

agricultural field research station (see site description in 2.3.3, above). Seed from all 

families within a population (10-34 families) was bulked. These bulked seeds from each 

population were planted on the shoulders of crop rows in three fields, with all rows 
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cultivated with soybean. Seeds were planted in six randomized complete blocks over 

three days in three adjacent farm fields. Each block contained seeds from all 22 

populations exposed to two treatments: glyphosate sprayed and glyphosate unsprayed. I 

grew plants both in the presence and absence of glyphosate to estimate escape and 

tolerance. 

Nested within the six blocks, seeds from these 22 populations were planted into a 

randomized split-plot design. Glyphosate spray treatment was a between plot factor, and 

population was a within plot factor. The glyphosate spray treatment was applied at the 

whole-plot level to avoid glyphosate spray drift contamination between spray treatments 

(as in Baucom and Mauricio 2008b). Each of the 22 populations was replicated eight 

times within a block and planted using a random order within a plot. A random half of the 

adjacent plants in a block were assigned to the glyphosate-sprayed treatment and the 

other half were assigned to the glyphosate-unsprayed treatment.  

To set up my field experiment, A. palmeri plants were spaced every 2.74 m within 

a row and staggered between rows such that plants were 1.65 m away from their nearest 

A. palmeri neighbours in the next row over. Crop plants were spaced, seeds were planted, 

and herbicide was applied as described in 1.3.3, above. Having 1.65 m distance between 

plots ensured there was no glyphosate drift. 

 

2.3.5 Measuring Escape and Tolerance 

In both experiments described above, I estimated escape by measuring days from 

planting to first emergence. Emergence was recorded upon daily inspections when a 

shoot was visible. Positions without any seedlings that emerged before the glyphosate 

spray date were excluded from the analysis. After the first seed in a position emerged, it 
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was recorded and marked; any further emerging seeds from the same position were 

removed upon detection. The fewer days from planting to emergence, the greater the 

likelihood of escape by growing large enough before glyphosate is applied to 

substantially decrease its efficacy. Although the more days from planting to emergence 

can also be seen as escape by emerging after glyphosate is applied (Scursoni et al. 2007), 

the experimental setup did not allow us to capture escape in this direction.  

To quantify A. palmeri tolerance, once glyphosate sprayed and unsprayed female 

plants were reproductively mature and new flowers ceased to open (October 6-27 2017 

for the experiment described in 1.3.4, August 24 – October 1 2018 for the experiment 

described in 1.3.3), two components of fitness were measured for both male and female 

plants: inflorescence number and average inflorescence length. First, the total number of 

reproductive inflorescences on every plant were counted. Second, all the inflorescences 

on a haphazardly selected branch of every plant were measured from the point on the 

inflorescence where flowering begins to its tip to estimate inflorescence length. All 

inflorescence lengths on a branch were averaged to get mean inflorescence length. These 

two fitness components were then multiplied together to get the total inflorescence length 

on a plant. Family means were then divided by the overall mean of all plants from both 

sprayed and unsprayed treatments (as in Baucom and Mauricio 2004). To measure 

tolerance, the fitness components of untreated plants relative to the mean were subtracted 

from that of glyphosate-treated plants within the same family. The greater the difference 

is above zero, the greater the expression of tolerance is in that family (Baucom and 

Mauricio 2004). 
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2.3.6 Statistical Analysis 

To determine if there are genetic correlations between glyphosate escape and 

tolerance, I calculated Pearson correlation coefficients (r). To do this, I used family-mean 

values which approximate genetic correlation (Via 1984) for measures of glyphosate 

escape and glyphosate tolerance in both the corn (N=28), and the no crop (N=30) 

environments. If r is significant and negative, then escape and tolerance are trading off 

with one another. If r is significant and positive, or not significant, then escape and 

tolerance are not trading off with one another.  

To determine if populations can express high magnitudes of both glyphosate 

escape and tolerance, I calculated the Pearson correlation coefficient (r). To do this I used 

mean population values (N=22) for measures of glyphosate escape and glyphosate 

tolerance. If r is significant and negative, then populations that express high magnitudes 

of escape express low magnitudes of tolerance, or vice versa. If r is significant and 

positive, then populations that express high or low magnitudes of escape express high or 

low magnitudes of tolerance, or vice versa. Finally, if r is not significantly different from 

zero, then populations can express any magnitude of escape and tolerance. 

 

2.4 RESULTS 

 

To determine if there is a tradeoff between glyphosate escape and tolerance within 

populations, I estimated the genetic correlation between escape and tolerance. There was 

no correlation between escape and tolerance for plants grown in the corn environment 

(Figure 2.6.1; r=-0.096, p=0.628, N=28). As well, there was no correlation between 

escape and tolerance for plants grown in the no crop environment (Figure 2.6.1; r=0.087, 
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p=0.647, N=30). These results indicate that there is not a tradeoff between escape and 

tolerance. 

To determine if glyphosate escape and tolerance are correlated across populations, I 

estimated the population level correlation between escape and tolerance. There was no 

correlation between escape and tolerance across populations (Figure 2.6.2; r = 0.376, 

p=0.085, N=22). These results indicate that escape is not correlated with tolerance across 

populations. 

 

2.5 DISCUSSION 

 

The lack of tradeoffs I found between escape and tolerance can facilitate the 

evolution of multiple glyphosate defence strategies in A. palmeri. First, glyphosate escape 

and tolerance in A. palmeri were not genetically correlated within a population. Not 

finding any genetic correlations, or more specifically negative genetic correlations, 

implies that escape and tolerance are not trading off with each other (Agrawal et al. 

2010). This has considerable implications for their evolutionary trajectories, as tradeoffs 

between alternative defence strategies can lead to maximal expression of one strategy, but 

not both, thus providing a limit to adaptation of defence (Futuyma and Moreno 1988, 

Fineblum and Rausher 1995, Leimu and Koricheva 2006). Second, I did not find any 

correlation between glyphosate escape and tolerance expression among populations. This 

would be the expected result if a lack of genetic correlations between escape and 

tolerance allows for trajectories where high expressions of both, one, or no defence 

strategies can exist in a given population. In fact, I did find a marginally significant 
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positive correlation among populations, suggesting at least the possibility that escape and 

tolerance can evolve in the same population. Together, this implies that the lack of 

correlations among populations could be the result of lack of genetic correlations within 

populations, potentially allowing multiple glyphosate defence strategies to evolve 

independently and simultaneously. 

This is the first study I am aware of to measure genetic correlations between 

escape and tolerance to herbicide stress. However, comparing this study to studies that 

measure correlations between other defence strategies or in response to other stresses can 

be beneficial for understanding the novelty of these results. Among populations, positive 

correlations between drought escape and tolerance have been identified, though there are 

few examples outside of drought stress (Welles and Funk 2021). Studies that have tested 

for genetic tradeoffs between tolerance and resistance to herbivory have both found and 

not found correlations between them (Strauss and Agrawal 1999). Both Fineblum and 

Rausher (1995) and Stowe (1998) found that high herbivore resistance was genetically 

correlated with low insect tolerance, and that this tradeoff constrains evolution of 

resistance. There should be a negative correlation between escape and tolerance because 

evolving both strategies could be redundant (Fineblum and Rausher 1995). If defence 

strategies incur fitness costs (Herms and Mattson 1992, Simms and Triplett 1994), 

expressing multiple strategies at once would raise fitness costs more than is necessary to 

achieve optimal fitness. In contrast, both Mauricio et al. (1997) and Weinig et al. (2003) 

found no negative genetic correlation between herbivory resistance and tolerance, 

allowing selection for both defence strategies together. This study also found no 

correlation between the expression of escape and tolerance, supporting the possibility that 
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multiple defence strategies can evolve simultaneously. Absence of a negative genetic 

correlation can be due to plant vigour being great enough to support costs of both 

strategies at once, or because defence strategies could have other vital functions related to 

plant growth and reproduction (Strauss and Agrawal 1999, Rosenthal and Kotanen 1994). 

Testing for correlations between herbicide defence strategies can help determine whether 

the presence and pervasiveness of one strategy will affect that of other strategies. In this 

case, having no tradeoffs between defence strategies suggests that efforts to control the 

evolutionary trajectory of escape through selection for tolerance, and vice versa, would 

be ineffectual.   

My results indicate that if there is selection for both escape and tolerance, then 

high expression of glyphosate escape and tolerance can evolve together. High expression 

of both escape and tolerance would create a more challenging scenario for weed 

suppression efforts aimed at mitigating the effects of herbicide defence strategies. 

Further, genetic correlations were not present in the high competition corn environment, 

or the low competition no crop environment, suggesting that environmental conditions 

are not influencing the correlation between traits, despite evidence that the environment 

can cause genetic correlations to shift in magnitude and direction (Sgro and Hoffmann 

2004). Although these herbicide defence strategies can also arise in susceptible weed 

populations through gene flow via migration of seed or pollen from another population, 

selection for defence acting on the standing genetic variation within a population occurs 

more frequently (Jasieniuk et al. 1996, Delye et al. 2003), likely due to the prolific 

reproduction and extensive seed banks of weed populations in a typical agricultural field 

(Lundemo et al. 2009). Thus, strong selection on standing genetic variation for 
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glyphosate escape and tolerance in most environments is likely to result in strong 

expressions of both defence strategies together.  

My study has two primary limitations in its experimental design. First, I only 

measured glyphosate escape via earlier, not later, emergence. Positive correlations 

between escape via later emergence and tolerance seem unlikely, as plants that escape via 

later emergence would not be exposed to any herbicide application at all, thus creating no 

adaptive reason to evolve tolerance. Despite this, negative correlations between escape 

and tolerance could be missed by not measuring escape via later emergence. Second, I 

measured the two defence strategies escape and tolerance, but did not measure resistance. 

Although there is value in estimating two vital yet often overlooked herbicide defence 

strategies, the correlation they have with resistance is also likely to inform their 

evolutionary trajectories. Resistance could be negatively correlated with escape and 

tolerance due to redundancy. As well, resistance could be positively correlated with 

escape since plants that escape via early emergence will still benefit from resisting 

glyphosate application, even if they have grown beyond the size that herbicides have 

most efficacy. Finally, resistance could be positively correlated with tolerance since 

plants are only able to tolerate a stress for which there is not complete or zero resistance 

(Baucom and Mauricio 2008a). Future studies should aim to include alternative herbicide 

defence strategies like escape and tolerance when making predictions about the 

evolutionary trajectory of resistance.  

