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Sampling Perennial Number of contaminant White clover Number of contaminant
year ryegrass seed species reported in seed lots tested | species reported in white
lots tested perennial ryegrass seed clover seed lots
lots
1912 52 31 27 78
1923 1537 39 325 62
1925 1178 24 237 29
1962 100 16 | No Data No Data
1984 1445 40 | No Data No Data
1989 1289 33 537 19
1993 2537 33 1715 19
1994 1563 33 934 19
2003 100 8 | No Data No Data
2009 100 8 | No Data No Data
2019 245 49 168 45
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OPerennial ryegrass seed lots @White clover seed lots
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OPerennial ryegrass seed lots  @White clover seed lots
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Contaminant Common name in New Kendall rank correlation P-value
Zealand coefficient
Phalaris minor Lesser canary grass 0.85 0.002
Polygonum aviculare Wireweed 0.67 0.016
Anthemis arvensis Corn chamomile 0.62 0.033
Galium aparine Cleavers 0.62 0.033
Veronicasp. Speedwell 0.62 0.033
Poa annua Annual poa 0.56 0.020
Lapsana communis Nipple wort 0.55 0.049
Sherardia arvensis Field madder 0.48 0.042
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©Perennial ryegrass seed lots
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Contaminant Common name in New Kendall rank P-value Crop species with
Zealand correlation decreasing
coefficient presence trend

Cerastium sp. Mouse-ear chickweed -1.00 0.000 | White clover
Plantago lanceolata Narrow-leaved plantain -0.83 0.002 | Perennial ryegrass
Cuscuta sp. Dodder -0.82 0.012 | White clover
Rumex acetosella E6IINGK T W YI | -0.81 0.011 | White clover
Prunella vulgaris Selfheal -0.78 0.042 | White clover
Rumex acetosella ESGIWNIGKt Wt YI | -0.78 0.004 | Perennial ryegrass
Silene noctiflora Night-flowering catchfly -0.78 0.042 | White clover
Plantago lanceolata Narrow-leaved plantain -0.71 0.024 | White clover
Trifolium hybridum Alsike clover -0.62 0.033 | Perennial ryegrass
Holcus lanatus Yorkshire fog -0.61 0.025 | Perennial ryegrass
Hypochaeris radicata Catsear -0.61 0.028 | Perennial ryegrass
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% of seed lots where species is present

©Perennial ryegrass seed lots
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Forage Arable | Vegetable | Mixed-use

Percentage of seed lots contaminated % 12.6 0.5 1.6 3.5

Total contaminated seed lots 263 24 194 208

Expected contaminated seed lots 57 139 329 164

Contribution to chi-square 745.2 95.4 55.2 11.7
(contaminated seed lots)

Total contaminant free seed lots 1,818 5,064 11,811 5,788

Expected contaminant free seed lots 2,024 4,949 11,676 5,832
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Contribution to chi-square 21.0 2.7 1.6 0.3
(contaminant free seed lots)

Pearson's chisquare test value 933.0
P-value 0.000
Degrees of freedom 3
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Crop genus (common name) Percentage of Crop type Number of Major country of
seed lots seed lots origin
contaminated
Medicago (lucerne) 27.3 | Forage 154 | Australia
Trifolium (clover) 19.8 | Forage 374 | Australia
Glebionis (edible chrysanthemum) 17.9 | Vegetable 67 | Vietnam
Lolium (ryegrass) 15.9 | Forage 560 | USA
Festuca (fescue) 9.2 | Forage 283 | USA
Beta (beet) 8.0 | Mixed-use 949 | France
Eruca(rocket) 7.1 | Vegetable 184 | Australia
Raphanus(radish) 5.6 | Vegetable 964 | Netherlands
Cichorium (chicory) 5.6 | Forage 306 | Italy
Petroselinum (parsley) 4.6 | Vegetable 222 | Australia
Brassica(cabbage, mustard) 2.8 | Mixed-use 4,028 | Australia
Daucus (carrot) 2.7 | Vegetable 891 | USA
Allium (onion) 2.1 | Vegetable 1,367 | Australia
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Crop genus (common name) Percentage of Number of seed lots Type of crop seed
seed lots
contaminated
Solanum (eggplant, tomato) 0.0 1,524 | Vegetable
Capsicum (pepper) 0.0 890 | Vegetable
Phaseolus(bean) 0.0 308 | Arable
Zea(maize) 0.2 3,482 | Arable
Cucurbita (pumpkin, squash) 0.2 897 | Vegetable
Lactuca (lettuce) 0.4 2,362 | Vegetable
Cucumis (cucumber, melon) 0.4 704 | Vegetable
Salvia(sage) 0.7 408 | Mixed-use
Triticum (wheat) 1.0 312 | Arable
Pisum (pea) 1.0 511 | Arable
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Contaminant Number of Focus crops only (number of records)
genus records for all
crop seeds
Chenopodium 103 | Trifolium (17),Brassica(10), Lolium (8), Medicago(6), Daucus (4),
Glebionis (4), Cichorium (3), Eruca(3), Festuca(3), Petroselinum (2),
Raphanus(1)
Brassica 80 | Raphanus(16),Brassica(14), Allium (5), Trifolium (5), Daucus (4),

Lolium (4), Medicago(4), Petroselinum (4), Festuca (3), Beta (2),
Eruca(2), Glebionis (2)

Galium 78 | Brassica(26), Raphanus(13),Beta(8), Lolium (5), Glebionis (4),
Trifolium (3), Allium (2), Daucus (2), Cichorium (1), Festuca (1),
Medicago (1), Petroselinum (1)

Lolium 67 | Trifolium (18), Medicago(9), Brassica(8), Daucus (4), Festuca (3),
Lolium (3), Beta (2), Raphanus(2), Allium (1), Cichorium (1), Eruca
(1), Glebionis (1), Petroselinum (1)

Polygonum 63 | Lolium (20),Medicago(15), Brassica(8), Daucus (6), Trifolium (6),
Allium (1), Cichorium (1), Festuca (1), Glebionis (1), Petroselinum (1)

Fallopia 61 | Beta(24), Raphanus(15), Brassica(4), Glebionis (3), Lolium (2),
Allium (1), Petroselinum (1)

Trifolium 60 | Trifolium (15), Medicago(14), Festuca(5), Lolium (5), Beta (2),
Brassica(1), Cichorium (1), Daucus (1), Eruca(1), Glebionis (1),
Raphanus(1)

Echinochloa 54 | Lolium (9), Brassica(6), Daucus (6), Glebionis (4), Trifolium (3),
Raphanus(2), Allium (1)

Persicaria 51 | Brassica(11),Lolium (10), Trifolium (5), Glebionis (4), Cichorium (3),
Eruca(3), Festuca(3), Medicago(3), Daucus (2), Petroselinum (1),
Raphanus(1)

Triticum 51 | Beta(17),Raphanus(12),Brassica(7), Lolium (2), Eruca(1),
Glebionis (1)

Rumex 43 | Medicago(8), Lolium (7), Trifolium (7), Eruca(5), Petroselinum (3),
Allium (2), Brassica(2), Festuca (2), Daucus (1), Raphanus(1)

Amaranthus 42 | Trifolium (8), Brassica(6), Daucus (2), Eruca(2), Glebionis (1),
Lolium (1), Medicago(1), Raphanus(1)

Poa 32 | Lolium (18), Trifolium (6), Festuca (5), Allium (1)
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Regulated quarantine Seed lots Crop seed species (seed lots with County of origin (seed
species where quarantine species) lots with quarantine
present species)

Sorghum halepense 7 | Foeniculum vulgare(3), Raphanus Italy (5), Chile (1), Serbia
sativus (2), Pastinaca sativa(l), (1)
Petroselinum crispum (1)

Alopecurus 4 | Lolium perenne(2), Dactylis France (3), Netherlands

myosuroides glomerata (1), Pisum sativum(1) (1)

Silybum marianum 3 | Raphanus sativus(2), Beta vulgaris | Italy (2), Netherlands (1)
@)

Aethusa cynapium 2 | Glebionis coronaria(1), Spinacia Denmark (1), Vietham (1)
oleracea (1)
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Conium maculatum 2 | Brassica napus(1), Pastinaca sativa | Belgium (1), Serbia (1)
1
Abutilon theophrasti 1 (R;phanus sativus(1) Hungary (1)
Arctium minus 1 | Lolium perenne(1) Poland (1)
Carduus crispus 1 | Trifolium pratense(1) Uruguay (1)
Carthamus lanatus 1 | Beta vulgaris(1) France (1)
Cenchrus incertus 1 | Avena sativa(l) USA (1)
Cenchrus setiger 1 | Medicago sativa(1) Italy (1)
Galega officinalis 1 | Foeniculum vulgare(1) Chile (1)
Megathyrsus maximus 1 | Megathyrsus maximus(1) Thailand (1)
Onopordum acanthium 1 | Raphanus sativus(1) France (1)
Orobanche sp. 1 | Eucalyptus cladocalyx(1) Australia (1)
Rumex hypogaeus 1 | Ornithopus sativus(1) Australia (1)
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P-value score

<0.001
(significant)

0.001 to 0.050
{significant)

> 0.050
(notsignificant)

Seed lot mass (log10 kg)

Contaminated seed Iot No Yes No Yes No Yes No Yes No Yes No Yes No Yes No Yes No Yes No Yes No Yes No Yes No Yes
Brassica  Cichorium Daucus Glebionis Lolium Raphanus Allium  Petroselinum Trifolium Beta Eruca Festuca Medicago

Focus crop genus
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The international crop seed trade is a major pathway for the unintentional introduction of nen
native invasive plant species and herbicideresistant weeds, posing biosecurity threats to
agriculture and ecosystems. However, published studies examining weedontaminants in crop
seed remain scarce. To address this, we analysed Canadian Food Inspection Agency (CFIA)
monitoring data for 2,080 randomly sampled crop seed lots imported from the United States of
America (USA) between 2007 and 2019. Both nations ameajor players in the global seed trade,
making them key biosecurity case studiesWe reported 262 contaminant species: 70% were
introduced in Canada, 23% were native, and 7% had not been previously recordé@bsent)in
Canada. General weeds (not also imported as crops) comprised 63% of contaminant species; the
remaining species were classified as seed of another crop. CHélassified noxious weeds (Classes
175) made up 12% of the contaminant species. Most contaminastwere associated with only one
or two crop species. Over the study period, here was a decline in general and noxious weeds, and
noxious weeds were reported significantly less than nomoxious weeds over the study period.
Entry-prohibited species (Class 1) were rare, limited to four records d@uscuta spp. We identified
14 general weed species currently absent from Canada, notably the frequently reportédifolium
vesiculosum, along withGalium parisiense Torilis nodosg and Trifolium hirtum, all established in
climatically similar regions of the USA, as well aBromus catharticus and Euphorbia aleppica
identified as environmental and agricultural threats. Eight additional species, such a8pera spica
venti, currently limited to one Canadian province, pose a potential domestic spread risk. Reported
Class 2 CFIA noxious weeds, includin@irsium arvense Convolvulus arvensis and Elymus repens
are of concern as their ecological range is not fully realised in Canad&€henopodium albumwas
the most widespread general weed detected across crop speci Contaminants with a known
history of herbicide resistance in the USA but not in Canada increased significantly over time (e.g.,
Sorghum halepense Poa annug, while those resistant in one Canadian provinceBromus
tectorum) risk further spread in Canada. The introduction of new resistance is of concern when a
contaminant species is reported in a crop type in Canada and documented as herbicidesistant

in the same crop type in the USAPpa annuain forage and turf seed lots). Regulatory concerns
include importing crops that are also classified as noxious or problematic weedBfomus
tectorum, Poa annug, permitting contaminants absent from Canada in seed lots, and the dual
classification of species that are native but also entryprohibited (Cuscuta campestris). Our study
highlights that expanded global seed trade necessitates ongoing seed lot monitoring, risk
assessment, and adaptive regulations to help safeguard agriculture and biodiversity without
hindering trade.
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To evaluate the role of international crop seed trade as a pathway for the unintentional introduction
and spread of norrnative invasive, previously unrecorded, and herbicidgesistant weed species in
Canada, we analysed a unique dataset of official Canadiacrop seed lot inspections to address
the following research questions:

1. How frequently are CFlAclassified noxious weeds, general weeds (not also imported as
crop seed), species not currently known to be present in Canada, and emerging herbicide
resistant weeds reported in imported seed lots, and do any of these categories sthwo
significant trends over time?

2. Are most contaminant weeds associated with only a few crop species, or do some occur
across a broad range of crops?

3. Which contaminant species may pose the greatest risk of establishing or spreading,
including the introduction of new herbicide resistant weeds into Canada?

4. How do current CFIA regulatory classifications and frameworks align with the potential

risks associated with these contaminant species?
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CFIA Noxious Weed Class Description Composition
Class Seed Category
Class 1 Prohibited Includes some species not yet present in Canada (absent), | 25 species, 1 genus
noxious as well as species under official control due to incomplete (Cuscuta spp.)

ecological range expansion. Control efforts focus on
eradication or containment. These species are strictly
prohibited in all imported anddomestic seed lots due to their
potential economic, environmental, and health risks.

