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Abstract
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concerns with chemical residue and herbicide resistance. Non-chemical weed manfrom crops. Harvest is an ideal opportunity for the differentiation of weeds that grow
taller than the crop, however, the ability to differentiate late-season weeds from the
crop is unknown. Weed mapping enables farmers to locate weed patches, evaluate the success of previous weed management strategies, and assist with planning
for future herbicide applications. The aim of this study was to determine whether
weed patches could be differentiated from the crop plants, based on height differences. Field surveys were carried out before crop harvest in 2018 and 2019, where a
total of 86 and 105 weedy patches were manually assessed respectively. The results
of this study demonstrated that across the 191 assessed weedy patches, in 97% of
patches with Avena fatua (wild oat) plants, 86% with Raphanus raphanistrum (wild radish) plants and 92% with Sonchus oleraceus L. (sow thistles) plants it was possible to
distinguish the weeds taller than the 95% of the crop plants. Future work should be
dedicated to the assessment of the ability of remote sensing methods such as Light
Detection and Ranging to detect and map late-season weed species based on the
results from this study on crop and weed height differences.
KEYWORDS

height, late-season weed control, site-specific weed management, weed-crop differentiation

The increasing levels of herbicide resistance have resulted in a

1 | I NTRO D U C TI O N

greater focus on cultural methods and reducing herbicide use, with
practices such as site-specific weed management method (SSWM)

Weeds have a negative impact on agricultural production and de-

and harvest weed seed control (HWSC) systems (Pena et al., 2015;

spite the gains in crop productivity achieved from recent advances in

Walsh et al., 2018). HWSC systems target weed seeds during the

agriculture, weeds still significantly affect crop yield (Llewellyn et al.,

grain harvest and prevent them from entering the soil seed bank

2004). Herbicides have been the primary tool for weed control, but

(Walsh et al., 2018). HWSC is now an established weed control

there are concerns about rising input costs (Llewellyn et al., 2004)

method in Australia and accepted by 82% of growers (Walsh et al.,

and fears about chemical use on human health. Reliance on herbi-

2017a). However, some weed species, such as Bromus spp. (brome

cides can result in weed resistance to herbicides like glyphosate,

grass) and Avena fatua (wild oat) shed some of their seeds before

which is now widespread (Owen and Powles, 2010).

harvest and are not well suited to HWSC (Ashworth et al., 2016;
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Condon and Condon, 2018). SSWM is used to target weed patches

farmers in the area, the GPS coordinates of every field recorded and

based on detecting weed species and mapping their locations

the locations are shown in Figure 1.

(Shaw, 2005). Therefore, weeds that shed their seeds and escape
HWSC could be mapped for future control. The most critical factors for acceptance and adoption of SSWM are weed monitoring

2.2 | Sampling methodology

and having a management plan for the execution of an economical
SSWM (Lopez-Granados, 2011). SSWM can be designed based on

We visited 65 fields over 2 years (30 fields in 2018 and 35 in 2019).

maps of mature weeds, to apply targeted weed control to where

The area of the field with weed patches was selected and the survey

the largest weed seedbank will be located in subsequent years

conducted by walking a ‘Z’ pattern until three separate weed patches

(Koger et al., 2003).

had been assessed and the survey was then completed for that field.

Remote sensing is a useful method for mapping crops and both

If an area of a field contained <3 patches, then another area was sur-

early and late-season (when crops mature) weeds that are not well

veyed nearby. Weed species were identified and the height of up to

controlled by HWSC. Andujar et al. (2013) used ultrasonic and

10 plants per weed species and 30 crop plants was measured within

Terrestrial LiDAR (Light Detection and Ranging) based systems to

1 m2. Plant height was measured from the soil surface to the highest

differentiate germinated maize (Zea mays) from the soil. Lopez-

position of the plant (Figure 2).

