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Abstract
Main conclusion Detrimental pleiotropic effects of resistance mutation(s) were observed for multiple-resistant phe-
notypes (resistant to both atrazine and dicamba). The multiple-resistant phenotypes had lower growth rates and less 
capacity for vegetative growth compared to the phenotypes only resistant to atrazine.

The fitness costs that are conferred by herbicide resistance alleles can affect the rate of herbicide resistance evolution within 
populations. We evaluated the direct fitness costs involved with multiple resistance to dicamba and atrazine (R1 and R2) in 
Chenopodium album by comparing the performance of multiple-resistant phenotypes to those phenotypes that were only 
resistant to atrazine (S1 and S2). The R1 and R2 phenotypes were consistently shorter and produced less dry matter than the 
S1 and S2 phenotypes. The R1 and R2 phenotypes were shown to have lower relative growth rates (RGR) and net assimila-
tion rates (NAR) than the S1 and S2 phenotypes at an early stage of growth. However, there was no significant difference in 
RGR between the R1 and R2 and, S1 and S2 phenotypes at a later stage of growth, though the R1 and R2 phenotypes still 
had a lower NAR at this later stage. Further investigations using a neighbouring crop competition approach showed that the 
R1 and R2 phenotypes were weaker competitors, and exhibited significantly less capacity for vegetative growth compared 
to the S1 and S2 phenotypes during competition. Overall, the results of this study revealed multiple- resistance to atrazine 
and dicamba endowed a significant fitness penalty to C. album, and it is possible that the frequency of multiple-resistant 
individuals would gradually decline once selection pressure from herbicides was discontinued.

Keywords Chenopodium album · Competition · Dicamba resistance · Fitness cost · Herbicide resistance · Multiple-
resistance · Selection pressure
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2,4-D  2,4-Dichlorophenoxyacetic acid
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Amax  Maximum gross photosynthesis rates
DAT  Days after transplanting
KNO3  Potassium nitrate
W  Total dry weight
LnW  Natural logarithm of dry weight

LA  Total leaf area
LW  Total leaf dry weight
LAR  Leaf area ratio
LWF  Leaf weight fraction
NAR  Net assimilation rate
PAR  Photosynthetic active radiation
PPFD  Photosynthetic photon flux density
Rd  Daytime dark respiration rate
RGR   Relative growth rate
SLA  Specific leaf area
SWR  Stem weight ratio
LWR  Leaf weight ratio
RWR   Root weight ratio
t  Time
Ø  Intrinsic quantum yield
θ  Curve convexity
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Introduction

Resistance to herbicides in plants is generally hypothe-
sized to involve fitness costs (Vila-Aiub et al. 2009b; Gha-
nizadeh and Harrington 2017c). The hypothesis behind 
this fitness cost stems from the evolutionary theory that 
adaptation to a new environment is associated with a cost 
(Purrington 2000). The fitness cost associated with resist-
ance alleles could influence the fixation of the alleles in a 
new environment (Tian et al. 2003), and the rate of evo-
lution of resistance to herbicides (Strauss et al. 2002). 
Examples of fitness costs caused by herbicide resistance 
in weed species have been demonstrated with resistance to 
ACCase inhibitors (via the herbicide metabolism mecha-
nism) (Vila-Aiub et al. 2005), glyphosate (Fernández-
Moreno et al. 2017), and triazine herbicides (target-site 
mechanism of resistance) (Warwick and Black 1994; Parks 
et al. 1996; Frenkel et al. 2017). Other studies though have 
shown that resistance to herbicides does not always involve 
a fitness cost, such as with weeds resistant to ALS inhibi-
tors via the target-site mechanism of resistance (Li et al. 
2012; Babineau et al. 2017). In addition, reductions in 
fitness caused by herbicide resistance can vary depending 
on environmental conditions and growth stage of the weed, 
as discussed by Warwick and Black (1994) for triazines.

Dicamba is an auxinic herbicide that has widely been 
used in crops such as maize in New Zealand for many 
years, mainly to remove triazine-resistant Chenopodium 
album (Rahman et al. 1983). However, extensive appli-
cations of this herbicide have resulted in dicamba resist-
ance evolving in C. album (James et al. 2005; Ghaniza-
deh et al. 2015), a problematic weed species in maize 
cropping in New Zealand. Further investigations showed 
dicamba-resistant C. album populations from New Zea-
land were also resistant to atrazine (Ghanizadeh 2015). 
It was also found that dicamba-resistant C. album was 
cross-resistant to aminopyralid and picloram but not to 
2,4-D or mecoprop-P (Ghanizadeh and Harrington 2017a). 
Recently, by investigating physiological approaches, we 
also showed that dicamba resistance in C. album was not 
due to reduced herbicide translocation or enhanced herbi-
cide detoxification (Ghanizadeh et al. 2018). Differential 
binding of dicamba to potential receptors or differences 
in signal transductions in response to dicamba (Christof-
foleti et al. 2015) have been suggested as other potential 
mechanisms of resistance for dicamba-resistant pheno-
types (Cranston et al. 2001; Kern et al. 2005; Ghanizadeh 
and Harrington 2017b).

The fitness costs that are conferred by herbicide resist-
ance alleles can affect the rate of herbicide resistance 
evolution in weed populations (Vila-Aiub et al. 2009b; 
Neve et al. 2014). If a herbicide resistance allele has a 

detrimental impact on the fitness of herbicide-resistant 
phenotypes, the rate of evolution will be slower for these 
phenotypes (Neve et al. 2009; Orr 2009; Neve et al. 2014). 
Potential fitness costs conferred by alleles that cause aux-
inic herbicide resistance have been suggested as one of 
the factors that contribute to the lower incidence of aux-
inic herbicide resistance in weeds compared to the other 
groups of herbicides such as ALS inhibitors (Mithila et al. 
2011). There are few fitness studies for weed species that 
have evolved resistance to auxinic herbicides, but those 
that have been conducted have clearly shown that alleles 
responsible for auxinic herbicide resistance can involve 
fitness costs (Hall and Romano 1995; Bourdôt et al. 1996; 
Kumar and Jha 2016).

To date, the evolution of resistance to dicamba has been 
reported for eight weed species (Heap 2018). However, 
dicamba-resistant C. album has only been reported from 
New Zealand (James et al. 2005), with no detailed stud-
ies conducted before now on the fitness costs involved. In 
addition, the fitness cost associated with multiple herbicide 
resistance has rarely been studied. Hence, the objective of 
the research presented here was to assess whether multiple 
resistance to dicamba and atrazine in C. album is associated 
with a fitness cost.

