
INTRODUCTION
Maize (Zea mays L.) is a major crop in New Zealand, 
principally grown for livestock feed as silage or grain 
(Booker 2009). In 2018, sales of grain and silage maize 
were estimated to be $267 million (Robertson & Hurren 
2019). Approximately 58,000 hectares produced 1.2 million 
tonnes of dry matter of silage, and 15,000 hectares of 
maize were harvested to produce 180 thousand tonnes of 
grain in 2020 (AIMI 2020). Maize is grown primarily in the 
warmer parts of New Zealand, with most of the production 
in Waikato. Yields have steadily increased over the last 25 
years (Morris et al. 2016) and are among the highest in the 
world (FAO 2021). In maize, weeds are estimated to have 
the potential to cause yield losses up to 40%, which is more 
than the sum of the potential yield loss caused by pests 
and diseases (Oerke 2006); thus, weed control offers the 
most cost-effective plant-protection measure. Early-season 
weed control is critical for the establishment and growth of 
young plants (Page et al. 2012). To control weeds, a standard 
recommended herbicide programme (see: FAR 2020) would 
commonly use a pre-emergent residual herbicide (e.g., 
acetochlor, pendimethalin, saflufenacil, atrazine) followed by 

a post-emergent herbicide (e.g., nicosulfuron, topramezone, 
mesotrione, atrazine). Details of registered herbicides are 
provided in Table 1. Two synthetic auxin herbicides dicamba 
and clopyralid are used specifically for broadleaf weeds. 
Glyphosate was not classed as a maize herbicide in our 
study, as glyphosate-tolerant maize cultivars are not grown 
in New Zealand. In silage maize, there is usually a winter 
rotation (e.g., sowing of Lolium multiflorum Lam. or Avena 
sativa L.) that needs to be terminated with glyphosate prior 
to planting. Following a grain-maize crop, land will usually 
be left fallow over winter, but weeds are usually controlled 
similarly with an application of glyphosate pre-planting. Soil 
is typically cultivated pre-planting but strip-till and no-till 
techniques are increasingly being adopted. Herbicides are 
the most widely used method of weed control, but some 
are becoming less effective with the evolution of herbicide-
resistant weeds.

Resistance-conferring mutations arise rarely and 
selection occurs instantaneously on sprayed weeds; 
with successive generations and treatments plants with 
resistance-conferring mutations preferentially reproduce 
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to become increasingly dominant in the population (Délye 
et al. 2013). Globally there are 61 herbicide resistant weed 
species in maize with 323 unique cases (species × mode-
of-action; Heap 2021); meaning that 20% of all herbicide 
resistance cases have been documented in maize. Three 
species have developed resistance in New Zealand maize: 
Persicaria maculosa Gray, Chenopodium album L. and 
Digitaria sanguinalis (L.) Scop. (Ghanizadeh & Harrington 
2019; Buddenhagen et al. 2020, 2021). Atrazine-resistant 
Chenopodium album was the first case of herbicide resistance 
detected in New Zealand (Rahman et al. 1983). Persicaria 
maculosa was next reported resistant to atrazine (Rahman 
& Patterson 1987). Triazine-resistant Chenopodium album 
populations in Waikato later also evolved resistance to 
dicamba (James et al. 2005). Reports of nicosulfuron-
resistant Digitaria sanguinalis have been confirmed 
recently in Waikato and Bay of Plenty (Buddenhagen et al. 
2021). Other weed species present in maize have become 
resistant in other crops, for example Solanum nigrum L. 
in peas in Manawatu (Harrington et al. 2001). Despite a 
long history of research, there has not been a systematic 
herbicide-resistance survey in maize, so the prevalence of 
resistant weeds in New Zealand maize farms is not well-
known. Certain weed species appear to evolve resistance 
more often than others (Holt et al. 2013), and within some 
herbicide modes of action than others (Heap 2014). Many 
weed species present in maize crops in New Zealand are 

well represented in a global database of herbicide-resistant 
weeds (Heap 2021). We use these data and a previously 
developed protocol (Ngow et al. 2020) to estimate the risk 
that maize weeds in New Zealand will evolve herbicide 
resistance.

