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ABSTRACT

The use of intensive agricultural practices to
obtain higher grain yield over several years in tradi-
tional oil-seed crops such as sunflower, canola, and
maize eventually results in increased levels of some
weeds in these crops. At this point, replacing these
crops with different oil-seed crops such as safflower
is a rational approach. However, weeds can also re-
duce safflower yield if they are not controlled before
reach to economic threshold. A 3-year field experi-
ment was conducted to determine the economic
losses from wild mustard (Sinapis arvensis L.),
which is the main weed species, and the economic
threshold level of wild mustard in safflower fields of
Turkey in 2017-2019. Safflower yield decreased
from 5% to 63% as the density of wild mustard in-
creased from 0.5 to 16 plant m2 The economic
threshold of wild mustard in safflower was calcu-
lated based on a rectangular non-linear hyperbolic
regression model. The economic threshold was rec-
orded 1.26, 1.06, and 1.32 plants m™ in 2017, 2018,
and 2019, respectively, at a 91.25% control level by
chlorsulfuron.
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INTRODUCTION

Safflower is one of the most promising oil-seed
crops for reducing the vegetable oil gap in Turkey,
which currently needs to import cooking oil [1,2].
This gap has grown so much that the currency paid
for crude vegetable oil by Turkey are annually near
1.5 billion US Dollar [3]. In addition to its oil poten-
tial, safflower is also used in folk medicine, cooking,
and the textile industry and as a biofuel and an ingre-
dient in animal feed [4—6]. As a rich source of essen-
tial fatty acids, safflower oil is a high-nutrient prod-
uct [5]. Moreover, safflower is a favourable crop to
fill fallow fields in arid and semi-arid regions of Tur-
key. Owing to its strong root system, safflower can
easily reach to deep soil layers and the water they
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contain, enabling it to withstand drought conditions
[7]. The crop has been widely adopted in many semi-
arid agricultural regions of Turkey, especially in the
Central Anatolian Region [8]. Ankara has the largest
safflower production area (2.767 ha) in Turkey and
contributes 16% of the country’s total safflower seed
yield [9].

Safflower often replaces fallow in a wheat-fal-
low crop rotation system, and therefore, the saf-
flower fields can be infested with wheat weeds [1].
Safflower fields near Ankara were found to host 35
weed species belonging to 16 plant families, includ-
ing wild mustard (Sinapis arvensis L.), wild oat (Av-
ena fatua L.), field bindweed (Convolvulus arvensis
L.), common cocklebur (Xanthium strumarium L.),
wheat (Triticum aestivum L.), and redroot pigweed
(Amaranthus retroflexus L.). Among these weeds,
wild mustard is the most common weed species in
safflower fields and exists in more than half of them
due to its competitive annual growth habit [1]. The
weed can produce approximately 1.200-3.000 seeds
in a season, and its seeds can survive in the soil for
more than 10 years, creating a persistent seed bank
[10]. Moreover, in the early stage of its growth, the
weed’s leaf area and height increase rapidly, allow-
ing it to easily outpace competitors to reach the light
[10]. Yield loss caused by wild mustard varies de-
pending on its abundance and the specific crop and
variety, and in some cases, it has reached 91% [11—
14]. Despite safflower having a strong allelopathic
effect on the wild mustard seed germination and
seedling growth [15], crops such as canola, sun-
flower, wheat, and safflower that grow slowly during
the seedling stages are generally vulnerable to wild
mustard competition [11,16,17].

Many weed control practices such as cultiva-
tion, mulching, hand weeding, and flaming can help
prevent yield losses caused by weed competition, but
these practices are generally restricted to crops sown
with large rows spacing. For crops such as wheat,
barley and safflower that have narrow row spacing,
such treatments have limited applications because
they are too costly. In addition, the head and leaves
of safflower have strong thorns, making weed con-
trol treatments such as hand weeding or hoeing pain-
ful and impractical. Chemical weed control is a pop-
ular approach compared with other techniques be-
cause it reduces the cost of production and has long-
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lasting suppressive effects on weeds [18]. However,
while herbicides provide effective weed control for
a limited period after their application, they can have
adverse effects on human and animal health, as well
as the environment [19]. Providing a balance be-
tween the benefits of herbicides and the potential
harm to non-target organisms is the key issue in
terms sustainable crop production. Many models
have been used to depict this balance, but the eco-
nomic threshold (ET) model appears to be one of the
more applicable ones [20]. Actually, weed-crop in-
teractions constitute one of the most complicated
phenomena in agricultural ecosystems [21], and ET
can represent this interaction in terms of the econom-
ics of crop production and the closely related crop
yield loss caused by weed [20]. Moreover, use of the
ET model not only provides key information to the
grower for determining the extent of weed control by
weed management practices that is necessary, but
also guides decisions on the cost of the herbicide use
that is needed [22]. ET depends on the herbicide ap-
plication cost, the price of yield, and average yield
amount per land unit [23]. Employing ET may be a
useful tool in many times to evaluate economic im-
pacts of a specific weed like wild mustard. The weed
can cause a significant degree of yield loss, even at
low levels in some row crops such as wheat, sun-
flower, and canola [11,16,17,24]. Safflower growers
in Turkey need information about the population
density of wild mustard that is critically important in
terms of economical weed control, but that infor-
mation is lacking. However, no data was found in the
available literature regarding economic impact of
wild mustard on safflower seed yield.
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The objective of this study was to determine the
ET level of wild mustard in safflower and the effects
of wild mustard on safflower yield and yield compo-
nents in spring safflower grown Central Anatolian
Region of Turkey.

