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Abstract: The increased availability and high adoption rate of glyphosate-tolerant crops have selected
for several glyphosate-resistant weed species. The response of representative weed species to
glyphosate was assessed to provide insights and tools for optimizing glyphosate use for economic,
agronomic and environmental reasons. Amnoda cristata, Chenopodium album, Digitaria sanguinalis,
Eleusine indica and Portulaca oleracea were grown outdoors in pots containing commercial potting
medium. An increasing dose of glyphosate was applied to these species at three growth stages.
Weed response was evaluated visually compared to the nontreated control and shoot dry weights
were recorded. Fecundity was also determined. Based on visual evaluations, the dose of glyphosate
required to attain 90% control of the species tested exhibited an application rate margin up to 28.5-fold
compared to recommended rate, denoting a potential for rate optimization. Except for A. cristata,
the recommended dose of glyphosate could be reduced by 30%-60% and still achieve 90% or greater
control. The order of species sensitivity, based on effective dose 50 (EDs( )values, was E. indica >
C. album > D. sanguinalis > P. oleracea > A. cristata. The ratio of EDgy/EDs5) was constant, indicating
that increasing the glyphosate dose 8.7-fold would reduce weed biomass 1.8-fold. In most cases,
the fecundity-avoidance biomass threshold (i.e., the maximum allowable weed biomass for herbicide
application in order to prevent weed seed production and dispersal) for glyphosate was below the
EDyg value. Complimentary measures such as fecundity-avoidance biomass threshold will improve
herbicide evaluation procedures and preserve the effectiveness of herbicides, including glyphosate,
on sensitive species, an important issue particularly when action to reduce herbicide resistance
development is highly required.

Keywords: differential sensitivity; dose response curves; fecundity-avoidance threshold rate;
herbicide efficacy; logistic regression; non-linear modeling; weed-size specific rate

1. Introduction

Weed management programs relying primarily on a single herbicide with the same mechanism of
action, promote the evolution of herbicide-resistant weeds [1]. The continuous and widespread use of
glyphosate, for example, since the introduction of glyphosate-resistant (GR) crops in the early "90s has
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contributed greatly to the evolution of GR weeds [2—4]. Glyphosate [N-(phosphonomethyl)glycine] is
a foliar-applied, non-selective, systemic herbicide that has been used extensively throughout the world
over the past thirty years [5]. It inhibits the biosynthesis of aromatic amino acids, i.e., phenylalanine,
tryptophan and tyrosine, which in turn leads to plant metabolic disruptions through the inhibition of
protein and secondary product biosynthesis [6,7].

Glyphosate, following the use of residual herbicides, enabled the exponential increase of no-till
systems, which improve soil and water conservation in extensive agricultural production systems
worldwide [8]. In these systems, glyphosate is used to knock down vegetation during the fallow
period or prior to crop planting and it is usually tank-mixed with a soil-active herbicide such as
metsulfuron-methyl, atrazine or other preemergence herbicides for residual weed control.

The adoption of transgenic crops worldwide was reported at 185 million ha in 2016, of which
more than 80% of the fields has been planted with herbicide-resistant crops; mostly cotton (Gossypium
hirsutum L.), maize (Zea mays L.), soybean (Glycine max (L.) Merr.) and canola (Brassica spp.), almost all
being GR [9,10]. USA, Argentina, Brazil, Canada, China and Paraguay are the countries that have the
highest adoption of GR technology [9,10]. Despite the significant economic [11] and environmental
benefits to agriculture such as reductions in soil disturbance, environmental pollution and cost of food
production [12,13] the overuse of glyphosate has exerted unprecedented selection pressure on weed
populations, resulting in the evolution of GR weeds [4]. Nevertheless, GR weeds are not yet a problem
in many parts of the world, including Argentina where this research was conducted, and actions can
be taken to achieve the economic, agronomic and environmental sustainability of the glyphosate in
these areas [3,4].

Regarding glyphosate sustainable use one way that it can be achieved is by establishing
criteria to improve the accuracy of how glyphosate efficacy is evaluated; usually through the
development of dose-response curves that enable the determination of the optimum rate for
individual weed species [14-16]. Dose-response experiments are widely used to evaluate herbicide
effectiveness [14,17,18]. Values describing the growth response of a weed to an herbicide are often
estimated from the dose-response curves, and these are used to compare differential susceptibility
across weed populations or species. A reference value most commonly used is EDs, the herbicide rate
that reduces plant growth by 50%. Sandral et al. [19] used log-logistic dose-response curves to estimate
and compare EDs values of five herbicides applied to subterranean clover (Trifolium subterraneum L.).
Carlson and Burnside [20] also compared EDs estimates to determine the relative sensitivity of several
species to the application of four herbicides including glyphosate.