MATERIALS AND METHODS

Species list
A list of weed species was constructed, based primarily on an 
earlier list compiled by Rahman (1985),  and cross validated 
against more recent sources (e.g., (James et al. 2006, 
2015; Rahman et al. 2006) including grey literature (e.g., 
Foundation for Arable Research, 2013). Only weeds growing 
primarily in the summer season were included, and cool-
season weeds like C3 grasses (e.g., Bromus catharticus Vahl 
and Lolium spp.), and primarily winter- and spring-active 
broadleaf species (e.g., Stellaria media (L.) Vill., Veronica spp. 
and Lepidium didymum L.) were excluded. Also excluded are 
uncommon weeds (e.g., Amaranthus viridis L.) and “first-
year-out-of-pasture” weeds (e.g., Ranunculus acris L.) but the 
high priority regulated weeds Abutilon theophrasti Medik. 
and Xanthium strumarium L. are included. Nomenclature 
follows the Flora of New Zealand Online (Breitwieser et 
al. 2010), and authorities and scientific names are listed in 
Table 2.
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HRAC Group Mode of Action Chemical group Active ingredient Application
2 AHAS Inhibitor triazolopyrimidine nicosulfuron post

sulfonylurea halosulfuron post

flumetsulam post

5 PS-II inhibitor triazine atrazine pre/post
cyanazine pre/post

terbuthylazine pre/post 

5 triazinone metribuzin pre/post

5 substituted urea linuron pre/post

5 nitrile bromoxynil post

14 PPO inhibitor pyrimidinedione saflufenacil pre
27 HPPD inhibitor triketone mesotrione pre/post

pyrazole topramezone post

3 microtubule assembly inhibitor dinitroaniline pendimethalin pre
15 VLCFA synthesis inhibitor chloroacetamide acetochlor pre

alachlor pre

dimethenamid-P pre 

s-metolachlor pre 

propachlor pre 

4 synthetic auxin benzoic dicamba post
4 pyridine clopyralid post

Table 1 Herbicides registered for use in maize crops in New Zealand, adapted from Harrington and James (2020). Herbicide 
modes of action are grouped by their Herbicide Resistance Action Committee (HRAC) classification.
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No. Species Common Name1 Family Growth Form Citation
1 Abutilon theophrasti Medik. velvetleaf Malvaceae annual forb (James & Pene 2018)
2 Amaranthus blitum ssp oleraceus (L.) Costea purple amaranth Amaranthaceae annual forb Author observation
3 Amaranthus powellii S.Watson redroot Amaranthaceae annual forb (Rahman 1985)
4 Bidens frondosa L. beggars’ ticks Asteraceae annual forb (James et al. 2015)
5 Calystegia sepium ssp roseata Brummitt pink bindweed Convulvulaceae perennial vine (James et al. 2006)
6 Calystegia silvatica ssp disjuncta Brummitt great bindweed Convulvulaceae perennial vine (Rahman 1985) 
7 Chenopodium album L. fathen Amaranthaceae annual forb (Rahman 1985)
8 Cirsium arvense (L.) Scop. California thistle Asteraceae perennial forb (Rahman 1985)
9 Conium maculatum L. hemlock Apiaceae annual/biennual forb (James et al. 2007)
10 Cynodon dactylon (L.) Pers. Indian doab Poaceae perennial graminoid (Rahman 1985)
11 Cyperus rotundus L. purple nutsedge Cyperaceae perennial graminoid (Rahman et al. 1998)
12 Datura stramonium L. thorn apple Solanaceae annual forb (Rahman 1985)
13 Digitaria sanguinalis (L.) Scop. summer grass Poaceae annual graminoid (Rahman 1985)
14 Echinochloa crus-galli (L.) P.Beauv. barnyard grass Poaceae annual graminoid (Rahman 1985)
15 Eleusine indica (L.) Gaertn. crowfoot grass Poaceae annual graminoid (Rahman 1985)
16 Elytrigia repens (L.) Nevski couch/twitch Poaceae perennial graminoid (Rahman 1985)
17 Fallopia convolvulus (L.) Á.Löve cornbind Polygonaceae annual vine (FAR, 2013)
18 Galinsoga parviflora Cav. galinsoga Asteraceae annual forb Author observation
19 Malva parviflora L. small-flowered 

mallow
Malvaceae annual forb (Rahman et al. 2006)