Materials and methods

Plant materials

To minimize variability in genetic backgrounds among our 
populations, two populations of each phenotype were used, 
namely dicamba-susceptible but atrazine-resistant popula-
tions, S1 and S2, and dicamba-resistant and atrazine-resist-
ant (multiple-resistant) populations, R1 and R2, of C. album. 
As suggested by Vila-Aiub et al. (2015a), this experimental 
approach can minimise the chance for “false positive” find-
ings thus significant fitness differences between resistant 
and susceptible populations can be better attributed to the 
resistance allele(s). All populations were originally from 
the Waikato region of New Zealand. The responses of the 
four populations to dicamba had been characterized previ-
ously (Ghanizadeh et al. 2015). All four populations selected 
for this research were triazine resistant (Ghanizadeh 2015) 
as we were mostly interested in determining whether the 
dicamba-resistance allele caused additional fitness penal-
ties to plants already resistant to atrazine. For each popula-
tion, ten plants were grown together as a group within an 
enclosed area separated from the plants of other populations. 
The seeds for each susceptible and resistant population were 
harvested separately and were stored at 5 °C until the begin-
ning of each experiment.
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Growing conditions

The seedlings of each population were germinated using the 
method described by Ghanizadeh et al. (2015). Briefly, C. 
album seeds were placed on germination blotters soaked with 
0.02%  KNO3 (potassium nitrate) in Petri dishes. The Petri 
dishes were kept at 5 °C in the dark for 1 week to overcome 
seed dormancy. The Petri dishes were then shifted to a growth 
chamber at 25 °C under white light. Over 80% of the seeds ger-
minated after 2 weeks and the seedlings were grown in a glass-
house with automated capillary irrigation within polythene 
planter bags (PB ¾) filled with potting mix [50% bark, 30% 
fibre, 20% Pacific Pumice (7 mm)] and slow-release fertiliser 
(Woodace, Lebanon, PA, USA). In all experiments, the pots 
were placed at a spacing of 10 cm from each other on benches. 
Daylight was supplemented using nine 1000 W LED lamps 
to maintain a 14 h day-length to try stopping the plants from 
flowering immediately. The pots were arranged in a completely 
randomized design with ten replicates for each time course for 
each population. The pots were regularly re-arranged to ran-
domize any environmental differences within the glasshouse. 
This experiment was conducted twice. The average minimum/
maximum daily temperatures for the first and second experi-
ments were 12.8/24.3 and 14.3/23.8 °C, respectively, with a 
relative humidity of 55–65%.

Growth analysis

For both experiments, shoots and roots of some individual 
plants were harvested at three times, 15, 35 and 55 days after 
transplanting (DAT) seedlings from Petri dishes to pots, after 
measuring plant height. The leaf area of each harvested plant 
was measured with a digital leaf area meter (LiCor model-
3100; LiCor, Lincoln, NE, USA), and the roots were washed 
with tap-water. Above-ground materials (shoot and leaves) 
and roots were oven dried separately at 80 °C for 48 h then 
weighed. The eco-physiological parameters of relative growth 
rate (RGR), net assimilation rate (NAR), leaf area ratio (LAR) 
and its components, specific leaf area (SLA) and leaf weight 
fraction (LWF), were estimated using Eqs. 1, 2, 3, 4 and 5 
(Hunt 1982).
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where W is total dry weight per plant, LnW is the natural 
logarithm of dry weight per plant, LA is total leaf area per 
plant, LW is total leaf dry weight per plant and t is time. 
These eco-physiological parameters could then be used to 
evaluate relative plant performance and establishment abil-
ity (Hunt et al. 2002; Ghanizadeh et al. 2014). Vegetative 
biomass allocation of the individuals of each population was 
also evaluated by estimating the amount of dry matter that 
individuals had allocated to leaf, shoot and root growth by 
each harvest time.

Leaf gas exchange

Gas exchange measurements were performed on the young-
est fully expanded leaves at 25 DAT using a LiCor-6400XT 
portable photosynthesis system equipped with 2 cm × 3 cm 
leaf cuvette, a red–blue LED light source and a  CO2 control 
module (LI-COR, Lincoln, NE, USA). The photosynthetic 
light response of individual plants was measured at photon 
flux densities of 0, 100, 300, 500, 700, 900, 1100, 1300 and 
1500 μmol m−2 s−1 and the gas analyser was calibrated to 
provide a reference chamber  CO2 concentration of 400 μmol 
 CO2  mol−1and 500 μmol s−1 air flow rate at 20 °C with a 
minimum wait time of 120 s and a maximum wait time of 
200 s. The photosynthetic light response was evaluated for 
five randomly selected plants from each population.

Ecological fitness cost

Neighbourhood design experiments were conducted to 
evaluate the relative performance of multiple-resistant (R1 
and R2) and dicamba-susceptible but atrazine-resistant 
(S1 and S2) phenotypes under competition from a stand-
ard neighbour crop (Weiner 1982). According to Vila-Aiub 
et al. (2015a), maximum performance of the target plants is 
expected to be achieved in the absence of the neighbouring 
crop, thus under continuously increasing density/biomass of 
the neighbouring crop, the performance of the target plant 
is likely to reduce. This experiment was used as a further 
measure of whether there is any ecological cost associated 
with resistance to dicamba. In our study, we evaluated the 
vegetative performance of both phenotypes when subjected 
to increasing density of wheat (Triticum aestivum cv. Duch-
ess) plants as the neighbouring crop. We conducted size 
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symmetric competition experiments using a similar method 
to that described by Vila-Aiub et al. (2009a). Briefly, each 
phenotype was subjected to competition from increasing 
densities of wheat from 0 to 400 plants m−2. The wheat 
seeds were germinated in paper towel rolls at 20 °C, and 
after 6 days, the seedlings were transplanted to pots with 
a diameter of 25 cm containing the potting mix and slow 
release fertiliser described above. The seedlings were spa-
tially arranged to provide five wheat density (0, 20, 80, 200 
and 400 plants m−2) patterns. The C. album seeds were ger-
minated using the method described by Ghanizadeh et al. 
(2015), and transplanted into pots when wheat plants were 
at the 2–3-leaf stage. The experiment was laid out in a com-
pletely randomized design with four replicates for each treat-
ment and conducted twice. The pots were randomly rear-
ranged twice a week to avoid any possible location effects. 
The photosynthetic active radiation (PAR) was evaluated 
using a quantum photosynthetically active radiation meter to 
assess the variation in light intercepted by the canopy of C. 
album in response to different wheat densities. These meas-
urements were made at the top of the C. album canopy for 
each wheat density combination at 35 days after transplant-
ing C. album. At 60 days after transplanting of C. album 
plants, the height of the target plants was measured and then 
above-ground biomass of C. album and wheat plants was 
harvested. The leaf area of C. album plants was then meas-
ured using the method described above, and the harvested 
material was oven dried for 72 h at 80 °C and then weighed.

Statistical analysis

The data for growth analysis experiments were checked for nor-
mality and were either square-root or  loge transformed if not 
normally distributed prior to statistical analysis. The results of 
multivariate one-way ANOVA showed a significant effect of 
phenotype on the measured vegetative growth traits (P < 0.001). 
Thus, a one-way ANOVA of data was then performed (Vila-
Aiub et al. 2005) for leaf area, total dry weight, height, the ratio 
of stem biomass compared to total biomass (stem weight ratio, 
SWR), leaf weight ratio (LWR), root weight ratio (RWR), RGR 
and its components. The means were separated using Tukey’s 
tests at a 5% of probability using SPSS 22.0.

