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Abstract
Main conclusion Detrimental pleiotropic effects of resistance mutation(s) were observed for multiple-resistant phenotypes (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 assimilation 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 · Multipleresistance · Selection pressure
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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 hypothesized to involve fitness costs (Vila-Aiub et al. 2009b; Ghanizadeh 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 resistance alleles could influence the fixation of the alleles in a
new environment (Tian et al. 2003), and the rate of evolution 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 mechanism) (Vila-Aiub et al. 2005), glyphosate (FernándezMoreno 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 inhibitors 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 applications of this herbicide have resulted in dicamba resistance evolving in C. album (James et al. 2005; Ghanizadeh et al. 2015), a problematic weed species in maize
cropping in New Zealand. Further investigations showed
dicamba-resistant C. album populations from New Zealand 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 herbicide detoxification (Ghanizadeh et al. 2018). Differential
binding of dicamba to potential receptors or differences
in signal transductions in response to dicamba (Christoffoleti et al. 2015) have been suggested as other potential
mechanisms of resistance for dicamba-resistant phenotypes (Cranston et al. 2001; Kern et al. 2005; Ghanizadeh
and Harrington 2017b).
The fitness costs that are conferred by herbicide resistance 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
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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 auxinic herbicide resistance have been suggested as one of
the factors that contribute to the lower incidence of auxinic 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 studies 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 populations, S1 and S2, and dicamba-resistant and atrazine-resistant (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” findings 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 previously (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 penalties to plants already resistant to atrazine. For each population, 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 beginning 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 germinated after 2 weeks and the seedlings were grown in a glasshouse 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 randomize any environmental differences within the glasshouse.
This experiment was conducted twice. The average minimum/
maximum daily temperatures for the first and second experiments 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 model3100; 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).

RGR =

(LnW2 − LnW1 )
(t2 − t1 )

(1)

NAR =

[(W2 − W1 ) × (LnLA2 − LnLA1 )]
[(LA2 − LA1 ) × (t2 − t1 )]

(2)
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2
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(
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)

2

(4)

(5)

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 ability (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 youngest 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 standard 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. Duchess) 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 spatially arranged to provide five wheat density (0, 20, 80, 200
and 400 plants m−2) patterns. The C. album seeds were germinated 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 completely randomized design with four replicates for each treatment and conducted twice. The pots were randomly rearranged 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 measurements were made at the top of the C. album canopy for
each wheat density combination at 35 days after transplanting 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 measured 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 normality 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 (VilaAiub 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). Photosynthesis–light response curve parameters were estimated through
a non-rectangular hyperbola (Eq. 6) (Marshall and Biscoe 1980):

Anet

⎛
⎜ �PPFD + Amax −
=⎜
⎜
⎝
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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 quantum yield (mol C
 O2 mol p hotons−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):

R=

a
1 + bx

(7)

where R represents the evaluated trait (i.e., biomass, leaf area
or height) of C. album in response to associated wheat biomass, 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 competitive responses (Weiner 1982). Statistical analysis compared
the estimated values for the parameter b between dicambaresistant and dicamba-susceptible phenotypes using a oneway 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

��
�
�2
�⎞
�PPFD + Amax − 4𝜃�PPFD Amax ⎟
⎟ − Rd
2𝜃
⎟
⎠

(6)

Planta (2019) 249:787–797
Table 1  Leaf area, total dry
weight and height of atrazineresistant/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
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Population

S1
S2
R1
R2
P values

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)

128.3a
131.5a
63.2b
60.9b
< 0.001

1672.2a
1693.5a
530.0b
532.9b
< 0.001

30.2a
29.2a
12.1b
10.9b
< 0.001

156.7a
155.0a
55.1b
59.5b
< 0.001

1648.0a
1656.5a
508.5b
500.8b
< 0.001

26.9a
25.1a
12.3b
11.5b
< 0.001

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

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 significantly 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 significantly 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 experiment, the results showed that the multiple-resistant phenotypes 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
Table 2  Leaf area, total dry
weight and height of atrazineresistant/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

Population

S1
S2
R1
R2
P values

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 multipleresistant 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 multipleresistant 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 phenotypes 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

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)

192.9a
201.2a
141.6b
153.8b
< 0.002

5061.0a
5037.9a
1930.0b
2029.8b
< 0.001

85.6a
87.4a
58.1b
50.8c
< 0.001

214.0a
205.9a
153.5b
162.3b
< 0.001

5180.5a
5160.1a
2024.8b
1923.5b
< 0.001

90.4a
88.6a
56.5b
55.7b
< 0.001

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
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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

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 atrazineand dicamba-resistant (R1 and R2) phenotypes estimated at 35 (a, b)
and 55 (c, d) DAT in the first and second experiments. Within each

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
1st Experiment
RGR (mg mg
S1
S2
R1
R2
P

−1

2nd Experiment
−1

d ) NAR (mg cm

0.133a
0.131a
0.098b
0.100b
< 0.001

−2

−1

2

−1

d ) LAR (cm mg )