20 Modiola carioliana (L.) G.Don creeping mallow Malvaceae annual/perennial 
forb

Author observation

21 Nicandra physalodes (L.) Gaertn. apple of Peru Solanaceae annual forb (James et al. 2007) 
22 Oxalis latifolia Kunth2 fishtail oxalis and 

pink shamrock2
Oxalidaceae perennial forb (FAR, 2013)

23 Panicum capillare L. witchgrass Poaceae annual graminoid (FAR, 2013)
24 Panicum dichotomiflorum Michx. smooth witchgrass Poaceae annual graminoid (Rahman 1985)
25 Panicum miliaceum L. broomcorn millet Poaceae annual graminoid (James et al. 2010)
26 Paspalum distichum L. Mercer grass Poaceae perennial graminoid (Rahman 1985)
27 Persicaria hydropiper (L.) Spach waterpepper Polygonaceae annual forb (Rahman 1985)
28 Persicaria lapathifolia (L.) Gray pale willow weed Polygonaceae annual forb Author observation
29 Persicaria maculosa Gray willow weed Polygonaceae annual forb (Rahman 1985)
30 Polygonum aviculare L. wireweed Polygonaceae annual forb (Rahman et al. 2004)
31 Portulaca oleracea L. purslane Portulacaceae annual forb (Rahman et al. 2004)
32 Rumex obtusifolius L. broadleaf dock Polygonaceae perennial forb (Rahman 1985)
33 Rumex pulcher L. fiddle dock Polygonaceae perennial forb Author observation
34 Setaria pumila (Poir.) Roem. & Schult. yellow bristle grass Poaceae annual graminoid (James et al. 2015)
35 Setaria verticillata (L.) P.Beauv. rough bristle grass Poaceae annual graminoid (Rahman 1985)
36 Solanum americanum Mill. small-flowered 

nightshade
Solanaceae annual forb Author observation

37 Solanum nigrum L. black nightshade Solanaceae annual forb (Rahman 1985)
38 Xanthium spinosum L. Bathurst bur Asteraceae annual forb Author observation
39 Xanthium strumarium L. Noogoora bur Asteraceae annual forb (Rahman 1985)

Table 2. List of 39 species identified as being occurring in New Zealand maize crops. 

1 Common names obtained from Nicol 1997.
2 The common name “pink shamrock” is associated with the species Oxalis vallicola (Rose) R.Knuth and is listed as a synonym of Oxalis latifolia Kunth in the 
Flora of New Zealand Online, however the name Oxalis vallicola is used in some sources, e.g. https://www.massey.ac.nz/massey/learning/colleges/college-
of-sciences/clinics-and-services/weeds-database/pink-shamrock.cfm

https://www.massey.ac.nz/massey/learning/colleges/college-of-sciences/clinics-and-services/weeds-database/pink-shamrock.cfm
https://www.massey.ac.nz/massey/learning/colleges/college-of-sciences/clinics-and-services/weeds-database/pink-shamrock.cfm


Ranking herbicide groups and species by  
resistance cases
The method of ranking herbicide groups and weed species 
has been described previously (Ngow et al. 2020), and is 
adapted from previous herbicide resistance risk assessment 
tools (EPPO, 2015; Moss et al. 2019). The analyses rely on 
data from the International Survey for Herbicide Resistant 
Weeds (Heap 2021) and the Herbicide Resistance Action 
Committee system (HRAC 2021) for classifying modes 
of action for individual herbicide active ingredients. The 
method accounts for not only the level of risk for each mode-
of-action based on the number of species with resistance 
worldwide but also for weed species based on the number 
of documented cases of evolved resistance in each weed 
species. The herbicide mode-of-action risk scoring system 
and the risk scores were the same as those of Ngow et al. 
(2020). The species-risk scores were determined using the 
number of resistance cases from the International Survey of 
Herbicide Resistant Weeds (Heap 2021); here, cases were 
defined as a record of herbicide resistance for a weed species 
to any mode of action. Risk scores were designated as ≥10 
cases for high risk (score = 3), < 10 for moderate (score = 2) 
and no cases recorded as low risk (score = 1).