MATERIALS AND METHODS
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Site description and experimental design
The field trial was conducted in dryland farming sys-
tem during the 2016-2017, 2017-2018, and 2018-
2019 safflower growing seasons at the Ikizce Agri-
cultural Farm Station (IAFS) of the Field Crop Cen-
tral Research Institute (39.611917, 32.675258). The
soil at the experimental sites was a clay loam soil,
with 0.7% organic matter and a pH of 7.77. The
weather data were taken from the meteorological sta-
tion in the experimental field during the study and
presented in Figure 1. According to kdppen climate
classification, the experimental field is classified as
Csa [25].

Agronomic practices conducted by the farmers
who cultivated safflower in the region were fol-
lowed. The soil was ploughed to a depth of 30 cm
with a mouldboard plough, and the seedbed are then
prepared using a rotary tiller. The crop (var. Ha-
sankendi) was seeded using a conventional driller on
April 25,2017 in the first year, April 04, 2018 in the
second year, and on June, 2016 in the third year. The
row spaces were adjusted to 15-17 cm apart at a den-
sity of 175-200 plants m™. The fertilization was done
at once with 150 kg N and 60 P ha™' during sowing.
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FIGURE 1
Meteorological data for the experimental fields in 2017, 2018, and 2019
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The experimental design was a randomized
block design with three replications, and each exper-
imental plot was 1 m x 4 m. The field was naturally
infested by wild mustard at densities of 5.13, 7.5, and
9.75 plants m? in 2017, 2018, and 2019, respec-
tively. Six wild mustard densities (0, 1, 2, 4, 8, and
16 plants m™ in the first growing season and 0, 0.5,
1,2, 4 and 8 plants m? in the second and third grow-
ing seasons) were used in the experimental fields,
and natural weed-infested plots including wild mus-
tard and weed-free parcels were used for comparison
to assess the impact of wild mustard. To obtain the
experimental densities, weeds were transplanted
from various part of the field or thinned by hand-
pulling weekly. Following trial initiation, coloured
string was tied to the wild mustard plants to discrim-
inate them from newly emerging wild mustard
plants. All weeds were periodically removed manu-
ally during growing season to maintain a fixed weed
density, except for wild mustard.

Crop plants in the middle of rows are then eval-
uated to avoid the field edge effects, and their yield,
and yield components such as head number per
plants, plant height, and 1000-seed weight were rec-
orded. As the safflower plants reached maturity, all
plants in four 0.25 m™ quadrats placed in the centre
of each plot were manually cut off at the soil surface
on September 7, 2017, September 21, 2018, and Au-
gust 29, 2019, respectively, and the numbers of
heads per plant were counted and recorded. The
grain was manually stripped from the straw in the la-
boratory, and the safflower yield was recorded. Saf-
flower grain moisture was adjusted to 13%, and the
1000-seed weight was calculated based on 1000 ran-
domly selected safflower seeds from each plot. Ten
plants in the middle rows from each plot were meas-
ured from the soil surface to the top of the plant, and
the average plant height was then calculated.

Statistical analysis Data were analysed with
nonlinear regression analysis using SPSS statistical
software to determine the safflower yield loss (SPSS,
2004). The relationship between the percentage of
safflower yield loss and weed density was calculated
with a non-linear regression model according to
Cousens [23], who described this relationship with a
rectangular hyperbolic model using Equation 2:

Vield = Yieldwf x - (1-(ixd))

—— 2
00x(1+(:<d)) ( )
where 1, d, and A are percentage yield loss per
unit at d level of wild mustard, wild mustard density,
and maximum asymptote, respectively.