1.290a
1.260a
0.673b
0.676b
< 0.001

0.147
0.152
0.177
0.186
0.83

RGR (mg mg−1 d−1) NAR (mg cm−2 d−1) LAR (cm2 m g−1)
0.133a
0.132a
0.095b
0.092b
< 0.001

1.080a
1.110a
0.678b
0.584b
< 0.001

0.167ab
0.188a
0.162ab
0.152b
0.034

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

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
1st Experiment
RGR (mg mg
S1
S2
R1
R2
P

0.045
0.046
0.054
0.056
0.253

−1

2nd Experiment
−1

d ) NAR (mg cm

−2

−1

2

−1

d ) LAR (cm mg )

0.921a
0.879ab
0.609b
0.620ab
< 0.01

0.059b
0.063b
0.100a
0.102a
< 0.001

RGR (mg mg−1 d−1) NAR (mg cm−2 d−1) LAR (cm2 m g−1)
0.049
0.047
0.058
0.055
0.076

0.837a
0.820a
0.659ab
0.577b
0.006

0.069b
0.067b
0.093a
0.102a
< 0.001

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
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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
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

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, respectively. Similar results were also noted for other lightresponse characteristic parameters (Table 7).

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

1st Experiment
2

S1
S2
R1
R2
P

−1

2nd Experiment
−1

SLA (cm mg )

LWF (mg mg )

SLA (cm2 mg−1)

LWF (mg mg−1)

0.350
0.333
0.262
0.324
0.093

0.419b
0.472b
0.681a
0.617a
< 0.001

0.361a
0.291ab
0.225c
0.259bc
< 0.01

0.475b
0.519b
0.732a
0.709a
< 0.001

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
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

1st Experiment
2

S1
S2
R1
R2
P

−1

2nd Experiment
−1

SLA (cm mg )

LWF (mg mg )

SLA (cm2 mg−1)

LWF (mg mg−1)

0.150
0.140
0.171
0.179
0.22

0.398b
0.427b
0.592a
0.585a
< 0.001

0.160b
0.159b
0.173ab
0.194a
0.006

0.416b
0.410b
0.538a
0.528a
< 0.001

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

Parameters

Phenotypes
1st Experiment
S1

S2

2nd Experiment
R1

R2

23.8
18.7
18.3
Amax (mmol CO2m−2 s−1) 22.9
0.027 0.031 0.027 0.027
Ø (mmol CO2 mmol−1)
0.766 0.320 0.210 0.340
Rd (mmol CO2 m−2 s−1)
θ
0.602 0.503 0.593 0.712

P

S1

S2

R1

R2

0.57
0.93
0.77
0.99

25.5
24.2
18.1
19.3
0.028 0.034 0.032 0.027
0.378 0.361 0.467 0.295
0.542 0.601 0.733 0.623

P
0.88
0.83
0.99
0.98

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
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Fig. 2  Variations in aboveground biomass of atrazineresistant/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/dicambasusceptible (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

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). Individuals 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 multipleresistant phenotypes consistently had lower biomass production compared to S1 and S2 phenotypes at different wheat
densities. This was also shown by greater values of parameter b for multiple-resistant phenotypes (Table 8).
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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
Population

S1
S2
R1
R2
P values

Experiment 1

Experiment 2

Biomass

Leaf area

Biomass

Leaf area

0.0066b
0.0065b
0.0128a
0.0122a
0.036

0.0061b
0.0070b
0.0363a
0.0349a
0.0036

0.0050b
0.0056b
0.0114a
0.0122a
0.017

0.0058b
0.0064b
0.0121a
0.0131a
0.0034

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
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The results of a one-way ANOVA test showed that multiple-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 biomass 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 significant difference in estimates of parameter b between multiple-resistant and dicamba-susceptible phenotypes in leaf
area reduction in response to increasing wheat biomass production (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 species (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 phenotypes 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 C
 O2 assimilation rate (NAR) for the multiple-resistant phenotypes compared 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 phenotypes could be due to factors other than the rate of photosynthesis. 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).
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There was no significant difference between any of the
phenotypes in average RGR at the later stage of measurements 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 architecture 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 multipleresistant 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 multiple-resistant phenotypes to tolerate competition (VilaAiub et al. 2009b). Rahman et al. (2014) observed that
dicamba-resistant C. album individuals were outcompeted
when they grew in competition with dicamba-susceptible 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 competing 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 during 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 studies (Vila-Aiub et al. 2009a, 2015b), that plant growth differences between herbicide-resistant and susceptible individuals 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 evolution 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 manifestations (fitness costs) in the resistant phenotypes. These fitness 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 individuals 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, depending 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 resistance (Ghanizadeh 2015). It has been shown for several
weed species, including C. album, that resistance to triazines can cause a reduction in fitness of the plants (Darmency 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 (Ghanizadeh 2015), dicamba (Ghanizadeh et al. 2015), and picolinic 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 causing 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 competition 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.
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