Class 2 Primary noxious | Species present in Canada but not yet at their full ecological 36 species
range. These weeds are not under official control but can
reduce seed value, interfere with agricultural production, and
pose risks to economic and human health.

Class 3 Secondary Relatively common and widespread across Canada. These | 29 species, 1 genus
noxious weeds lower seed value or disrupt agricultural uses but are (Rumexspp.)
generally easier to manage in cultivated fields compared to
more restrictive classes.

Class 4 Secondary Relatively common and widespread across Canada. These | 2 species, 3 genera
noxious weeds lower seed value or disrupt agricultural uses but are
generally easier to manage in cultivated fields compared to
more restrictive classes.

Class 5 Noxious Includes species from Class 4 along with two additional 4 species, 3 genera
species. Common across Canada, they can reduce seed
value or interfere with agricultural use. The key distinction
between Class 4 and Class 5 lies in the type of seed mixture
in which they are found:Class 4 species occur in turfgrass
seed lots, whereas Class 5 species are found in lawn or
ground cover mixtures.

Class 6 Other (non This class includes widespread species in Canada that may All others
noxious) warrant monitoring to maintain seed quality and prevent
spread into new provinces, as well as absent species, some
of which have not been formally assessed but may require
biosecurity attention.
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Crop Frequency of Primary crop types(s) Percentage of Seed
inspection ranking Lots Contaminated
Zea mays 1 | Arable 1.7
Poa pratensis 2 | Forage, turf 53.8
Phaseolus vulgaris 3 | Arable 2.3
Lolium perenne 4 | Forage, turf 59.1
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Pisum sativum 5 | Arable 3.1
Lolium multiflorum 6 | Forage 63.3
Brassica napus 7 | Arable 6.5
Medicago sativa 8 | Forage 42.1
Trifolium pratense 9 | Forage 74.3
Glycine max 10 | Arable 3.0
Lolium arundinaceum 11 | Forage, turf 75.0
(Festuca arundinaced

Dactylis glomerata 12 | Forage 89.1
Raphanus sativus 13 | Forage, vegetable 35.8
Festuca rubra 14 | Forage, turf 53.2
Trifolium repens 15 | Forage 92.9
Sorghum x drummondi 16 | Forage 11.1
Festuca brevipila 17 | Forage, turf 44.0
Echinochloa esculenta 18 | Forage 77.3
Trifolium incarnatum 19 | Forage 60.0
Lawn mixture 20 | Turf 88.2
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Seed of another
imported crop
(96 species)

Class 4 or 5:
Secondary
Noxious or

Noxious
Weed
(3 species)

Class 4 or 5:
Secondary
Noxious or

Noxious

Class 6:
Other Weed
(138 species)

Class 6:
Other Weed
(93 species)

Weed
(2 species)
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Type of Weed
[0 CFIA noxious weed (Class 1 to 5)
B General weed
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Contaminant CFIA noxious weed | Origin status in Canada | Crops reported with contaminant
species (synonym) classification (number of seed lots)
Cirsium arvense Primary (Class 2) Introduced Lolium perenne(6), Bouteloua
gracilis (1), Elymus canadensis(1),
Festuca rubra(1)
Elymus repens Primary (Class 2) Introduced Lolium perenne(4), Lolium
(Elytrigia repeng multiflorum (2), Alopecurus
arundinaceus (1), Bromus inermis
(1), Dactylis glomerata(1)
Convolvulus arvensis | Primary (Class 2) Introduced Raphanus sativus(3), Echinochloa
frumentacea (1), Fagopyrum
esculentum (1), ground cover
mixture (1),Poaceaesp. (1)
Cuscuta sp. Prohibited (Class 1) | Introduced Trifolium pratense(2), Rudbeckia
hirta (1)
Raphanus Primary (Class 2) Introduced Fagopyrum esculentum(1),
raphanistrum Trifolium pratense(1), Vicia sativa
1)
Setaria faberi Primary (Class 2) Introduced Panicum virgatum(3)
Conium maculatum Primary (Class 2) Introduced Trifolium pratense(2)
Cuscuta campestris Prohibited (Class 1) | Native Rudbeckia hirta(1)
Jacobaea vulgaris Primary (Class 2) Introduced Festuca rubra(1)
(Senecio jacobaeg
Lepidium draba Primary (Class 2) Introduced Alopecurus arundinaceus(1)
Sorghum halepense Primary (Class 2) Introduced Sorghumx drummondii (1)
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Contaminant species
(synonym)

Origin status in Canada

Crops reported with contaminant
(number of seed lots)

Apera spicaventi

Introduced in 1 province

Poa pratensis(28), Poa trivialis(2), Agrostis
gigantea(1)

Trifolium vesiculosum

Absent

Trifolium pratense(3), Trifolium repens(1)

Bromus catharticus

Absent

Lolium arundinaceum (1), wildflower mixture (1)

Holcus mollis

Introduced in 1 province

Poa pratensis(1), Agrostis capillaris(1)

Lythrum portula

Introduced in 1 province

Lolium sp. (1),Agrostis capillaris(1)

Torilis nodosa

Absent

Cichorium intybus (1), Dactylis glomerata(1)

Aristolochia littoralis Absent

(Aristolochia elegang Agrostissp. (1)
Euphorbia aleppica Absent Wildflower mixture (1)
Galillardia megapotamica Absent Wildflower mixture (1)
Galium parisiense Absent

Agrostis capillaris(1)

Galium tricornutum

Introduced in 1 province

Vicia villosa(1)

Indigofera hirsuta

Absent

Vigna unguiculata(l)

Linum grandiflorum

Absent

Wildflower mixture (1)

Paspalum conjugatum

Absent

Echinochloa esculenta(1)

Plantago virginica

Introduced in 1 province

Poa pratensis(1)

Polygonum plebeium

Absent

Phacelia tanacetifolia (1)

Sida spinosa

Introduced in 1 province

Echinochloa esculenta(1)

Sorghum halepense

Introduced in 1 province

Sorghumx drummondii (1)

Trifolium hirtum

Absent

Trifolium pratense(1)

Trifolium reflexum

Absent

Panicum virgatum(1)

Urochloa ramosa

Absent

Echinochloa esculenta(1)

Veronica agrestis

Introduced in 1 province

Lolium multiflorum (1)
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N¢ AmRBUiI U q¢ G RU¢ Ugq Wt GUHRIJL W WGY! qUlT WRUWqUUOWY! Wi Y UWE
Tt HJUTRONDWY!I T W WA! WagsWwWle a Al WYNKIHI YGUW GUHRRIIY WRU

Contaminant Species Number of Crop Species | Origin Status | Classified as CFIA Noxious Weed
(Synonym) Contaminated in Canada General Weed Classification

Poa pratensis 29 | Native N Other (Class 6)
Chenopodium album 22 | Introduced Y Other (Class 6)
Phleum pratense 20 | Introduced N Other (Class 6)
Triticum aestivum 19 | Introduced N Other (Class 6)
Medicago sativa 18 | Introduced N Other (Class 6)
Echinochloa crus-galli 17 | Introduced Y Other (Class 6)
Trifolium pratense 17 | Introduced N Other (Class 6)
Trifolium hybridum 15 | Introduced N Other (Class 6)
Bromus tectorum 13 | Introduced N Secondary (Class 3)
Festuca rubra 13 | Native N Other (Class 6)

Poa annua 13 | Introduced N Other (Class 6)
Vulpia myuros 12 | Introduced Y Other (Class 6)
Galium aparine 11 | Native Y Secondary (Class 3)
Lolium pratense 11 | Introduced N Other (Class 6)
(Festuca pratensis)

Brassica hapus 10 | Introduced N Other (Class 6)
Elymus trachycaulus 10 | Native N Other (Class 6)
Setaria viridis 10 | Introduced Y Other (Class 6)
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Contaminant Species Historically Reported as Herbicide-Resistant Weeds
[ In the USA only [ In Canada and USA
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© Canada (CFIA seed lot contaminant) A USA (herbicide-resistant weed)
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reported significantly less frequently (69% less) than nomoxious species (Class 6), and their
presence declined over the study period, although not at a statistically significant level. General

weeds also declined, and in this casethe trend was significant. Additionally, despite the hundreds
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of unique contaminant species reported in seed lotsthe majority were associated with only one or
two crop species. All of these findings are encouraging, particularly in the case of noxious weeds,
which are associated with greater economic, ecological, and regulatory impacts. These promising
trends partly reflect ongoing regulatory oversight and effective industry standard#cluding the
combined influence of herbicide availability, seed certification protocols, advanced cleaning

technologies, and improwed crop management practices(Rubenstein et al., 2023)

Another encouraging outcome was the low number of reports involving entgrohibited noxious
weeds (Class 1), with only four records, all from a single genu€uscuta.

This rarity is consistent with other international findings. For exampléRubenstein et al. (2021)
analysed over 42,000 seed lots entering New Zealand from more than 90 countries and found
entry-Gl Y6 RARqWT Ws WUT + WRUWT 2t qWMIOMEZEWY nWHEt It IOWA RN G IF
for Primary Industries also classifies the entireCuscuta genus as entryprohibited in seed lots(MPI,
2025b), and their domestic seed industry includesCuscuta spp. on a list of 14 'undesirable weeds'
(Young, 1984) The presence of these species in a domestic seed lot in New Zealand can prevent it
from achieving seed certification and substantially reduce its market value, providing a strong
incentive for industry compliance. The economic, ecological, and health riss associated with such
species help explain why both regulators and seed producers consistently prioritise their

exclusion, whether in Canada, New Zealand, or other seeiinporting nations.

Primarynoxious weeds (Class 2), although not entrprohibited, were more frequently reported.

The most commonly reported wereCirsium arvenseand Elymus repens(each in 9 seed lots),
followed by Convolvulus arvensis(7). These species are already present in Canada but have not
reached their full ecological range and are not subject to official controlCFIA, 2011) Additionally,
Class 2 weeds can lower seed value, interfere with agricultural production, and pose broader
economic and environmental risks. Their repeated detection in imported seed lots underscores the

need for continued monitoring.

AldnzidcecqVY!l ! IORYO GO W+ RqRIJt x HOU cu@ IR? & ROM i@ dgisiRalsis doR G ¢+ + R3 1J1T
excluding specific weeds becomes more complex when the species in question is both entry
prohibited and native to the importing country. This was the case f@uscuta campestris, a Class 1

weed reported in the CFIA dataset that is native to Canada and already established in all the
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southern provinces except New Brunswick (Desmet and Brouillet, 2013). Other native species
reported as noxious weeds in seed lots includedmbrosia artemisiifolia(Class 3),Galium aparine
(Class 3),Panicum capillare (Class 4 or 5), andPanicum virgatum(Class 4 or 5). While these
species are not prohibited in seed lots, their presence is regulated. This dual classification,
especially in the case of prohibited but also native species, can present regulatory challenges.
Federal agencies oversee seed impus, while provinces manage established weeds, and this
division of responsibilities may lead to enforcement complications and confusion for industry,
particularly when a prohibited species is already widespread in some regions of the country but not

others.

AldnzdcqVYl ! IOY2 11 G ¢ GkIORI Y Gt 10¢. Addifo@tregulatorRegnplicsdons OU Y + RY
arise when species that are noxious or otherwise problematic weeds are imported intentionally as

crop seed. While Class Inoxious weeds are prohibited from entering Canada, species from other

noxious classes may still enter, either as seed lot contaminants or, in some cases, as imported

crops. Although relatively uncommon in the CFIA dataset, this occurred f@romus tectorum

(Class 3), as well ad?anicum miliaceum (Class 4 or 5and Panicum virgatum(Class 4 or 5). Of

these, onlyP. miliaceum (proso millet) is formally listed in CFIA documentation of crop species

(CFIA, 2022, 2024a)The legal importation of such species may pose a risk to more local weed

control efforts if these plants establish and spread.

Bromus tectorum (downy brome) is of particular concern, as it was identified as one of the most
widely distributed contaminant species across multiple crops.lt is already recognised as
problematic due to its rapid spread and persistence as a winter annual in western North America. It
disrupts cropping systems, degrades pasturelands, and readily establishes in both naturalised and
disturbed habitats (Geddes & Pittman, 2022)Despite these impacts, the CFIA notes thaB.
tectorumh 6 ¢+ We WT 2 ¢ O Wl YO WWEt We Wt U1 RY e(CAlAs 201.7b) Howvéver[l¢ UWR G G
it remains one of the most problematic weeds in crops like winter wheat, where it competes
aggressively with the crop and can cause substantial yield losses if left unmanag€@stlie &

Howatt, 2013). It is also considered one of the most troublesome herbicideesistant weeds in

parts of the USA, particularly in the Great PlainBrunharo et al., 2022) While herbicide-resistant
populations have been reported in both forage and arable systems in the USA since the r1i190s

(Heap, 2025) resistant biotypes were not detected in Canada until 2021, when they appeared in a
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canola field (Geddes & Pittman, 2022)This underscores the need for heightened attention to its

potential long-term impact on Canadian agriculture.