ET of wild mustard (plants m?) was calculated

according to Lindquist and Kropff [26] using
Equation 3:
Economic Threshold = — 49 3)
YOXPSXYLXHEL

where HAC (herbicide application cost), Yo,
PS, YL, and HEL indicate the herbicide application
cost to control wild mustard (the cost of herbicide,
Chlorsulfuron DF 75%, and its application in dollars
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(US$) ha'!), safflower grain yield of the weed-free
plots (kg ha™"), the price of safflower (in dollar (US$)
kg!), yield loss percentage caused by wild mustard
(%), and herbicide efficacy level (%), respectively.

The effect of wild mustard density on safflower
grain and grain yield components was determined in
comparison with plots with natural weed infestation
and weed-free plots. All data were subjected to anal-
ysis of variance to evaluate the effects of the main
factors and their interactions. Data were analysed
separately according to year and main effects be-
cause interactions between them were significant.
Plant height, head number per plant, and 1000-seed
weight data were transformed to the arcsine square
root before statistical analysis. However, original
data are presented in the related figures for clarity.
Plant height, head number per plant, and 1000-seed
weight data were also subjected to analysis of vari-
ance, and Fisher’s protected LSD test (P< 0.05) was
used to separate treatment means.

RESULTS

The experimental fields naturally contained wild
mustard and other weed species such as redroot pig-
weed, wild oat, and fat hen (Table 1). Wild mustard
density and safflower yield was strongly related in all
years (Table 2). An increase in wild mustard density
from 1 to 16 resulted in a decrease in safflower yields
from 11.30% to 56.07% in the first year (Table 2).
Yield reduction caused by wild mustard at a density
of 1 plant m? was more than 10%. Therefore, for the
subsequent seasons, wild mustard densities were re-
duced from 16 to 8 plants m at the highest level and
from 1 to 0.5 plant m™ at the lowest level.

The trial results showed that plant height, head
number per plant, 1000-seed weight, and grain yield
changed significantly depending on the wild mustard
density. Among the yield components, the head num-
ber per plant was more sensitive to weed competition
than plant height and 1000-seed weight in 2018 and
2019, but not 2017. In terms of all yield components,
safflower yield was dramatically affected by weed
competition depending on the year, weed composi-
tion, and other environmental conditions.

The head number per plant was significantly re-
duced as wild mustard density increased from 0 to 8
plants m™ or from 0 to 16 plants m™ for all years
(Figure 2). The decline in the head number per plant
varied depending on the year; in the first year, it was
higher than other years due to heavy redroot pigweed
infestation in the experimental fields (Table 1). The
most dramatic decline in the head number per plant
occurred in the third year, when severe drought af-
fected the experimental field (Figure 2). Although
safflower has a strong root system to reach subsoil
water supply [27], it has more rigorous plant growth
and grain yields when grown under irrigated condi-
tions or rain-fed conditions [28].
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TABLE 1

Density and average coverage area of weed species in the experimental fields (plant m? (%)).
Weeds 2017 2018 2019
Fat hen (Chenopodium album L.) 0.38 (1.63) 0.28 (1.25) 0.66 (1.25)
Field bindweed (Convolvulus arvensis L.) 0.5 (4.63) 1.25(3.95) 0.75 (2.50)
Wild buck weed (Fallopia convolvulus (L.) A. Léve) 0.13 (0.63) - 0.25(1.25)
Wild mustard (Sinapis arvensis L.) 5.13 (12.88) 7.5 (14.50) 9.75 (15.75)
Redroot pigweed (Amaranthus retroflexus L.) 13.13 (6.88) 2.15(2.50) 1.25 (0.66)
Bristly foxtail (Setaria verticillata (L.) P. Beauv.) 0.5(2.5) - -
Wild oat (Avena fatua L.) 2.8 (4.50) 1.5 (0.25) 1.66 (0.85)
Common fumitory (Fumaria officinalis L.) 0.25(0.38) - 0,25 (0.40)
Groundsel (Senecio vulgaris L.) 0.13 (0.63) - -
False carrot (Turgenia latifolia (L.) Hoffm.) 0.63 (0.63) - -
Couch grass (Elymus repens (L.) Gould) 0.38 (0.50) - -
Shepherd-purse (Capsella bursa-pastoris (L.) Medik.) - 2.5(3.25) 0.85(1.15)
Field milk thistle (Sonchus arvensis L.) - 0.88 (1.25) 0.75 (0.98)
Canada thistle (Cirsium arvense (L.) Scop.) - 1.25(1.75 0.5 (0.66)