Granados et al. (2016) used multispectral images collected by un-

A total of 86 weedy patches was assessed in 2018 and another

manned aerial vehicle (UAV) for mapping early weed infestation in

105 weedy patches were assessed in 2019. The crop types included

sunflower (Helianthus). Lopez-Granados et al. (2006) used hyper-

wheat, barley (Hordeum vulgare L.), lupin (Lupinus angustifolius L.) and

spectral and multispectral imagery for locating late-season grass

chickpea (Cicer arietinum L.). The same fields identified in 2018 were

weed patches in wheat (Triticum aestivum L.). Castillejo-Gonzalez

also visited in 2019 and the majority of fields were cultivated with

et al. (2014) mapped late-season A. fatua patches in wheat fields

the same crop in both years, except for seven fields, which were out

using Quickbird images. Rasmussen et al. (2019) mapped creep-

of production or had different crops in 2019, so the nearest field

ing thistle (Cirsium arvense) before harvest in cereals using a UAV

with the same crop was visited. Of these seven fields, four were

mounted with RGB cameras.

wheat and three were barley fields. The weed species investigated

Many persistent weed species that are present in the crop until

in this study included Lolium Rigidum (ryegrass), A. fatua, Bromus spp.,

harvest have a discernible height difference to commonly grown

Raphanus raphanistrum (wild radish), Sonchus oleraceus L. (sow this-

field crops and there is a potential for differentiating and detect-

tles), volunteer wheat (2018 and 2019) and volunteer oilseed rape

ing late-season weed patches from the surrounding crop plants. The

(2019).

aim of this study was to determine whether weed species that are
present until late in the season may be differentiated based on their
height above various crop canopies. The study had two objectives:

2.3 | Data analysis

(a) measure the height of common crops and weeds near maturity
and (b) determine what combinations of weed and at what height

Data were checked for normality of residuals and then crop height

thresholds the weed species could potentially be detected in the

data were analysed using a linear mixed model with restricted maxi-

crops near to harvest time. For this purpose, late-season weed spe-

mum likelihood (REML) over the 2 years. For this analysis, crop type

cies were investigated in various crops in the Central Wheat-belt re-

and year were considered as fixed effects and patches as a random

gion of Western Australia just before harvest time in 2018 and 2019.

effect (Genstat 18th edition, VSN International Ltd, http://www.
vsni.co.uk/).

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Study area selection

We analysed crop height separately for the 2 years, due to between-year differences; we compared differences between mean
crop and weed species height using REML, where crop/weed type
was considered as a fixed effect. The variances of the crops and associated weeds were unequal, so patches were defined as a random

Field surveys were conducted near the end of the growing season,

effect in a diagonal covariance model. Height was considered to dif-

after anthesis when crops were beginning to mature (November) in

fer at p ≤ 0.05. Crop mean height was compared to each weed in the

2018 and 2019 across the Central Wheat-belt region of Western

field based on the approximate least significant difference of REML

Australia. The region has a Mediterranean-type climate, with hot dry

means.

summers and a cool, wet, winter growing season between May and

A sensitivity analysis was carried out using three different thresh-

November. About 50% of the annual rainfall occurs between June

olds of crop height in each field to assess the number of weeds that

and August. Droughts are common, and rainfall is relatively low, with

grew above the crop height thresholds. The thresholds were mean

a 20 year mean of 313 mm (BOM, 2020).

crop height (50% of the crop had a height less than this value), one

Fields with known weed species that were present until the har-

standard deviation (SD) above the mean crop height (68% of the crop

vest were selected based on the information from agronomists and

had a height less than this value) and 2 × SD above mean crop height

|
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FIGURE 1

3

Location of studied crop fields in the Central Wheat-belt region of Western Australia

(95% of the crop had a height less than this value). These thresholds

(48 cm) and chickpea (27 cm; Table 1). All crops were taller in 2018

were used to quantify the differentiation percentage of each weed

than in 2019 (p < 0.001). Wheat and lupin were on average 14 cm

species, and the number of weedy patches with at least one weed

taller in 2018 than 2019, while barley was 8 cm and chickpea only

above the defined thresholds was calculated in each field.

3 cm taller in 2018.

3 | R E S U LT S

3.3 | Late-season weed species present in the crops

3.1 | Climate

Table 2 shows that L. rigidum and A. fatua were the most common
weed species that were present until harvest in the studied crops.

The monthly maximum temperature in the survey area during the

L. rigidum plants were observed in 89% of weed patches in wheat

2018 growing season varied between 21 and 38°C and in 2019 be-

crops, 93% of patches in barley crops, 82% of patches in lupin crops

tween 21 and 44°C. There was higher annual rainfall in 2018 across

and 100% of patches in chickpea crops. A. fatua plants were ob-

the region, with 242–278 mm compared with 189–234 mm in 2019

served in 75, 58, 27 and 83% of weed patches in wheat, barley, lupin

(BOM, 2020). Figure 3 shows the monthly rainfall distribution of the

and chickpea fields, respectively.

area during the growing season in 2018 and 2019. The 2019 season
was hotter and drier overall than in 2018.