I found no tradeoffs between glyphosate escape and tolerance in A. palmeri, 

which could potentially lead to populations with multiple defence strategies, and high 

magnitudes of both escape and tolerance together. This result is supported by my other 
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finding that expression of herbicide escape and tolerance is not currently correlated 

across populations. Whether or not tradeoffs exist between strategies can have a 

significant impact on the evolutionary trajectories of defence by determining whether 

populations with high expressions of multiple defence strategies can persist or not. This is 

of particular importance to herbicide defence in agricultural weeds. As Amaranthus 

weeds with evolved resistance to multiple herbicides are more challenging to suppress 

than one herbicide (Nakka 2016, Jones et al. 2019), high expression of multiple defence 

strategies can be far more challenging to control and suppress than one strategy.  
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2.6 FIGURES 
 

 
Figure 2.6.1: 

Scatterplots of correlation in corn (r=-0.096, p=0.628, N=28) and no crop (r=0.087, p=0.647, N=30) 

environments between tolerance (sprayed relative mean total inflorescence length per plant – unsprayed 

relative mean total inflorescence length per plant) and escape (days to emergence) for 30 family means of 

A. palmeri. 
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Figure 2.6.2: 

Scatterplot of correlation (r = 0.376, p=0.085, N=22) between tolerance (sprayed relative mean total 

inflorescence length per plant – unsprayed relative mean total inflorescence length per plant) and escape 

(days to emergence) for 22 population means of A. palmeri. 
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Chapter 3: What Could Limit the Evolution of Escape and 

Tolerance to Glyphosate in an Agricultural Weed (Amaranthus 

palmeri)? 
 

3.1 ABSTRACT 
 

Plants can evolve multiple defence strategies in response to environmental stress, 

including escape (i.e., avoiding a stress by changing the timing of life history events) and 

tolerance (i.e., compensating for damage from the stress through the reallocation of 

resources). The evolution of escape and tolerance in plants can be limited if plants with 

higher expression of defence strategies have lower fitness in the absence of stress (i.e., 

fitness costs). There can also be limits if the expression of defence strategies is not 

consistent across environments (i.e., genotype by environment interactions [GEI]), which 

is particularly likely to happen as plants expand their range into new environments. To 

test whether there could be limits on the evolution of defense strategies, I measured 

fitness costs and GEI for escape and tolerance in response to glyphosate herbicide in 

Amaranthus palmeri. To estimate fitness costs of defence strategies, I mesured the 

expression of escape and tolerance, as well as the fitness of A. palmeri genotypes in the 

absence of glyphosate herbicide. There was no relationship between defence strategy and 

fitness in the absence of glyphosate, indicating that neither escape nor tolerance was 

costly. I tested for GEI by comparing escape and tolerance of A. palmeri genotypes 

grown in the greenhouse vs. the field. I found no relationship between the expression of 

escape and tolerance of genotypes grown in the greenhouse and field, indicating a GEI. 

These results indicate that fitness costs should not limit the evolution of herbicide escape 

and tolerance, but GEI could. Therefore, the evolution of glyphosate escape and tolerance 
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may be limited as invasive weeds such as A. palmeri expand into new environments. 

 

3.2 INTRODUCTION 

 

In response to the biotic and abiotic stresses in natural and agricultural environments, 

plants can evolve defence strategies such as escape, resistance, and tolerance (Larcher 

2003, Powles and Yu 2010, Agrawal 2011, Lipiec et al. 2013). Since strong selection for 

one defence strategy could cause a depletion of defence variation, the presence of genetic 

variation of defence suggests that the extent defence strategies can evolve in response to 

plant stresses must be limited (Marquis 1992, van der Meijden 1996). Limits on the 

evolution of defence can occur at the selection stage due to fitness costs of defence 

strategies in the absence of stress (Simms and Triplett 1994, Vila-Aiub et al. 2009). But 

even if there is strong selection for a defence strategy, other factors can limit the extent to 

which defence strategies are able to evolve in response to selection. Such factors can 

include a lack of genetic variation, pleiotropic effects, and genotype by environment 

interactions (GEI; Mitchell-Olds 1996, Johnson et al. 2009, Colautti et al. 2010, 

Hoffmann et al. 2014). Indeed, these limits likely maintain the high variation that is 

commonly observed in plant defence traits (Simms and Rausher 1987, Simms 1992, 

Bergelson and Purrington 1996). Therefore, to understand how plant defence traits are 

maintained in natural populations, it is necessary to examine which factors can potentially 

limit their evolution. 

Understanding which factors limit the evolution of weed defence strategies in 

response to the widespread application of herbicides is of particular importance to 
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agricultural practices (Jasieniuk et al. 1996, Baucom and Mauricio 2008b, Baucom 2019). 

Herbicide defence strategies in weeds can involve various mechanisms that will have 

different resource requirements. Although resistance is the most studied herbicide 

defence strategy (Baucom 2019), escape and tolerance could also have a significant effect 

on herbicide efficacy. Similar to the many well documented examples of escape from 

other stresses like drought (Philippi 1993, Pake and Venable 1996, Sherrard and Maherali 

2006), herbicide escape is when a plant shifts the timing of its life history to avoid contact 

with herbicide (Hilgenfeld et al. 2004). Escape from herbicide application in agricultural 

weeds has been attributed to a wide range of seedling emergence times (Scursoni et al. 

2007). Escape via earlier emergence allows weeds to grow too large to be an effective 

spray target for later applications of herbicide, while later application of herbicide can 

often capture late emerging plants (Arnold et al. 1997). Tolerance is when a plant endures 

the damage caused by the herbicide by maintaining the plant’s overall fitness (Mauricio 

et al. 1997). For example, evidence for herbicide tolerance has come from the ability of 

agricultural weeds to maintain fitness through seed production following glyphosate 

herbicide damage (Baucom and Mauricio 2004). Despite their potential efficacy, 

herbicide escape and tolerance have rarely been measured (Baucom and Mauricio 2004, 

Scursoni et al. 2007). However, knowing which factors do or do not limit the evolution of 

herbicide escape and tolerance in agricultural weeds can provide insight into why there 

may be increasing or decreasing instances of these two defence strategies. 

One potential limit to the evolution of herbicide escape and tolerance is fitness costs. 

Fitness costs for defence strategies are expected when allocating resources to those traits 

reduce other fitness components such as growth and reproduction (Herms and Mattson 
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1992, Simms and Triplett 1994). These costs can limit the evolution of herbicide defence 

strategies at the selection stage if the same genotypes that express escape and tolerance to 

increase fitness in a herbicide-exposed environment have reduced fitness in the absence 

of herbicide exposure. Fitness costs for herbicide escape have not yet been studied. 

Although fitness costs of tolerance to herbivory are often studied (Mauricio et al. 1997, 

Agrawal et al. 1999), there are very few studies regarding fitness costs for herbicide 

tolerance (Baucom and Mauricio 2004). Fitness costs for defence strategies are more 

likely to be found in the following two scenarios. First, costs may be more likely to be 

detected when plants are grown in stressful environments, regardless of herbicide. 

Competitively stressful environments could reveal fitness costs because resources used 

for defence would have a greater impact on reproductive output (Van Etten et al. 2015). 

Second, costs may be more likely to be detected when diverse genotypes are sampled. 

Sampling diverse genotypes could reveal fitness costs because looking across populations 

with a wide range of genotypes could show increased genetic variation for defence in at 

lease some genotypes (Kuester et al. 2015, Van Etten et al. 2015). 

Another potential limit to the evolution of herbicide escape and tolerance is genotype 

by environment interactions (GEI, Fox et al. 1997). If GEI is coupled with gene flow or 

temporal environmental variation, the evolution of herbicide escape and tolerance in 

response to selection can be limited by GEI if a genotype with high defence expression in 

one environment has low defence expression in a different environment. This is because 

the genotypes with high expressions of escape or tolerance that are selected for in one 

environment may not be selected for in a different environment. Therefore, GEI would 

make it challenging for a defence strategy to evolve in new populations with different 



 

 

 

28 

environments, despite selection for that defence strategy. Genotype by environment 

interactions are particularly likely to be found for herbicide escape and tolerance defence 

strategies because they are likely polygenic traits that can plastically respond to changes 

in their environment. Herbicide escape is determined by emergence timing, which is 

dependent on many environmental factors including latitude and soil moisture (Forcella 

et al. 1997). For example, drought tolerance has had 17 underlying quantitative trait loci 

with GEI (El-Soda et al. 2015). Genotype by environment interactions for herbicide 

escape and tolerance have not yet been measured, but could potentially limit the 

evolution of these defence strategies when weeds invade new environments. 

To test for potential limits to the evolution of glyphosate escape and tolerance, I 

used the agricultural weed Amaranthus palmeri. This weed is prevalent across the USA 

and ranked at or near the top of many crops’ “most troublesome weed” lists, including 

cotton, soybean, corn, and peanut (Sauer 1957, Webster et al. 2001, Webster and Nichols 

2012). Further, future global temperature increases are projected to expand the range of 

A. palmeri into northern regions (Kistner and Hatfield 2018). Given the recent success of 

A. palmeri, it is important to understand its potential limits to the evolution of herbicide 

defence strategies. 

To investigate potential limits to the evolution of herbicide defence strategies, I 

estimated fitness costs and genotype by environment interactions for glyphosate escape 

and tolerance in A. palmeri. To estimate fitness costs, I grew plants in an agricultural 

field from 22 populations in both the presence and absence of glyphosate herbicide 

application. I then measured glyphosate escape and tolerance as well as plant fitness in 

the absence of glyphosate. To test for GEI, I grew genotypes from the same 22 
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populations in both the greenhouse and an agricultural field and estimated escape and 

tolerance. I used this data to answer the following questions: 

1. Are there fitness costs associated with glyphosate escape and tolerance in A. 

palmeri in the field? 

2. Does the expression of glyphosate escape and tolerance differ between 

environments (i.e., GEI) in A. palmeri? 