The effectiveness of an herbicide based on assessment of visible control, compared to a nontreated
control, allows for a qualitative evaluation of herbicide efficacy [21]. Nevertheless, little information is
provided on potential weed fecundity associated with the herbicide treatment [22]. The long-term
impact of an herbicide program on weed population dynamics is related to the reduction in weed seed
production potential associated with the herbicide treatments [22]. Recurrent selection, especially with
reduced herbicide rates, results in high risk of evolution of herbicide resistance [23]. Most common
weed species have high fecundity outputs coupled with viable and dormant seeds [24] and the use of
low herbicide rates could cause a fast buildup of the seedbank [25].

Glyphosate and GR crops have significantly facilitated the improvement of weed management
and production practices through higher efficacy and simplification of weed control [26]. However,
glyphosate is no longer broadly effective as it once was, hence the renewal of weed management
approaches is required [26]. Integrated weed management approaches, for example, are needed that
will allow the continued use of glyphosate as a tool for weed management. Glyphosate use is valuable
because abandoning glyphosate would reverse the progress that has been made toward practicing
conservation agriculture. It is therefore imperative to develop means of preserving the remaining
utility of glyphosate and to delay the development of herbicide resistance on new herbicide resistance
technologies involving glufosinate, 2,-D and dicamba.
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Glyphosate at the recommended rate is effective on the majority of broadleaf and grass weeds
species when applied at 1-2 tillers for grass weeds or 5-7 cm for broadleaf species, but we hypothesized
that a higher rate may be required to control plants at later growth stages depending on the weed species.
Furthermore, including weed fecundity assessment is vital in evaluating the efficacy of herbicide
treatments. It has been reported that herbicide rotation alone cannot prevent the development of
herbicide resistant weeds [4,26]. Complementary measures such as fecundity-avoidance biomass
threshold, i.e., the maximum allowable weed biomass for herbicide application in order to prevent
weed seed production and dispersal, need to be included in the herbicide efficacy evaluation procedures
and weed management programs.

Therefore, our objective, using glyphosate dose-response curves, was to re-assess the evaluation
process of herbicide efficacy. In addition, based on these assessments, to recommend ways to optimize
application rate margins based on key weed species, selected growth stages, and fecundity-avoidance
biomass threshold. This approach could assist in preserving the effectiveness of successful herbicides
such as glyphosate on sensitive weed species, an issue that is still of great importance. In addition,
this approach can be applied on automated weed control and robotics technology for targeted
rate-species specific applications.

2. Materials and Methods

2.1. Experimental Set-Up

Seeds of Anoda cristata, (L.) Schltdl. (crested anoda), Chenopodium album L. (lambsquarters),
Digitaria sanguinalis (L.) Scop. (large crabgrass), Eleusine indica (L.) Gaerth (goosegrass) and Portulaca
oleracea (L.; purslane) were collected from local weed populations from GR soybean fields nearby
university experimental station, located in Zavalla, Pampa, Argentina (33°1’ S, 60°53" W). Based
on previous surveys at 5000 points-quadrats in more than 300 fields these species were the most
frequent [27,28]. Seed samples before the initiation of the experiments were stored in sealed vials
at 5 °C and were sown in a 3 L plastic pot containing a commercial potting mix. Once established,
weed seedlings were thinned to three per pot and were grown outdoors under a temperature range of
18-32 °C. The plants were watered as needed.

2.2. Herbicide Application

Glyphosate as isopropylamine salt (600 g ae L=!) was applied at 0, 0.24, 0.48, 0.96, 1.92 and 3.84 kg
ae ha™!; with each rate logarithmically increased from a rate that caused no observable injury to a rate
that caused severe damage or death as preliminary data had indicated (results not shown). Glyphosate
was applied using a RDS knap-sack sprayer equipped with a hand-held boom with four TeeJet 8002 flat
fan nozzles (TeeJet Technologies, Springfield, IL, USA) calibrated to deliver 140 L ha—!atan operating
pressure of 30 kPa at three weed growth stages (Table 1a,b). Average air temperature during herbicide
application was 18.1 (0.4 °C), 21.0 °C (+1.5 °C), 20.7 °C (£0.1 °C) and 19.0 °C (£1.8 °C) and relative
humidity was 78.1% (+8.3%), 86.7% (+5.0%), 85.4% (+£0.5%) and 86.4% (+£6.2%) for the four trials,
respectively. Wind speed was less than 1 km h™! or 0 force in Beaufort wind scale.
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Table 1. (a) Plant characteristics of grasses when treated at three different growth stages (GS). (b) Plant
characteristics of dicotyledons when treated at three different growth stages (GS).