Cases like these illustrate a broader challenge faced by biosecurity systems, including in Canada,
where the same species can be legally imported as crop seed while being managed as a
problematic weed at the provincial level. The CFIA, as the federal bodgsponsible for seed import
regulation, applies the Weed Seeds Order to determine permissible species and thresholds.
However, the responsibility for managing weed impacts poséntry often falls to provincial
governments and producers, who may be trying tsuppress the very species arriving legally
through imports. Without strong coordination between import policies and domestic weed control
strategies, highrisk species may establish, complicating eradication or containment efforts once

they are widespread

A similar situation exists withPoa annua(annual bluegrass), which is not classified as a noxious
weed in Canada but is currently designated as a crop in CFIA documentati¢8FIA, 2022, 2024a)
Despite its crop designation,P. annuahas been regarded as a problematic weed in temperate
regions worldwide, including Canada(Hutchinson & Seymour, 1982; Warwick, 1979}t is
particularly difficult to control in turfgrass and forage systems due to widespread herbicide
resistance, including glyphosate resistance(Heap & Duke, 2018)Herbicide-resistant P. annuahas
been reported in twelve countries across four continents, including the USA|though no resistant
populations have yet been recorded in CanadéHeap, 2025) In the CFIA datasetP. annuawas one
of the most frequently reported contaminants, appearing in seed lots of 13 different crop species.
Although it was not imported as a crop during the thirteetyear study period, its frequent
occurrence as a contaminant, wide distribution across Camda, resistance history abroad, and
status as a problematic weed in multiple trading partner countries suggest its current crop status

may warrant reassessment(Desmet & Brouillet, 2013; Rubenstein et al., 2023)

MRYt UARzal Rq! oY Ut RT Ul ¢.@&dIdthek@gWatompcldsdifithtion éDhogialist R 1J 1
weeds, the origin status of contaminant species offers a valuable lens for assessing biosecurity
risks. Although introduced species were the most frequently reported origin type, absent species
(those not currently preent in Canada) warrant particular attention. Their detection in seed lots

indicates a potential pathway for new plant introductions. If these species establish after sowing,
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they may become invasive, particularly in Canadian regions with climates similar to those where
the species are already established. This risk is heightened for species with traits associated with

invasiveness or the ability to contaminate a broad range afop types.

AldnezidcecqVY!l ! IORYO GO W+ RqRIJt xHO¢ At 11 Bropkey the iJerdRadlwebdShbt G R q a 131
yet present in Canada, all were classified as Class 6 under the Weed Seeds Order (WSO), a

category that excludes noxious weeds. This class includes both common weeds already

widespread in Canada, such aChenopodium album, and species not yet recorded in the country,

many of which have not beerfiormally assessedfor biosecurity risk. However, three of the absent

general weeds,Bromus catharticus, Euphorbia aleppica and Trifolium vesiculosum, are listed in

preliminary weed risk analysis documents recently published by CFIECFIA, 2025b) These species

were selected for early assessment due to their potential phytosanitary concern and have

undergone the first stage of risk analysis, although no formal regulatory decisions have been

finalised. The assessment suggests thaBromus catharticus (rescue grass) poses an

environmental threat, while Euphorbia aleppica(Aleppo spurge) may present a risk to agriculture.

Regardless of their status, all Class 6 species are permissible in seed lots, provided their presence
remains below the allowable threshold for the relevant crop type and seed grad€FIA, 2016b)

This provision may reflect a regulatory gap, as absent species with the potential to establish and
spread could present a higher biosecurity risk than widespread, lovmpact species, yet both are

treated equivalently under current rules.

To address this security risk, the CFIA could consider introducing a separate classification for

absent species detected in imported seed lots, under which a seed lot could be temporarily

restricted until the species is identified and a preliminary risk iage completed. This would not

require a full pest risk assessment prior to release but could instead rely on a rapid screening

protocol used in weed risk assessment frameworkgDowney et al., 2010)which would evaluate

t 13! WneHqY! t W eAHGWET W6 W GUHRIJY kK WNGYHedW Rt ql RAz2 q
suitability in Canada. Where initial risk appears low, the seed lot could either be released as is or

conditionally released with post-entry monitoring. Where risk is potentially high, the seed lot could

be held pending further assessment, recleaned, or returned to the exporter. These approaches

sYedl W6WGGWAHcae UMWl ¢T WWHYUqRUz2 Rq! Ws RqéWocUeT ¢kt
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Currently, of the CFIA noxious weed classes, only species classified as Classi@xious weeds are
explicitly prohibited from entering Canada in a seed lot. Although this class includes some species
not yet present in Canada, it remains limited in scope, comprising just 25 species and one genus
(Cuscuta spp.), and has not been updated since the most recent revision of the WSO in 200&FIA,
2016b). Adding or removing species from this list requires a formal regulatory amendment
following stakeholder consultation, a process that can take several years; the previous update
occurred in 2005. The Plant Protection Act authorises the CFIA to prevent timeportation and
spread of harmful plant pests and may offer a more responsive mechanism than the WSO for
addressing emerging biosecurity threats. However, it appears to have been used infrequently to
regulate weeds, with only five plant species publicly doumented as added since 200§ CFIA, 1990,
2024b). In practice, the Act is more commonly applied to insects and plant pathogens. The most
recent publicly documented weed addition occurred in 2017, wherArundo donax(giant reed) was
added to the list of regulated pestqCFIA, 2017a)

Wa Yl JWndeRT Wnl ¢G5 YI t Wn Y-prahdbi@Ed spegiBsinayibe wadantedtd t WG Rt q
better address concerns related to novel or absent species with the potential to establish. New
Zealand presents a relevant example, with its Ministry for Pniary Industries maintaining a
guarantine weed list of more than 1,700 species prohibited from entrgMPI, 2022b) This list is
t 2GGY! qT WAH! Waqé I3R! Wh EG I NR U N4tiMkeRipdates inBrmeddpydnew A Ws 6 R & 6
scientific literature, international biosecurity alerts, and submissions from industry and the public
(Bockstruck, 2025)0Wi 6 RG KWW KWs WoaWedeUT Kkt W Gedaldl W WNadeqVyl ! LW
imports may make such a system easier to implement, elements of this approach could help

RUNYI GWRAGGI Y20 UUqt WqYWocecUET ¢kt Wnl ¢GPls Yl t 1O
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that may warrant closer attention isTrifolium vesiculosum (arrowleaf clover), the most frequently

reported absent species in the dataset and native to the Mediterranean. It was detected in forage

crop seed lots of Trifolium pratense(red clover) andTrifolium repens(white clover). This

contamination pattern aligns with previous findings showing that clover crops are often

contaminated by other Trifolium species (Rubenstein et al., 2021)Such contamination is

facilitated by the morphological similarity between the crop and contaminant, which complicates
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mechanical cleaning and limits herbicide options, as chemistry targeting the weed would also
damage the crop(Rubenstein et al., 2023) While T. vesiculosumis not currently cultivated in
Canada, it is widely used in pasture and cover crop seed mixtures in warmer regions of the USA
(Pemberton et al., 1998) Although not typically considered invasive, the CFIA recently identified.
vesiculosum as a potential phytosanitary risk in a preliminary weed risk analys{€FIA, 2025b) Its
repeated detection in seed lots, along with other frequently reported absent species, raises
concerns about potential establishment, particularly given its ongoing cultivation in a neighbouring

country and the possibility that climate change could epand its suitable habitat in Canada.

9T RGCcqRHIY21JI G¢ GHoe UT 10IJt q¢ HO Rt .dHisldisk gftetaligHmeni® ¢ 0 FOY n 10¢
particularly relevant in regions where Canadian and USA climates overlap. Several other reported
contaminant species classified as absent from Canada, are already established in nearby USA

regions. For example,Trifolium hirtum (rose clover) is avell-established introduced weed in

northern California and is considered invasive in parts of its introduced rang@aturalist, 2025c).

Torilis nodosa(knotted hedgeparsley) andGalium parisiense(wall bedstraw) are both widespread

introduced weeds in the Pacific Northwest and eastern USANaturalist, 2025a, 2025b) Their

presence in climatically similar areas underscores the potential for establishment in Canadian

provinces such as British Columbia, a key region for crop seed production.

While absent species reported as seed lot contaminants raise biosecurity concerns, their
classification alone does not always imply high establishment risk. Many may be poorly suited to
Canadian conditions, such as regions with long winters, or may be ass@ted with crop types
rarely grown domestically(C.E Wilson et al., 2016)Still, documenting these species in imported
seed lots remains important for biosecurity monitoring and should be considered alongside other

risk factors, including climatic suitability and detection frequency.

f Uql YT 28T 1Ot GIJHRIJt 105 R q bh ERgitiol tDeh¥eqtIdféder, €ightOq Y 1Ot G 3¢ T
contaminant species were recorded as introduced but only in a single Canadian province. These

species may present even greater concern, as they have already demonstrated an ability to

establish under Canadian conditions. It is likely that similar climates in neighbouring provinces

could support their spread, potentially resulting in broader ecological an&conomic

consequences. The most frequently reported among these eight species wagera spicaventi
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(silky bentgrass), a grass weed introduced in Ontariesmet & Brouillet, 2013) It was reported in
28 seed lots ofPoa pratensis(Kentucky bluegrass), two lots oPoa trivialis(rough bluegrass), and
one lot of Agrostis gigantegredtop). Its repeated appearance in grass seed lots suggests a
consistent introduction pathway and underscores the need for closer regulatory scrutiny. As with
Trifolium species discussed prior, grass contaminants such a#\pera spicaventi are difficult to
remove mechanically from grass seed due to their similar morphology, and selective herbicide
options are limited, as treatments that target grass weeds often also damage the crop. Although
not currently herbicide-resistant in Canada,A. spicaventi has evolved resistance in more than
eleven European countries, most of which export seed to Canad#ieap, 2025) Its resistance
spans multiple modes of action, making it challenging and costly to manage once established. It
has also been identified as a highrisk candidate for future resistance in New Zealand, where it is
frequently reported in seed lots(Hulme, 2024Y0Wl] R2 WU W6 ¢ ql Us Wi ¢ a¢ UT k1 Waldd
systems and agronomic practices resemble those in Canada, its experience offers a cautionary

example of the risks of establishment and resistance.

Sorghum halepense(Johnson grass) is another case of concern. It has only been reported in one

Canadian province, Ontario(Desmet & Brouillet, 2013) and in the CFIA data was reported in seed

lots of Sorghum x drummondii{Sudan grass). Classified as a Class 2Primary Noxious Weed, it is

not yet considered to be occupying its full ecological range in Canad&FIA, 2011)Globally, S.

halepenseRt WI WHYNURY U7 Wet WyYUWWYnWagdWWs YI 0T kt+ Ws YI+ qlls I
troublesome species (Holm et al., 1997) It has evolved herbicide resistance in over a dozen

countries, including the USA, though no resistant populations have yet been confirmed in Canada

(Heap, 2025) An aggressive perennial that spreads by both seed and rhizomes, it is notoriously

difficult to control once established. Its detection in seed imports highlights the importance of

early identification and targeted regulatory action to prevent further sgrad.
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contaminant species (15 species) reported each year were known to be herbicigesistant weeds

in the USA but had not yet been reported as such in Canada. This proportion increased significantly

over the study period. These findingsuggest a growing risk of new herbicideesistant weed

biotypes being introduced into Canada via the imported crop seed pathway. Several contaminant

species highlighted earlier in this discussion fall into this category, includin@orghum halepense

and Poaannua, which are not currently recognised as HR weeds in Canada but are in the USA

(Heap, 2025)

Of particular concern are the fourspecies that were detected as contaminants in the same crop
types in bothCanada and the USAFor example,Poa annuawas found in forage and turf seed lots
entering Canada and it has also previously been reported as HR in a weedy context in those same
crop types in the USAHeap, 2025) Similar patterns were observed foL.olium perenne, Secale
cereale, and Sorghum bicolor, all of which were reported asCanadianseed lot contaminants in

turf, arable, and forage crops, respectively. All have also been documented as herbicidesistant
weeds in the same crop types in the US@leap, 2025) The biosecurity risk is heightened by the
fact that some of these species are also cultivated as crops in both countries, increasing the
likelihood that resistant biotypes could establish and spread. These cases illustrate a clear

pathway for the introduction of resistant weeds into Canadian agroecosystems.