3.2 | Crop height

3.4 | Weed species detection at different thresholds
After identifying the major weed species present in the study areas,
the height of the crops and weed species were compared to the mean

Crop height differed (p < 0.001), with wheat being the tallest crop

crop height, mean crop height + SD and mean crop height + 2 × SD

(mean over 66 cm both years), followed by barley (54 cm), lupin

in all of the studied fields.

|
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TA B L E 1 Crop height range and mean height across the studied
fields in the Central Wheat-belt region of Western Australia just
before harvest time in 2018 and 2019
2018

2019

Crop

Range
(cm)

Mean
(cm)

Range (cm)

Mean
(cm)

Wheat

43–98

74a

25–88

59a

Barley

27–101

59b

27–80

49b

Lupin

20–84

54c

14–70

40c

Chickpea

20–36

29d

17–33

26d

Note: Different letters indicate differences between crops within each
year, based on LSD at p ≤ 0.05. Crop height differed between years
(p < 0.001).

Figures 4 and 5 show the average height distribution of wheat,
barley, lupin and chickpea and different weed species across the
studied fields in 2018 and 2019. The height of A. fatua, R. raphanistrum in both years and S. oleraceus in 2018 differed from wheat
height (Figure 4a–b). A. fatua and L. rigidum in 2018 and A. fatua and
R. raphanistrum in 2019 were taller than barley in 2018 and 2019 respectively (Figure 4c–d). R. raphanistrum was noticeably shorter than

Monthly rainfall (mm)

F I G U R E 2 The height of up to ten weeds of each species in a
patch was measured from the ground to the tallest plant part

barley in 2018, ranging between 10 and 50 cm height (Figure 4c).

F I G U R E 3 Monthly rainfall distribution
from the Kellerberrin Bureau of
Meteorology station (010073) (BOM,
2020) in the Central Wheat-belt region of
Western Australia during the 2018 and
2019 growing season

80
60
40
20
0

May

June

July

August
2018

TA B L E 2

October

November

2019

Number of weed plants and patches in the different crop fields in 2018 and 2019
L. rigidum

Crop

September

A. fatua

Bromus spp.

R. raphanistrum

S. oleraceus

Volunteer (wheat
and oilseed rape)

Plants

Patches

Plants

Patches

Plants

Patches

Plants

Patches

Plants

Patches

Plants

Patches

384

33

300

25

107

11

98

10

35

5

—

—

2018
Wheat
Barley

317

24

85

10

146

14

50

5

—

—

—

—

Lupin

227

19

102

9

30

3

102

10

52

8

21

1

Chickpea

40

3

30

3

—

—

—

—

—

—

30

3

2019
Wheat

428

41

397

37

91

10

154

16

—

—

—

—

Barley

300

29

224

23

—

—

48

6

—

—

19

2

Lupin

180

18

31

3

—

—

142

14

—

—

50

5

Chickpea

31

3

12

2

—

—

—

—

—

—

—

—
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160
Average plant height (cm)

F I G U R E 4 Plant height distribution of
wheat (a and b) and barley (c and d) and
different weed species across the studied
fields in 2018 (a and c) and 2019 (b and
d) (dash line shows mean crop height).
Asterisks indicate that weed species was
taller than the crop (p ≤ 0.05). A maximum
of five of the most abundant weeds is
shown. Error bars represent ± SD

a

140

*

120

*

*

100

5

c

*

*

80

60
40
20
0

Average plant height (cm)

160

d

b

140
120

*

100

*

*

80

*

60
40
20
0

*

120
Average plant height (cm)

F I G U R E 5 Plant height distribution of
lupin (a and b) and chickpea (c and d) and
different weed species across the studied
fields in 2018 (a and c) and 2019 (b and
d; dash line shows mean crop height).
Asterisks indicate that weed species was
taller than the crop (p ≤ 0.05). A maximum
of five of the most abundant weeds is
shown. Error bars represent ± SD

100
80

*

*

*

*

60

c

a

*

40

*

20
0

Average plant height (cm)

120
100
80

b

*

60

d

* *

*

40
20
0

L. rigidum and Bromus spp. were similar or shorter than the height

The comparison of the mean height of crop and weed plants

of lupin, while A. fatua, R. raphanistrum and S. oleraceus were taller

in the 2018 and 2019 survey showed that ≥90% of A. fatua plants,

(Figure 5a–b). Weeds were taller than chickpea in both years, except

≥76% of R. raphanistrum plants and 91% of S. oleraceus plants were

L. rigidum in 2019 that was of a similar height (Figure 5c–d).

taller than the average height of wheat. Whereas, ≥75% of A. fatua

Table 3 shows weeds with ≥50% detectability in at least one of

plants, 59% of R. raphanistrum plants and 62% of S. oleraceus plants

the 2 years at all crop height thresholds (where 50, 68 and 95% of

were taller than 2 × SD the mean wheat height. In barley fields,

the crop plants were below the threshold).