 

3.3 METHODS 

 

3.3.1 Study System 

Amaranthus palmeri is a wind-pollinated C4 summer-annual agricultural weed 

that originated in the Sonoran Desert (Sauer 1957) and has spread recently via animal 

vectors, farming equipment, and seed contamination throughout midwestern and 

southeastern USA (Hensleigh and Pokorny 2017). Amaranthus palmeri is dioecious and 

an obligate outcrosser (Ward et al. 2013). In hot and sunny environments, A. palmeri can 

grow up to 5 cm/day (Horak and Loughin 2000) due to its high photosynthetic rate (81 

mol/m2/s, Ehleringer 1983), enabling females to produce as many as 600,000 seeds 

(Keeley et al. 1987). Amaranthus palmeri mostly emerge between March and June, 

typically flower 5-9 weeks after emergence, and produce viable seed as early as 2-3 

weeks after flowering. Although plants can emerge as late as October, lethal November 

frosts can come before they are able to set seed (Keeley et al. 1987). No fitness costs for 

glyphosate resistance have been found in A. palmeri (Giacomini et al. 2014), though 

fitness costs for escape and tolerance have not yet been estimated.  
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3.3.2 Seed Collection 

To test for potential limits to the evolution of glyphosate escape and tolerance, 

from September to October in 2016, I collected seeds of A. palmeri from 22 populations 

spread across their Eastern USA range in Georgia, North Carolina, and Illinois. 

Populations were selected by contacting agricultural extension agents and researchers. A 

population was defined as a discrete farm field because herbicide is applied consistently 

within a farm field, and fields tend to differ in herbicide regimes (Kuester et al. 2015). 

Within each population, seeds were collected from 10-34 mature female plants. In 

populations with more than 34 females, seeds were sampled by systematically selecting a 

female for collection every five paces in a straight line from a haphazard point of entry 

into the field. In populations with 34 or fewer females, seeds were sampled from all 

females. For each female, entire inflorescences were removed with garden shears and 

placed in paper bags to be threshed of seeds.  

 

3.3.3 Fitness Costs Experiment 

To estimate fitness costs, I conducted a field experiment during the summer of 

2017 at the Fountain Farm agricultural field research station in Edgecombe County, 

outside of Rocky Mount, North Carolina, USA (35.98 N , -77.77 W). Crops such as 

corn, cotton, peanut, and soybean are regularly grown at this facility. The site is within 

the current range of A. palmeri and there was a sizable A. palmeri population present in 

the soil seedbank prior to this study (Z. Teitel, personal observation 2017). From 1985 – 

2015, this site’s average summer (May – September) temperature was 24.4 °C and its 

average precipitation was 26.1 mm (Time and Date AS). I conducted this experiment in 

an agricultural field within the weed’s range to adequately recreate the cropping 
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environment that influences fitness costs of escape and tolerance, as well as the 

magnitude of their expression. Agricultural fields are stressful growing environments 

with interspecific competition from both weed and crops, which could expose the costs of 

escape and tolerance.  

To measure fitness costs of glyphosate escape and tolerance, seed was planted on 

the shoulders of crop rows in three farm fields cultivated with soybean. Seed from all 

families within a population (10-34 families) were bulked and were planted in six 

randomized complete blocks over approximately three days in three adjacent farm fields. 

Each block contained seed from all 22 populations exposed to two treatments: glyphosate 

sprayed and glyphosate unsprayed. I grew plants both in the presence of glyphosate to 

estimate escape and tolerance, and in the absence of glyphosate to measure fitness costs. 

Nested within the six blocks, seed from these 22 populations were planted into a 

randomized split-plot design. Glyphosate spray was a between plot factor, and population 

was a within plot factor. The glyphosate spray treatment had to be a between plot factor 

to avoid glyphosate spray drift contamination between spray treatments (as in Baucom 

and Mauricio 2008). Each of the 22 populations was replicated eight times within a block 

and planted using a random order within a plot. A random half of the adjacent plants in a 

block were assigned to the glyphosate-sprayed treatment and the other half were assigned 

to the glyphosate-unsprayed treatment.  

To set up my field experiment, crop plants were spaced 0.91 m apart within and 

between crop rows. Amaranthus palmeri plants were planted every 2.74 m within a row 

and staggered between rows such that plants were 1.65 m away from their nearest A. 

palmeri neighbours in the next row over. To distinguish between A. palmeri planted and 
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those emerging from the fields’ seedbanks, experimental seeds were planted in holes 

approximately 10 cm in diameter that were excavated and filled with potting mix soil. At 

least five seeds were planted from the same population at each position to ensure 

adequate germination. Plants were marked with plastic tags in the soil. Both crops and A. 

palmeri plants in the glyphosate-sprayed treatment were sprayed once at the basal rosette 

stage when they were less than 15 cm in height. Plants were sprayed with RoundUp® 

Weathermax using a backpack sprayer calibrated to the field-rate of glyphosate herbicide 

spray at 0.6858 kg a.e. ha-1. Crop fields were kept relatively clear of weeds through 

hoeing.   

To estimate escape, I measured days from planting to first emergence. The fewer 

days from planting to emergence, the greater the likelihood of escape by growing large 

enough before glyphosate is applied to substantially decrease its efficacy. Although more 

days from planting to emergence can also be seen as escape by emerging after glyphosate 

is applied, the experimental design did not allow us to capture escape in this direction. 

Emergence was recorded upon daily inspections when a shoot was visible. Positions 

without any seedlings that emerged before the glyphosate spray date were excluded from 

the analysis. After the first seed in a position emerged, it was recorded and marked; any 

further emerging seeds from the same position were thinned out upon detection. 

To quantify A. palmeri tolerance, once glyphosate-sprayed and -unsprayed plants 

were reproductively mature and new flowers ceased to open, two components of fitness 

were measured. I recorded fitness components that can be consistently measured for both 

male and female plants: inflorescence number and average inflorescence length. First, the 

total number of reproductive inflorescences on every plant were counted. Second, all the 
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inflorescences on a haphazardly selected branch of every plant were measured from the 

point on the inflorescence where flowering begins to its tip to estimate inflorescence 

length. All inflorescence lengths on a branch were averaged to get average inflorescence 

length per plant. These two fitness components were then multiplied together to get the 

total inflorescence length on a plant. Population means were then divided by the overall 

mean of all plants (as in Baucom and Mauricio 2004). To measure tolerance, the fitness 

components of untreated plants relative to the mean were subtracted from that of 

glyphosate-treated plants within the same population. The greater the difference is above 

zero, the greater the expression of tolerance is in that population (Baucom and Mauricio 

2004). 

 

3.3.4 GEI Experiment 

To estimate GEI, plants were grown from seed in the University of Guelph 

Phytotron using the same 22 populations used in the fitness costs experiment (see 3.3.3, 

above). Seeds were planted into 1.67 L pots filled with Sunshine® All-Purpose Potting 

Mix (Sun Gro Horticulture Canada Ltd., Vancouver, British Columbia, Canada). To 

ensure adequate germination, five seeds were planted per pot. Seeds began to emerge 1-2 

days after planting. Ten days after planting, seedlings were randomly thinned down to 

one per pot. Plants were hand watered twice daily until the majority of germination 

occurred, then once daily until the plants reached maturation, then as needed. Each pot 

was fertilized every 14 days beginning 14 days after planting with 50 ml of 17-5-17 

fertilizer (Master Plant-Prod Inc., Brampton, Ontario, Canada). Plants were sexed upon 

flowering. Greenhouses were maintained between 24.5-26.5 C during the daytime and 

19.5 - 20.5 C during the nighttime, with 16 hours per day of light that was supplemented 
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with H.P.S. 600-watt lights at 30 mol m-2 s-2. 

To estimate escape and tolerance to glyphosate, eight pots of plants from each of 

10-34 families were grown from each of the 22 collected populations used in the fitness 

costs experiment (see 3.3.3, above). Half of the eight pots within a family were randomly 

assigned to a glyphosate-sprayed treatment and half were randomly assigned to a 

glyphosate-unsprayed treatment. Plants were divided into two blocks separated by 60 

days. A randomly selected half of the families from every population were assigned to the 

first block, and the other half of the families were assigned to the second block. This 

design does not allow for estimation of variation among families within populations, but 

instead allows for estimation of variation in escape and tolerance among populations. 

Pots were positioned randomly across the greenhouse benches in three separate rooms per 

block. 

From each family, four randomly-selected plants were glyphosate treated within a 

spray chamber in a portable fume hood (CaptairTM Flex, ErlabTM). Using a hand-held 

pressurized sprayer attached to 6 mm-diameter tubing with three nozzles, plants were 

sprayed at the basal rosette stage (mean (1 SD) height = 15.53 (7.12) cm in block 1 and 

25.22 (9.61) cm in block 2). Plants were sprayed with a pressure gauge calibrated to 30 

psi for 30 s to the point before runoff, such that spray droplets remained on leaves. These 

glyphosate spraying methods were based on suggested field guidelines but modified for 

the enclosed greenhouse environment. Plants were sprayed with RoundUp® Weathermax 

(glyphosate, 540 grams acid equivalent per litre, present as potassium salt) at a spray rate 

of 0.2241 kg a.e. ha-1. This spray rate was selected because the next highest rate resulted 

in ~91% mortality in a preliminary study (Teitel and Caruso, unpublished data). The day 



 

 

 

35 

after spraying, all plants from the glyphosate treatment were returned to the greenhouse 

(as in Feng et al. 2003).  

To estimate escape, the number of days from planting to emergence was 

measured. Emergence was recorded when a shoot was visible. Because seedlings within 

pots are not independent of each other, the average days to emergence was calculated for 

each pot (N#_seedlings_emerged= 1-10, mean = 2.62, SE = 0.02). The fewer days from planting 

to emergence, the greater the likelihood of escape by growing large enough before 

glyphosate is applied to substantially decrease its efficacy. Although the more days from 

planting to emergence can also be seen as escape by emerging after glyphosate is applied, 

the experimental setup did not allow us to capture escape in this direction. Values of 

family level escape were averaged within populations to get values of population level 

escape. These population-level values of escape from the greenhouse environment were 

compared with population-level values of escape from the field environment (see fitness 

costs experiment above) to measure GEI.  

To estimate tolerance, inflorescence lengths of glyphosate-treated and -untreated 

female plants in the first temporal block were measured. Inflorescence length was used to 

estimate fitness because it is a significant predictor of seed production of females (Teitel 

and Caruso, unpublished data). Once female plants were reproductively mature and new 

flowers ceased to open, the total reproductive inflorescence length was measured. The 

total inflorescence length was averaged for all glyphosate-treated and untreated plants 

within families (Nplants/family/treatment = 1-4, mean = 1.77, SE = 0.04). Family means were 

then divided by the overall mean of all plants in both treatments (as in Baucom and 

Mauricio 2004). To measure tolerance, the relative mean reproductive inflorescence 
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length of glyphosate-sprayed plants was subtracted from the mean of glyphosate 

unsprayed plants within the same family. The greater the difference is above zero, the 

greater the expression of tolerance is in that family (Baucom and Mauricio 2004). Values 

of family-level tolerance were averaged within populations to get values of population-

level tolerance. These population-level values of tolerance from the greenhouse 

environment were compared with population-level values of tolerance from the field 

environment (see 3.3.3, above) to measure GEI.  