(a) Plant characteristics of grasses when treated at three different growth stages (GS).

GS1 GS2 GS3
# Tillers Diameter (cm) # Tillers Diameter (cm) # Tillers Diameter (cm)
D. sanguinalis 1-2 5-6 4-5 8-10 67 15-17
E. indica 1-2 5-6 3-4 8-10 6-7 15-17

(b) Plant characteristics of dicotyledons when treated at three different growth stages (GS).

A. cristata C. album P. oleracea
GS1 GS2 GS3 GS1 GS2 GS3 GS1 GS2 GS3
Stems (#) 1 1 1 1 1 1 1 1 7-10
True leaves (#) 3 5-7 8-12 6-8 12-14 18-20 6-8 20-30 50-80
Height (cm) 5-7 10-15 23-29 12-15 15-20 20-25 5 10-15 20-30

# = number of tillers.

2.3. Experimental Design and Data Collection

Each weed species was treated as an independent trial in a two-factor factorial design with the
factors being the growth stage (i.e., three growth stages were defined for herbicide application) and
application rate, in a randomized complete block design with four replications. Each species/trial was
conducted four times (runs) across two growing seasons (a and b). Runs 1a and 2a were conducted
in late spring, whereas runs 1b and 2b in late summer. The shoot tissue of two plants per pot were
harvested 14 days after treatment (DAT), after the evaluation of weed control, which was conducted
using a 0-100 scale. The shoot tissues were oven-dried at 110 °C for 72 h. and weighed. Weed response
to glyphosate was expressed as dry weight relative to the nontreated plants and as % control relative
to the nontreated plants.

The third plant was left in the pot until maturity, usually three to four weeks after treatment.
At maturity, the plants were harvested, dried, weighed and threshed manually for seed collection.
Seeds were separated from debris using meshes of various size-openings and/or a blower. The number
of seeds per plant for A. cristata was determined by counting all the cleaned seeds. The total seed
production per plant of P. oleracea was estimated using a linear regression model generated with the
data for seed number and seed weight of four subsamples containing 10, 50, 100 and 150 seeds each.
For D. sanguinalis and E. indica, the total seed production per plant was estimated by counting the
seeds from 10 randomly selected spikes of each plant. Seed number per plant was expressed as % of
the nontreated control.

2.4. Models Used and Data Analysis

Exponential models (Equation (1)) for each species were fitted to the weed control ratings at 14
DAT:
y=a(l-b"), (1)

where y = percentage control rating; x = application rate (kg ae ha™!) and a and b = model parameters.
To quantify the response of weed species to glyphosate application rate a log-logistic model was
fitted to the dry shoot biomass data (Equation (2)).

Y = D/1 + [exp (b log (x/EDsp))], ()

where Y = shoot biomass (g plant™!); x = rate of glyphosate application (kg ae ha™!); D = the upper
limit of the curve asymptote; b = the rate of change (slope) near the inflexion point denoted by EDs.
The model was reduced from the original model proposed by Streibig and Kudsk [14] because the
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lower limit of the logistic function was zero (the original model involved a parameter C determining
the lower boundary of the logistic curve). This is a reasonable assumption, as postulated by Madsen
and Jensen [29], as plants were killed at the highest dose.

For practical weed control, the EDgg value is more relevant than the EDsj. Therefore, a logistic
model can be reparametrized to calculate the EDgy value (Equation (3))

Y = D/1+ exp [ b (log (x/EDgp) + log (9)/b)], 3)

where Y = shoot biomass (g plant™'); x = glyphosate application rate (kg ae ha™!); D = upper limit of
the curve asymptote and b = rate of change (slope) near the inflexion point denoted by EDyj.

The number of seeds per plant was linearly related to seed dry weight in P. oleracea as described
in Equation (4) which was used to estimate fecundity.

Y (seed number) = 0.109 (£0.011) X seed weight (in mg) + 0.256(+0.273). 4)

Linear models were fitted to relative seed number as follows:
y=bx+a, ®)

where x is shoot dry weight, a and b constants, i.e., slope and seed output increase per unit of plant
biomass increase.
The following equation for the estimation of seed production for C. album was used [30]:

y = 265x — 25, (6)

where y = estimated seed production and x = biomass production.