≥98% of A. fatua plants were taller than the average crop height.

6
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TA B L E 3 Percentage of weeds taller than 50, 68 and 95%
of crop plants, which represent the mean, mean + 1 x SD and
mean + 2 x SD of crop plant height, respectively
Crop
Wheat

Barley

Lupin

Chickpea

Year

50%

68%

95%

2018

94

90

84

2019

90

86

75

2018

76

65

60

2019

83

68

59

2018

91

74

62

2019

—

—

—

2018

99

97

94

2019

98

97

81

2018

4

3

3

2019

92

89

57

2018

87

69

66

2019

100

100

97

2018

96

93

91

2019

100

99

94

2018

88

67

65

2019

—

—

—

2018

94

90

75

2019

72

60

2018

100

2019

plants, at least one plant of each of these weed species was taller
than 2 × SD of the mean associated crop height. Overall, the main
weed species that grew taller than the crop, across all thresholds

Weed species

at harvest time were A. fatua, R. raphanistrum, and S. oleraceus.

A. fatua

Table 4 (wheat) shows that across the wheat fields in ≥96% of A.

R. raphanistrum
S. oleraceus
A. fatua

fatua patches, in ≥84% of R. raphanistrum patches and 80% of S.
oleraceus patches at least one plant of these weed species was
differentiated above the defined thresholds. Across the barley
fields in ≥96% of A. fatua patches and ≥84% of R. raphanistrum
patches in 2019, at least one plant of these weed species was
differentiated above the defined thresholds. In 2018, only 20%
of patches were potentially differentiated for the latter weed in
barley (Table 4 [barley]). Across the lupin fields in 100% of weed

R. raphanistrum

patches of A. fatua, R. raphanistrum and S. oleraceus at least one
plant of these weed species was differentiated above the defined

A. fatua

thresholds (Table 4 [lupin]). Across the chickpea fields, 100% of
A. fatua patches had at least one plant growing above the defined

R. raphanistrum
S. oleraceus

crop thresholds (Table 4 [chickpea]).

4 | D I S CU S S I O N

50

Volunteer wheat
Volunteer oilseed
rape

4.1 | Comparison of 2 years of crop and weed height

100

97

A. fatua

This study aimed to determine the weed species that grow taller

100

100

100

2018

100

100

80

2019

—

—

—

2018

100

100

100

2019

—

—

—

L. rigidum
Volunteer wheat

Note: Only weeds taller than the mean crop height in at least one of the
2 years (2018 and 2019) are shown.

than the crop and their differentiation compared to the crop height
at harvest time. Two surveys were performed during the harvest
season in 2018 and 2019. The varieties of the studied crops (wheat,
barley, lupin, and chickpea) were the same in both years, however,
the rainfall amount was different. The amount of moisture for crop
and weed seeds for immediate germination in 2019 was less than
2018, and as expected plants were shorter in 2019 because of delayed germination and development during the growing season. The
development of crop morphological characteristics such as plant

For R. raphanistrum in barley, there was only 4% detectability in

height, leaf area, flowering, and pod settings can be impacted by

2018, but this increased to 92% in 2019. At 2 × SD, ≥81% of A. fatua

the amount and distribution of rainfall during spring and summer

plants and only 3% of R. raphanistrum plants in 2018 were taller

(Podlesny and Podlensa, 2011). Shortage of rain during the growing

than the mean barley height, although this increased to 57% the

season can have a negative effect on chickpea (Rathore et al., 1998),

following year. In lupin fields, ≥87% of A. fatua plants, ≥96% of R.

barley (Shakhatreh et al., 2001), lupin (Podlesny and Podlensa, 2011)

raphanistrum plants, 88% of S.oleraceus, ≥94% of volunteer wheat

and wheat (Dehghani et al., 2014) height.