 

3.3.5 Statistical Analysis 

To estimate fitness costs of escape and tolerance, I used regression. Each of four 

regression models included either fitness components of inflorescence length or 

inflorescence number in the absence of glyphosate, as the dependent variable, and either 

escape or tolerance as the independent variable. Prior to analysis, field values of escape 

and tolerance were averaged within populations and relativized to the grand population 

means (as in Baucom and Mauricio 2008b, Van Etten et al. 2015). If there are fitness 

costs for expressing escape and tolerance, then the regression slope will be negative, as 

populations with high escape and tolerance will have low fitness in the absence of 

glyphosate. Unlike escape, regressing tolerance on fitness in the absence of glyphosate 

creates an artifactual covariance because the same fitness estimates are used in both the 

dependent and independent variables. I calculated this artifactual covariance (as described 

in Tiffin and Rausher 1999, Baucom and Mauricio 2008b) and subtracted it from the 

covariance between the independent variable, tolerance, and the dependent variable, 

fitness in the absence of glyphosate, to get an unbiased estimate of covariance. This 
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corrected covariance was then used to calculate the corresponding correlation coefficient 

(instead of regression) to establish significance.  

To estimate GEI for glyphosate escape and tolerance, I calculated Pearson 

correlation coefficients (r). Although I was unable to analyze GEI using a more 

traditional ANOVA table due to a lack of power for tolerance, alternative methods have 

been used (Fernandez 1991), and correlation can reveal the same interaction. Coefficients 

were measured using mean population values (N=22) for measures of both escape and 

tolerance between the greenhouse and field environments. If r is significant, then 

genotypes with high expression of defence strategies in one environment are the same 

genotypes with high expression of defence strategies in the other environment (i.e., no 

GEI). If r is not significant, then genotypes with high expression of defence strategies in 

one environment are not the same genotypes with high expression of defence strategies in 

the other environment (i.e., GEI).  

 

3.4 RESULTS 

 

To test for fitness costs for escape and tolerance in the field, I estimated the 

relationship between escape and tolerance and two fitness components in the absence of 

glyphosate. Plants from populations with greater escape did not produce shorter (Figure 

3.6.1A; =-0.036, t21=-1.026, p=0.317), or fewer (Figure 3.6.1B; =-0.076, t21=-1.161, 

p=0.259) inflorescences in the absence of glyphosate. In addition, tolerance was not 

correlated with inflorescence length after correcting for artifactual covariance (Figure 

3.6.1C; uncorrected =-0.193, t21=-2.121, p=0.047; corrected covariance = -0.0001, r = -
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0.002N.S.). Finally, tolerance was not correlated with number of inflorescences after 

correcting for artifactual covariance (Figure 3.6.1D; uncorrected =-0.4, t21=-2.405, 

p=0.026; corrected covariance = -0.016, r = 0.163N.S.). These results indicate no fitness 

costs for either escape or tolerance. 

 To determine if there was GEI for escape and tolerance, I compared escape and 

tolerance of the same populations grown in the field and greenhouse. There was no 

correlation between escape in the field and in the greenhouse (Figure 3.6.2A; r=0.064, 

p=0.777). As well, there was no correlation between tolerance in the field and in the 

greenhouse (Figure 3.6.2B; r=0.016, p=0.942). These results indicate that there was GEI 

for escape and tolerance.  

 

3.5 DISCUSSION 

 

I looked for evidence of fitness costs and GEI, two mechanisms that could 

potentially limit the evolution of glyphosate escape and tolerance in A. palmeri. I found 

no evidence of fitness costs for glyphosate escape and tolerance in the absence of 

glyphosate stress, suggesting that selection will not be limited by fitness costs. In 

contrast, I found evidence of GEI for both escape and tolerance: genotypes which had 

high expressions of glyphosate escape and tolerance in the greenhouse did not have the 

same high expressions of glyphosate escape and tolerance in the field (Figure 3.6.2). This 

could limit the evolution of escape and tolerance because the same genotypes would not 

be selected for in different environments. Without fitness costs, there could potentially be 

no limits for the evolution of glyphosate escape and tolerance at the selection stage. 
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However, even with strong selection for glyphosate escape and tolerance, their evolution 

could still be limited if there is no response to selection (Stanton et al. 2000), potentially 

due to GEI with geneflow. These results display the importance in evaluating multiple 

mechanisms at different stages of evolution that may influence the extent that herbicide 

defence strategies can evolve, since the lack of evidence via one mechanism at the 

selection stage does not necessarily mean that there are no potential limits to defence at 

other stages of evolution. 

Very few studies have tested for fitness costs from herbicide defence strategies 

other than resistance, and none have tested for escape. Although there is some evidence 

of fitness costs for glyphosate tolerance (Baucom and Mauricio 2004, Baucom and 

Mauricio 2008a), my results are consistent with most studies that have tested for, but not 

found, fitness costs for herbicide resistance (Vila-Aiub et al. 2009, Baucom 2019). 

Evidence for costs of resistance in weeds was found in only 26% of 88 studies (Bergelson 

and Purrington 1996), and costs are not consistent across different mechanisms of 

herbicide resistance (Vila-Aiub et al. 2009). Testing for fitness costs in multiple strategies 

is important for understanding whether single or multiple herbicide defence strategies can 

evolve. The general theoretical prediction that stress defence strategies should be 

mutually exclusive of each other (Abrahamson and Weis 1997, Mauricio et al. 1997) 

assumes that there are fitness costs for expressing defence, and that the benefits of having 

redundant multiple defence strategies do not outweigh their costs (Strauss and Agrawal 

1999, Baucom and Mauricio 2008a). However, if fitness costs do not limit the evolution 

of escape and tolerance, then these two defence strategies could potentially become 

alternative evolutionary trajectories to resistance. Further, without fitness costs, both 
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defence strategies could evolve simultaneously, not mutually exclusively of each other or 

of resistance as well (Giacomini et al. 2014), creating a formidable suite of herbicide 

defence which could be more difficult to overcome. Even without any discernable fitness 

costs however, other factors can limit the evolution of herbicide defence strategies. 

The evidence I found for GEI in the expression of glyphosate escape and 

tolerance is expected due to the polygenic nature of these two stress defences. Unlike 

herbicide resistance, which is often the result of a single major effect mutation (Baucom 

2019), escape and tolerance are likely to be plastic traits that are environment dependent. 

Escape, as determined by variable timing in life history transitions, is a complex trait 

controlled by many genes that are influenced by numerous environmental factors 

(Koornneef et al. 2002), such as precipitation seasonality (Aide 1992), and habitat type 

(Allcock 2004). Like escape, tolerance is a complex trait that can use different 

mechanisms related to plant growth and reproduction, which can in turn depend on 

environmental factors (Herms and Mattson 1992, Rosenthal and Kotanen 1994, Cushman 

and Bohnert 2000). Environmental factors such as increasing stress levels and decreasing 

resource availability can have a wide range of outcomes on the expression of herbivory 

tolerance (Tiffin 2002, Wise and Abrahamson 2005, Rodriguez et al. 2021). Although 

variation for glyphosate tolerance among maternal lines, populations, and regions has 

been found in agricultural weeds (Baucom and Mauricio 2008b), this study is the first to 

test for GEI with herbicide escape and tolerance. Identification of GEI for plant escape 

and tolerance to other stresses is scarce, and many of the studies that examine agricultural 

environments focus on crop, not weed, escape and tolerance (Van Oosterom et al. 1996, 

Chapman et al. 1997, Thungo et al. 2019). The GEI for glyphosate escape and tolerance I 
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found shows evidence of potential limits for these defence strategies, though which types 

of environments create this interaction remains unclear.  

Although I examined GEI by comparing the field and greenhouse environment, 

GEI using realistic agricultural environments only are also expected. This is because 

environments that could limit the evolution of defence strategies in range expanding 

agricultural weeds are likely similar to environments that would limit evolution of 

defence strategies in invasive plant species, where GEI has been documented (Franks et 

al. 2008, Zenni et al. 2014). Much work has been done evaluating limits to evolution of 

invasive species beyond their native ranges in natural plant communities (Xu et al. 2010, 

Colautti et al. 2010), and the same concepts can apply to noxious agricultural weeds that 

invade new farming environments. Particularly, expansion beyond a plant’s native habitat 

could expose that plant to a harsher new biotic and abiotic environment that it is not 

locally adapted to, where beneficial competitive or defensive traits are no longer 

expressed (Lankau 2009). Agricultural environments have similar structures for growing 

crops, but differ significantly in climate, soil properties, crops grown, herbicide regimen, 

and herbivores. For example, if a southern weed genotype evolved to have high 

magnitudes of tolerance, that same genotype could potentially have low magnitudes of 

tolerance if it migrated to a northern environment. 

The study I performed that estimated potential limits to the evolution of escape 

and tolerance has two significant limitations itself. First, I only measured glyphosate 

escape via earlier, not later, emergence. If escape was measured via later emergence, 

fitness costs for greater escape may have been revealed through late emerging plants not 

having enough time to set seed before the end of the season. Although plants can evolve 
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to escape glyphosate spray through earlier emergence by growing large enough to render 

the efficacy of glyphosate low by the time it is sprayed, later emergence can also be a 

viable strategy to escape glyphosate spray. Second, in estimating GEI, one of the two 

environments I used to compare expression of defence strategies was a greenhouse. 

Although the crop field chosen to run my experiment represents a realistic growing 

environment for A. palmeri, the greenhouse is an artificial growing environment that 

natural populations of A. palmeri would not typically occur in. Since the two 

environments I compared are likely more different from each other than two different 

agricultural environments, the GEI I found is likely overestimated. For future studies, a 

more useful comparison may be GEI among agricultural environments at different 

latitudes with varying climatic conditions, as A. palmeri continues to migrate north. 