Increasing the density of wild mustard from 0
to 16 plants m? in 2017 and from 0 to § plants m? in
2018 and 2019 significantly decreased safflower
plant height from 115.2, 96.5, and 84.6 cm to 70.3,
82.6, and 68.7 cm, respectively (Figure 3). The effect
of wild mustard density on safflower height was also
closely related to rainfall or irrigation, and weed
flora of safflower like head number per plant. But,
the growth of safflower under high weed competi-
tion in the drought year (2019) did not vary more
than in the rainy year (2018) (Table 1). Under
drought conditions, the average height of safflower
plants was shorter than under rainy or irrigated con-
ditions, regardless of the safflower genotype and
year [27]. A decrease in safflower plant height de-
pended on the wild mustard density and climatic
conditions, similar to the findings of previous studies
[28,29]. Allelopathy has an important role in crop-
weed interaction [30]. Previous studies showed that
safflower extracts decreased wild mustard seed ger-
mination and reduced weed seedling fresh weight

and length [15]. In addition, safflower’s strong root
system and ability to survive under drought condi-
tions may help suppress wild mustard seed germina-
tion and seedling growth. At this point, our results
support those of Farhoudi and Lee [15].

The 1000-seed weight was affected by wild
mustard competition; however, the impact was min-
imal at lower weed densities, whereas it was clearer
at high weed densities (Figure 4). The effect of years
on the relation between 1000-seed weight and weeds
was not statistically significant, in contrast to the re-
sults for the head number per plant and the plant
height (P>0.05). Jalali et al. [28] reported that the
1000-seed weight was not significantly affected by
weed interference or by irrigation treatment applied
at various intervals to six-leaf stage safflower in a
field heavily covered by field bindweed, common
lambsquarters, camel thorn (Alhagi camelorum L.),
and common cocklebur. However, Blackshaw [31]

TABLE 2
Efficacy of wild mustard density on the safflower and safflower yield from 2017 to 2019.

Yield (kg ha'!)

FEB

Treatment
2017 2018 2019
0.5 WM m? - 1752.7+£68.2 B 1686.8467.7 A
1 WM m? 2124.8+47.0 B* 1660.2+54.9 C 1523.1+60.3 B
2 WM m? 2024.0+£50.6 B 1479.2+33.4 D 1285.7+42.5 C
4 WM m? 1544.3+74.8 C 1092.3+66.0 E 977.5+£56.3 D
8 WM m? 1273.3+68.6 D 742.4+57.4 G 660.6+419 F
16 WM m™2 1048.1+894 E - _
Weed-Free 2385.8+44.5 A 1863.3£31.0 A 1723.8+£56.1 A
Weedy 1155.7£77.5 DE 884.94+24.1 F 756.1£29.0 E

WM: Wild mustard; * Means + SE within columns followed by the same letter are not significantly different between treatments
at the 0.05 probability level as determined by Fisher’s Protected LSD test.
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Relationship between wild mustard densities and plant height (cm)

indicated that the 1000-seed weight of safflower de-
clined significantly due to green foxtail (Setaria vi-
ridis (L.) P. Beauv.). Behdarvand et al. [32] found a
slight relation between wild mustard density and
1000-grain weight of wheat compared with other
yield components of wheat such as spike number per
square meter and grain number per spike. In their
study, 1000-grain weight of wheat decreased by 6.96%
at a density of 15 wild mustard plants m. Similar
findings in field pea were reported by Wall et al. [34],
who showed that competition of wild mustard af-
fected the 1000-seed weight. Our results accorded
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with those of Behdarvand et al. [32] and Wall et al.
[34] in terms of 1000-seed weight.

Wild mustard is such a strong competitor that
the impact of total weeds and that of wild mustard at
a density of 8 plant m (or lower) had similar effects
on the safflower yield (Figure 2). Competition be-
tween wild mustard and other weeds for space, water,
nutrients, and sunlight attenuated the impact of wild
mustard. This phenomenon, interspecies competition
between weeds, has been described by many re-
searchers West et al. [35].
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Safflower yield reduction owing to wild mus-
tard density steadily increased up to 4 plants m~, but
at higher densities, the yield reduction caused by per
wild mustard was less than at lower densities (Figure
2). This difference was attributed to intra-species
competition between wild mustard plants instead of
other plants. Intra-species competition involving
wild mustard plants has also been studied in other
crops such as wheat and soybean. Mennan [16] in-
vestigated the influence wild mustard density on
wheat grain yields and reported that wheat grain loss
at 1, 4, 6, and 32 wild mustard plants m? was 2.02-
3.79%, 7.70-9.77%, 14.50-16.85%, and 36.00-
37.83%, respectively. Yield loss caused by wild mus-
tard steadily increased up to a density of 4 plants m°
2, but beyond that each incremental increase in weed
density had less of an impact on yield loss. Our re-
sults accorded with the findings of previous studies
were obtained in field trials with canola [17], sun-
flower [11], pea [33], and navy bean [36].