As an example, there are 13 cases of herbicide resistance 
for Digitaria sanguinalis across three modes of action, 
for a high species risk score of 3 (Table 3). The herbicide-
risk scores for HRAC herbicide groups in which Digitaria 
sanguinalis has evolved resistance were then examined. 
There are cases in two herbicide modes of action used in 
maize, acetohydroxyacid synthase inhibitors (HRAC group 2; 
AHAS) and photosystem-II inhibitors (HRAC group 3; PS-II), 
each with >9% of all resistance cases so the risk score here 
is also 3. There are also seven cases of Digitaria sanguinalis 
becoming resistant to acetyl-coenzyme-A carboxylase 
inhibitors (HRAC group 1; ACCase) – a herbicide group that 
presents a high risk of resistance. However, that herbicide 
group is not used in maize so it was omitted from the maize 
total. The two different herbicide risk scores were added, 
then multiplied by the species “inherent” risk to obtain a 
total species risk score ((3+3) × 3 = 18). 

This total risk score incorporates the mode-of-action 
risk score for herbicides used in New Zealand maize (Table 
1). The number of cases of herbicide resistance for each 
species that has at least one resistance case by mode of 
action is provided in Table 3. Of the total risk score, the risk 
component attributable to maize is shown as an orange bar 
based on those herbicides used in maize in New Zealand 
while the component of risk for herbicides not normally 
used in maize fields is shown as a black bar (Fig 1). Graphs 
were generated in ggplot2 and tidyverse, both packages in 
the R statistical platform (Wickham 2016; Wickham et al. 
2019; R Core Team 2020).
 

RESULTS
We identified 39 weed species associated with maize in New 
Zealand (Table 2). Seven species were classified as high-
risk (total cases > 10), in order of cases: Echinochloa crus-
galli (L.) P.Beauv. (11 in maize and 63 total), Chenopodium 
album (36, 52), Eleusine indica (L.) Gaertn. (8, 44), Xanthium 

strumarium (1, 20), Amaranthus powellii S.Watson (6, 16), 
Solanum nigrum (8, 14) and Digitaria sanguinalis (3, 13) 
(Table 3). There are 17 moderate-risk species (<10 total 
cases > 0) including two Panicum spp., three Persicaria 
spp. and two Setaria spp. No cases of resistance were 
found for 15 species so these were classified as low risk. 
These species are: Conium maculatum L., Bidens frondosa 
L., Xanthium spinosum L., Calystegia sepium ssp roseata 
Brummitt, Calystegia silvatica ssp disjuncta Brummitt, 
Cyperus rotundus L., Malva parviflora L., Oxalis latifolia 
Kunth, Panicum miliaceum L., Cynodon dactylon (L.) Pers., 
Paspalum distichum L., Elytrigia repens (L.) Nevski, Rumex 
pulcher L. and Nicandra physalodes (L.) Gaertn. Of these low-
risk species, eight are perennial species with principally 
vegetative reproduction (Table 2). 

Cases of herbicide resistance for the listed species, for 
each mode of action (HRAC 2021) are shown in Table 3. Two 
herbicide mode of action groups are at high risk of selecting 
for weeds with resistance: acetohydroxyacid synthase 
inhibitors (group 2; e.g., nicosulfuron); and photosystem-II 
inhibitors (group 5; e.g., atrazine). A third group, synthetic 
auxins (group 4; e.g., dicamba) was classified as moderate 
risk. All other herbicide groups registered for maize in New 
Zealand are classified as low risk, including the commonly 
used herbicides acetochlor (group 15), pendimethalin 
(group 3), saflufenacil (group 14), topramezone (group 27) 
and mesotrione (group 27). 

The weed species that generated the highest scores for 
potential herbicide resistance had globally documented 
cases of resistance to photosystem-II inhibitors (HRAC 
group 5; 114 cases) and/or acetohydroxyacid synthase 
inhibitors (group 2; 59 cases). Ten cases or less were 
reported for either microtubule assembly inhibitors (group 
3) or synthetic auxins (group 4) and less than five cases for 
protoporphyrinogen oxidase inhibitors (group 14; PPO) or 
very long-chain fatty-acid synthesis inhibitors (group 15; 
VLCFA). None of the listed weeds were reported to have 
evolved resistance to hydroxyphenyl pyruvate dioxygenase 
inhibitors (group 27; HPPD).