The data for leaf gas exchange were evaluated using the nls2 
package in the R statistical program (R Core Team 2017). Photo-
synthesis–light response curve parameters were estimated through 
a non-rectangular hyperbola (Eq. 6) (Marshall and Biscoe 1980):
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where Anet is net photosynthetic rate at PPFD (photosynthetic 
photon flux density) light intensity, Amax is maximum gross 
photosynthetic rates (µmol  CO2 m−2 s−1), Ø is intrinsic quan-
tum yield (mol  CO2 mol  photons−1), θ is curve convexity and 
Rd is daytime dark respiration rate (µmol  CO2 m−2 s−1). A 
one-way ANOVA compared the model parameters that were 
estimated for photosynthesis–light curves for the individuals 
of each phenotype. The means were separated by Tukey’s 
tests at 5% probability using GraphPad Prism 7.0.

The data (i.e., biomass, leaf area and height) for the 
neighbouring competition experiments were either log (x) 
or log (x + 1) transformed to comply with regression analysis 
assumptions. The data were then expressed as a percentage 
relative to the treatment in which the associated neighbour 
crop was absent (zero wheat density treatment) as suggested 
by Goldberg and Scheiner (2001). The response of C. album 
plants to increasing density of wheat plants was assessed 
using a hyperbolic non-linear regression model (Eq. 7) 
(Weiner 1982):

where R represents the evaluated trait (i.e., biomass, leaf area 
or height) of C. album in response to associated wheat bio-
mass, x represents the biomass of wheat, a is the evaluated 
trait of C. album in the absence of competition (x = 0), and 
b is the slope of the regression. The model was fitted using 
the nls2 package in the R statistical program (R Core Team 
2017). The parameter b denotes the competitive responses 
of the target plants to the competition from neighbour crops, 
and higher values for this parameter indicates weak competi-
tive responses (Weiner 1982). Statistical analysis compared 
the estimated values for the parameter b between dicamba-
resistant and dicamba-susceptible phenotypes using a one-
way ANOVA as suggested by Vila-Aiub et al. (2009a).

Results

Biomass allocation

The results of the first and second experiments showed that 
the dicamba-susceptible but atrazine-resistant phenotypes, 
S1 and S2, had produced significantly more biomass than 
the multiple-resistant phenotypes, R1 and R2, by 35 DAT 
(Table 1). The S1 and S2 phenotypes also had a significantly 

(7)R =
a

1 + bx
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greater leaf area than that of the multiple-resistant plants 
at 35 DAT (Table 1). Similar results were observed at 55 
DAT with the S1 and S2 phenotypes still having signifi-
cantly greater biomass accumulation and leaf area than the 
multiple-resistant phenotypes, R1 and R2 (Table 2). We also 
observed that the multiple-resistant phenotypes were signifi-
cantly shorter than the S1 and S2 phenotypes at 35 and 55 
DAT in both the first and second experiments (Tables 1, 2).

Figure 1 illustrates the patterns of biomass allocation to 
leaves, stems and roots within the multiple-resistant and, 
S1 and S2 phenotypes at 35 (Fig. 1a, b) and 55 (Fig. 1c, d) 
DAT in the first and second experiments. In the first experi-
ment, the results showed that the multiple-resistant pheno-
types tended to allocate significantly more biomass into leaf 
production (65 and 63% for R1 and R2, respectively) than 
did the S1 and S2 phenotypes (42 and 50% for S1 and S2, 
respectively) at 35 DAT (Fig. 1a). The multiple-resistant 
phenotype also allocated significantly less biomass into their 
root systems (17 and 14% for R1 and R2, respectively) than 
did the S1 and S2 phenotypes which allocated 27 and 23% 
of biomass, respectively, into their root systems (Fig. 1a). 
Similar results were recorded for the four phenotypes in the 
second experiment at 35 DAT (Fig. 1b).

However, by 55 DAT in both experiments (Fig. 1c, d), 
the percentage of biomass allocated to the root systems for 

multiple-resistant and dicamba-susceptible phenotypes had 
become similar. But the multiple-resistant phenotypes had 
allocated significantly less biomass into their stems and still 
had significantly more biomass in their leaves compared to 
the S1 and S2 phenotypes in both experiments at 55 DAT 
(Fig. 1c, d).

Growth analysis

During the early stage of growth (15–35 DAT), the multiple-
resistant phenotypes had significantly lower relative growth 
rates (RGR) and net assimilation rates (NAR) than the S1 
and S2 phenotypes in both experiments (Table 3).

At the later stage (35–55 DAT) however, the RGR of the 
multiple-resistant was no longer significantly different from 
those of S1 and S2 phenotypes, though NAR of multiple-
resistant plants was still significantly lower than that of S1 
and S2 phenotypes (Table 4). In contrast, multiple-resistant 
phenotypes had significantly higher leaf area ratios (LAR) 
than S1 and S2 phenotypes measured 55 DAT (Table 4), 
however, there was less difference in LAR between pheno-
types at 35 DAT, with the difference being significant only 
in the second experiment (Table 3).

The leaf area ratio is determined by the specific leaf 
area (SLA) and the leaf weight fraction (LWF). The two 

Table 1  Leaf area, total dry 
weight and height of atrazine-
resistant/dicamba-susceptible 
(S1 and S2) and atrazine- and 
dicamba-resistant (R1 and 
R2) populations of C. album 
harvested at 35 days after 
transplanting (DAT) in the first 
and second experiments

Different letters indicate significant differences between mean values within columns for each experiment 
according to Tukey’s tests at 5% probability
P values from one-way ANOVA on individual growth traits

Population 1st Experiment 2nd Experiment

Leaf area 
(cm plant−1)

Dry weight 
(mg plant−1)

Height (cm) Leaf area 
(cm plant−1)

Dry weight 
(mg plant−1)

Height (cm)

S1 128.3a 1672.2a 30.2a 156.7a 1648.0a 26.9a
S2 131.5a 1693.5a 29.2a 155.0a 1656.5a 25.1a
R1 63.2b 530.0b 12.1b 55.1b 508.5b 12.3b
R2 60.9b 532.9b 10.9b 59.5b 500.8b 11.5b
P values < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Table 2  Leaf area, total dry 
weight and height of atrazine-
resistant/dicamba-susceptible 
(S1 and S2) and atrazine- and 
dicamba-resistant (R1 and 
R2) populations of C. album 
harvested at 55 DAT in the first 
and second experiments

Different letters indicate significant differences between mean values within columns for each experiment 
according to Tukey’s tests at 5% probability
P values from one-way ANOVA on individual growth traits

Population 1st Experiment 2nd Experiment

Leaf area 
(cm plant−1)

Dry weight 
(mg plant−1)

Height (cm) Leaf area 
(cm plant−1)

Dry weight 
(mg plant−1)

Height (cm)