plants and ≥72% volunteer oilseed rape plants, were taller than the
average crop height. Whereas, ≥66% of A. fatua plants, ≥91% of R.
raphanistrum plants, ≥65% of S. oleraceus plants and ≥50% of volunteer oilseed rape plants and ≥75% volunteer wheat plants were

4.2 | Weed differentiation and potential control
using site-specific weed management

taller than 2 × SD the mean lupin height. In chickpea fields, 100% of
A. fatua plants were taller than the average crop height. Whereas,

In this study, the main weed species that grew taller than the crop

≥97% A. fatua plants, 80% of L. rigidum plants and 100% of vol-

height thresholds (50%, 68% and 95%) at harvest time were A. fatua,

unteer wheat plants (which were wheat plants) were taller than

R. raphanistrum, and S. oleraceus. In 97% of the weed patches with

2 × SD the mean chickpea height.

A. fatua plants, 86% of weed patches with R. raphanistrum plants

The results showed that in the 2 years of study, in 109 patches

and 92% of weed patches with S. oleraceus plants, at least one weed

out of 112 (97%) studied weedy patches with A. fatua, in 50 out of

plant could be differentiated above the 95% of the studied crop

the 58 (86%) studied weedy patches with R. raphanistrum plants

height. However, there was an exception, as R. raphanistrum plants/

and in 12 out of 13 (92%) studied weedy patches with S. oleraceus

patches in barley in 2018 were exceptionally short. This weed was

|
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TA B L E 4 The percentage of weed
patches with at least one weed taller
than 50%, 68% and 95% of crop plants,
which represent the mean, mean + 1 x SD
and mean + 2 x SD of crop plant height
respectively

7

Crop height
50%

68%

95%

Crop

Weed species

Wheat

L. rigidum

82

36

33

2

27

0

A. fatua

96

100

96

97

96

97

R. raphanistrum

100

100

100

85

100

84

Bromus spp.

73

40

64

10

54

0

S. oleraceus

80

—

80

—

80

—

Lolium rigidum

87

62

87

38

87

25

Barley

Lupin

Chickpea

2018

2019

2018

2019

2018

2019

A. fatua

100

100

100

96

100

96

R. raphanistrum

20

100

20

100

20

84

Bromus spp.

78

—

78

—

71

—

Volunteer oilseed
rape

—

50

—

—

—

50

L. rigidum

68

78

53

61

31

45

R. raphanistrum

100

100

100

100

100

100

A. fatua

100

100

100

100

100

100

Volunteer oilseed
rape and wheat

100

60

100

60

100

60

S. oleraceus

100

—

100

—

100

—

Bromus spp.

67

—

33

—

33

—

L. rigidum

100

67

100

67

100

67

Volunteer wheat

100

—

100

—

100

—

A. fatua

100

100

100

100

100

100

only found in two surveyed barley fields in 2018 and the farmer had

chaff collection can be more than 10 seeds m−2 up to 145 m. Weed

applied herbicide under good moisture conditions, which was likely

patches can be identified and managed through precision agriculture

to affect R. raphanistrum growth. In addition, barley is a competitive

using remote sensing and mapping (Castillejo-Gonzalez et al., 2014;

crop (Cousens et al., 1987) and the earlier rains in 2018 would have

Rasmussen et al., 2019).

enabled good barley growth that may have helped reduce R. raphanistrum growth.

The study shows that L. rigidum and A. fatua were the most
frequent weed species in the studied crops. L. rigidum and A. fatua

The differentiation of individual weed species improves with

plants were measured in ≥87 and ≥55% of the studied weed patches

shorter crops and taller weeds. In this study chickpea was the short-

respectively. In addition, Llewellyn et al. (2016) reported Australia's

est measured crop and L. rigidum patches were 100% differentiated

major crop-damaging weed species that can compete aggressively

above 95% of the crop height, while L. rigidum patch differentiation

for water, nutrients, and sunlight and reduce the crop quality and

for this threshold in taller crops, wheat, barley, and lupin was 0%,

quantity as A. fatua (Owen and Powles, 2016), L. rigidum (Walsh

24% and 30% respectively. Bromus spp. patches were 70% differen-

et al., 2017b), Bromus spp. (Davies et al., 2019) and R. raphanistrum

tiated above 95% of barley height, whereas no Bromus spp. patches

(Lu et al., 2020). L. rigidum is one of the major crop weeds with re-

were differentiated in wheat above this threshold.