The crop yield-weed density model described
by Cousens [23] is a useful tool to evaluate the eco-
nomic cost for the farmers due to weed-related yield
loss (Figure 5).. An advantage of this model is its in-
clusion of intra-species competition between wild
mustard plants. In Table 3, the parameter i represents
the yield loss due to 1 wild mustard plant m™ in saf-
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flower; the losses were 13.50%, 13.09%, and 14.87%

in 2017, 2018, and 2019, respectively. These reduc-
tions translated to safflower grain yield reductions of
260.66, 203.1, and 200.8 kg ha! in 2017, 2018, and
2019, respectively. These values represent the high-
est yield losses on an incremental basis, but the
amount of loss per each incremental increase de-
clined as weed density rose (Figure 3).

The parameter A indicated the yield loss when
the wild mustard population reached the highest
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weed population level. The first year had the lowest
asymptote value, and the values in the second and
third years were higher: 76.59%, 145.42%, and
132.47% in 2017, 2018, and 2019, respectively (Ta-
ble 3). Theoretically, these values should not exceed
100%, yet the values in our study were higher than
the maximum theoretical value described by
Cousens [23]. In some previous studies, this theoret-
ical value was also exceeded, similar to our findings.
This outcome shows that a specific weed species’
highest impact on the crop in a specific environment
has a limit even if the weed number is above the car-
rying capacity of that area [34,37,38] . Wall [36] in-
dicated that the parameter A was 73.9% and 96.2%
for wild mustard species in navy bean. These values
were in line with our first-year value of 76.59% for
wild mustard in safflower.

According to ET model, the parameters HAC
and PS were US$0.69, US$0.48, and US$0.61 ha™,
and US$0.186, US$0.203, and US$0.197 kg'! in
2017,2018, and 2019, respectively. The herbicide ef-
ficacy level was 91.25% for all years [39]. The eco-
nomic thresholds were calculated to be 1.26, 1.06,
and 1.32 plants m in the years 2017, 2018, and 2019,
respectively. These values varied by year, depending
on the parameters mentioned above because produc-
tion costs and safflower prices were not stable. Our
calculated ETs were very similar to those of Mennan
[16], who stated that the ET level of wild mustard in
wheat with chlorsulfuron (75%) was 1.14 plant m?,
as well as those of Basaran and Kadioglu [24], who
reported that the threshold values with tribenuron-
methyl 37.5% and mesosulfuron methyl 3% +
iodosulfuron methyl sodium 0.6% were 0.67—1.37
and 1.14 plants m™.
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TABLE 3
The parameters and standard errors calculated from the rectangular hyperbolic model of safflower yield
loss by SPSS in 2017-2019

Parameters 2017 2018 2019
| 13.50 + 1.40 13.09 + 1.03 14.87 +£1.43
A 76.59 £5.42 145.64 £21.01 132.47 £19.43
R? 96.9 98.3 97.5

i, percent yield loss per unit of weed density, followed by the standard error; A, asymptotic value of the maximum yield loss
(%), followed by the standard error; R? = 1—(residual sum of squares)/(corrected sum of squares).

CONCLUSIONS 0.5 plant m2. The data showed that the ET varied
from 1.06 to 1.32 plants m depending upon param-

In this study, wild mustard caused significant eters such as weed control efficiency, herbicide cost,
losses in safflower grain yield and important yield cost of herbicide application, safflower price, and

components of safflower, even at the low density of
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grain yield. The results also showed that wild mus-
tard at a density of 8 plants m or higher may reduce
safflower yield as much as all other weeds combined
in safflower fields. The results indicated that the ef-
fect of weed flora in safflower and the effect of cli-
matic conditions on the results were statistically im-
portant (P<0.05). Controlling wild mustard in saf-
flower fields based on the ET would reduce the cost
of production and minimize the adverse effects of
excessive herbicide use on the environment. The ef-
fect of variety on the ET appears to be a very im-
portant component, similar to the aforementioned
factors. This effect should be taken into account in
future ET studies carried out in safflower.
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