Arcsin transformations were used (e.g., when dependent variable was a proportion or percentage)
and transformed data were then used to fit the models described above based on least squares
techniques, using SPSS, Statgraphics and SigmaPlot software. Test for constant variance and residuals
means square error (RMSE) were carefully observed in order to determine quality of regressions fit
to data. Analysis of variance (ANOVA) between experimental runs for the weed control, biomass
and EDg( parameters, described in equations 1, 2 and 3, revealed no significant differences (p > 0.05)
among the experimental runs, hence the data were pooled, and models fitted to pooled data. For seed
production the data were not pooled, so each species X run was analyzed separately. Analyses of
variance also were performed on each species for parameters a and b (Equation (1)) and for parameters
D, b and EDsq (Equation (2)), and EDgj (Equation (3)) to test differences among experimental runs at
p > 0.05.

3. Results and Discussion

3.1. Visual Evaluations of Weed Control and Glyphosate Application Rate Efficacy

Glyphosate application rate of 0.14 to 3.99 kg ae ha™! provided 90% control averaged across
growth stage 1, 2 and 3 of the five species tested at 14 DAT (Table 2). The application rates recorded
in this research are in agreement with Krausz and Kapusta; Mulugueta and Boerboom and Umeda
and Hicks [31-33]. It is important to highlight that the interaction of species X plant size at the time of
herbicide application necessitates the accurate evaluation of weed size to refine the herbicide rate for
multi-species weed communities.
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Table 2. Regression parameters of visual ratings of weed control (%) and glyphosate application rate.

All results are based on arc sin (%) % transformation.

Gs!? a b RMSE * Glyphosate EDgj 2

1 78.7 (75.0-82.4) *  0.07 (0.04-0.10) 114 0.96

A. cristata 2 777 (71.7-83.6)  0.23 (0.16-0.30) 176 1.74
3 72.6 (684-76.7)  0.34 (0.29-0.39) 57 3.99

1 90.1(88.2-91.9)  13.4 (9.5-17.2) 12 0.14

C. album 2 90.8 (83.6-98.0) 3.40(2.4-4.50) 115 0.53
3 88.5(81.8-95.2) 2.7 (2.00-3.40) 87 0.72

1 90.9 (88.3-93.4)  0.01 (0.01-0.02) 71 0.36

D. sanguinalis 2 88.9 (86.1-91.6)  0.05 (0.00-0.01) 92 0.50
3 91.3(88.9-93.7)  0.01 (0.00-0.01) 66 0.61

1 89.8 (85.7-93.8)  0.02 (0.00-0.03) 130 0.38

E. indica 2 89.8 (86.3-93.3)  0.01 (0.00-0.01) 104 033
3 78.7 (75.0-82.3)  0.07 (0.04-0.10) 114 0.90

1 88.8(83.6-93.9)  0.09 (0.05-0.14) 203 0.69

P oleracea 2 75.0 (69.4-80.5)  0.09 (0.03-0.14) 242 1.27
3 77.0 (72.1-81.7)  0.12 (0.07-0.17) 162 1.28

! Growth stage at application; 2 Calculated with back-transformed Equation (1) outputs. * kg ae ha™!; * numbers in
parentheses indicate the confidence intervals at 5% significance level.

Therefore, 1 kg of glyphosate ae ha™! application rate could adequately control E. indica,
D. sanguinalis and C. album, at any of the three growth stages tested, but not A. cristata and P. oleracea
at growth stages later than 1 (Figures 1a and 2a). The more advanced the growth stage of the weed,
the higher would be the glyphosate rate needed to achieve 90% control. However, weed species per
se affects the dose needed to achieve 90% control, as in the case of A. cristata and P. oleracea (Table 3).
Based on EDyg values, the ranking of glyphosate rates may be grouped into three categories: namely,
very low rates (0.14-0.50 kg ae ha™!) for highly sensitive species or growth stages; intermediate rates
(0.61-0.96 kg ae ha™!) and high rates (1.27-3.99 kg ae ha™!) for tolerant species or more advanced

growth stages.
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Figure 1. Samples for log-logistic models (Equation (1) for Portulaca oleracea. (a) Growth stage 3 and

Digitaria sanguinalis. (b) Growth stage 1. See models parameters in Table 2.
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Figure 2. Log-logistic models for P. oleracea. (a) Growth stage 1 and Eleusine indica (b) Growth stage 1.
See model parameters in Table 5.