Y N



[¢cHRqVYI t IORU] e JURRUNIOG I H Seferal fatt@b discuRdedipgBluitthiréQEal. oy oy 131 Ut
(2022)help explain why certain weed species are herbicideesistant (HR) in the USA but not in
Canada. In the USA, widespread adoption of glyphosateesistant (GR) crops, particularly soybean,
maize, and cotton, has led to simplified weed control prograrmes that rely on a single or limited
number of herbicide sites of action (SOASs). This has placed strong selection pressure on weed
populations, contributing to the evolution and spread of GR weeds. In contrast, Canadian cropping
systems more often include abroader diversity of HR traits and crop types, which likely contributes
to the slower development of resistance.Brunharo et al. (2022also note that more diverse crop
rotations, common in the Canadian Prairies, incorporate a wider range of crops and herbicide
SOAs and have been associated with lower GR weed pressure. By comparison, simplified maize
soybean rotations are common in the U8 and linked to higher HR weed frequencies. These
contrasting patterns highlight the importance of rotational and herbicide diversity in managing
resistance. Other contributing factors may include differences in climate, specific herbicides used,

and national approaches to resistance monitoring and reporting.
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of 12% of contaminant species reported annually in the CFIA dataset were already herbicide

resistant weeds in both the USA and at least one Canadian province. Given the wide geographic

distribution of these species in North Ameri@a and their current presence in Canada, their

continued detection in imported seed lots increases the risk of resistance traits spreading to

additional Canadian provinces. This group inlcides several problematic weeds, such as

Echinochloa crus-galli and Bromus tectorum, which have both only been reported as herbicide

resistant weeds in Ontario(Guo et al., 2017; Heap, 2025)

Another notable example isSetaria viridis which was among the most widespread general weeds
in imported seed lots, reported in ten different crop species. Its inclusion is worth mentioning, &S.
viridis ranks as the third most frequently reported herbicideresistant weed species in Canada, and

resistant biotypes have already been detected in four provincefHeap, 2025)
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characteristics influence seed lot contamination helps clarify broader patterns across crop types.

The absence of a significant correlation between inspection frequency and contamination rates
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more important role. For example, althougtZzea mays(maize) was the most frequently inspected

crop, it had the lowest contamination rate. In part, this low rate of contamination is related to the

efficiency of cleaning largeseeded arable crops likeZ. mays where pronounced differences in size

and weight make weed seeds easier to removi&ervilla et al., 2019; C.E Wilson et al., 2016; Wych,

1988). In contrast, smaller-seeded forage and turf crops are more difficult to clean and tend to

show higher contamination rates(Buddenhagen et al., 2022; Rubenstein et al., 2021 the CFIA

dataset, Trifolium repens(white clover), a forage crop, had the highest contamination rate among

frequently inspected species. These results are consistent with findings from New Zealand, where

imported seed lots of Trifolium species were among the most frequently contaminated, while large

seeded crops likeZ. mayshad the lowest rates(Rubenstein et al., 2021)
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There were also consistent patterns across datasets where morphological similarity and genetic
relatedness between crops and contaminants occurred. This is not surprising, as weed species
from the same genus or family as the crop are especially problematitue to limited herbicide
options and the difficulty of separating visually similar seeds (Rubenstein et al., 2023). In New
Zealand-grown seed lots, for example Trifolium glomeratumincreased significantly inTrifolium
repens crops over the study period, likely due to both morphological similarity and the lack of
effective selective herbicides. Similar issues were observed in New Zealargrown perennial
ryegrassseed lots, where grass contaminants were four times more common than in white clover
seed lots. In imported seed lots, othefTrifolium species were also the most frequently reported
contaminants, reinforcing the persistent challenge of contamination by closely related species

across different stages of the seed system.

Comparable patterns emerged in Canada. The grass weeétpera spicaventi was frequently
detected in seed lots of other grass crops, includindg?oa pratensis Poa trivialis, and Agrostis
gigantea while Sorghum halepensewas found in seed lots ofSorghum x drummondii These cases
highlight the broader issue of grasson-grass contamination, where morphological similarity
reduces seed cleaning effectiveness and herbicide treatments for grass weeds may also harm the
crop. This issue is further complicated when tle contaminant species are herbicideresistant, as
with S. halepensein the USA. Together, these examples reflect the ongoing regulatory and
management difficulties posed by weeds closely related to the crop. Genetic or taxonomic
relatedness could potentially inform inspection protocols, with crops more closely related teentry-

prohibited weeds prioritised for closer scrutiny.
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Another common contaminant species of concern was?oa annug a problematic weed long
recognised as difficult to manage in temperate regions, particularly in turf and forage systems
(Hutchinson and Seymour, 1982; Warwick, 1979Although no herbicideresistant populations

have been recorded in Canada to date, resistant populations have been confirmed in 12 countries
across four continents, including New Zealand (Ghanizadeh et al., 2020; Heap and Duke, 2018). In
New Zealand,P. annuaincreased significantly over time in domestically grown perennial ryegrass
seed lots, rising by 196, the second-largest increase afterSherardia arvensis This likely reflects
broader shifts in land use and cropping practices, such as a move away from earlier livestock
based catch cropping towards more intensive arable rotations. These transitions, combined with
expanded irrigation, likely favoured®. annuaand other shortlived weeds. In CanadaP. annuawas
among the most frequently reported contaminants in the CFIA dataset, appearing in seed lots of 13

different crop species.

Some contaminant species found across the datasets also raise concerns about potential spread
due in part to climatic overlap between trading partnersEight contaminant species recorded in
Canada were introduced but found in only a single province, witApera spicaventi most frequently

reported. Although herbicideresistant populations have not yet been documented in Canadaj.
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spica-venti has evolved resistance in more than 11 European countries (Heap, 2025), many of
which export seed to both Canada and New Zealand. It is also considered a higkk species for
herbicide resistance in New Zealand, where it has been reported in imported sddots (Hulme,
2024). Since both countries share temperate cropping systems, this underscores how the risk of
establishment and spread may not be confined to a single region. Instead, the potential for
introduction and persistence extends acrossother countries with similar climates, particularly if

the species becomes established in either context.
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https://caws.org.nz/old-site/awc/2018/awc201810011.pdf
https://caws.org.nz/old-site/awc/2018/awc201810011.pdf
https://saskwheat.ca/state-of-weed-resistance-in-western-canada-and-future-outlook/
https://saskwheat.ca/state-of-weed-resistance-in-western-canada-and-future-outlook/
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https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=08b4975a6a18d8f6d830d40493f052af2f3b1408#:~:text=Research%20has%20shown%20that%20use,tar%2D%20geted%20use%20of%20herbicides
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https://laws-lois.justice.gc.ca/eng/acts/p-14.8/
https://inspection.canada.ca/en/plant-health/seeds/weed-seeds-order/proposal-change#s4c3
https://inspection.canada.ca/en/plant-health/seeds/weed-seeds-order/proposal-change#s4c3
https://inspection.canada.ca/en/plant-health/seeds/weed-seeds-order/secondary-consultation-document
https://inspection.canada.ca/en/plant-health/seeds/weed-seeds-order/secondary-consultation-document
https://inspection.canada.ca/en/plant-health/grains-and-field-crops/list-grains-and-field-crops
https://inspection.canada.ca/en/plant-health/grains-and-field-crops/list-grains-and-field-crops
https://inspection.canada.ca/en/plant-health/invasive-species/directives

9

9

9

9

9

9

9

9

9

9

f

f

FOLL Hi ZINON FOEHJIHOLL + 0§ | T 11 g EWID T Wod REAIPN YTWA Wf Ut GUHqRYUW nNIC
9¢ UcT ¢ WA 1 afl gRilI2 1RT ol ¢ YO& L cp®¢ oh @) ) an £ MUEETHOE &) & @ @d +hYd O
IJUNKGE a G

FOWA=MING & ORIt qOARE t HO~¢ Uc NG WUqo? YRz GUWUqH@LY | 1O | 2 0T YV
9¢U¢T ReUW[ YYT Wwf Ut GUAqRYUW NUURA! AW] Y21 UaWU0qWYnwo ¢ U¢
6aqaqGt aooRUt GUHqR YR IDEG @6 dde EBtE R B WIGR Id IR R2 1Jt 0o GIIt q
GeUenuaumagea 6l

FOLW 5 FINDN TTOEHJHOW % HO7 | Y G 2+ tOoq UHEIEYd @ dillae @ YUY YAORWY GHIEUHRqRY U W

] Y201 U WU0quWYnwocUéeBWARgRRUEHWRNY DG @6 o fc BBk o 100 BT
aqllt gRIEDM ¢ T RUPRIHIUMR 3 H ¢ opiRIYHap HII 7 2

FOURIEW N s sO®E ! qYt ¢ URq¢ 1 ! OAUJez RI WG WUaqt HOgqYIOAT 32130 qtOq 6 1310
9cUcaOUed ¢ UcT ReUWWI[ YYT Wf Ut GUHRqRYUW NUUH! AW Y211 UG WUqWY?
6qaqGt aooRUt GUHRqR YIIDEG &) 6 opgR EBHE R BIP & IGR bV mRoy pR0B! Goaplic o=

M N

FOLLIZMIZ D% HOMDE 13 1JT HOR (O G YrouspecaURe Y IRORIS] YWY clilf et cGURqRYUW N UH
9¢ UcT ¢ WA 1 gl gRilI2 1Rl ol UY GG H g R Yol D6 @ @) & 6 fc BREhicoral g @i diHd

F JRGGY!L qe qRYU

OWRENMEMRCHOUOO I q6 YT + 10¢ UT 10GI YHIOILe ¢ U¢ TORY U D WY o RIUDBIOGWH§
] Y211 U0 0qWYnuwo ¢ Uéla OUAiEiagBRE2dd Enl Ya LW

FOLLEATIM MO tRIDLE FOG ¢ U ¢ NI G adl R a&@ W30t wf O+ GUuHqRYUW nNUURA!
9¢UceT ¢ WA 1 gl gRilI2 1Rl ol UY 8D H q) R Yol D @ @ & opR D¢ b RE W Ga ¢ Uq

t GURRIJt ol RidIRehof RIZ 10 G gy

FOWHEIINGT P dQAKDID 2 G ¢ q RY Ut 10é 9 a0l® ¢ Al OMRE HOTIY Y dLHOETH &G10THay RIY HOfLL
] Y21 U0 0quwYnwocecUémawwbhdaq RE21JT Wnl Ya LW

iYRI IOT2t qRAIJIONDHIOHCE 013U N o | KNTEHDE cadd R WM 9 FOA 109 109 x HIOx NMTMMo
toWw IINDT ROH LRI 10¢ U ¢ oL RIVIOT RSP VI &I Wf Ut GURqRYUOUW NUUH! AL
Aldagl R1J26X alehtl aYololR Ut GIlJH q R Yol HDEG @) é oge @BE R BE@RG 2 UiqR 2 1J

Gic¢ UaqitgoRpitud od Y Re G 13U qt

AW~ # g W& ¢ LR TN/ Yi RHOUICD 0 cUE of t RORIAQIYEYT clif Ut GUHEqRYUW nN1IC
9¢UcT ¢ WA gl gRI2 1hToldnd e YHILR He g RY Ut HONHIORC oH#HY O 0 @HgRY Ut o # Y
ZMMYEIOGIT n

YHt ¢! UIAW HoWc oW N ® N = cRbHLIASIM 21 UIIeRic YL KO0 51 FOSER HEEMIERGQIRILN HOY n K

YHt ¢! UNAW HoWce OWsN®NE B ONE 6 B ¢ O R B 108 6 1 KA W ENEGoI0 q oY n k0 N

9
9vYHt ¢! UNAW HOW oo beiNRRINIBELE 20LLE ¢JWHOY n 1Oq 6 1J oM B 6 Ayidl@la oY n 0 NI Rt
9
9

YiteauwNow toAWx YAcUYAWEOAWEqe GG! AW toAaWAW7 1 2 U1 2 W] OWb = M=

RUq!I YT e # qReYo RIZVIHIEKYEO0 qp t LARI (& LWEnctO 7T RIDOHKE L@EilPgVEIOL b HOLL
6 qqGt aool YRIOY|I Do NMIONMYIIMO NN=3 OPMM=ZMN®IONTMNNZO

9Vt qUIII Allc IOWxX IOWEIN® I P b tOWY | R dji DIl FRAELE T YOE Lif IR G HLEDMBOHGLN QA G 21 RYIS R ¢

6aqaqGt aool YRIOYI Mo NMI=ZOMT0=ZM®MTNP

9Yet RUt AWEOWB=M=Z=b OWEWWT WAWAG ¢ Uqlic BelaqéWxecAYI ¢qY!l ! wW~¢ U

YUW=ZZ0oMMNo=ZM=ZZlWs Rq6 Ws O~1OWAz AJUt qURUIO

92 q6 A qflu lOWX oW = MNOb tOW7 Y1 T 1JA We O A R ¥ & & MR SEIRDE o ¢ U il

6quaooUAGlV#!DGQUHVGUDCHQUAOGVDRUeaIﬁlémmGiaoolUC
60 | NMOMNMNSZ MNIGHRRIqIJI 136 Y1t q

2¢t qPNEWRAAW[ OAWAWLAY Y G AW HOWs = MR MY DHIE MIMRETENREGGEYH 1Td 103 ENAHA | Y

-~

¢cUT WUo WAt WY n Wi el KomakeWice i GroAGieaIny ALY q IR q R Y U
6qaqGt aool YRIOYI Do NMIAMY MOo UAGGIK=MNMIZ OKZPO®

BUqY Ut reus 3oqaynentowl D iog IHE6 Uy UMD we DUV RUBEYUWEs ¢ UA W U

UNectcU0T WANGIgRIE2 dTobs s ¥4I UqY Ut HORYOUAolJUo REYRNGE qt oc | @
N HGE UMe@OUY2 URIDIT

2UYAW70AW? ¢ &! AL~ oWs oA We 2 Uq A Wx oW~ oA WAL B 0 t) LY h Q1L IR &) 1 @d ¢

¢cOT We OT W1+ qV! W Wal WeqaWUat Wy UWs 6 13 cAg Wi HRIIDNT RALIDG | Ko YRnOKlshde