The five weeds with the highest total risk scores are 
Echinochloa crus-galli, Eleusine indica, Chenopodium album, 
Digitaria sanguinalis, Amaranthus powellii (Figure 1). Two 
species with previous cases of resistance in New Zealand 
(Chenopodium album and Digitaria sanguinalis) are in 
the top five ranked weeds. Solanum nigrum and Xanthium 
strumarium were not placed high in the total risk ranking 
because many of the globally documented cases of resistance 
were to herbicides not used in maize. Eleusine indica and 
Echinochloa crus-galli had the highest risk of resistance 
against herbicides used in maize, but both also have many 
documented cases of evolved resistance to herbicides not 
used in maize.

DISCUSSION
The risk scores calculated here appear to have some 
predictive value, given that some high-risk weeds 
(Chenopodium album, Solanum nigrum and Digitaria 
sanguinalis) have already been found to be resistant in 
New Zealand in maize or other crops. A similar outcome 
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was seen in the risk assessment carried out for wheat and 
barley (Ngow et al. 2020). Weed species already resistant to 
at least one herbicide mode of action are at risk of becoming 
multiply resistant. Chenopodium album already has multiple 
resistance to herbicides from the triazine (i.e. atrazine) and 
synthetic auxin (i.e., dicamba, picloram) groups (James et 
al. 2005; Ghanizadeh & Harrington 2017), and has a high 
risk of developing resistance to acetohydroxyacid synthase 
inhibitors, as highlighted by recent cases of resistance in 
China (Huang et al. 2020) and Canada (Mo 2021). Despite 
widespread resistance globally for the weed species 
Echinochloa crus-galli, Amaranthus powellii and Eleusine 
indica there have not been any reports of resistance in New 
Zealand to date. 

Only two high-risk herbicide mode-of-action groups 
(AHAS, PS-II inhibitors) and one moderate-risk group 
(synthetic auxins) are widely used in maize in New Zealand  
(Table 3). Most weed species ranked highly on this list 
have cases of resistance from either of these two high-risk 
groups. Eleusine indica is an exception – it is ranked second 
for total risk score (Figure 1), yet most resistance cases are 
in herbicides not widely used in maize. This species and 

Echinochloa crus-galli are the only species on this list to have 
evolved resistance to the low-risk herbicide groups used in 
maize (Table 3). 

The weeds classified as high risk of becoming resistant 
are all annual forbs or grasses. Two perennial weed species 
Rumex obtusifolius L. and Cirsium arvense (L.) Scop. have a 
moderate risk, but the remaining eight perennial species 
listed in Table 2 are low risk. However, some of these 
weeds have been reported to possess a natural tolerance 
to herbicides, such as Oxalis latifolia and Calystegia sepium 
ssp. roseata (Rahman et al. 2002). Some herbicides are not 
expected to control certain taxonomic groups of weeds, 
e.g., ACCase inhibitors control grasses and Geraniaceae but 
not most other eudicots (Délye 2005). Overseas, atrazine 
can be used at high rates that permit control of Digitaria 
sanguinalis, although resistance cases are known (e.g., 
YanHui et al. 2017). In New Zealand, the label rates of 
atrazine are not sufficient to control Digitaria sanguinalis 
and other grass weeds. Cyperus rotundus is a common weed 
(Rahman et al. 1998) that is ranked as low risk here as it 
has never been reported as herbicide-resistant anywhere. 
Despite its low risk, it is difficult to control and only one 
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Figure 1 Detailed risk and case data for the 24 maize weeds classified as high or moderate risk of developing herbicide 
resistance in New Zealand. A: overall risk score of a weed species evolving herbicide resistance. High risk score: >10; moderate 
risk score: <10 but >0. B: number of published cases of herbicide resistance. Note: cases of resistance in non-maize crops can 
still be toward herbicide groups used in maize.
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herbicide is registered for its control in New Zealand. The 
propensity of a species to become herbicide resistant does 
not necessarily indicate that it is more problematic than 
other lower-risk species, nor does a low risk of developing 
resistance indicate the species is less problematic. Eleusine 
indica is a high-risk weed that is not often cited as a major 
problem in maize in New Zealand, yet it might become one if 
it evolves herbicide resistance.