Table 3. Weed species sensitivity, in descending order, to glyphosate based on the calculated EDgy from

Equation (1).
Growth Stage *Glyphosate EDgg

A. cristata 3 3.99
A. cristata 2 1.74
P. oleracea 3 1.28
P. oleracea 2 1.27
A. cristata 1 0.96
E. indica 3 0.90

C. album 3 0.72

P. oleracea 1 0.69
D. sanguinalis 3 0.61
C. album 2 0.53
D. sanguinalis 2 0.50
D. sanguinalis 1 0.36
E. indica 1 0.38

E. indica 2 0.33

C. album 1 0.14

* kg ae ha™l.

The glyphosate rates between low and high sensitivity categories differ up to 28.5-fold, indicating
a wide sensitivity spectrum among the representative weed species and, consequently, a wider margin
for the optimization of herbicide application rate. Based on the weed control ratings, the order of
species sensitivity was C. album > D. sanguinalis > E. indica > P. oleracea > A. cristata. Sensitivity to
glyphosate declined with advancing growth stages in all species (Table 3). These findings agree with
those reported by Higgins et al. [34] and Krausz et al. [31] for C. album.

3.2. Reduced Glyphosate Doses Are as Effective as the Label Recommended Rates

Environmental variation and field conditions a weed species is experiencing affect herbicide efficacy,
and product label recommendations are established to account for such variations. Nevertheless,
the data presented in this work suggest that it is possible to reduce the glyphosate application rate
relative to the label recommendation. The recommended rate range in Argentina, for example, for the
grass species tested (i.e., D. sanguinalis and E. indica) is between 0.9 and 2.1 kg ae ha~!. Based on
the control ratings, the herbicide application rates could be lowered between 0.33 and 0.90 kg ae
ha!, the average gap rate being about 60%. Furthermore, the recommended rate for the control
of C. album in Argentina ranges between 0.9 and 1.8 kg ae ha™! whereas, based on this research,
the application rate could be reduced to 0.14-0.72 kg ae ha=!. For P. oleracea, the recommended rate
range in Argentina is between 1.2 and 3.0 kg ae ha™!; the results presented here suggest that the rate
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range may be 0.69-1.28 kg ae ha™!, a reduction of 33%. The current recommendation rate for A. cristata
in Argentina is 1.2-3.0 kg ae ha~! similar to the results presented here for plants of small and medium
sizes. However, beyond growth stage 3 the recommended rate for adequate control of A. cristata should
be increased to 3.99 kg ae ha~!. Justifications for reducing herbicide rates should be based on the fact
that dominant weed species are very susceptible to the herbicide, therefore herbicide efficacy under
reduced rates will provide maximum effects. Additionally, the conditions at application time, growth
stage of weeds, crop vigor and climate are optimum, thus allowing for reduced herbicide rates.

3.3. Weed biomass, Species Sensitivity and the Usefulness of ED Values

The glyphosate rate needed to achieve 50% biomass reduction was ranged from 0.01 to
0.41 kg ae ha™! (Table 4). In respect the individual weed species EDsy values for D. sanguinalis
ranged from 0.09 to 0.20 kg ae ha™! and were similar to these reported by Tharp et al. [33] who
calculated a value of 0.12 for plants with four to six leaves and 18-25 cm height. The EDsj values
for C. album ranged from 0.08 to 0.16 kg ae ha~! and were comparable to the values reported by
Tharp et al. [35]. A. cristata (Table 4), P. oleracea (Table 4 and Figure 2a) exhibited greater EDs5 values
of 0.12-0.41 kg ae ha~! whereas E. indica exhibited lower EDs; values between 0.01 and 008 kg ae
ha~! (Table 4 and Figure 2b). In all cases, the EDs for glyphosate increased as the weeds developed.
The species sensitivity inferred from EDs; values estimated using shoot biomass data (Table 4) was
in the order of E. indica > C. album > D. sanguinalis > P. oleracea > A. cristata. The order of species
sensitivity based on EDgg (Table 5) was slightly different, with E. indica > P. oleracea > C. album >
D. sanguinalis > A. cristata. The relative consistency of the ratio EDgy/EDs5q (Table 5), for all species
tested, indicates that glyphosate rate should be increased about 8.7 times to reduce the weed biomass
1.8 times. Discrepancies in the order of magnitude may be attributed to model fitting variations.
The general trend was similar since extremes of the scales were the same for EDsy and EDg. It is also
important to emphasize that the ratio of EDgy (Equation (2))/EDgy (Equation (1)) was in the average of
2.2; meaning, the herbicide required to effect 90% reduction of total biomass was 2.2 higher than that
required to achieve 90% of control based on visual ratings.