P


https://canadagazette.gc.ca/rp-pr/p2/2016/2016-05-18/html/sor-dors93-eng.html
https://canadagazette.gc.ca/rp-pr/p2/2016/2016-05-18/html/sor-dors93-eng.html
https://inspection.canada.ca/en/plant-health/invasive-species/directives/pest-risk-management/rmd-16-02
https://inspection.canada.ca/en/plant-health/invasive-species/directives/pest-risk-management/rmd-16-02
https://inspection.canada.ca/en/plant-health/seeds/seed-testing-and-grading/seeds-identification/bromus-tectorum
https://inspection.canada.ca/en/plant-health/seeds/seed-testing-and-grading/seeds-identification/bromus-tectorum
https://inspection.canada.ca/en/plant-health/invasive-species/directives/date-originally-issued/12-01
https://inspection.canada.ca/en/plant-health/invasive-species/directives/date-originally-issued/12-01
https://inspection.canada.ca/en/plant-health/seeds/seed-imports/abcs-seed-importation
https://inspection.canada.ca/en/plant-health/seeds/seed-imports/abcs-seed-importation
https://csi-ics.com/mp
https://inspection.canada.ca/en/plant-health/invasive-species/directives/pest-risk-management
https://inspection.canada.ca/en/plant-health/invasive-species/directives/pest-risk-management
https://laws-lois.justice.gc.ca/eng/regulations/C.R.C.,_c._1400/page-14.html#h-511905
https://laws-lois.justice.gc.ca/eng/regulations/C.R.C.,_c._1400/page-14.html#h-511905
https://inspection.canada.ca/en/plant-health/invasive-species/invasive-plants/weed-risk-analysis-documents
https://inspection.canada.ca/en/plant-health/invasive-species/invasive-plants/weed-risk-analysis-documents
https://publications.gc.ca/collections/collection_2008/inspection/A104-74-2008E.pdf
https://publications.gc.ca/collections/collection_2008/inspection/A104-74-2008E.pdf
https://doi.org/10.1080/11263504.2019.1701123
https://doi.org/10.2307/2090715
http://ezproxy.lincoln.ac.nz/login?url=https://search.ebscohost.com/login.aspx?direct=true&db=anh&AN=103401601&site=ehost-live
http://ezproxy.lincoln.ac.nz/login?url=https://search.ebscohost.com/login.aspx?direct=true&db=anh&AN=103401601&site=ehost-live
https://doi.org/10.30843/nzpp.2010.63.6539
https://www.dentons.co.nz/en/insights/articles/2024/october/24/end-to-gene-technology-ban-announced
https://www.dentons.co.nz/en/insights/articles/2024/october/24/end-to-gene-technology-ban-announced
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Sampling year and corresponding percentage of perennial ryegrass
seed lots where contaminant was present
Contaminant species Grass 1912 | 1923 | 1925 | 1962 | 1984 | 1989 | 1993 | 1994 | 2003 | 2009 | 2019
contaminant

Alopecurus geniculatus | Yes 3.8 0.0 0.0 0.0 0.0 0.0 0.8 0.6 - - 0.0
Amsinckia calycina No 0.0 0.0 0.0 0.0 0.6 0.1 0.0 0.0 - - 0.0
Anthemis arvensis No 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.2 - - 0.4
Anthemis cotula No 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 0.4
Anthoxanthum odoratum | Yes 19.2 8.0| 10.0| 23.0| 10.7 4.6 9.2 6.0 - - 0.0
Anthriscus caucalis No 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 1.6
Aphanessp. No 0.0 0.0 0.0 0.0 0.0 0.0 6.3 5.7 - - 1.2
Arrhenatherum elatius Yes 0.0 0.0 0.0 0.0 0.7 0.8 0.0 0.0 - - 0.0
Avena fatua Yes 0.0 0.0 0.0 0.0 2.2 6.1 3.7 24 - - 0.0
Borago officinalis No 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 0.4
Brassicasp. No 9.6 0.0 0.0 0.0 0.0 0.0 4.5 4.7 - - 4.9
Briza minor Yes 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.3 - - 0.0
Bromus hordeaceus Yes 96.2| 53.0| 75.0| 88.0| 76.7| 67.3| 77.1| 76.7| 64.0| 68.0| 10.6
Bromus secalinus Yes 1.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 0.0
Capsella bursa-pastoris | No 0.0 0.0 0.0 00| 16.8| 19.1| 12.7| 14.9 8.0 6.0 0.8
Carduus nutans No 0.0 0.0 0.0 3.0 1.2 0.3 0.0 0.0 - - 0.0
Carduus tenuiflorus No 0.0 0.0 0.0 0.0 3.0 0.5 0.0 0.0 - - 0.0
Cerastium sp. No 0.0 0.0 00| 13.0| 27.7 45| 12.8| 12.2 3.0 4.0 0.0
Chenopodium album No 0.0 0.0 2.0 0.0 0.7 3.7 0.0 0.0 - - 4.5
Cirsium arvense No 0.0 1.0 2.0 1.0 0.4 0.3 0.0 0.0 - - 0.4
Cirsium vulgare No 1.9 0.0 0.0 4.0 0.9 0.6 0.0 0.0 - - 0.0
Conium maculatum No 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 - - 0.0
Convolvulus arvensis No 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 - - 0.0
Crepis capillaris No 3.8 0.0 3.0 0.0 0.0 0.0 0.0 0.0 - - 0.0
Cuscuta sp. No 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 - - 0.0
Cynosurus echinatus Yes 0.0 0.0 0.0 0.0 0.0 0.0 6.8 6.7 - - 0.0
Daucus carota No 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 0.8
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Echinochloa crus-galli Yes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 0.4
Elymus repens Yes 0.0 0.0 0.0 0.0 0.0 0.0 1.0 1.2 - - 0.0
Erodium cicutarium No 0.0 0.0 0.0 | 10.0 0.7 4.2 6.8 6.5 - - 0.4
Erodium moschatum No 0.0 0.0 0.0 0.0 0.0 0.0 2.9 4.0 - - 0.0
Fallopia convolvulus No 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 0.4
Galium aparine No 0.0 0.0 0.0 0.0 0.0 0.0 4.8 6.9 - - 2.4
Geranium dissectum No 1.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 0.0
Geranium molle No 1.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 0.0
Geranium pusillum No 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 0.4
Glyceriasp. Yes 0.0 0.0 0.0 0.0 | 137 7.0 55 4.0 - - 0.0
Holcus lanatus Yes 28.8| 11.0| 40.0 8.0 0.0 0.0 2.8 15 - - 0.0
Holcus mollis Yes 3.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 0.0
Hordeum murinum Yes 3.8 0.0 0.0 0.0 2.3 1.2 0.0 0.0 - - 0.0
Hypochaeris radicata No 442 | 30.0| 35.0| 18.0 0.0 0.0 0.0 0.0 - - 0.4
Jacobaea vulgaris No 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 - - 0.0
Juncus bufonius No 7.7 0.0 1.0 0.0 0.0 0.0 3.1 1.2 - - 0.8
Lamium sp. No 0.0 0.0 0.0 0.0 0.0 0.0 11 1.0 - - 0.0
Lapsana communis No 0.0 0.0 0.0 0.0 3.0 2.5 2.8 35 - - 1.2
Leontodon sp. No 9.6 0.0| 15.0| 18.0 4.8 1.7 0.0 0.0 - - 0.0
Lepidium draba No 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 - - 0.0
Leucanthemum vulgare | No 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 - - 0.0
Linum marginale No 5.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 0.0
Linum usitatissimum No 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 1.2
Nassella trichotoma Yes 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 - - 0.0
Persicaria lapathifolia No 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 0.4
Persicaria maculosa No 1.9 0.0 0.0 0.0 0.7 0.5 0.0 0.0 - - 3.3
Phacelia tanacetifolia No 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 0.4
Phalaris minor Yes 0.0 0.0 0.0 0.0 35 3.3 5.4 7.8 - - 9.4
Plantago lanceolata No 23.1| 15.0 9.0 | 28.0 4.8 1.7 1.3 0.5 - - 0.4
Poa annua Yes 0.0 0.0 0.0 00| 399| 224 | 412 | 352 | 51.0| 49.0| 18.8
Poa trivialis Yes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 2.9
Polygonum aviculare No 0.0 0.0 0.0 0.0 3.2 | 10.2 6.9 7.4 - - 6.9
Ranunculus parviflorus No 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 0.4
Ranunculus repens No 0.0 2.0 0.0 0.0 0.7 0.3 0.0 0.0 - - 0.0
Raphanus sativus No 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 0.4
Rumex acetosella No 61.5| 24.0| 31.0| 28.0| 10.0 6.9 5.1 8.2 - - 0.8
Rumex crispus No 15.4 5.0 4.0 | 13.0 5.6 3.8 5.1 8.2 - - 0.0
Sherardia arvensis No 0.0 2.0 00| 23.0| 29.1 | 295 | 22.7| 358 | 32.0| 30.0| 19.6
Sisymbrium officinale No 0.0 0.0 0.0 0.0 51 6.4 3.0 3.5 - - 0.4
Solanum nigrum No 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 2.4
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Sonchus asper No 1.9 0.0 0.0 0.0 0.7 0.5 0.0 0.0 - - 2.0
Spergula arvensis No 3.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 0.0
Stellaria media No 0.0 0.0 1.0 00| 351 | 26.1| 26.2| 24.7| 19.0| 22.0 2.9
Torilis nodosa No 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 0.4
Trifolium dubium No 4421 19.0| 36.0 0.0 0.0 0.0 0.0 0.0 - - 0.4
Trifolium glomeratum No 0.0 0.0 0.0 0.0| 12.2 25 0.0 0.0 - - 0.0
Trifolium hybridum No 13.5 7.0| 19.0 0.0 0.0 0.0 0.0 0.0 - - 0.0
Trifolium striatum No 0.0 0.0 0.0 8.0 | 145 5.6 3.2 1.7 - - 0.0
Tripleurospermum No 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 2.0
inodorum

Veronicasp. No 0.0 0.0 0.0 0.0 0.0 00| 19.0| 241 - - 3.3
Violasp. No 0.0 0.0 0.0 00| 11.2| 10.2| 175 | 28.6| 6.0 7.0 1.2
Vulpia bromoides Yes 67.3| 720 | 68.0| 73.0| 405 | 28,5 | 49.2 | 52.9|46.0 | 450 | 41.6
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Sampling year and corresponding percentage of white
clover seed lots where contaminant was present

Contaminant species Grass contaminant 1912 | 1923 1925 1989 1993 1994 | 2019
Acinos arvensis No 7.4 - 0.0 0.0 0.0 0.0 0.0
Alyssum alyssoides No 37.0 - 0.0 0.0 0.0 0.0 0.0
Amaranthus retroflexus No 3.7 - 0.0 0.0 0.0 0.0 0.0
Amaranthussp. No 7.4 - 0.0 0.2 0.6 0.3 3.0
Anthemis arvensis No 37.0 - 0.0 0.0 0.0 0.0 0.0
Anthemis cotula No 14.8 - 0.0 0.0 0.0 0.0 4.8
Anthoxanthum odoratum | Yes 7.4 - 0.0 2.6 4.4 3.0 0.0
Anthriscus caucalis No 0.0 - 0.0 0.0 0.0 0.0 0.6
Anthyllis vulneraria No 14.8 - 0.0 0.0 0.0 0.0 0.0
Apium sp. No 0.0 - 0.0 0.0 0.0 0.0 0.6
Arenaria serpyllifolia No 111 - 0.0 0.0 0.0 0.0 0.0
Barbareasp. No 29.6 - 0.0 15 0.5 0.5 0.0
Brassicasp. No 3.7 - 0.0 0.0 0.0 0.0 1.2
Camelina sativa No 0.0 - 2.0 0.0 0.0 0.0 0.0
Capsella bursa-pastoris No 7.4 - 0.0 0.6 1.6 15 1.2
Cerastium sp. No 85.2 - 23.0 2.6 2.2 1.3 0.0
Chenopodium album No 48.1 42.0 52.0 53.8 47.2 49.0 61.9
Cichorium intybus No 0.0 - 0.0 0.0 0.0 0.0 0.6
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Cirsium arvense No 0.0 - 0.0 1.3 0.0 0.0 0.0
Crepis capillaris No 7.4 - 0.0 0.0 0.0 0.0 6.0
Crepis tectorum No 111 - 0.0 0.0 0.0 0.0 0.0
Cuscuta campestris No 7.4 - 0.0 0.0 0.0 0.0 0.0
Cuscuta sp. No 33.3 5.0 8.0 0.2 0.0 0.0 0.0
Daucus carota No 7.4 - 0.0 0.0 0.0 0.0 0.0
Elymus repens Yes 111 - 0.0 0.0 0.0 0.0 0.0
Erodium cicutarium No 3.7 - 0.0 0.0 0.0 0.0 0.0
Erysimum cheiranthoides | No 3.7 - 0.0 0.0 0.0 0.0 0.0
Galium mullugo No 111 - 0.0 0.0 0.0 0.0 0.0
Geranium dissectum No 14.8 - 0.0 0.0 0.0 0.0 0.0
Geranium molle No 3.7 - 0.0 0.0 0.0 0.0 0.0
Geranium pusillum No 44.4 - 0.0 0.0 0.0 0.0 3.0
Helminthotheca No 0.0 - 0.0 0.0 0.0 0.0 0.6
echioides