Although plants can evolve multiple defence strategies to combat the many biotic 

and abiotic stresses they face (Larcher 2003, Agrawal 2011), evolutionary limits 

occurring at different stages can prevent them from achieving optimal defence (Johnson 

et al. 2009, Baucom and Mauricio 2008a). I found no evidence of fitness costs which 

could have potentially limited the evolution of glyphosate escape and tolerance at the 

selection stage of evolution. However, I found evidence of GEI indicating that glyphosate 

escape and tolerance could potentially be limited in their response to selection from 

evolving in new environments. If GEI does in fact limit escape and tolerance, then weeds 

that migrate to new environments or that remain in a changing environment may not be 

able to consistently evolve high magnitudes of herbicide defence strategies. In contrast, 

an environment that remains the same through crop selection or herbicide program, for 

example, may remove any potential limits from GEI to evolving consistently high 
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magnitudes of escape and tolerance. Therefore, decisions about changing the agricultural 

environment could slow the ongoing evolution of harmful herbicide defence strategies.  
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3.6 FIGURES 
 

 

 
 

Figure 3.6.1: 

Scatterplots showing the relationship between escape (days to emergence) and relative inflorescence length 

(a, =-0.036, t21=-1.026, p=0.317) and relative inflorescence number (b, =-0.076, t21=-1.161, p=0.259); 

and between tolerance (glyphosate-sprayed relative fitness – glyphosate-unsprayed relative fitness) and 

relative inflorescence length (c, uncorrected =-0.193, t21=-2.121, p=0.047; corrected covariance = -0.0001, 

r = -0.002N.S.) and relative inflorescence number (d, uncorrected =-0.4, t21=-2.405, p=0.026; corrected 

covariance = -0.016, r = 0.163N.S.). 
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Figure 3.6.2: 

Scatterplots showing the relationship between field and greenhouse population mean values of (a) escape 

(days to emergence), N = 22, r=0.064N.S.; and (b) tolerance (glyphosate-sprayed relative fitness – 

glyphosate-unsprayed relative fitness), N=22, r=0.164N.S. 
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Chapter 4: Crop competition causes nonlinear selection for 

glyphosate resistance in an agricultural weed (Amaranthus 

palmeri) 
 

4.1 ABSTRACT 
 

In response to biotic and abiotic stresses, plants can evolve different defence 

strategies including escape, which will shift the timing of life history events to avoid a 

stress; and resistance, which will reduce the extent of damage caused by a stress. Whether 

a weed population primarily evolves escape or resistance may depend on the 

environmental context. To test how the environmental context could affect the evolution 

of defence strategies, I studied how competition with crop species can alter selection for 

glyphosate herbicide escape and tolerance in the agricultural weed Amaranthus palmeri. 

Glyphosate escape, resistance, and plant fitness was estimated for A. palmeri grown in 

North Carolina farm fields in the presence and absence of competition with corn to 

measure the effect of competition on the strength and direction of selection. Selection on 

escape did not differ between the crop and no-crop environment, as there was no direct 

selection for earlier seedling emergence in either environment. Unlike escape, the form of 

natural selection acting on resistance differed between the crop and no-crop environment. 

In the no-crop environment, I found strong linear selection for increased resistance, but 

no significant nonlinear selection. In the crop environment, I found strong linear selection 

for increased resistance, but also found strong negative nonlinear selection for resistance. 

As such, in the competitive crop environment only, fitness increased with increasing 

resistance up to a point, but then decreased at the highest magnitudes of resistance. 

Overall, these results indicate that escape is unlikely to evolve as a herbicide defence 
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strategy regardless of the competitive environment, but the extent to which herbicide 

resistance can evolve in agricultural weeds may be limited by competition from crops. 

 

4.2 INTRODUCTION 

 

Plants are faced with multiple stresses that impair their development, survival, and 

reproduction (Larcher 2003). In response to stress, plants can evolve defence strategies, 

such as escape and resistance (Xiao et al. 2007, Agrawal 2000b). Escape occurs when a 

plant changes the timing of its life cycle to avoid a stress (Hilgenfeld et al. 2004). For 

example, Arabidopsis helleri can flower earlier to escape floral herbivory from beetles 

(Kawagoe and Kudoh 2010). Resistance occurs when a plant reduces the extent of 

damage it receives from a stress (Mauricio et al. 1997). For example, Arabidopsis 

thaliana produces jasmonic acid and ethylene in response to caterpillar herbivores, which 

then reduces herbivore performance (De Vos et al. 2006). These plant defence strategies 

can have their evolution shaped by interactions with other competitive and facilitative 

community members (Lankau and Strauss 2008, Lau and terHorst 2019). Plant 

interactions that enhance the effects of defence strategies on fitness will favour selection 

for those defence strategies while interactions that diminish the effects of defence 

strategies on fitness will favour selection against those defence strategies (De Meaux and 

Mitchell-Olds 2003). For example, induced defence to herbivory reduced biomass of 

Lepidium virginicum when it was grown at high densities, but not when it was grown at 

low densities (Agrawal 2000a). Understanding how interactions between species within a 
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community influences selection for plant stress defence strategies will enable predictions 

about which environmental contexts that stress defences will evolve in. 

In addition to natural biotic and abiotic stresses, plants can evolve escape and 

resistance in response to human-mediated stresses. One common type of human-mediated 

stress is herbicide exposure (Jenks and Hasegawa 2008). In response to herbicide 

exposure, plants could evolve to escape by altering the timing of their life history: plants 

could either germinate later to avoid being sprayed with herbicide or germinate earlier to 

reach a large enough size that the herbicide is ineffectual (Jordan and Jannink 1997, 

Hilgenfeld et al. 2004). Alternatively, plants could evolve to resist by reducing the extent 

of damage from a herbicide (Mauricio et al. 1997). Of these two defense strategies, 

herbicide escape has been studied far less than resistance. Amongst agricultural weeds, 

there are approximately 11 new cases of herbicide resistance reported every year (Heap 

2014). Relative to the identified incidences of herbicide resistance, far fewer studies have 

identified escape as a herbicide defence strategy (e.g. Scursoni et al. 2007). This pattern 

could be because there is overall stronger selection for resistance than for escape, or 

because escape is studied much less often compared to resistance. Thus, much of the 

research addressing defence strategies in response to herbicide application has focused on 

how to curb the rapid evolution of resistance. By focusing on the evolution of both escape 

and resistance, a more complete assessment of weed defence strategies in response to 

herbicide application can be made.   

The evolution of herbicide escape and resistance, like other defence strategies, 

should depend on the agricultural crop growing environment, which presents biotic 

community interactions from other species, including other weeds and crops (Baucom 
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2019). These biotic factors combined with herbicide application will jointly influence 

selection for herbicide defence traits and should therefore be considered together when 

predicting the evolution of herbicide defence strategies. Biotic crop competition 

influences how selection shapes herbicide defence strategies in weeds by creating a 

highly competitive agricultural growing environment (Swanton and Weise 1991, Jha et 

al. 2017). Agricultural environments are highly competitive because farming practices 

provide attractive, resource-rich, but space-limited habitats for plants to grow in. Highly 

competitive environments should select against herbicide escape because late-emerging 

plants should be at a competitive disadvantage for resources relative to their early-

emerging neighbours (Miller et al. 1994, Dyer et al. 2000). Plants that emerge late should 

have a better chance of avoiding herbicide spray, but will have diminished growth rates 

and resources due to intensified size-dependent competition at their most vulnerable 

stage. Unlike escape, highly competitive environments should not select for or against 

herbicide resistance because resistance does not require resources typically limited by 

competition. For example, the mechanism for glyphosate resistance in Amaranthus 

palmeri uses gene amplification of the EPSPS enzyme, a process unlikely to be limited 

by resources being competed for (Gaines et al. 2010). Though competition is known to 

influence how plants respond to other stresses (Strauss and Agrawal 1999), little is 

known about how competition affects evolution in response to herbicide (Délye et al. 

2013, Baucom 2019). Further, if competition affects selection of defence strategies in 

response to herbicide, then farmers could use that to their advantage in efforts to control 

weed populations through the evolution of resistance and escape (Jha et al. 2017).   
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To test whether competition alters selection on herbicide escape and resistance, I 

studied the agricultural weed Amaranthus palmeri and the herbicide glyphosate (e.g. 

Monsanto RoundUp®). I chose to use glyphosate because there has been a rapid increase 

in glyphosate herbicide use since 1996, and increasing herbicide use in general (Bridges 

1994, Benbrook 2016). Many weed species, including A. palmeri, have evolved in 

response to glyphosate, causing the efficacy of glyphosate to diminish (Powles 2008, 

Benbrook 2016, Heap 2019). The strong and human-mediated selection pressure exerted 

from the often-exclusive use of glyphosate herbicide as a weed control measure after the 

adoption of glyphosate resistant crops has led to the evolution of many glyphosate-

resistant weed populations (Powles 2008), with resistance to glyphosate found in 46 weed 

species to date, including A. palmeri (Heap 2019). 

To estimate selection acting on defence strategies among differing competitive 

environments, I measured glyphosate escape, resistance, and fitness components of A. 

palmeri in both corn and no crop agricultural environments. The corn crop environment 

was a high-competition agricultural treatment while the no crop environment was a low-

competition treatment. I used these data to answer the following two questions: 

1. Is there selection for herbicide escape and resistance in A. palmeri? 

2. Does the competitive field environment affect the magnitude and direction of 

selection for herbicide escape and resistance in A. palmeri? 

 

4.3 METHODS 
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4.3.1 Study System 

Amaranthus palmeri is a C4 summer-annual agricultural weed that originated in 

the Sonoran Desert (Sauer 1957) and has spread recently via animal vectors, farming 

equipment, and seed contamination throughout midwestern and southeastern USA 

(Hensleigh and Pokorny 2017). In hot and sunny environments, A. palmeri can grow up 

to 5 cm/day (Horak and Loughin 2000) due to its high photosynthetic rate (81 mol/m2/s, 

Ehleringer 1983), enabling females to produce as many as 600,000 seeds (Keeley et al. 

1987). Amaranthus palmeri mostly emerge between March and June, typically flower 5-9 

weeks after emergence, and produce viable seed as early as 2-3 weeks after flowering. 

Although plants can emerge as late as October, lethal November frosts can come before 

they are able to set seed (Keeley et al. 1987). Amaranthus palmeri is dioecious and wind 

pollinated, likely making it an effective obligate outcrosser (Grant 1959, Sosnoskie et al. 