sistance to both selective and non-selective herbicides. L. rigidum

The majority of the studied weed species grow in the form of

is a highly competitive, wind-pollinated plant that can grow up to

patches, which only expand slowly, however, some factors such as

90 cm, with the ability to produce ~45,000 seeds per square metre

natural seed distribution, tillage, and machinery can impact patch

(Peltzer and Douglas, 2019). In this study, the maximum height of

stability. For example, natural seed distribution and tillage can move

L. rigidum in wheat, barley, lupin, and chickpea were 100, 85, 76 and

patches by 1 m and machinery can produce new weed patches from

60 cm respectively. However, L. rigidum patch differentiation varied

the original patch (Beckie et al., 2005; Rew and Cussans, 1995). Most

from 0–100%, depending on the crop type and year. The nature of

of R. raphanistrum and A. fatua seeds are large and fall in the vicinity

R. raphanistrum is competitive with widespread resistance to four

of the parent plant and a small proportion can spread in chaff and

herbicide groups. Mature R. raphanistrum plants can reach 150 cm

hay (Owen and Powles, 2016). However, Shirtliffe and Entz (2005)

in height (Nugent, 1999). In this study, the maximum height of R.

reported that combine harvesters can cause high weed infestation,

raphanistrum in wheat, barley and lupin was 140, 93 and 120 cm re-

that is the dispersal rate of A. fatua seeds by using combine without

spectively. A. fatua is a widespread weed commonly found in cereal

8
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crops in Western Australia with high resistance to herbicide (Owen

harvest can reduce the efficacy of HWSC. Many of these weed

and Powles, 2016). A. fatua can grow up to 170 cm and can reduce

species grow above the crop and present an opportunity to map

yield up to 66% by competing for resources throughout their life

the location these taller weeds, before or at harvest. Therefore,

cycle (Cudney et al., 1991; HerbiGuide, 2018). In this study, the

it is essential to identify and locate these weed species in the

maximum height of A. fatua in wheat, barley, lupin, and chickpea

crop and manage them using SSWM in the following season.

was 158, 120, 110 and 92 cm respectively. S. oleraceus is a weed

Identifying, locating and mapping the problematic weed species

species with an annual life cycle that can grow between 30 and

that survive early weed control methods and develop late in the

200 cm tall (HerbiGuide, 2018). In this study, the maximum height

season is the first step in developing a long-term approach to the

of S. oleraceus in wheat and lupin was 120 and 110 cm respectively.

management of persistent weed species. Precise weed patch map-

S. oleraceus is a widespread weed species with high herbicide re-

ping also helps farmers to evaluate the success of previous weed

sistance and ranks in the top five most difficult to control weed

management strategies, to, assist with planning for future herbi-

species (Widderick and Walker, 2009). Therefore, it is essential to

cide applications. Once these weeds are controlled, the weed seed

find practical methods with a high level of success to control these

bank can be reduced using a range of methods such as crop com-

weed species.

petition and reducing or avoiding tillage which stimulates weeds

Although HWSC systems can be used to capture seeds of prob-

during critical periods.

lematic weed species and prevent them from entering seed banks,

Studying weed species at harvest, when weeds are mature,

the efficacy of weed control is reduced when weeds shed their seeds

is a suitable time to use methods based on plant height for dif-

before harvest, therefore more weed seeds enter the seed bank and

ferentiating and locating weed species. For an instance, Silybum

the efficiency of HWSC may decrease (Walsh et al., 2018). White

marianum (milk thistle), which grows up to 150–200 cm, was suc-

et al. (2018) reported that 11% of annual L. rigidum seeds and 21%

cessfully mapped using UAV multispectral images by Zisi et al.

of A. fatua seeds have already been shed 2 weeks before crop mat-

(2018), based on its estimated height and spatial texture in wheat

uration. Many of the weeds which shed their seeds early, thereby

crops. The findings of this paper confirm that A. fatua, R. raphanis-

avoiding HWSC, also grow taller than crops. Therefore, they could,

trum, and S. oleraceus may be suitable candidates in wheat, barley,

potentially, be mapped, based on their greater height, and then the

lupin and chickpea to be differentiated based on their height at

weed patches targeted for control in the following season with

harvest time. Future studies will be conducted to assess the de-

SSWM practices (Lopez-Granados, 2011). Many persistent weed

tectability of these weed species in crops using remote sensing

patches that are multiple-herbicide resistant could be managed in

methods such as LiDAR.

the long term by implementing SSWM and minimising herbicide use
(Pena et al., 2015). For example, farmers could use variable seed
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