Holcus lanatus Yes 22.2 - 24.0 0.0 0.0 0.0 0.6
Hypochaeris radicata No 3.7 - 0.0 0.0 0.0 0.0 0.0
Juncus bufonius No 3.7 - 0.0 0.0 0.0 0.0 0.0
Lamium amplexicaule No 11.1 - 0.0 0.0 0.0 0.0 0.0
Lamium sp. No 0.0 - 0.0 0.0 0.0 0.0 2.4
Lapsana communis No 7.4 - 0.0 0.0 0.0 0.0 0.6
Lepidium draba No 0.0 - 0.0 0.2 0.0 0.0 0.0
Lepidium sp. No 111 - 0.0 0.0 0.0 0.0 0.0
Leucanthemum vulgare No 14.8 - 0.0 0.0 0.0 0.0 0.0
Lysimachia arvensis No 14.8 - 50.0 43.0 47.5 47.2 13.7
Malvasp. No 0.0 - 0.0 0.0 0.0 0.0 1.8
Marrumbium vulgare No 0.0 - 0.0 0.0 0.0 0.0 0.6
Matricaria discoidea No 0.0 - 0.0 0.0 0.0 0.0 3.0
Medicago lupulina No 81.5 - 0.0 0.0 0.0 0.0 0.0
Myosotis arvensis No 37.0 - 0.0 0.0 0.0 0.0 0.0
Nepeta cataria No 3.7 - 0.0 0.0 0.0 0.0 0.0
Panicum capillare Yes 7.4 - 0.0 0.0 0.0 0.0 0.0
Papaver dubium No 25.9 - 0.0 0.0 0.0 0.0 0.0
Persicaria maculosa No 0.0 - 0.0 0.0 0.0 0.0 0.6
Phalaris minor Yes 0.0 - 0.0 0.0 0.0 0.0 1.8
Plantago lanceolata No 92.6 75.0 66.0 0.1 20.5 16.9 4.2
Plantago major No 37.0 - 0.0 0.0 0.0 0.0 0.0
Plantago Rugelii No 7.4 - 0.0 0.0 0.0 0.0 0.0
Poa annua Yes 0.0 - 0.0 0.0 0.0 0.0 3.6
Poa trivialis Yes 7.4 - 0.0 0.0 0.0 0.0 0.0
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Polygonum aviculare No 3.7 - 7.0 9.7 16.3 10.2 5.4
Potentilla Norvegica No 7.4 - 0.0 0.0 0.0 0.0 0.0
Prunella vulgaris No 70.4 - 24.0 0.0 0.0 0.0 0.0
Ranunculus bulbosus No 3.7 - 0.0 0.0 0.0 0.0 0.0
Reseda lutea No 3.7 - 0.0 0.0 0.0 0.0 0.0
Rumex acetosella No 96.3 81.0 92.0 53.0 36.4 37.1 1.8
Rumex crispus No 3.7 - 1.0 0.0 19.5 14.4 0.0
Rumex obtusifolius No 3.7 - 0.0 0.0 0.0 0.0 0.0
Setaria viridis Yes 3.7 - 0.0 0.0 0.0 0.0 0.0
Sherardia arvensis No 44.4 - 5.0 84.4 61.9 67.0 38.7
Silene dichotoma No 111 - 0.0 0.0 0.0 0.0 0.0
Silene gallica No 7.4 - 31.0 11.9 14.6 18.2 0.6
Silene noctiflora No 59.3 - 7.0 0.0 0.0 0.0 0.0
Sisymbrium officinale No 0.0 - 0.0 13.8 14.1 14.2 11.3
Solanum nigrum No 0.0 - 0.0 0.0 0.0 0.0 9.5
Sonchus asper No 3.7 - 0.0 0.0 0.0 0.0 0.6
Sonchus oleraceus No 3.7 - 0.0 0.0 0.0 0.0 0.0
Spergula arvensis No 37.0 - 17.0 0.0 18.9 14.0 1.2
Stellaria graminea No 59.3 - 0.0 0.0 0.0 0.0 0.0
Stellaria media No 74.1 - 31.0 65.9 62.9 58.9 16.1
Thlaspi arvense No 111 - 0.0 0.0 0.0 0.0 0.0
Trifolium arvensis No 0.0 - 16.0 0.0 0.0 0.0 3.0
Trifolium dubium No 66.7 94.0 89.0 0.0 0.0 0.0 14.9
Trifolium glomeratum No 0.0 - 0.0 0.1 20.9 13.5 13.1
Trifolium hybridum No 88.9 82.0 87.0 0.0 0.0 0.0 3.0
Trifolium striatum No 0.0 - 0.0 0.0 4.3 3.9 0.6
Tripleurospermum No 14.8 - 0.0 0.0 0.0 0.0 0.6
inodorum

Urtica sp. No 0.0 - 0.0 0.0 0.0 0.0 0.6
Valerianellasp. No 3.7 - 0.0 0.0 0.0 0.0 0.0
Veronica persica No 0.0 - 0.0 0.0 0.0 0.0 2.4
Veronicasp. No 14.8 - 0.0 0.0 0.0 0.0 0.0
Violasp. No 3.7 - 0.0 9.5 9.8 14.0 3.6
Vulpia bromoides Yes 3.7 - 0.0 0.0 0.0 0.0 0.0
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Contaminant Number of Allium Beta Brassica Cichorium Daucus Eruca Festuca Glebionis Lolium Medicago Petroselinum Raphanus Trifolium
species records
for each
focus crop

Brassicasp. 62 5 2 12 4 2 3 2 4 4 3 16 5
Polygonum 59 1 8 1 6 1 1 19 15 1 6
aviculare
Galium 54 2 6 21 1 1 4 5 1 1 12
aparine
Lolium sp. 54 1 2 8 1 4 1 3 1 3 10 1 2 17
Fallopia 51 1 24 4 3 2 1 16
convolvulus
Chenopodium a7 8 3 3 4 6 6 1 1 15
album
Triticum 38 15 7 1 1 2 12
aestivum
Echinochloa 26 1 6 4 3 9 2 1
crusgalli
Persicaria 24 6 2 1 2 2 2 5 1 1 2
maculosa
Convolvulus 20 2 10 1 7
arvensis
Persicaria 20 4 1 1 1 2 5 2 1 3
lapathifolia
Raphanus 20 3 9 1 1 1 4 1
sativus
Rumex crispus 19 2 1 3 6 1 1 5
Medicago 15 2 3 1 5 2 2
sativa
Plantago 15 1 1 1 2 1 9
lanceolata
Poa annua 15 1 3 10 1
Trifolium 15 2 1 1 2 1 5 2 1
repens
Chenopodium 14 2 4 3 2 1 2
sp.
Hordeum 14 1 5 2 2 4
vulgare
Setariasp. 15 4 1 2 3 4 1
Stellaria media 14 2 2 6 1 3
Daucus carota 13 2 1 2 2 2 1 3
Galiumsp. 13 2 5 1 1 1 3
Helminthothec 12 6 1 1 1 3
a echioides
Solanumsp. 12 3 1 5 2 1
Amaranthus 11 3 2 1 1 4
retroflexus
Rumexsp. 11 2 1 5 2 1

NNO



Phalaris 10
paradoxa

Trifolium 10
pratense

Avena fatua 9
Cirsium 9
vulgare

Panicum 9
capillare

Amaranthus 8
sp.

Bromus 8
hordeaceus

Helianthus 8
annus

Panicum sp. 8
Poa pratensis 8
Sherardia 8
arvensis

Vulpia 8
bromoides

Cichorium 7
intybus

Festuca 7
arundinacea

Linum 7
usitatissimum

Malvasp. 7
Rumex 7
obtusifolius

Solanum 7
nigrum

Trifolium 7
subterraneum

Digitaria 6
sanguinalis

Festuca rubra 6
Geranium 6
pusillum

Panicum 6
miliaceum

Phalaris minor 6
Ranunculus 6
parviflorus

Trifolium 6
resupinatum

Allium sp. 5
Anethum 5
graveolens

Anthriscus 5
caucalis

Beta vulgaris 5
Bromus sterilis 5
Centaurea 5
cyanus

Cirsium 5
arvense

Coriandrum 5
sativum
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Echinochloa 5

sp.

Melilotus 5

indicus

Poa trivialis 5

Poaceaesp. 5

Sorghumsp. 5

Spinacia 5 1
oleracea

Veronica 5 1
persica

Vicia hirsuta 5

Violasp. 5

Alopecurus 4

geniculatus

Ammi majus 4

Avena sativa 4

Avenasp. 4

Ipomoeasp. 4

Lactuca sativa 4 1
Medicagosp. 4

Phleum 4

pratense

Setaria viridis 4 1
Solanum 4

melongena

Vicia sativa 4

Amaranthus 3

tricolor

Anagallis 3

arvensis

Bromus 3

catharticus

Capsella 3

bursa-pastoris

Geranium 3

dissectum

Lotus 3

corniculatus

Oryza sativa 3 1
Phalaris 3

aquatica

Phalarissp. 3

Poasp. 3

Raphanus 3

raphanistrum

Reseda lutea 3

Silybum 3 2
marianum

Sinapis alba 3 2
Sorghum 3 2
halepense

Torilissp. 3
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Viciasp. 3
Aira 2
caryophyllea

Alopecurus 2
myosuroides

Anthemis 2
arvensis

Apiaceaesp. 2
Apiumsp. 2
Asteraceaesp. 2
Brassicaceae 2
sp.

Calystegiasp. 2
Carduus 2
tenuiflorus

Cucurbita sp. 2
Cuscuta sp. 2
Eleusine 2
indica

Eruca 2
vesicaria

Euphorbiacea 2
esp.

Galeopsis 2
tetrahit

Lamium 2
purpureum

Lapsana 2
communis

Lepidium 2
sativum

Lythrum 2
hyssopifolia

Malva 2
parviflora

Melilotus 2
albus

Persicariasp. 2
Petroselinum 2
crispum

Phaseolus 2
vulgaris

Rubus 2
fruticosus

Secale cereale 2
Silenesp. 2
Sinapis 2
arvensis

Thlaspi 2
arvense

Trifolium 2
hybridum

Trifolium 2
vesiculosum
Tripleurosper 2
mum

inodorum

Triticum sp. 2

NN X




Unknown 2
species

xTriticosecale 2
Abutilon 1
theophrasti

Aethusa 1
cynapium

Agropyronsp. 1
Allium porrum 1
Alopecurus 1
pratensis

Amsinckiasp. 1
Anchusasp. 1
Anthoxanthum 1
odoratum

Anthriscus sp. 1
Apera spica 1
venti

Aphanes 1
arvensis

Arctium minus 1
Arrhenatheru 1
m elatius

Atriplex patula 1
Betasp. 1
Betulaceae sp. 1
Borago 1
officinalis

Brassica 1
juncea

Brassica 1
napus

Brassica rapa 1
Bromus sp. 1
Bryoniasp. 1
Carduus 1
crispus

Carthamus 1
lanatus

Caryophyllace 1
aesp.

Cenchrus 1
setiger

Cerastium 1
glomeratum

Cicer sp. 1
Cichorium sp. 1
Conium 1
maculatum
Convolvulacea 1
e sp.

Convolvulus 1
sp.

Cucumis sp. 1
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Cucurbitaceae 1
sp.

Cynosurus 1
echinatus

Cyperaceae 1
sp.

Cyperussp. 1
Dactylis 1
glomerata

Daturasp. 1
Datura 1
stramonium
Dracocephalu 1
m parviflorum
Eleocharissp. 1
Elymus repens 1
Elytrigiasp. 1
Euphorbiasp. 1
Fagopyrum 1
esculentum

Festuca 1
pratensis

Festucasp. 1
Fumaria 1
muralis

Fumaria 1
officinalis

Fumariasp. 1
Galinsogasp. 1
Glebionis 1
coronaria

Glyceria 1
fluitans

Glyceriasp. 1
Hibiscus 1
trionum

Holcus lanatus 1
Hordeum 1
murinum

Hypochaeris 1
radicata

Ipomoea 1
aquatica

Lamiaceaesp. 1
Lepidium 1
coronopus

Limnanthes 1
sp.

Lithospermum 1
arvense

Lobulariasp. 1
Lolium 1
perenne

Lupinussp. 1
Malvaceaesp. 1
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Marrubium 1
vulgare

Medicago 1
lupulina

Medicago 1
polymorpha

Mercurialis 1
annua

Myosotis 1
arvensis

Ocimum 1
basilicum

Onopordum 1
acanthium

Papaver 1
rhoeas

Paspalum 1
dilatatum

Phacelia sp. 1
Phacelia 1
tancetifolia

Phalaris 1
arundinacea

Phalaris 1
canariensis

Picris 1
echiodes

Picris 1
hieracioides

Pisum sativum 1
Plantago major 1
Ranunculus 1
sardous

Rapistrum 1
rugosum

Resedasp. 1
Rosaceaesp. 1
Rumex 1
acetosella

Salsolasp. 1
Setaria italica 1
Silene gallica 1
Silene latifolia 1
Silene media 1
Silene 1
noctiflora

Solanaceae 1
sp.