Table 4. ED5y and EDyg values along with logistic regressions (Equations (2) and (3)) parameters of the
pooled dry weight plant™! and glyphosate application rate for each species and growth stage. Dry
weight data were arc sin (%) 05transformed.

Gs!t D Values 2 b Values 2 EDs, Values 2 RMSE2  EDgg Values 3
1 92.7 (82.2-103.2) 0.80 (0.40-1.20) 0.13 (0.07-0.18) 218 1.41 (0.22-2.59)
A. cristata 2 90.9 (81.5-100.4) 0.79 (0.48-1.10) 0.28 (0.19-0.37) 295 3.14 (1.24-5.04)
3 88.9 (79.1-98.7) 1.13 (0.76-1.50) 0.41 (0.26-0.55) 388 3.23 (1.38-5.09)
1 103.4 (18.8-225.6)  0.64 (0.42-1.70) 0.08 (0.00-0.16) 223 0.67 (1.21-2.56)
C album 2 98.7 (27.0-170.4) 0.64 (0.26-1.54) 0.13 (0.03-0.24) 311 1.49 (1.56-4.53)
3 113.5 (45.2-272.0)  0.47 (0.20-1.14) 0.16 (0.05-0.37) 264 2.12 (1.07-5.31)
1 95.8 (80.0-111.6) 0.75 (0.20-1.14) 0.09 (0.05-0.12) 128 1.03 (0.21-1.85)
D. sanguinalis 2 102.2 (72.8-131.5)  0.56 (0.23-0.88) 0.16 (0.11-0.21) 224 2.51 (1.07-3.96)
3 102.9 (64.3-141-5)  0.51 (0.14-0.90) 0.20 (0.11-0.29) 403 3.40 (1.22-5.74)
1 99.9 (96.2-107.7) 1.90 (1.0-2.80) 0.01 (0.00-0.03) 43 0.06 (0.04-0.16)
E.indica 2 99.9 (93.6-104.3) 1.49 (0.92-2.05) 0.02 (0.00-0.04) 39 0.08 (0.05-0.21)
3 111.0 (66.5-155.5)  0.59 (0.32-0;87) 0.08 (0.06-0.11) 7 0.56 (0.14-0.98)
1 90.1 (84.3-95.8) 1.26 (0.91-1.60) 0.12 (0.07-0.17) 132 0.84 (0.27-1.40)
P. oleracea 2 90.2 (82.7-97.7) 1.06 (0.73-1.38) 0.20 (0.12-0.27) 220 1.67 (0.61-2.74)
3 90.1 (82.8-97.7) 1.28 (0.92-1.63) 0.23 (0.15-0.31) 216 1.63 (0.69-2.58)

1 Growth stage at glyphosate application; 2 parameters for Equation (2); 3 parameters for Equation (3); numbers in
parentheses indicate 95% confidence intervals.
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Table 5. Weed species sensitivity to glyphosate based on EDs as estimated by Equation (2) and EDg

from Equation (3).