S1 192.9a 5061.0a 85.6a 214.0a 5180.5a 90.4a
S2 201.2a 5037.9a 87.4a 205.9a 5160.1a 88.6a
R1 141.6b 1930.0b 58.1b 153.5b 2024.8b 56.5b
R2 153.8b 2029.8b 50.8c 162.3b 1923.5b 55.7b
P values < 0.002 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001



792 Planta (2019) 249:787–797

1 3

Fig. 1  Biomass allocation (%) to leaves [leaf weight ratio (LWR)], 
stems [stem weight ratio (SWR)] and roots [root weight ratio (RWR)] 
for atrazine-resistant/dicamba-susceptible (S1 and S2) and atrazine- 
and dicamba-resistant (R1 and R2) phenotypes estimated at 35 (a, b) 
and 55 (c, d) DAT in the first and second experiments. Within each 

graph and within each of the three weight ratio categories, different 
letters between the four phenotypes indicate significant differences 
between the phenotypes for the mean values of that weight ratio 
according to Tukey’s tests at 5% probability

Table 3  Relative growth rate (RGR), net assimilation rate (NAR) and leaf area ratio (LAR) of atrazine-resistant/dicamba-susceptible (S1 and S2) 
and atrazine- and dicamba-resistant (R1 and R2) populations of C. album harvested at 35 DAT in the first and second experiments

Different letters indicate significant differences between mean values within columns for each experiment according to Tukey’s tests at 5% prob-
ability
P values from one-way ANOVA on estimated traits

1st Experiment 2nd Experiment

RGR (mg mg−1 d−1) NAR (mg cm−2 d−1) LAR  (cm2 mg−1) RGR (mg mg−1 d−1) NAR (mg cm−2 d−1) LAR  (cm2 m g−1)

S1 0.133a 1.290a 0.147 0.133a 1.080a 0.167ab
S2 0.131a 1.260a 0.152 0.132a 1.110a 0.188a
R1 0.098b 0.673b 0.177 0.095b 0.678b 0.162ab
R2 0.100b 0.676b 0.186 0.092b 0.584b 0.152b
P < 0.001 < 0.001 0.83 < 0.001 < 0.001 0.034

Table 4  Relative growth rate (RGR), net assimilation rate (NAR) and leaf area ratio (LAR) of atrazine-resistant/dicamba-susceptible (S1 and S2) 
and atrazine- and dicamba-resistant (R1 and R2) populations of C. album harvested at 55 DAT in the first and second experiments

Different letters indicate significant differences between mean values within columns for each experiment according to Tukey’s tests at 5% prob-
ability
P values from one-way ANOVA on estimated traits

1st Experiment 2nd Experiment

RGR (mg mg−1 d−1) NAR (mg cm−2 d−1) LAR  (cm2 mg−1) RGR (mg mg−1 d−1) NAR (mg cm−2 d−1) LAR  (cm2 m g−1)

S1 0.045 0.921a 0.059b 0.049 0.837a 0.069b
S2 0.046 0.879ab 0.063b 0.047 0.820a 0.067b
R1 0.054 0.609b 0.100a 0.058 0.659ab 0.093a
R2 0.056 0.620ab 0.102a 0.055 0.577b 0.102a
P 0.253 < 0.01 < 0.001 0.076 0.006 < 0.001
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phenotypes generally did not differ significantly in SLA in 
the first experiment at either growth stage studied (Tables 5, 
6). However, in the second experiment, multiple-resistant 
plants were found to have a lower SLA than the plants of 
S1 and S2 phenotypes during the early growth stage and 
then a higher SLA than the S1 and S2 phenotypes at the 
later growth stage. The LWF was consistently higher for 
multiple-resistant plants than those of S1 and S2 phenotype 
in both experiments and at both growth stages (Tables 5, 6).

Evaluating photosynthesis rate at different light levels, 
we noted the maximum gross photosynthesis rate (Amax) of 
multiple-resistant phenotypes was not significantly different 

from that of S1 and S2 phenotypes (Table 7). The Amax 
of all phenotypes had ranges of 18–24 and 18–25 mmol 
 CO2 m−2 s−1 for the first and second experiments, respec-
tively. Similar results were also noted for other light-
response characteristic parameters (Table 7).

Neighbour crop experiments

The relative competitive ability of phenotypes when exposed 
to increasing densities of wheat plants as neighbouring com-
petitors was investigated using biomass production (Fig. 2) 
and leaf area (Fig. 3). The hyperbolic model provided a good 

Table 5  Specific leaf area 
(SLA) and leaf weight fraction 
(LWF) atrazine-resistant/
dicamba-susceptible (S1 
and S2) and atrazine- and 
dicamba-resistant (R1 and 
R2) populations of C. album 
harvested at 35 DAT in the first 
and second experiments

Different letters indicate significant differences between mean values within columns for each experiment 
according to Tukey’s tests at 5% probability
P values from one-way ANOVA on estimated traits

1st Experiment 2nd Experiment

SLA  (cm2 mg−1) LWF (mg mg−1) SLA  (cm2 mg−1) LWF (mg mg−1)

S1 0.350 0.419b 0.361a 0.475b
S2 0.333 0.472b 0.291ab 0.519b
R1 0.262 0.681a 0.225c 0.732a
R2 0.324 0.617a 0.259bc 0.709a
P 0.093 < 0.001 < 0.01 < 0.001

Table 6  Specific leaf area 
(SLA) and leaf weight fraction 
(LWF) atrazine-resistant/
dicamba-susceptible (S1 
and S2) and atrazine- and 
dicamba-resistant (R1 and 
R2) populations of C. album 
harvested at 55 DAT in the firsts 
and second experiments

Different letters indicate significant differences between mean values within columns for each experiment 
according to Tukey’s tests at 5% probability
P values from one-way ANOVA on estimated traits

1st Experiment 2nd Experiment

SLA  (cm2 mg−1) LWF (mg mg−1) SLA  (cm2 mg−1) LWF (mg mg−1)

S1 0.150 0.398b 0.160b 0.416b
S2 0.140 0.427b 0.159b 0.410b
R1 0.171 0.592a 0.173ab 0.538a
R2 0.179 0.585a 0.194a 0.528a
P 0.22 < 0.001 0.006 < 0.001

Table 7  Parameter estimates 
and regression coefficients 
for the non-hyperbolic 
model describing leaf rate of 
photosynthesis in response to 
light intensity for the atrazine-
resistant/dicamba-susceptible 
(S1 and S2) and atrazine- and 
dicamba-resistant (R1 and R2) 
phenotypes of C. album 

The evaluation was carried out at 25 DAT
The parameters were statistically compared using a one-way ANOVA, and the means were compared using 
Tukey’s tests at 5% level probability
Amax maximum gross photosynthesis rates, Ø intrinsic quantum yield, Rd daytime dark respiration rate, θ 
curve convexity

Parameters Phenotypes

1st Experiment 2nd Experiment

S1 S2 R1 R2 P S1 S2 R1 R2 P

Amax (mmol  CO2m−2 s−1) 22.9 23.8 18.7 18.3 0.57 25.5 24.2 18.1 19.3 0.88
Ø (mmol  CO2  mmol−1) 0.027 0.031 0.027 0.027 0.93 0.028 0.034 0.032 0.027 0.83
Rd (mmol  CO2  m−2 s−1) 0.766 0.320 0.210 0.340 0.77 0.378 0.361 0.467 0.295 0.99
θ 0.602 0.503 0.593 0.712 0.99 0.542 0.601 0.733 0.623 0.98
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fit to the response (for both biomass production and leaf 
area) of all phenotypes to increasing biomass production 
of neighbouring wheat plants (P < 0.0001, R2 = 0.76–0.96). 
The competitive ability of the C. album phenotypes was 
evaluated by comparing estimates of parameter b of the 
hyperbolic model for each phenotype (Table 8). Individu-
als with weaker competitive responses had larger values for 
parameter b.