Solanum 1
lycopersicum

Sonchus 1
arvensis

Sonchus asper 1
Spinaciasp. 1
Taraxacum 1
officinale

Torilis arvensis 1

NN ®




Torilis nodosa 1 1
Trifolium 1 1
glomeratum
Trifolium 1 1
incarnatum
Trifolium 1 1
plumosum
Trifolium sp. 1 1
Trifolium 1 1
striatum
Trigonella 1 1
foenumgraecu
m
Trisetumsp. 1 1
Veronicasp. 1 1
Vicia 1 1
tetrasperma
Vignasp. 1 1
Zea mays 1 1
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Reported Contaminant Synonym General CFIA Noxious Origin Status Historically reported Historically reported
Species Weed Weed Class in Canada as HR weed in Canada as HR weed in USA
Agastache foeniculum Y 6 | Native N N
Agropyron cristatum Agropyron N Introduced N N
desertorum
Agrostis canina N 6 | Introduced N N
Agrostis capillaris N 6 | Introduced N N
Agrostis scabra Y 6 | Native N N
Agrostis stolonifera N 6 | Introduced N N
Aira caryophyllea Y 6 | Introduced N N
Alchemilla xanthochlora Y 6 | Introduced N N
Allium vineale Y 6 | Introduced N N
Alopecurus aequalis Y 6 | Native N N
Alopecurus arundinaceus N 6 | Introduced N N
Alopecurus geniculatus Y 6 | Introduced N N
Alopecurus pratensis N 6 | Introduced N N
Amaranthus retroflexus Y 6 | Introduced Y Y
Ambrosia artemisiifolia Y 3 | Native Y Y
Amsinckia intermedia Y 6 | Introduced N N
Andropogon gerardi Y 6 | Native N N




Anthemis arvensis Y 6 | Introduced N N
Anthemis cotula Y 3 | Introduced N Y
Anthoxanthum odoratum Y 6 | Introduced N N
Anthriscus caucalis Y 6 | Introduced N N
Anthriscus cerefolium N 6 | Introduced N N
Apera spicaventi Y 6 | Introduced N N
Aristolochia littoralis Aristolochia Y 6 | Absent N N
elegans
Astragalus cicer N Introduced N N
Atocion armeria Silene Y 6 | Introduced N N
armeria
Avena fatua Y 3 | Introduced Y Y
Avena sativa N 6 | Introduced N N
Axyris amaranthoides Y 6 | Introduced N N
Bassia scoparia Kochia Y 6 | Introduced Y Y
scoparia
Beckmannia syzigachne Y 6 | Native N N
Bouteloua curtipendula Y 6 | Native N N
Brassica napus N 6 | introduced N N
Brassica rapa N 6 | introduced Y N
Bromus catharticus Y 6 | Absent N N
Bromus commutatus Y 6 | introduced N N
Bromus diandrus Y 6 | Introduced N N
Bromus hordeaceus Y 6 | Introduced N N
Bromus inermis N 6 | Introduced N N
Bromus japonicus Y 3 | Introduced N Y
Bromus riparius N 6 | Introduced N N
Bromus secalinus Y 3 | Introduced N Y
Bromus sitchensis Bromus N 6 | Native N N
carinatus
Bromus sterilis Y 6 | Introduced N N
Bromus tectorum N 3 | Introduced Y Y
Camelina sativa N 6 | Introduced N N
Campeiostachys dahurica Elymus N 6 | Absent N N
dahuricus
Cannabis sativa N 6 | Introduced N N
Capsella bursa-pastoris Y 6 | Introduced Y Y
Centaurea cyanus Y 6 | Introduced N N
Cerastium fontanum Y 4 0or5 | Introduced N N
Chamaenerion angustifolium | Chamerion Y 6 | Native N N
angustifolium
Chenopodium album Y 6 | Introduced Y Y
Cichorium intybus N 6 | Introduced N N
Cirsium arvense Y 2 | Introduced N N
Cirsium vulgare Y 6 | Introduced N N
Conium maculatum Y 2 | Introduced N N
Convolvulus arvensis Y 2 | Introduced N N




Coreopsis grandiflora Y 6 | Introduced N N
Coreopsis tinctoria Y 6 | Native N N
Crepis tectorum Y 6 | Introduced Y N
Cucumis melo N 6 | Introduced N N
Cuscuta campestris Y 1 | Native N N
Cyclachaena xanthiifolia Y 6 | Native N N
Cynosurus cristatus N 6 | Introduced N N
Cyperus esculentus Y 6 | Native N Y
Dactylis glomerata N 6 | Introduced N N
Dalea purpurea N 6 | Native N N
Daucus carota N 6 | Introduced Y Y
Deschampsia cespitosa Y 6 | Native N N
Descurainia sophia Y 6 | Introduced N Y
Dianthus barbatus Y 6 | Introduced N N
Digitalis purpurea Y 6 | Introduced N N
Dracocephalum parviflorum Y 6 | Native N N
Echinacea purpurea Y 6 | Introduced N N
Echinochloa crus-galli Y 6 | Introduced Y Y
Echinochloa frumentacea N 6 | Introduced N N
Eleocharis acicularis Y 6 | Native N N
Elymus canadensis N 6 | Native N N
Elymus elymoides Y 6 | Native N N
Elymus lanceolatus N 6 | Native N N
Elymus repens Elytrigia Y 2 | Introduced N N
repens
Elymus trachycaulus N 6 | Native N N
Eragrostis tef N Absent N N
Eriocoma hymenoides Achnatherum | N 6 | Native N N
hymenoides
Erodium cicutarium Y 6 | Introduced N N
Erucastrum gallicum Y 3 | Introduced N N
Eschscholzia californica Y 6 | Introduced N N
Euphorbia aleppica Y 6 | Absent N N
Euphorbia davidii Y 6 | Introduced N N
Fagopyrum tataricum N 6 | Introduced N N
Fallopia convolvulus Y 6 | Introduced N N
Festuca idahoensis N 6 | Native N N
Festuca rubra N 6 | Native N N
Gaillardia megapotamica Y 6 | Absent N N
Galium aparine Y 3 | Native N N
Galium boreale Y 6 | Native N N
Galium parisiense Y 6 | Absent N N
Galium spurium Y 3 | Introduced Y N
Galium tricornutum Y 6 | Introduced N N




Geranium dissectum Y 6 | Introduced N N
Geranium maculatum Y 6 | Native N N
Geranium molle Y 6 | Introduced N N
Glycine max N 6 | Introduced N N
Gypsophila paniculata Y 6 | Introduced N N
Gypsophila vaccaria Vaccaria Y 3 | Introduced Y N
hispanica
Helianthus annuus N Introduced N Y
Helictochloa hookeri Y Native N N
Helminthotheca echioides Picris Y 6 | Introduced N N
echioides
Holcus lanatus Y 6 | Introduced N N
Holcus mollis Y 6 | Introduced N N
Hordeum jubatum Y 6 | Native N N
Hordeum vulgare N 6 | Introduced N N
Hypericum perforatum Y 6 | Introduced N N
Hypochaeris radicata Y 6 | Introduced N N
Indigofera hirsuta Y 6 | Absent N N
Jacobaea vulgaris Senecio Y 2 | Introduced N N
jacobaea
Kali tragus Salsola Y 6 | Introduced Y Y
tragus
Kickxia elatine Y 6 | Introduced N N
Lactuca sativa N 6 | Introduced N N
Lactuca serriola Y 6 | Introduced N Y
Lamium amplexicaule Y 6 | Introduced N Y
Lappula squarrosa Y 6 | Introduced N N
Lapsana communis Y 6 | Introduced N N
Leontodon saxatilis Y 6 | Introduced N N
Lepidium campestre Y 3 | Introduced N N
Lepidium densiflorum Y 6 | Native N N
Lepidium draba Y 2 | Introduced N N
Linum grandiflorum Y 6 | Absent N N
Linum usitatissimum N 6 | Introduced N N
Lobularia maritima Y 6 | Introduced N N
Lolium arundinaceum Festuca N 6 | Introduced N N
arundinacea
Lolium multiflorum N 6 | Introduced Y Y
Lolium perenne N Introduced N Y
Lolium pratense Festuca N 6 | Introduced N N
pratensis
Lomatium dissectum Y 6 | Native N N
Lomatium macrocarpum Y 6 | Native N N
Lotus corniculatus N 6 | Introduced N N
Lotus uliginosus Y 6 | Introduced N N
Lycopus americanus Y 6 | Native N N
Lycopus virginicus Y 6 | Native N N




Lysimachia arvensis Anagallis Y 6 | Introduced N N
arvensis
Lysimachia ciliata Y 6 | Native N N
Lythrum hyssopifolia Y 6 | Introduced N N
Lythrum portula Y 6 | Introduced N N
Malva neglecta Y 6 | Introduced N N
Malva pusilla Y 6 | Introduced N N
Matricaria discoidea Y 6 | Native N N
Medicago lupulina N 6 | Introduced N N
Medicago sativa N 6 | Introduced N N
Melilotus albus N 6 | Introduced N N
Mercurialis annua Y 6 | Introduced N N
Mutarda arvensis Sinapis Y 3 | Introduced Y Y
arvensis
Nassella viridula N 6 | Native N N
Oenothera biennis Y 6 | Native N N
Origanum vulgare N 6 | Introduced N N
Panicum capillare Y 4 or5 | Native Y N
Panicum miliaceum N 4 or5 | Introduced N N
Panicum virgatum N 4 or5 | Native N N
Papaver rhoeas Y 6 | Introduced N N
Pascopyrum smithii N 6 | Native N N
Paspalum conjugatum Y 6 | Absent N N
Pastinaca sativa N 6 | Introduced N N
Persicaria lapathifolia Y 6 | Native N N
Persicaria maculosa Y 6 | Introduced N N
Petroselinum crispum N 6 | Introduced N N
Phalaris arundinacea N 6 | Native N N
Phalaris canariensis N 6 | Introduced N N
Phaseolus vulgaris N 6 | Absent N N
Phleum pratense N 6 | Introduced N N
Phytolacca americana Y 6 | Native N N
Pisum sativum N 6 | Introduced N N
Plagiobothrys scouleri Y 6 | Native N N
Plantago lanceolata Y 3 | Introduced N Y
Plantago major Y 6 | Introduced N N
Plantago rugelii Y 6 | Native N N
Plantago virginica Y 6 | Introduced N N
Poa annua N 6 | Introduced N Y
Poa bulbosa Y 6 | Introduced N N
Poa compressa N 6 | Introduced N N
Poa palustris N 6 | Native N N
Poa pratensis N 6 | Native N N
Poa secunda Y 6 | Native N N




Poa trivialis N 6 | Introduced N N
Polanisia dodecandra Y 6 | Native N N
Polygonum aviculare Y 6 | Native N N
Polygonum plebeium Y 6 | Absent N N
Prunus virginiana Y 6 | Native N N
Psathyrostachys juncea N 6 | Introduced N N
Pseudoroegneria spicata N 6 | Native N N
Puccinellia distans N 6 | Introduced N N
Raphanus raphanistrum Y 2 | Introduced N N
Raphanus sativus N 6 | Introduced N N
Ratibida columnifera Y 6 | Native N N
Rorippa curvisiliqua Y 6 | Native N N
Rudbeckia hirta N 6 | Native N N
Rumex acetosella Y 6 | Introduced Y N
Rumex maritimus Y 6 | Native N N
Salvia reflexa Y 6 | Introduced N N
Schizachyrium scoparium N 6 | Native N N
Secale cereale N 6 | Introduced N Y
Securigera varia N 6 | Introduced N N
Senecio vulgaris Y 6 | Introduced Y Y
Setaria faberi Y 2 | Introduced Y Y
Setaria italica N 6 | Introduced N N
Setaria pumila Y 6 | Introduced Y Y
Setaria viridis Y 6 | Introduced Y Y
Sida spinosa Y 6 | Introduced N Y
Silene conoidea Y 6 | Introduced N N
Silene dioica Y 6 | Introduced N N
Silene gallica Y 6 | Introduced N N
Silene latifolia Y 3 | Introduced N N
Silene noctiflora Y 3 | Introduced N N
Sinapis alba N 6 | Introduced N N
Sisymbrium altissimum Y 6 | Introduced N N
Solanum lycopersicum Lycopersicon | N 6 | Introduced N N
esculentum
Solanum nigrum Y 6 | Introduced N N
Solanum rostratum Y 6 | Introduced N N
Solanum triflorum Y 6 | Native N N
Sonchus asper Y 6 | Introduced Y Y
Sonchus oleraceus Y 6 | Introduced N N
Sorghastrum nutans N 6 | Native N N
Sorghum bicolor N 6 | Introduced N Y
Sorghum halepense Y 2 | Introduced N Y
Sorghum x drummondii N 6 | Introduced N N
Spergula arvensis Y 6 | Introduced N N