GS EDsp Relative Ranking 1 EDgg Relative Ranking 2

1 0.32 6 0.42 7

A. cristata 2 0.68 2 0.92 3

3 1.00 1 0.95 2

1 0.19 9 0.20 12

C. album 2 0.32 6 0.41 8

3 0.39 5 0.65 4

1 0.22 8 0.31 10

D. sanguinalis 2 0.39 5 0.74 4

3 0.49 4 1.00 1

1 0.02 11 0.02 14

E. indica 2 0.05 10 0.02 14

3 0.19 9 0.16 13

1 0.29 7 0.25 11

P. oleracea 2 0.49 4 0.40 9

3 0.56 3 0.48 6

1 Sensitivity relative to the less sensitive weed species; 2 growth stages combined.

3.4. Fecundity-Avoidance Biomass Threshold Is Useful in Herbicide Efficacy Evaluations

Fecundity-avoidance biomass threshold was estimated based on seed production of nontreated
weed species (Table 6) and Equation (5), which describes seed outputs in herbicide-treated surviving
plants, the parameters of which are shown in Table 7. Equation (5) allowed the calculation of the
biomass that would result in zero seed production (i.e., x = —a/b for each species and size). This simple
allometric relationship has limitations, however, because it only considers biomass production as a
factor for any species to set seed. In reality, seed production is also a function of photoperiod and/or
thermoperiod, tiller potential and crop density. Nevertheless, the “fecundity-avoidance biomass
threshold” proposed in this study would allow the integration of the fecundity aspect in all herbicide
dose-response evaluations. The data demonstrated that there was a minimum biomass for the plant
to set seed (a negative intercept in a linear-allometric relationship) as intuitively seems normal, and
in coincidence with Thompson et al. [36] and Rasmussen [30] and Lutman [37]. Although allometric
linear relationships among seed numbers and plant weight have been determined for many plants [38],
the relationship described by Equation (5) seemed to be inadequate below a threshold size (Table 8);
in such cases an exponential model might more reasonably describe the relationship between seed
production and plant size.

Table 6. Fecundity (seeds plant™') of untreated plants for runs 1a and 2a averaged across four replicates
for each run.

Run 1a Run 2a
GS1 GS2 GS3 GS1 GS2 GS3
A. cristata 138 (119 %) 228 (40) 251 (139) 39 (22) 34 (11) 48 (22)
D. sanguinalis 19075 (2890) 1408 (1165) 10185 (4510) 2045 (730) 4098 (1525) 2701 (782)
C. album - - - - - -
E.indica 8286 (1442) 5462 (4357) (i)ggig) 6200 (1100) 8655 (4134) 7744 (1269)
P. oleracea 1(;;(1)?2))1 12762 (772) 10097 (2083) 600 (410) 508 (604) 843 (1027)

* Numbers in the parentheses indicate the standard deviation of the mean.
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Table 7. Parameters from regression of seed production on plant dry weight (Equation (5)). Seed
numbers were transformed to % of untreated plants seed output.

Run 1a Run 2a
GS1 GS2 GS3 GS1 GS2 GS3

a b R a b R a b R a b R a b R a B R

A. cristata -23 205 78 -20 50 81 -26 35 90 -25 55 75 -28 24 93 -53 7 53
C. album! -25 265 80 -25 265 80 -25 265 80 - - - - - - - - -

D. sanguinalis -4 113 60 -13 71 99 -45 87 94 -10 26 98 -19 14 97 -107 20 77
E. indica -2 93 94 - 71 9 -11 2 14 - 97 99 -10 20 95 -70 27 82

P. oleracea -9 8 5 9 62 67 24 54 99 -10 38 90 -17 30 8 -21 21 82

! Equation parameters obtained from Rasmussen (1993) and applied to the three growth stages.

Table 8. Threshold (% of untreated plants) plant dry weight for ca. nil seed production calculated from
Equation (5).

Fecundity-Avoidance Biomass Threshold (% of Maximum Plant Weight *)

GS1 GS2 GS3
A. cristata 20.17 (2.63) ** 21.73 (3.21) 20.37 (5.55)
C. album 4.23 (3.25) 2.26 (2.62) 1.04 (2.09)
D. sanguinalis 13.98 (12.35) 17.23 (10.29) 27.82 (19.74)
E. indica 7.83 (10.00) 9.66 (9.17) 19.78 (18.97)
P. oleracea 7.92 (3.60) 9.88 (1.21) 12.95 (4.99)

* Data from runs la and 2a were combined and expressed as g plant™!. ** Numbers in parentheses represent the
standard deviation of the mean.

3.5. Fecundity-Avoidance Biomass Threshold: Considerations and Boundaries

The effects of plant density on fecundity are of primary importance in population dynamics and
size-regulated weed populations [38,39]. Considering the findings in this study and in conjunction
with reports by Lindquist et al. [40] and Bussan et al. [41], who have measured the effects of herbicides
and crop systems on weed survival and seed output, demographic processes should be considered in
studies related to herbicide efficacy evaluations. Even if early season weed populations are killed, as in
the case of Amaranthus palmeri, the late-emerged populations are still capable of producing seeds at
crop harvest time [42]. The assumption that biomass reductions of weed survivors, particularly at
lower herbicide rates, are accompanied by proportional reductions in flowering and seed set may be
appropriate under certain circumstances. For instance, Clay and Griffin [43] reported that glyphosate
rate as low as 0.42 kg ae ha™! can reduce seed production of Xanthium strumarium L., Sesbania exaltata
a (Raf.) Rybd. ex A. W. Hill and Senna obtusifolia L. These authors stated that the application of
glyphosate during seed formation might affect levels of indole-3-acetic acid in the seed and inhibit
seed germination and seedling emergence. Furthermore, the accuracy of seed estimation for grass
weed species also needs to be improved. Forcella et al. [44] reported that viable seed production of
Setaria spp. is curvilinearly related to panicle length; the frequency distribution of panicle lengths
within a population closely follows a nonlinear Weibull function. These relationships are stable across
years and crops, but not to species or herbicide treatment.