Generally, there was a negative correlation between the 
biomass production of C. album plants and increasing wheat 
biomass production. However, weaker competitive responses 
were recorded for multiple-resistant C. album phenotypes in 
comparison to S1 and S2 phenotypes (Fig. 2). The multiple-
resistant phenotypes consistently had lower biomass produc-
tion compared to S1 and S2 phenotypes at different wheat 
densities. This was also shown by greater values of param-
eter b for multiple-resistant phenotypes (Table 8).

Fig. 2  Variations in above-
ground biomass of atrazine-
resistant/dicamba-susceptible 
(S1 and S2) and atrazine- and 
dicamba-resistant (R1 and R2) 
phenotypes of C. album in 
response to increasing wheat 
biomass in a Experiment 1 and 
b Experiment 2

Fig. 3  Variations in leaf area 
of atrazine-resistant/dicamba-
susceptible (S1 and S2) and 
atrazine- and dicamba-resistant 
(R1 and R2) phenotypes of C. 
album in response to increasing 
wheat biomass in a Experiment 
1 and b Experiment 2

Table 8  An evaluation of competitive responses (biomass production 
and leaf area) by atrazine-resistant/dicamba-susceptible (S1 and S2) 
and atrazine- and dicamba-resistant (R1 and R2) phenotypes among 
neighbouring wheat plants

Values represent the mean estimate of parameter b derived from a 
hyperbolic regression model
The mean values of parameter b were statistically compared between 
phenotypes using a one-way ANOVA, and the means were compared 
using Fisher’s protected tests at 5% level probability. Different letters 
indicate significant differences between mean values within columns 
for each experiment

Population Experiment 1 Experiment 2

Biomass Leaf area Biomass Leaf area

S1 0.0066b 0.0061b 0.0050b 0.0058b
S2 0.0065b 0.0070b 0.0056b 0.0064b
R1 0.0128a 0.0363a 0.0114a 0.0121a
R2 0.0122a 0.0349a 0.0122a 0.0131a
P values 0.036 0.0036 0.017 0.0034
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The results of a one-way ANOVA test showed that mul-
tiple-resistant phenotypes had a significantly poorer ability 
to compete with neighbouring plants compared to S1 and S2 
phenotypes based on the estimates of parameter b for bio-
mass production under competition. The greater reduction 
in biomass production for multiple-resistant phenotypes was 
accompanied by a significant reduction in leaf area as wheat 
biomass increased (Fig. 3). This was also illustrated by a sig-
nificant difference in estimates of parameter b between mul-
tiple-resistant and dicamba-susceptible phenotypes in leaf 
area reduction in response to increasing wheat biomass pro-
duction (Table 8). The multiple-resistant phenotypes showed 
a greater rate of reduction in leaf area, and hence a reduced 
competitive capacity, than the S1 and S2 phenotypes.

Discussion

Fitness cost associated with herbicide resistance has been 
previously reported for some herbicide-resistant weed spe-
cies (Vila-Aiub et al. 2005, 2009b; Van Etten et al. 2016; 
Fernández-Moreno et al. 2017; Osipitan and Dille 2017). 
Our results showed that the allele causing multiple resistance 
to dicamba and atrazine in C. album is also associated with 
fitness costs. The multiple-resistant phenotypes were shorter, 
accumulated less biomass and had a reduced leaf area than 
the phenotypes that are only resistant to atrazine but not 
dicamba, at the early stage of growth and these differences 
in growth persisted at the later stage of growth.

We found a significant reduction in growth rate (RGR) 
for the multiple-resistant phenotypes compare to those phe-
notypes that were only resistant to atrazine at the early stage 
of growth (15–35 DAT). However, there was no significant 
difference in RGR between the two phenotypes at the later 
stage of growth (35–55 DAT). The reduction in RGR for 
the multiple-resistant phenotype at the early stage of growth 
appeared to be due to a significant reduction in  CO2 assimila-
tion rate (NAR) for the multiple-resistant phenotypes com-
pared to those that were only resistant to atrazine. NAR is the 
best determinant for RGR variations (Shipley 2002, 2006; Li 
et al. 2016), and it is determined by a complex set of variables 
such as the plant physiology (e.g., the rate of photosynthesis 
and respiration), biomass allocation (e.g., root/shoot ratio), 
canopy architecture and light interception (Lambers et al. 
1998). However, all phenotypes showed a similar pattern of 
photosynthetic activity under different levels of light. This 
might suggest that differences in NAR between the pheno-
types could be due to factors other than the rate of photo-
synthesis. We found that the multiple-resistant phenotypes 
allocated less biomass to roots and more to leaves than the S1 
and S2 phenotypes. This could result in a reduction in NAR 
by affecting the water status and nitrogen content of plants 
(Poorter and Remkes 1990; Osone and Tateno 2005).

There was no significant difference between any of the 
phenotypes in average RGR at the later stage of meas-
urements although the multiple-resistant phenotypes still 
had a significantly lower NAR compared with S1 and S2 
phenotypes. Shipley (2002) hypothesised that the trade-off 
between SLA and NAR could compensate for one another, 
and result in a constant value for RGR. This could be true 
for the multiple-resistant phenotypes in our study since the 
multiple-resistant phenotypes tended to have higher SLA 
values compared to the S1 and S2 phenotypes at the later 
stage of growth. However, differences in the canopy archi-
tecture due to allocating more biomass to leaf production 
could also affect the whole plant photosynthesis, and thus 
NAR, through self-shading in plants with a higher LAR 
(Lambers and Poorter 1992). This could explain the lower 
mean values of NAR that were observed for multiple-
resistant phenotypes compared to S1 and S2 phenotypes 
at the later stage of growth.