2007, Ward et al. 2013). In A. palmeri, the principal mode of action of glyphosate 

resistance is through gene amplification of the copy number of EPSPS (Powles and 

Preston 2006, Gaines et al. 2010, Powles 2010), the chloroplast enzyme necessary for 

plant growth and metabolism (Steinrücken and Amrhein 1980, Herrmann and Weaver 

1999).  

 

4.3.2 Seed Collection 

To measure selection for glyphosate escape and resistance, from September to 

October in 2016, I collected seeds of A. palmeri from 22 populations spread across their 

Eastern USA range in the three states of Georgia, North Carolina, and Illinois. The 

populations from Georgia and North Carolina represent the southern range of A. palmeri, 

where glyphosate resistance originally evolved (Heap 2018); the populations from Illinois 
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represent the northern range of A. palmeri, where glyphosate resistance may have 

originated from recent southern migrations of seed (P. Tranel, personal communication 

2016). Populations were selected by contacting agricultural extension agents and 

researchers. A population was defined as a discrete farm field because herbicide is 

applied consistently within a farm field, and fields tend to differ in herbicide regimes 

(Kuester et al. 2015). Within each population, seeds were collected from 10-34 mature 

female plants. In populations with greater than 30 females, plants were sampled 

systematically by selecting a plant for collection every five paces in a straight line from a 

haphazard point of entry into the field. In populations with or less than 30 females, seeds 

were sampled from all individuals. For each individual, entire inflorescences were 

removed with garden shears and placed in paper bags to be threshed of seeds. Seeds from 

1-2 randomly selected individuals per population were used to create a synthetic 

population of 30 different families for use in my experiment. 

 

4.3.3 Experimental Design 

The experiment was conducted during the summer of 2018 at the Fountain Farm 

agricultural field research station outside of Rocky Mount, North Carolina, USA (35.98 

N, -77.77 W). Fountain Farm is regularly used to grow crops such as corn, cotton, 

peanut, and soybean. It is within the current range of A. palmeri and there is a sizable A. 

palmeri population present in the soil seedbank (Z. Teitel, personal observation 2017). 

Fountain Farm’s average (1985 – 2015) summer (May – September) temperature is 24.4 

°C and its average precipitation is 26.1 mm (Time and Date AS). 

To measure the effect of competition with crops on selection for glyphosate 

escape and resistance, A. palmeri seeds were planted on the shoulders of crop rows in 
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three fields, with half the rows cultivated with corn and the other half left unplanted. 

Three randomized spatiotemporal complete blocks were separated by approximately three 

weeks between planting and in three adjacent farm fields. Each block contained four 

treatment combinations in a two-by-two factorial design: glyphosate-sprayed, and 

glyphosate-unsprayed; and corn crop planted, and no crop planted. Nested within the 

three blocks, seeds from the 30 families in the experimental population were planted into 

a randomized split-plot design. Glyphosate spray and corn crop were between plot 

factors, and family was a within plot factor. Spray treatment was a between plot factor to 

avoid glyphosate spray drift contamination between spray treatments (as in Baucom and 

Mauricio 2008a). As well, crop treatment was a between plot factor to accommodate 

mechanized crop planting limitations. Each of the 30 families within the synthetic 

population was replicated four times and planted using a random order within each 

treatment combination plot. 

To manipulate weed-crop competition, Amaranthus palmeri were planted every 

2.44 m within a row and staggered between rows such that weeds were 1.52 m away from 

their nearest weed neighbours in the next row over. Crop plants were planted 0.91 m 

apart within and between crop rows. To distinguish between weeds planted and those 

emerging from the seedbank, experimental seeds were planted in ~10 cm diameter holes 

that were filled with potting mix. At least five seeds were planted from the same family at 

each position to ensure adequate germination. Plants were marked with plastic tags in the 

soil for identification. Crop fields were cleared of non-experimental A. palmeri and other 

weed species through hoeing.   
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To run my experiment’s herbicide treatment, both crops and A. palmeri weeds in 

the glyphosate spray treatment were sprayed once with RoundUp® Weathermax. Plants 

were sprayed at the basal rosette stage when they were less than 15 cm in height, using a 

backpack sprayer calibrated to the field-rate of glyphosate herbicide spray at 0.6858 kg 

a.e. ha-1. Having a 1.52 m distance between plots ensured there was no glyphosate drift. 

To estimate escape, I measured days from planting to first emergence. Emergence 

was recorded upon daily inspections, when a shoot was visible. Positions without any 

seedlings that emerged before the glyphosate spray date were excluded from the analysis. 

After the first seed in a position emerged, it was recorded and marked; any further 

emerging seeds from the same position were removed upon detection. The fewer days 

from planting to emergence, the greater the likelihood of escape by growing large enough 

before glyphosate is applied to substantially decrease its efficacy. Although the more 

days from planting to emergence can also be seen as escape by emerging after glyphosate 

is applied, my experimental setup did not allow me to capture escape in this direction.  

To estimate resistance, leaf damage was measured on glyphosate-treated plants. 

Glyphosate damage is visually evident through the yellowing and eventual shriveling of 

sprayed leaves. Three weeks after being sprayed, plants were recorded as either dead or 

alive. For plants that lived, both the total number of leaves and the number of sprayed 

leaves visually judged to be necrotic were recorded (Baucom and Mauricio 2008a). From 

this, the percent of damaged (i.e., necrotic) leaves was calculated, measured as the 

proportion of necrotic leaves per plant following spraying. Plants that died or plants with 

only necrotic leaves after being sprayed were assigned a resistance value of zero. Since I 

defined resistance as one minus the proportion of necrotic leaves, the lower the 
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proportion of necrotic leaves, the higher the expression of resistance. This measure of 

phenotypic resistance is correlated with resistance as measured by EPSPS copy number 

(Yakimowski et al. 2021). 

Since I could not know the gender of the plants that died, I was unable to measure 

selection using fitness components that could only be measured on female plants (i.e., 

seed set). Therefore, to quantify A. palmeri fitness, I used fitness components that can be 

consistently measured for both male and female plants: inflorescence number and 

inflorescence length. These two components of fitness were measured once glyphosate-

sprayed and -unsprayed plants were reproductively mature and new flowers ceased to 

open. First, the total number of reproductive inflorescences on every plant were counted. 

Second, a subsample of inflorescence lengths on a single branch of every plant was 

haphazardly selected, cut with shears, and measured from the point on the inflorescence 

where flowering begins to the inflorescence’s tip. 

 

4.3.4 Statistical Analysis 

To estimate linear phenotypic selection on escape and resistance in the presence 

and absence of crop competition, I used general linear models (Lande and Arnold 1983). 

Linear selection gradients (), which estimate direct linear selection on a trait, were 

estimated using a model with one of two fitness components (number of inflorescences 

per plant or mean inflorescence length) as the dependent variable; both escape and 

resistance as the continuous independent variables; and farm field (N = 3) as a categorical 

independent blocking variable. Fitness component measures for individual plants were 

relativized by dividing by mean fitness (Lande and Arnold 1983). Values of escape and 

resistance were standardized to have a mean of zero and standard deviation of one (Sokal 
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and Rohlf 1995). Fitness was relativized and traits were standardized separately within 

each trait combination. Because fitness was non-normally distributed, I used bias-

corrected bootstrapping to determine if selection gradients were significantly different 

from zero. 

To estimate nonlinear phenotypic selection on resistance and escape in the 

presence and absence of crop competition, I used general linear models (Lande and 

Arnold 1983). Quadratic selection differentials (), which estimate direct nonlinear 

selection on a trait, were estimated using a model with one of two fitness components 

(number of inflorescences per plant or mean inflorescence length) as the dependent 

variable; escape and escape2, or resistance and resistance2, as the continuous independent 

variables; and farm field (N = 3) as a categorical independent blocking variable. Fitness 

was relativized, defence strategies were standardized, and data was bootstrapped as 

described above. Shape of nonlinear selection was visualized using cubic splines. 

To determine whether there were statistical differences in selection gradients and 

differentials between competition treatments I used planned contrasts. To construct these 

contrasts, I calculated the difference in selection between corn crop and no crop 

treatments, as well as the pooled standard error (estimated as √𝑆𝐸𝑐𝑜𝑟𝑛 𝑐𝑟𝑜𝑝
2 + 𝑆𝐸𝑛𝑜 𝑐𝑟𝑜𝑝

2 ). 

Contrasts were constructed for both escape and resistance as well as both fitness 

components. Due to non-normality of the data, all pooled standard errors were calculated 

from the bootstrapped standard errors. Finally, pooled standard errors were used to test 

whether differences in selection between competition treatments significantly differed 

from zero.  

In addition to selection analyses, to confirm my assumptions that the corn crop 
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treatment was more competitive than the no crop treatment, and that the sprayed 

treatment was more stressful than the unsprayed treatment, I used analysis of variance 

(ANOVA). The ANOVA model included competition treatment, spray treatment, their 

interaction, and block as independent variables; and number inflorescences and mean 

inflorescence length (cm) as dependent variables in separate models. Corn crop 

competition and glyphosate spray would be confirmed as stressful if the crop and spray 

terms in the model are significant. 

To test the assumption that competition treatments did not affect the expression of 

defence strategies, I used ANOVA. The ANOVA model included competition treatment 

and block as independent variables; and escape and resistance as dependent variables in 

separate models. If the crop term in the model is significant, then corn crop competition is 

affecting the expression of defence strategies.  

 

4.4 RESULTS 

  

To determine if there was selection for herbicide escape via earlier emergence, I 

measured linear selection gradients and nonlinear selection differentials on emergence 

time. Selection for escape was considered only as selection for earlier emergence, not 

later emergence. There was linear direct selection for later emergence via number of 

inflorescences per plant in the no crop environment, but no linear direct selection for 

earlier or later emergence in the corn crop environment (Table 4.6.1). There was no 

nonlinear selection for earlier or later emergence in any environment (Table 4.6.2). I 

therefore found no evidence of selection for escape. 
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To determine if there was selection for herbicide resistance, I measured linear 

selection gradients and nonlinear selection differentials for resistance in both the no crop 

and corn crop environments. There was linear selection for increased resistance via 

number of inflorescences per plant as well as mean length of inflorescences in both the no 

crop environment and the corn crop environment (Table 4.6.1). In the no crop 

environment, there was nonlinear selection for resistance via inflorescence length only, in 

which fitness increased with resistance up to a point, then decreased (Table 4.6.2, Figure 

4.7.1). In the corn crop environment, there was nonlinear selection for resistance via 

number of inflorescences per plant as well as mean length (cm) of inflorescences, in 

which fitness increased with resistance up to a point, then decreased (Table 4.6.2, Figure 

4.7.1). I therefore found both linear and nonlinear selection for glyphosate resistance.  