Abutilon theophrasti and Xanthium strumarium are two 
uncommon, high-priority regulated weeds with moderate- 
and high-risk rankings respectively. Abutilon theophrasti, a 
quarantine weed, had two recent incursions in New Zealand, 
one in Waikato before 2011 and then across the country 
in 2015. It was introduced as a contaminant in imported 
Italian fodder beet seed (James & Cooper 2012, James & 
Pene 2018). Only four cases of resistance of this weed have 
been reported, all in maize crops and all toward atrazine in 
the United States (Anderson & Gronwald 1991). It is notable 
that some New Zealand Abutilon theophrasti populations 
were not controlled by high rates of atrazine (James & 
Cooper 2012). Although maize seed for sowing is rarely 
contaminated, other crops such as brassica may provide a 
pathway for the introduction of more common maize weeds 
i.e., Chenopodium, Echinochloa, Persicaria, Amaranthus in 
other crops, which may be herbicide resistant (Rubenstein 
et al. 2021). Seed for sowing could also bring in highly 
resistant species such as Amaranthus palmerii S.Watson and 
Amaranthus tuberculatus (Moq.) Sauer, neither of which are 
on the New Zealand quarantine weed list (MPI 2018).

This study does not account for the actual abundance 
of weeds, or herbicide use at the field level. High weed 
abundance in a field increases the likelihood of a population 
evolving herbicide resistance (Jasieniuk et al. 1996), and 
prevalence across regions in a weed species was identified 
as a predictor of herbicide resistance (Hulme & Liu 2021). 
Clearly herbicide use patterns affect the probability of 
resistance developing; unlike the wheat and barley risk 
assessment (Ngow et al. 2020), we do not have current data 
of herbicide field applications in maize. More insightful 
analysis of herbicide resistance risk would be possible if 
maize growers were to use an online platform for recording 
herbicide use. Our analysis may underestimate the risk 
for recently adopted mode-of-action groups with fewer 
reported cases of resistance documented. For example, 
HPPD inhibitors (mesotrione and topramezone) and PPO 
inhibitors (saflufenacil) were introduced to the market in 
the 2000s (Almsick 2009; Grossmann et al. 2010). Our risk 
assessment method relies on data that may contain biases 
that reflect regional differences in herbicide use, herbicide 
availability, resistance reporting and scientific attention. 

Repeated use of any given method of weed control should 
be avoided where possible. Exposure over many years to 
a herbicide with a particular mode of action increases the 
likelihood of selecting plants with a resistance conferring 
mutation (Jasieniuk et al. 1996). Busi et al. (2020) found that 
pre-emergent herbicides, complex rotation between modes-
of-action, and mixtures of these herbicides delay the onset 
of herbicide resistance. These practices can be followed 
for maize as there are several pre-emergent and post-
emergent herbicide options (Table 1). Cultural practices of 

delayed planting, crop rotation, harvest weed-seed control, 
targeted tillage, increasing crop competitiveness and cover 
cropping can mitigate the evolution of herbicide resistance  
(Mhlanga et al. 2016; Trolove et al. 2017; Somerville et al. 
2018; Moss et al. 2019; Walsh et al. 2020). Such integrated 
weed management techniques have long been promoted as 
a solution to herbicide resistance in weeds (Norsworthy et 
al. 2012; Harker 2013; Beckie et al. 2019; Moss et al. 2019).  

CONCLUSIONS
Maize weeds in New Zealand are at a high risk of developing 
resistance to acetohydroxyacid synthase inhibitors (group 
2) and photosystem-II inhibitors (group 5). Repeated 
selection for herbicide resistance is well documented 
internationally in the seven high-risk species, Echinochloa 
crus-galli, Chenopodium album, Eleusine indica, Xanthium 
strumarium, Amaranthus powellii, Solanum nigrum and 
Digitaria sanguinalis. Herbicide resistance surveys should 
focus on these high-risk weed species and herbicides. 
Extension efforts could help agrichemical suppliers, farmers 
and agronomists to preserve the efficacy of currently used 
herbicides by practising integrated weed management.
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