The significant morphological and eco-physiological 
differences observed between multiple-resistant and, 
phenotypes that are only resistant to atrazine (S1 and 
S2) could have important ecological implications for 
the management of multiple-resistance in C. album. The 
differences in size and biomass production recorded in 
our study could lead to a decreased ability of the mul-
tiple-resistant phenotypes to tolerate competition (Vila-
Aiub et al. 2009b). Rahman et al. (2014) observed that 
dicamba-resistant C. album individuals were outcompeted 
when they grew in competition with dicamba-suscepti-
ble phenotypes. In our study, we recorded a significantly 
greater reduction in the growth of individuals that were 
resistant to both dicamba and atrazine compared to those 
individuals that were only resistant to atrazine when com-
peting with wheat crops. Theoretically, herbicide-resistant 
individuals with fitness costs should have less capacity to 
compete with neighbouring plants compared to herbicide 
susceptible plants (Vila-Aiub et al. 2009a). According to 
Goldberg (1990), the size of individuals can affect the 
capacity to capture resources under competition for limited 
environmental resources, thus individuals with smaller 
sizes are weaker competitors. This scenario was shown 
in our results for the multiple-resistant phenotype of C. 
album that suffered from a reduced capacity to grow dur-
ing competition since they had a lower vegetative growth 
rate and smaller plant size compared to the S1 and S2 
phenotypes. Our result is in agreement with previous stud-
ies (Vila-Aiub et al. 2009a, 2015b), that plant growth dif-
ferences between herbicide-resistant and susceptible indi-
viduals in the absence of competition will become even 
more evident under competition from neighbouring plants 
for limited environmental resources, magnifying the cost 
of resistance. However, in our study, we also showed that 
individuals that are resistant to more than one herbicide 
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group including triazines are also prone to be less fit than 
those that are only resistant to triazines.

The fitness costs associated with herbicide resistance can 
affect the fixation of resistance alleles and the rate of evo-
lution of resistance within populations (Tian et al. 2003). 
Understanding the fitness costs is useful for interpreting 
the dynamics of the evolution of resistance to herbicides 
and for developing strategies to manage the resistant plants. 
Our study revealed that multiple-resistance in C. album 
causes some physiological and morphological manifesta-
tions (fitness costs) in the resistant phenotypes. These fit-
ness costs result in a significantly lower growth rate (RGR), 
smaller plant size and less leaf area. We also showed that 
as a result, the dicamba- and triazine-resistant C. album 
becomes a weaker competitor compared to those individ-
uals that are only resistant to atrazine when exposed to 
competition. It is postulated that in a population where the 
plants resistant to a specific herbicide are less fit, depend-
ing on the level of fitness costs and management strategies, 
the population could gradually shift to individuals that are 
no longer resistant to that specific herbicide when there 
is no selection pressure applied by the herbicide to which 
plants are resistant (Vila-Aiub et al. 2009b). Based on the 
results of our study, with the significant degree of fitness 
penalty detected for multiple-resistant C. album, we expect 
a decline of the frequency of multiple-resistant individuals 
in populations of C. album once dicamba and other closely 
related herbicides are no longer used.

All of the biotypes used in this work had triazine resist-
ance (Ghanizadeh 2015). It has been shown for several 
weed species, including C. album, that resistance to tria-
zines can cause a reduction in fitness of the plants (Darm-
ency and Gasquez 1990; Park et al. 2004; Frenkel et al. 
2017). The significant differences found in our work 
between the R and S populations despite all plants having 
triazine resistance suggest that the fitness penalties caused 
by resistance to multiple herbicides [triazines (Ghaniza-
deh 2015), dicamba (Ghanizadeh et al. 2015), and pico-
linic acid herbicides (Ghanizadeh and Harrington 2017a)] 
involve different mechanisms to those involved with just 
triazine resistance. According to Berticat et al. (2008), the 
fitness of species harbouring multiple resistance alleles 
could be affected by the interaction between alleles caus-
ing resistance to different xenobiotics. Indeed, in our study 
we found that multiple-resistant C. album phenotypes were 
less fit, therefore, were even more susceptible to competi-
tion than C. album plants with only triazine resistance.

Author contribution statement HG and KCH conceived and 
designed research. HG conducted experiments and analysed 
data. HG and KCH wrote the manuscript. Both authors read 
and approved the manuscript.

Acknowledgements The authors wish to thank the staff of the Plant 
Growth Unit of Massey University for assistance with growing the 
plants.

References

Babineau M, Mathiassen SK, Kristensen M, Kudsk P (2017) Fitness 
of ALS-inhibitors herbicide resistant population of loose silky 
bentgrass (Apera spica-venti). Fron Plant Sci 8:1660. https ://doi.
org/10.3389/fpls.2017.01660 

Berticat C, Bonnet J, Duchon S, Agnew P, Weill M, Corbel V (2008) 
Costs and benefits of multiple resistance to insecticides for Culex 
quinquefasciatus mosquitoes. BMC Evol Biol 8(1):104. https ://
doi.org/10.1186/1471-2148-8-104

Bourdôt GW, Saville DJ, Hurrell GA (1996) Ecological fitness and the 
decline of resistance to the herbicide MCPA in a population of 
Ranunculus acris. J Appl Ecol 33(1):151–160

Christoffoleti PJ, Figueiredo MRAd, Peres LEP, Nissen S, Gaines T 
(2015) Auxinic herbicides, mechanisms of action, and weed resist-
ance: a look into recent plant science advances. Scientia Agricola 
72(4):356–362

Cranston HJ, Kern AJ, Hackett JL, Miller EK, Maxwell BD, Dyer 
WE (2001) Dicamba resistance in kochia. Weed Sci 49(2):164–
170. https ://doi.org/10.1614/0043-1745(2001)049%5b016 
4:DRIK%5d2.0.CO;2

Darmency H, Gasquez J (1990) Appearance and spread of triazine 
resistance in common lambsquarters (Chenopodium album). Weed 
Technol 4(1):173–177. https ://doi.org/10.1017/S0890 037X0 
00251 97

Fernández-Moreno PT, de la Alcántara-Cruz R, Smeda RJ, De Prado 
R (2017) Differential resistance mechanisms to glyphosate result 
in fitness cost for Lolium perenne and L. multiflorum. Fron Plant 
Sci 8:1796. https ://doi.org/10.3389/fpls.2017.01796 

Frenkel E, Matzrafi M, Rubin B, Peleg Z (2017) Effects of environmen-
tal conditions on the fitness penalty in herbicide resistant Brachy-
podium hybridum. Fron Plant Sci 8:94. https ://doi.org/10.3389/
fpls.2017.00094 

Ghanizadeh H (2015) Aspects of herbicide resistance in three New 
Zealand weed species. PhD thesis, Massey University, Palmerston 
North, New Zealand pp 233

Ghanizadeh H, Harrington KC (2017a) Cross-resistance to auxinic her-
bicides in dicamba-resistant Chenopodium album. N Z J Agric 
Res 60:45–53. https ://doi.org/10.1080/00288 233.2016.12383 97

Ghanizadeh H, Harrington KC (2017b) Non-target site mechanisms of 
resistance to herbicides. Crit Rev Plant Sci 36(1):24–34. https ://
doi.org/10.1080/07352 689.2017.13161 34