To determine if the competitive environment influences selection on herbicide 

escape, I compared linear selection gradients and nonlinear selection differentials on 

emergence between the no crop and corn crop environments. Linear selection for later 

emergence was stronger in the no crop environment than in the corn crop environment for 

number of inflorescences only (Table 4.6.3). There was no significant difference in 

nonlinear selection differentials for emergence between competitive environments (Table 

4.6.3). I therefore found that linear selection for later emergence only was dependent on 

the competitive environment.   

To determine if the competitive environment influences selection on herbicide 

resistance, I compared linear selection gradients and nonlinear selection differentials for 

resistance between the no crop and corn crop environments. There was no difference in 

linear selection gradients for resistance via either fitness component; there was selection 
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for increased resistance in both the no crop and corn crop environments (Table 4.6.3). In 

contrast, the nonlinear selection differential for resistance via mean length of 

inflorescences was significantly different between competitive environments (Table 

4.6.3). Both crop environments showed significant negative quadratic selection 

differentials, in which fitness increased with increasing resistance up to a point, followed 

by a decrease in fitness with further increasing resistance (Figure 4.7.1). However, the 

nonlinear selection differential for mean length of inflorescences in the more competitive 

corn crop environment (=-0.763) was significantly greater than in the no crop 

environment (=-0.200). Although the nonlinear selection differential for resistance via 

mean number of inflorescences also showed significant nonlinear selection in the corn 

crop environment only (=-0.527), this was not significantly different from the no crop 

environment (Table 4.6.3, =-0.177). These results indicate that there is stronger negative 

nonlinear selection in the more competitive corn crop environment.  

To confirm that the corn crop environment was more competitive than the no crop 

environment, and that the glyphosate spray treatment was more stressful than the 

glyphosate unsprayed treatment, I compared fitness components between crop and spray 

treatments. I found that both crop and spray treatments had a significant effect on each 

fitness component. Plants grown in the no crop treatment had significantly greater fitness 

than plants grown in the corn crop treatment, with number of inflorescences 16.745 times 

greater and mean length of inflorescences 1.608 times greater (Table 4.6.4, Figures 4.7.2 

and 4.7.3). Plants grown in the no spray treatment had significantly greater fitness than 

plants grown in the glyphosate spray treatment, with 1.970 times more inflorescences and 

1.788 times longer inflorescences (Table 4.6.4, Figures 4.7.2 and 4.7.3). Crop treatment 
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and spray treatment interacted for number of inflorescences only, such that the 

combination of corn crop and glyphosate spray yielded fitness lower than the additive 

effects of both treatments (Table 4.6.4, Figure 4.7.2). These results confirm that the corn 

crop environment was more competitive than the no crop environment, and the 

glyphosate-sprayed environment was more stressful than the glyphosate-unsprayed 

environment.   

To test the assumption that competition treatments did not affect the expression of 

defence strategies, I compared escape and resistance between crop treatments. I found 

that emergence was significantly later in the no crop environment than in the corn crop 

environment, but resistance was not affected by crop treatment (Table 4.6.5). Therefore, 

the assumption that crop treatment has no effect on defence strategies is correct for 

resistance but not for escape.  

 

4.5 DISCUSSION 

 

 I found that environmental context affected selection for glyphosate resistance, 

but not for escape. There was strong selection for greater glyphosate resistance in A. 

palmeri in the field, and the magnitude and shape of that selection was dependent on the 

competitive crop growing environment. I found direct linear selection for greater 

resistance in both the crop and no crop environment, though in the crop environment 

only, increased resistance did not always result in increased plant fitness. Specifically, 

when A. palmeri was grown amongst competitive corn crops, there was a significant 

negative nonlinear component of selection. Increasing resistance resulted in increasing 
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fitness up to a point, and then resulted in decreasing fitness. In contrast, no evidence was 

found for linear or nonlinear selection on escape in either competitive environment. 

These results suggest that escape, but not resistance, is unlikely to evolve as a defence 

strategy, though highly competitive environments may limit the magnitude of resistance 

that can evolve. 

Like other studies that estimated selection for resistance (Simms 1990, Núñez‐

Farfán and Dirzo1994), I found evidence of negative nonlinear selection that can limit the 

extent of resistance, though this is the first study to find nonlinear selection for herbicide 

resistance. Only one other study I am aware of looked for nonlinear selection for 

resistance to herbicide in an agricultural weed but did not find any, though their 

experiment did not have a competition treatment (Baucom and Mauricio 2008). In 

contrast to herbicide studies, herbivory studies have shown nonlinear selection for 

resistance from herbivores (Mauricio et al. 1997, Pilson 2000). Studies using herbivory 

that have found evidence of nonlinear selection for defence traits argue that intermediate 

trait values may be maintained in populations through a mechanism involving a fitness 

cost or benefit (Núñez-Farfán et al. 2007, Fornoni et al. 2004). This implies that there 

may be a fitness cost for evolving very high magnitudes of glyphosate resistance in A. 

palmeri. In this case there should be selection against increased glyphosate resistance as 

the benefits of having greater expression of resistance do not outweigh the costs. Fitness 

costs for glyphosate resistance have not yet been found in A. palmeri (Giacomini et al. 

2014, Vila-Aiub 2014), and only 26% of 88 studies had evidence for fitness costs in 

plants (Bergelson and Purrington 1996). Indeed, there may be no fitness costs for 

resistance in A. palmeri, since the mechanism of glyphosate resistance simply upregulates 
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the expression of the glyphosate inhibited EPSPS gene which is relatively resource 

inexpensive (Gaines et al. 2010). However, increased expression of phenotypic 

glyphosate resistance in A. palmeri only increases with EPSPS copy number until a 

certain threshold, and then levels out, suggesting that there may be little benefit in having 

higher EPSPS copy numbers (Yakimowski et al. 2021). Further, costs of weed herbicide 

resistance have been detected when looking for fitness costs in other fitness components 

and when testing for costs in competitively stressful environments (Van Etten et al. 

2015). Fitness costs and nonlinear selection for herbicide resistance may be detected 

more often when measured in the presence of crop competition. Alternatively, instead of 

crop competition inducing fitness costs, it may be suppressing the benefits of increased 

resistance. 

This study provides evidence that there is some potential limit to the evolution of 

high magnitudes of glyphosate resistance in A. palmeri, through strong crop competition. 

Fitness levels increased with increasing resistance until a point, and then decreased with 

further increases in resistance, in the competitive corn crop environment. The fitness 

benefits of glyphosate resistance in A. palmeri are likely being lowered by a competitive-

induced decrease in limiting resources such as nutrients, light, and soil moisture, as 

expected in weed–crop competitive interactions (Zimdahl 1980, Murphy et al. 1996, 

Rajcan and Swanton 2001). Human mediated agricultural operations can manipulate how 

competitive the agricultural environment is by selecting which crops to plant (Stoltenberg 

and Wiederholt 1995), what density to plant them in (Teasdale 1990), and when to plant 

them (Gunsolus 1990). For example, growing corn compared with growing soybean 

presents greater competition for interspersed weeds due to the ability of corn to out-grow 
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and out-shade neighbouring species at critical periods (Moolani et al. 1964, Rajcan and 

Swanton 2001), and could therefore weaken selection for weed resistance. Crop rotation 

and crop canopy structure significantly affected growth and morphological life history 

traits among populations of A. palmeri, indicating that crop competition can influence 

evolution for aggressive weed traits (Bravo et al. 2017). Additionally, if selection for 

herbicide resistance in weeds is weakened by crop competition, this would reduce the 

need to spray fields with increasing quantities of herbicide, thus further weakening 

selection for high magnitudes of herbicide resistance (Stoltenberg and Wiederholt 1995, 

Boerboom 1999). If the genetic variation for resistance is similar between corn and crop 

environments, then selection against high resistance in competitive environments can 

limit the evolution of high magnitudes of resistance. Thus, the ability to manipulate the 

crop growing environment may be just as important a tool as manipulating herbicide 

spray for limiting the evolution of herbicide defence in weeds. 

Despite escape being a potential defence strategy from herbicide damage, I did 

not find any evidence that selection is acting on glyphosate escape via early emergence in 

either competitive environment. Timing of emergence throughout the growing season has 

been shown to have a key effect on fitness in response to other stresses like herbivory 

(Hill and Silvertown 1997, Seiwa 1998) and drought (Dickman et al. 2019), and there can 

be selection on emergence time from a multitude of other factors in the absence of 

herbicide spray (e.g. Miller et al. 1994). Although this is the first study to measure 

selection for escape from glyphosate spray, I had predicted for there to be strong selection 

for glyphosate escape. This is because escape has had a significant impact on weed 

control efforts, with glyphosate and other herbicide efficacies shown to be dependent on 
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the proximity of glyphosate spray date with emergence date (Jordan et al. 1997), and 

prolonged emergence allowing weeds to avoid planned glyphosate applications (Owen 

1997). One reason I did not find selection for escape could be that glyphosate escape in 

A. palmeri may provide indirect benefits to crops they compete with. Crop yields have 

been significantly impacted by the relative timing of weed emergence (Kropff et al. 

1992), as delayed weed emergence gave a competitive advantage to rice crops (Gibson et 

al. 2002), and earlier emerging weeds reduced soybean yields more than later emerging 

weeds (Hock et al. 2006). My results suggest that defence strategies other than escape, 

such as resistance, may be the dominant target for selection. 

I have identified two main limitations to this study. First, the experiment was set 

up to measure selection for glyphosate escape via earlier, not later, emergence. Although 

plants can evolve to escape glyphosate spray through earlier emergence by growing large 

enough to render the efficacy of glyphosate low by the time it is sprayed, later emergence 

can also be a viable strategy of escape by missing the application of post-emergent 

glyphosate spray. Despite this, selection for earlier emergence, especially in the 

competitive corn crop environment, may be more likely because earlier emerging weeds 

have a competitive advantage compared to later emerging weeds due to fewer 

competitors at early growth stages, and weaker competitors once they do emerge (Kalisz 

1986, Miller et al. 1994, Dyer et al. 2000). Second, although this experiment had two 

cropping treatments at both competitive extremes, whether selection on escape and 

resistance operates similarly in intermediate competitive environments remains unknown. 