3.6. Fecundity-Avoidance Biomass Threshold and Glyphosate Efficacy Evaluations

The “fecundity-avoidance biomass threshold” in relation to glyphosate rate (Table 9) might vary
according to species and growth stage. For a highly susceptible weed species such as D. sanguinalis,
the glyphosate rate, at growth stage 1, could be as low as 0.23 kg ae ha~!. For less sensitive weeds
species such as A. cristata and P. oleracea, glyphosate rates, at growth stage 3, were between 0.90
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and 1.11 kg ae ha™!. The inclusion of the “fecundity-avoidance biomass threshold” in weed control
strategy shows that glyphosate rate reduction, especially for tolerant species in advanced growth
stages, was not feasible.

Table 9. Estimated glyphosate rates (derived from data of Table 9 on Equation (2)) for
“fecundity-avoidance biomass threshold”.

Fecundity- Avoidance Glyphosate Rate Threshold (kg ae ha™1)

GS1 GS2 GS3

A. cristata 0.270 0.720 1.110
C. album 0.640 0.380 0.985
D. sanguinalis 0.230 0.300 0.210
E.indica 0.250 0.230 0.295

P. oleracea 0.690 0.900 0.900

Glyphosate efficacy is also affected by application variables and environmental conditions as
demonstrated by Devine et al. and Jordan et al. [45,46]. The environmental and crop conditions in
which the weed is growing may also influence the degree of herbicide efficacy. Ateh and Harvey [47],
for example, found that control of Setaria faberii Herrm in narrow-row soybean was very high (>90%)
at all rates and times of glyphosate application; however, in wide-row soybean, the lowest rate
(0.210 kg ha™') did not control the weed. The application rates of herbicides are established to ensure
control of as many weed species as possible under conditions that may be less than optimal for
herbicide activity [48]. Herbicides applied at lower than the recommended rates can control susceptible
weed species if applied at an optimal growth stage in favorable growing conditions [49] and [50].
Nevertheless, as reported by Renton et al. [51] careful consideration is needed as lowering the herbicide
rate can lead to faster development of herbicide resistance.

4. Conclusions and Implications

Under field conditions many interlinked factors affect the efficacy of herbicides (Doll et al. [52])
and some situations necessitate a full rate. The best agronomic practices (e.g., reducing row spacing,
planting fast LAI-development varieties and optimum plant population) are necessary to improve
the performance of low herbicide rates. Dose-response parameters are highly sensitive to changes
in management and development of the crop weed canopy [41]. Crop rotation, in combination with
reduced tillage, significantly decreases the seed production of grasses and broadleaved weeds regardless
of the level of management input applied [53]. Further, weed species emerged simultaneously in the
field; thus, the field rate should be targeted to the most tolerant species. Nevertheless, our findings
emphasized that rates were weed- and size-specific and for that matter, effective control of tolerant
species was most particularly dependent on weed size. Thus, weed size should be reported precisely,
as proposed by Lancashire et al. [54] and should be linked with fecundity-avoidance biomass threshold
for improving evaluations on herbicide efficacy, hence weed management programs. Improving
product labeling concerning the precision of herbicide recommendation rates could improve the
evaluation of herbicide efficacy. Discrepancies in the glyphosate rates needed to achieve a certain
control level and have reported in the literature may be due to considerable variation in weed sizes.
Recent research has shown that digitized photographs of very detailed sizes, for example, are a useful
tool to overcome this difficulty. In addition, models that predict patterns of weed emergence, coupled
with size estimation [55], are of most importance to refine herbicide rate recommendations for different
cropping systems. The development and further refinement of such information is of major importance
towards a justified use of herbicides. Future robotic weed control systems will be able to collect data
about the presence of weeds, facilitate storage and analysis of those data, support decision making
about when and where to control weeds by using image recognition software, execute weed control
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with variable rate spray technologies, as an improvement of “see and spray” or “spot and spray”
technologies, and then gather data about the efficacy of the treatment and thus allow evaluation of
decisions [56].
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