Ghanizadeh H, Harrington KC (2017c) Perspectives on non-target site 
mechanisms of herbicide resistance in weedy plant species using 
evolutionary physiology. AoB Plants 9(5):plx035. https ://doi.
org/10.1093/aobpl a/plx03 5

Ghanizadeh H, Lorzadeh S, Aryannia N (2014) Effect of weed 
interference on Zea mays: growth analysis. Weed Biol Manag 
14(2):133–137

Ghanizadeh H, Harrington KC, James TK, Woolley DJ (2015) A quick 
test using seeds for detecting dicamba resistance in fathen (Che-
nopodium album). Aust J Crop Sci 9(4):337–343

Ghanizadeh H, Harrington KC, James TK (2018) A comparison of 
dicamba absorption, translocation and metabolism in Che-
nopodium album populations resistant and susceptible to 
dicamba. Crop Prot 110:112–116. https ://doi.org/10.1016/j.cropr 
o.2018.04.007

Goldberg DE (1990) Components of resource competition in plant 
communities. In: Grace JB, Tilman D (eds) Perspectives in plant 
competition. Academic Press, San Diego

https://doi.org/10.3389/fpls.2017.01660
https://doi.org/10.3389/fpls.2017.01660
https://doi.org/10.1186/1471-2148-8-104
https://doi.org/10.1186/1471-2148-8-104
https://doi.org/10.1614/0043-1745(2001)049%5b0164:DRIK%5d2.0.CO;2
https://doi.org/10.1614/0043-1745(2001)049%5b0164:DRIK%5d2.0.CO;2
https://doi.org/10.1017/S0890037X00025197
https://doi.org/10.1017/S0890037X00025197
https://doi.org/10.3389/fpls.2017.01796
https://doi.org/10.3389/fpls.2017.00094
https://doi.org/10.3389/fpls.2017.00094
https://doi.org/10.1080/00288233.2016.1238397
https://doi.org/10.1080/07352689.2017.1316134
https://doi.org/10.1080/07352689.2017.1316134
https://doi.org/10.1093/aobpla/plx035
https://doi.org/10.1093/aobpla/plx035
https://doi.org/10.1016/j.cropro.2018.04.007
https://doi.org/10.1016/j.cropro.2018.04.007


797Planta (2019) 249:787–797 

1 3

Goldberg DE, Scheiner SM (2001) Design and analysis of ecologi-
cal experiments. In: Scheiner SM, Gurevitch J (eds) Design and 
analysis of ecological experiments. Oxford University Press, New 
York, pp 77–98

Hall JC, Romano ML (1995) Morphological and physiological differ-
ences between the auxinic herbicide-susceptible (S) and -resistant 
(R) wild mustard (Sinapis arvensis L.) biotypes. Pest Biochem 
Physiol 52(2):149–155. https ://doi.org/10.1006/pest.1995.1039

Heap I (2018) The international survey of herbicide resistant weeds. 
http://www.weeds cienc e.com. Accessed 09 Jul 2018. (online)

Hunt R (1982) Plant growth curves. The functional approach to plant 
growth analysis. Edward Arnold, London

Hunt R, Causton DR, Shipley B, Askew AP (2002) A modern tool for 
classical plant growth analysis. Ann Bot 90(4):485–488. https ://
doi.org/10.1093/aob/mcf21 4

James TK, Rahman A, Mellsop JM (2005) Fathen (Chenopodium 
album): a biotype resistant to dicamba. N Z Plant Prot 58:152–156

Kern AJ, Chaverra ME, Cranston HJ, Dyer WE (2005) Dicamba-
responsive genes in herbicide-resistant and susceptible biotypes 
of kochia (Kochia scoparia). Weed Sci 53(2):139–145. https ://doi.
org/10.1614/WS-04-090R

Kumar V, Jha P (2016) Differences in germination, growth, and fecun-
dity characteristics of dicamba-fluroxypyr-resistant and suscep-
tible Kochia scoparia. PLoS One 11(8):e0161533. https ://doi.
org/10.1371/journ al.pone.01615 33

Lambers H, Poorter H (1992) Inherent variation in growth rate between 
higher plants: a search for physiological causes and ecological 
consequences. In: Begon M, Fitter AH (eds) Advances in ecologi-
cal research, vol 23. Academic Press, Cambridge, pp 187–261. 
https ://doi.org/10.1016/S0065 -2504(08)60148 -8

Lambers H, Chapin FS, Pons TL (1998) Growth and alloca-
tion. In: Lambers H, Chapin FS, Pons TL (eds) Plant physi-
ological ecology. Springer, New York, pp 299–351. https ://doi.
org/10.1007/978-1-4757-2855-2_7

Li M, Yu Q, Han H, Vila-Aiub M, Powles SB (2012) ALS herbicide 
resistance mutations in Raphanus raphanistrum: evaluation of 
pleiotropic effects on vegetative growth and ALS activity. Pest 
Manag Sci 69(6):689–695. https ://doi.org/10.1002/ps.3419

Li X, Schmid B, Wang F, Paine CET (2016) Net assimilation rate 
determines the growth rates of 14 species of subtropical forest 
trees. PLoS One 11(3):e0150644. https ://doi.org/10.1371/journ 
al.pone.01506 44

Marshall B, Biscoe PV (1980) A model for C3 leaves describing 
the dependence of net photosynthesis on irradiance. J Exp Bot 
31(1):29–39. https ://doi.org/10.1093/jxb/31.1.29

Mithila J, Hall JC, Johnson WG, Kelley KB, Riechers DE (2011) Evo-
lution of resistance to auxinic herbicides: historical perspectives, 
mechanisms of resistance, and implications for broadleaf weed 
management in agronomic crops. Weed Sci 59(4):445–457. https 
://doi.org/10.1614/WS-D-11-00062 .1

Neve P, Vila-Aiub M, Roux F (2009) Evolutionary-thinking in agri-
cultural weed management. New Phytol 184(4):783–793. https ://
doi.org/10.1111/j.1469-8137.2009.03034 .x

Neve P, Busi R, Renton M, Vila-Aiub MM (2014) Expanding the eco-
evolutionary context of herbicide resistance research. Pest Manag 
Sci 70(9):1385–1393. https ://doi.org/10.1002/ps.3757

Orr HA (2009) Fitness and its role in evolutionary genetics. Nat Rev 
Genet 10(8):531–539. https ://doi.org/10.1038/nrg26 03

Osipitan OA, Dille JA (2017) Fitness outcomes related to glyphosate 
resistance in kochia (Kochia scoparia): what life history stage 
to examine? Front Plant Sci 8:1090. https ://doi.org/10.3389/
fpls.2017.01090 

Osone Y, Tateno M (2005) Applicability and limitations of optimal 
biomass allocation models: a test of two species from fertile 
and infertile habitats. Ann Bot 95(7):1211–1220. https ://doi.
org/10.1093/aob/mci13 3

Park KW, Mallory-Smith CA, Ball DA, Mueller-Warrant GW (2004) 
Ecological fitness of acetolactate synthase inhibitor-resistant and 
-susceptible downy brome (Bromus tectorum) biotypes. Weed Sci 
52(5):768–773