Further research should determine how less competitive crops like peanut, soybean, and 

cotton influence selection on defence strategies (Jha et al. 2017). Compared with corn, a 



 

 

 

65 

less competitive crop may have resulted in weaker selection against the highest 

magnitudes of resistance, indicating a possible scale of crop competition driving selection 

against glyphosate resistance.      

In summary, I found that the crop-growing environment can affect the evolution 

of herbicide defence strategies, suggesting that there may be competitive limits to 

evolving high magnitudes of glyphosate resistance. My results show that understanding 

how the community context can shape evolution in response to human-mediated stresses 

can provide new approaches for agricultural management. Noxious weeds compete with 

crops, decrease crop yields and harvest quality, and increase the resources needed for 

cultivation (Bridges 1992, Oerke 2006, Welch et al. 2016, Soltani et al. 2017). By 

determining what plant community interactions can select against weed defence 

strategies, agricultural managers can suppress their rapid evolution. With the evolution of 

glyphosate resistant weeds becoming increasingly unmanageable (Powles 2008, 

Benbrook 2016), the ability to be able to manipulate human-mediated selection pressures 

such as crop selection, in addition to herbicides, may become vital to controlling resistant 

weed populations.  
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4.6 TABLES 
 
Table 4.6.1: 

Linear selection gradients () +/- standard error (SE) for escape and resistance under glyphosate-sprayed 

treatment via the fitness components relative number inflorescences and relative mean inflorescence length 

(cm). + p<0.1, * p<0.05, ** p<0.01, *** p<0.001. N=392. 

 

 
Escape Resistance 

No Crop Corn Crop No Crop Corn Crop 

  SE  SE  SE  SE 

Number of Inflorescences 0.200* 0.087 -0.072 0.095 0.471** 0.095 0.471** 0.155 

Inflorescence Length 0.019 0.063 -0.062 0.074 0.341** 0.066 0.424** 0.088 
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Table 4.6.2: 

Nonlinear selection differentials () +/- standard error (SE) for escape and resistance under glyphosate-

sprayed treatment via the fitness components relative number inflorescences and relative mean 

inflorescence length (cm). + p<0.1, * p<0.05, ** p<0.01, *** p<0.001. N=392. 

 

 Escape Resistance 

 
No Crop Corn Crop No Crop Corn Crop 

 SE  SE  SE  SE 

Number of 
Inflorescences 

-0.117 0.098 -0.064 0.063 -0.177 0.152 -0.527* 0.234 

Inflorescence 
Length 

-0.060 0.094 0.023 0.055 -0.200* 0.095 -0.763** 0.156 
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Table 4.6.3: 

t-statistics (t) +/- standard error (SE) for the difference between linear selection gradients and nonlinear 

selection differentials for escape and resistance under glyphosate-sprayed treatment in no crop vs. corn crop 

treatments via the fitness components relative number inflorescences and relative mean inflorescence 

length (cm). 

 

 

Escape Resistance 

Linear Nonlinear Linear Nonlinear 

t SE t SE t SE t SE 

Number of 

Inflorescences 
-2.111* 0.129 0.455 0.116 0.000 0.182 -1.254 0.279 

Inflorescence Length -0.833 0.097 0.762 0.109 0.754 0.110 -3.082* 0.183 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

69 

Table 4.6.4: 

F-statistics with degrees of freedom for ANOVA testing the effects of block, spray treatment, and crop 

treatment on fitness components relative number inflorescences and relative mean inflorescence length 

(cm). + p<0.1, * p<0.05, ** p<0.01, *** p<0.001. 

 

 Block Spray Crop Spray x Crop 

Number of 

Inflorescences 
69.2912

*** 31.8691
*** 185.2271

*** 19.8341
*** 

Inflorescence Length 126.7152
*** 69.5901

*** 51.1351
*** 1.0621 
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Table 4.6.5: 

F-statistics with degrees of freedom for ANOVA testing the effects of block and crop treatment on defence 

strategies escape and resistance. + p<0.1, * p<0.05, ** p<0.01, *** p<0.001. 

 

 Block Crop 

Escape 239.1842
*** 35.2981

*** 

Resistance 2.5202
+ 3.7841

+ 
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4.7 FIGURES 
 
 

 
 

 
Figure 4.7.1: 

Cubic splines of both linear and nonlinear selection for glyphosate resistance in no crop (top row) and corn 

crop (bottom row) environments via relative number inflorescences and relative mean inflorescence length 

(cm). All resistance values are standardized to a mean of zero and standard deviation of one. All dependent 

response variables are relativized to the population mean within their crop environment treatment. 

Confidence intervals at 0.95 are displayed around the mean. 
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Figure 4.7.2: 

Estimated mean total inflorescences (+/- 2 SE) for glyphosate-sprayed and unsprayed plants in no crop and 

corn crop environments. 

 

 

 



 

 

 

73 

 
  
Figure 4.7.3: 

Estimated mean inflorescence length (+/- 2 SE) for glyphosate-sprayed and unsprayed plants in no crop and 

corn crop environments. 

 

 

 

 

 

 

 

 
 



 

 

 

74 

Chapter 5: Conclusion 

 

5.1 OVERVIEW 

 

I first determined whether multiple defence strategies can evolve simultaneously 

together by testing for tradeoffs from negative genetic correlations between glyphosate 

escape and tolerance for A. palmeri grown in an agricultural field (Chapter 2).  Within 

populations, I found no negative genetic correlations between glyphosate escape and 

tolerance, indicating no evidence that escape and tolerance are trading off with each other 

(Chapter 2). Among populations, I also found no correlations between glyphosate escape 

and tolerance, indicating that populations can have high magnitudes of both defence 

strategies (Chapter 2). Thus, selection for escape, for example, is unlikely to affect 

selection for tolerance, and both herbicide defence strategies can evolve high magnitudes 

simultaneously in the same weed population. With strong and independent selection for 

each defence strategy, high magnitudes of multiple herbicide defence strategies can be 

more challenging for agricultural weed control measures to suppress.  

I next determined whether two types of evolutionary limits could potentially 

suppress the extent that glyphosate escape and tolerance could evolve in A. palmeri: 

fitness costs and GEI (Chapter 3). I looked for fitness costs in A. pameri by measuring 

glyphosate escape and tolerance as well as fitness in the absence of herbicide stress, and 

found that higher expression of defence strategies does not result in lower plant fitness 

(Chapter 3). This indicates no discernable fitness cost for evolving high magnitudes of 

escape and tolerance, though costs could have been revealed under stronger 
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environmental pressure or testing from a wider genotypic range. I also looked for GEI as 

a potential evolutionary limit and found no relationship between the expression of escape 

and tolerance of genotypes grown in the greenhouse and field, indicating a GEI (Chapter 

3). Therefore, the evolution of glyphosate escape and tolerance is unlikely to be limited 

by fitness costs but may be limited by invasive weeds such as A. palmeri expanding into 

new environments. 

Finally, I tested whether the environmental context of an agricultural field can 

influence selection acting on glyphosate escape and resistance in A. palmeri (Chapter 4). 

Using a synthetic population, I measured the shape and direction of selection acting on 

glyphosate escape and resistance in both a competitive corn crop field environment as 

well as a non-competitive no crop field environment (Chapter 4). Though there was no 

selection for escape in either competitive environment, selection for resistance differed 

between competitive environments (Chapter 4). Though both environments revealed 

linear selection for increased resistance, only the competitive corn crop environment 

revealed negative nonlinear selection for resistance, in which fitness increases with 

increasing resistance up to a point and then declines with further increases in resistance 

(Chapter 4). Therefore, while altering the competitive crop-growing environment is 

unlikely to affect selection for glyphosate escape, competitive crops can potentially select 

against high magnitudes of glyphosate resistance in A. palmeri.  

 

5.2 FUTURE DIRECTIONS AND SIGNIFICANCE 

 

Future research should take into account how other environmental factors in 
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agricultural fields can select for defence strategies including selection from cropping 

systems, herbivores, and other herbicides. Though I studied the evolution of defence 

strategies in response to glyphosate herbicide alone, a typical weed population will likely 

be subject to a suite of other herbicides with varying modes of action. Population 

resistance to other herbicides could potentially be correlated with glyphosate resistance 

(Walsh et al. 2004, Varanasi et al. 2015), and be influencing the selection I found for and 

against glyphosate resistance. Preliminary research shows a positive correlation between 

population-level glyphosate and thifensulfuron resistance (Teitel et al., unpublished data). 

In contrast, no population-level correlations between glyphosate resistance and atrazine, 

fomesafen, glufosinate, or mesotrione resistance was found (Teitel et al., unpublished 

data). If correlated, selection for resistance to other herbicide modes of action is likely to 

create unexpected variation for fitness within the populations that I measured glyphosate 

resistance.  

My research asked which herbicide defence strategies are most likely to evolve in 

weeds where multiple strategies exist, and what could potentially limit this evolution. 

Though many have argued that multiple defence strategies are unlikely to evolve because 

they are costly and redundant when expressed (Herms and Mattson 1992, Rosenthal and 

Kotanen 1994), my research found that escape and tolerance do not tradeoff with each 

other and could therefore evolve together. This may be possible because escape and 

tolerance are not costly or because they provide separate functions for plant defence 

(Agrawal 2011, Romeo et al. 2013). Populations that evolve to both escape and tolerate 

glyphosate stress could be more challenging to control than populations with just one of 

those strategies. Further, I found no discernable fitness costs for glyphosate escape and 
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tolerance despite the traditional expectation that they are present (Simms and Triplett 

1994), which could potentially create evolutionary trajectories for populations with high 

magnitudes of both of these defence strategies. On the other hand, I found a GEI for 

escape and tolerance, indicating that gene flow and environments that change over time 

could limit the evolution of these two defence strategies. Further, since I found that 

highly competitive environments select against high magnitudes of glyphosate resistance, 

then altering the growing environment to lower competition could decrease the spread of 

resistance. Previous research and modeling have shown a close relationship between 

herbicide dose, weed density, and crop yield (e.g. Kim et al. 2002), though haven’t linked 

those factors to the evolution of alternative stress responses. Through this applied 

evolution study, agricultural land managers will be better informed on how to manipulate 

their crop-growing environments to select against the economically harmful effects of 

weed resistance, thereby increasing crop yields.  
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