Parks RJ, Curran WS, Roth GW, Hartwig NL, Calvin DD (1996) Her-
bicide susceptibility and biological fitness of triazine-resistant and 
susceptible common lambsquarters (Chenopodium album). Weed 
Sci 44(3):517–522

Poorter H, Remkes C (1990) Leaf area ratio and net assimilation rate 
of 24 wild species differing in relative growth rate. Oecologia 
83(4):553–559. https ://doi.org/10.1007/bf003 17209 

Purrington CB (2000) Costs of resistance. Curr Opin Plant Biol 
3(4):305–308

R Core Team (2017) R: a language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna

Rahman A, James TK, Mortimer J (1983) Control of atrazine-resistant 
fathen in maize. In: Proceedings of the 36th New Zealand weed 
and pest control conference. pp 229–232

Rahman A, James T, Trolove M (2014) Characteristics and control 
of dicamba-resistant common lambsquarters (Chenopodium 
album). Weed Biol Manag 14(2):88–98. https ://doi.org/10.1111/
wbm.12036 

Shipley B (2002) Trade-offs between net assimilation rate and specific 
leaf area in determining relative growth rate: relationship with 
daily irradiance. Funct Ecol 16(5):682–689. https ://doi.org/10.1
046/j.1365-2435.2002.00672 .x

Shipley B (2006) Net assimilation rate, specific leaf area and leaf mass 
ratio: which is most closely correlated with relative growth rate? 
A meta-analysis. Funct Ecol 20(4):565–574. https ://doi.org/10.1
111/j.1365-2435.2006.01135 .x

Strauss SY, Rudgers JA, Lau JA, Irwin RE (2002) Direct and ecological 
costs of resistance to herbivory. Trend Ecol Evol 17(6):278–285. 
https ://doi.org/10.1016/S0169 -5347(02)02483 -7

Tian D, Traw MB, Chen JQ, Kreitman M, Bergelson J (2003) Fit-
ness costs of R-gene-mediated resistance in Arabidopsis thaliana. 
Nature 423(6935):74–77

Van Etten ML, Kuester A, Chang S-M, Baucom RS (2016) Fit-
ness costs of herbicide resistance across natural populations 
of the common morning glory, Ipomoea purpurea. Evolution 
70(10):2199–2210. https ://doi.org/10.1111/evo.13016 

Vila-Aiub MM, Neve P, Powles SB (2005) Resistance cost of a 
cytochrome P450 herbicide metabolism mechanism but not an 
ACCase target site mutation in a multiple resistant Lolium rigidum 
population. New Phytol 167(3):787–796. https ://doi.org/10.111
1/j.1469-8137.2005.01465 .x

Vila-Aiub MM, Neve P, Powles SB (2009a) Evidence for an ecological 
cost of enhanced herbicide metabolism in Lolium rigidum. J Ecol 
97:772–780. https ://doi.org/10.1111/j.1365-2745.2009.01511 .x

Vila-Aiub MM, Neve P, Powles SB (2009b) Fitness costs associated 
with evolved herbicide resistance alleles in plants. New Phytol 
184(4):751–767. https ://doi.org/10.1111/j.1469-8137.2009.03055 
.x

Vila-Aiub MM, Gundel PE, Preston C (2015a) Experimental methods 
for estimation of plant fitness costs associated with herbicide-
resistance genes. Weed Sci 63(Special Issue):203–216. https ://
doi.org/10.1614/WS-D-14-00062 .1

Vila-Aiub MM, Yu Q, Han H, Powles SB (2015b) Effect of herbicide 
resistance endowing Ile-1781-Leu and Asp-2078-Gly ACCase 
gene mutations on ACCase kinetics and growth traits in Lolium 
rigidum. J Exp Bot 66(15):4711–4718

Warwick SI, Black LD (1994) Relative fitness of herbicide-resistant 
and susceptible biotypes of weeds. Phytoprotection 75(4):37–49. 
https ://doi.org/10.7202/70607 0ar

Weiner J (1982) A neighborhood model of annual-plant interference. 
Ecology 63(5):1237–1241. https ://doi.org/10.2307/19388 49

https://doi.org/10.1006/pest.1995.1039
http://www.weedscience.com
https://doi.org/10.1093/aob/mcf214
https://doi.org/10.1093/aob/mcf214
https://doi.org/10.1614/WS-04-090R
https://doi.org/10.1614/WS-04-090R
https://doi.org/10.1371/journal.pone.0161533
https://doi.org/10.1371/journal.pone.0161533
https://doi.org/10.1016/S0065-2504(08)60148-8
https://doi.org/10.1007/978-1-4757-2855-2_7
https://doi.org/10.1007/978-1-4757-2855-2_7
https://doi.org/10.1002/ps.3419
https://doi.org/10.1371/journal.pone.0150644
https://doi.org/10.1371/journal.pone.0150644
https://doi.org/10.1093/jxb/31.1.29
https://doi.org/10.1614/WS-D-11-00062.1
https://doi.org/10.1614/WS-D-11-00062.1
https://doi.org/10.1111/j.1469-8137.2009.03034.x
https://doi.org/10.1111/j.1469-8137.2009.03034.x
https://doi.org/10.1002/ps.3757
https://doi.org/10.1038/nrg2603
https://doi.org/10.3389/fpls.2017.01090
https://doi.org/10.3389/fpls.2017.01090
https://doi.org/10.1093/aob/mci133
https://doi.org/10.1093/aob/mci133
https://doi.org/10.1007/bf00317209
https://doi.org/10.1111/wbm.12036
https://doi.org/10.1111/wbm.12036
https://doi.org/10.1046/j.1365-2435.2002.00672.x
https://doi.org/10.1046/j.1365-2435.2002.00672.x
https://doi.org/10.1111/j.1365-2435.2006.01135.x
https://doi.org/10.1111/j.1365-2435.2006.01135.x
https://doi.org/10.1016/S0169-5347(02)02483-7
https://doi.org/10.1111/evo.13016
https://doi.org/10.1111/j.1469-8137.2005.01465.x
https://doi.org/10.1111/j.1469-8137.2005.01465.x
https://doi.org/10.1111/j.1365-2745.2009.01511.x
https://doi.org/10.1111/j.1469-8137.2009.03055.x
https://doi.org/10.1111/j.1469-8137.2009.03055.x
https://doi.org/10.1614/WS-D-14-00062.1
https://doi.org/10.1614/WS-D-14-00062.1
https://doi.org/10.7202/706070ar
https://doi.org/10.2307/1938849

	Fitness costs associated with multiple resistance to dicamba and atrazine in Chenopodium album
	Abstract
	Main conclusion 

	Introduction
	Materials and methods
	Plant materials
	Growing conditions
	Growth analysis
	Leaf gas exchange
	Ecological fitness cost
	Statistical analysis

	Results
	Biomass allocation
	Growth analysis
	Neighbour crop experiments

	Discussion
	Acknowledgements 
	References