Stellaria media 4 0or5 | Introduced
Taraxacum officinale 6 | Introduced
Thinopyrum intermedium Elytrigia N 6 | Introduced N

intermedia
Thinopyrum obtusiflorum Elytrigia N 6 | Introduced N N

elongata
Thlaspi arvense Y 3 | Introduced Y N
Torilis nodosa Y 6 | Absent N N
Tragopogon dubius Y 6 | Introduced N N
Trifolium arvense Y 6 | Introduced N N
Trifolium aureum N 6 | Introduced N N
Trifolium campestre N 6 | Introduced N N
Trifolium dubium N 6 | Introduced N N
Trifolium fragiferum N 6 | Introduced N N
Trifolium hirtum Y 6 | Absent N N
Trifolium hybridum N 6 | Introduced N N
Trifolium incarnatum N 6 | Introduced N N
Trifolium pratense N 6 | Introduced N N
Trifolium reflexum Y 6 | Absent N N
Trifolium repens N 6 | Introduced N N
Trifolium resupinatum N 6 | Introduced N N
Trifolium subterraneum N 6 | Introduced N N
Trifolium vesiculosum Y 6 | Absent N N
Tripleurospermum Y 6 | Native N N
maritimum
Triticum aestivum N 6 | Introduced N N
Urochloa ramosa Y 6 | Absent N N
Ventenata dubia Y 6 | Introduced N N
Veronica agrestis Y 6 | Introduced N N
Vicia cracca Y 6 | Introduced N N
Vicia sativa N 6 | Introduced N N
Vicia tetrasperma Y 6 | Introduced N N
Vicia villosa N 6 | Introduced N N
Vigna angularis N 6 | Absent N N
Vigna radiata N 6 | Absent N N
Viola tricolor Y 6 | Introduced N N
Vulpia bromoides Y 6 | Introduced N N
Vulpia myuros Y 6 | Introduced N N
Zea mays N 6 | Introduced N N
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Abstract

When successful, the operation of local and international networks of crop seed distribution
or “seed systems"” ensures farmer access to seed and impacts rural livelihoods and food
security. Farmers are both consumers and producers in seed systems and benefit from
access to global markets. However, phytosanitary measures and seed purity tests are also
needed to maintain seed quality and prevent the spread of costly weeds, pests and dis-
eases, in some countries regulatory controls have been in place since the 1800s. Neverthe-
less, seed contaminants are internationally implicated in between 7% and 37% of the
invasive plant species and many of the agricultural pests and diseases. We assess biosecu-
rity risk across international seed trade networks of forage crops using models of contami-
nant spread that integrate network connectivity and trade volume. To stochastically model
hypothetical contaminants through global seed trade networks, realistic dispersal probabili-
ties were estimated from quarantine weed seed detections and incursions from border secu-
rity interception data in New Zealand. For our test case we use contaminants linked to the
global trade of ryegrass and clover seed. Between 2014 and 2018 only four quarantine
weed species (222 species and several genera are on the quarantine schedule) warranting
risk mitigation were detected at the border. Quarantine weeds were rare considering that
average import volumes were over 190 tonnes for ryegrass and clover, but 105 unregulated
contaminant species were allowed in. Ryegrass and clover seed imports each led to one
post-border weed incursion response over 20 years. Trade reports revealed complex global
seed trade networks spanning >134 (ryegrass) and >110 (clover) countries. Simulations
showed contaminants could disperse to as many as 50 (clover) or 80 (ryegrass) countries
within 10 time-steps. Risk assessed via network models differed 18% (ryegrass) or 48%
(clover) of the time compared to risk assessed on trade volumes. We conclude that biosecu-
rity risk is driven by network position, the number of trading connections and trade volume.
Risk mitigation measures could involve the use of more comprehensive lists of regulated
species, comprehensive inspection protocols, or the addition of field surveillance at farms
where seed is planted.
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1. Introduction

Seeds are arguably a farm’s most important input (and often also a major output}. Networks of
crop seed distribution operate regionally, and internationally, driving the success and profitabil -
ity of agricultural systems [1]. Such networks, or “seed systems”, encompass biophysical and soci-
etal elements that provide benefits to stakeholders while mitigating risks. For example: plant
breeders have put in place processes and rules to safeguard a return on any investments made,
i.e. plant variety rights as intellectual property [2]; and best practices (e.g. seed cleaning), and reg-
ulatory frameworks are put in place regionally and internationally to certify seed is of good qual-
ity (is viable) [3,4] and not contaminated with pests, weeds, or diseases [5]. Here we are
interested in seed for sowing (as opposed to seed for human or animal consumption) that is
moved across international borders. This can include germplasm for varietal development and
research [6], seed for multiplication, which may or may not be certified or hamed varieties. The
actors in these seed systems may involve individual gardeners, farmers, merchants, agronomists,
small businesses, or large seed companies that increasingly operate internationally, as well as gov-
ernmental regulatory and international bodies like the International Plant Protection Conven-
tion (IPPC) and research institutions. Seed producers often take advantage alternating seasons to
produce fresh seed in Northern and Southern hemispheres thus creating surprisingly distant
connections. Seed systems represent a key component in global food security, and support farm-
ers and rural areas economically [1]. New Zealand benefits greatly from its participation in the
international seed system which directly contributes between 300 to 600 million (NZD} annually
to the gross domestic product (GDP) and approximately ten times that indirectly [7,8]. Globally,
it is a leading seed producer of crops like ryegrass, radish, white clover, and carrots [7].

Imported commodities such as seed for sowing can result in the introduction and unin-
tended establishment of invasive species, via direct release, or escape from cultivation [9,10].
Accidental introductions of commodity contaminants, including seed for sowing are believed
to account for the establishment of an important proportion of invasive plant species in various
jurisdictions e.g., 14% British Isles, 15% Galapagos, 7% United States, 25% New Zealand, ca.
20% Australia, and 13 to 37% in Europe [11-17]. Until 1950, most naturalized plants in New
Zealand entered as crop seed contaminants, but since then deliberately introduced ornamental
escapes have become increasingly important [12,18,19]. Even at low levels of contamination,
thousands of weed seeds may be planted along with a crops and pastures, and facilitate weed
establishment [3,20,21]. New Zealand began regulating weed and invasive species introductions
early after European colonization, starting with regional laws including the Control of Thistles
Acts of 1854 (Wellington) and 1857 (Auckland), followed by national laws in The Noxious
Weeds Act of 1900, and culminating with the Biosecurity Act of 1993 (since amended) [22].
New Zealand, like other countries, regulates a limited number of species and follows interna-
tional standards under the World Trade Organization’s Agreement on the Application of Sani-
tary and Phytosanitary Measures [23]. In New Zealand regulations involve official “black” and
“white” species lists inferring relative risk is high or low, but such systems have their limits
[12,24]. Aswe will show, seed companies, farmers (and farms) and the ecological systems these
operate in are interacting with analogous regulatory agencies but still share propagules from a
long list of unregulated species throughout a global trade network. Border inspection is just one
of the steps designed to lower the likelihood of a quarantine pest entering a country. Govern-
mental plant protection officials aim for appropriate level of protection where biosecurity risks
are brought to alow level but not zero. Even with biosecurity measures the total number of
introduced plant species in 2020 within New Zealand is likely close to 30,000 [12,25], and nat-
uralization rates are still high [22]. Atleast 1798 introduced species are known to be well estab-
lished in the wild with a further 1043 species beginning to establish [19].
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By way of demonstration, we focus on biosecurity risks from regulated non-crop seed con-
taminants (e.g., weed seeds) associated with imported ryegrass (Lolium spp., L. perenne, L.
multiflorum) and clover (Trifolium spp., T. repens L., T. pratense L., and rarely T. alexandri-
num L.). These species are internationally important high-quality forages and are key elements
of most pasture systems in New Zealand, where pastures cccupy ca. 37% of the land area [26].
Ryegrass and clover are also common in pastures of Europe, southeastern Australia, north-
western, and southeastern United States, Argentina, Chile, and Uruguay. Free trade in ryegrass
and clover seed provides important benefits, but the biosecurity risks need to be managed on
the seed for sowing pathway [27]. Biosecurity efforts typically involve the official inspection of
imported seed lots at the border to detect regulated species, which if found may result in ship-
ments being destroyed, reshipped, or recleaned. Seed sampling methods [5] focus on taking a
representative and random sample of the seed lot for inspection. Reciprocally, most countries
would not issue a phytosanitary certificate for export if their export assurance systems identi-
fied a quarantine weed in a seed lot destined for a market where it is regulated. For seed certifi-
cation within New Zealand usually 0.5% to 1% weed seed is allowed [28,29] but for regulated
quarantine weeds New Zealand border inspection protocols require 95% confidence that the
maximum pest limit of 0.01% of quarantine weed seed contamination is not exceeded in any
imported seed lot, notably all seed lots are inspected at five times the International Seed Test-
ing Association’s recommended standard [5,30-32]. In this article, considering New Zealand
is itself a major trader of ryegrass and clover, and trades with the other major traders, contami-
nants detected there provide insights into the movement of weed seed contaminants of most
seed producing countries [27].

We set out to stochastically model the spread contaminants through ryegrass and clover
trade networks. Treating invasive species, alleles, disease and pest spread as an epidemiological
problem is an emerging area of research [33] Network models are an insightful means to
understand biosecurity risk in complex plant trade networks, locally or regionally [6,10,34-
41].We briefly examine the types of weeds that are transported in shipments of ryegrass and
clover seed. We then use information about rare border detections of quarantine weeds docu-
mented by Rubenstein et al. [27], and weed incursions responses of regulated species in New
Zealand as a basis for setting the probability of dispersal between nodes (countries) in order to
meodel the spread of hypothetical contaminants across the international trade network. This
type of analysis can be used to alert farmers, government agencies or seed industry stakehold-
ers about high-risk trading partners, and pathways.

2. Materials and methods

We bring two datasets together for our modelling exercise, one is a publicly available dataset
about international trade in a number of different crops from the United Nations Comtrade
Database [42] and the other delves into the relevant border detection data for seed contami-
nants in New Zealand reported on by Rubenstein et al [27] to estimate realistic rates of spread
for quarantine weeds through the network.

2.1 International trade networks for ryegrass and clover

We used the comtradr package for R [43] to download data from the United Nations Comtrade
Database [42]. We collected data about trade volumes (in kilograms) for the forages ryegrass
and clover under the commodity types with the descriptor “seeds, of a kind used for sowing”
traded internationally for ten years (2010-2019). For subsequent modelling we used the annual-
ized mean, but amounts varied from year-to-year e.g., Fig 1. We favoured data reported by New
Zealand wherever the same (duplicate) trade transaction for a given year was reported with
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Fig 1. Tonnes of Trifolitm spp. (clover) and Lolium spp. (ryegrass) traded with New Zealand based on the United Nations Comtrade Database.

hitps://doi.org/10.1371/journal. pone.0259912.9001

New Zealand but by another country as we could see no way Lo reconcile which was more accu-
rate. Then we downloaded data for trades reported by New Zealand’s direct trading partners. If
the total volume of trade reported was less than 1000 kgs over ten years we disregarded the
Lrade amounl as minor. Outside of the New Zealand reporls, where more than one counlry
reported on a trade relationship, we took the higher reported quantity as the true value. Some
trade entities in the Comtrade database did not refer to country names, (e.g., “World”, “Special
Categories”) and we did not use those in the network. The trade network was graphed using the
R package ggraph [44] which uses a lot of the functions from the igraph package [45]. Trade vol-
umes into and out of New Zealand are summarized {rom these dala. The network edges were
weighted by the mean annual volume of seed traded (from the ten-year dataset).

2.2 Border authority inspection data for weed seed contaminants arriving
in New Zealand

In our efforts to understand seed contaminants, and model their spread, we examined weed
seed conlaminants thal were delecled moving through (he nelwork inlo New Zealand. Dala
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from phytosanitary inspections of seed for sowing importations were obtained from the Minis-
try for Primary Industries in New Zealand from their “QuanCargo” database. We focusona
subset of data from the broader analysis carried out by Rubenstein et al [27], and provide some
additional detail related to seed contaminants coming on the seed-for-sowing pathway for rye-
grass and clover. These include graphs made in R using the tidyverse suite of packages related
to the contamination rates for the countries New Zealand imports from [46,47].

20,%/7

2.3 A stochastic model of contaminant spread across the network

Utilizing the above-described network of ryegrass and clover seed trade (trade volumes in an
average year) we created a stochastic time, network, susceptible-infected Markov chain model
of contaminant spread, using our own R code, adapted from Andersen et al. [34]; the code is
provided in the supplemental files. This involves deriving a matrix of probabilities, P, that a
dispersal event/contaminant moves between trading partners in the network based on the
average anhual trade volume between the countries. For our model, the probability that a con-
taminant could move between nodes was calculated as 1-(1-contamination events/tonnes
imported) for each trade event between any two countries from the Comtrade database [42].
(see S2 Fig in S1 File}. The probability that a dispersal event/contaminant moves between any
two trading partners (country nodes} i to j is py the element in row i and column j of P. To set
the probability of a dispersal between nodes we estimated the number of incursions and detec-
tions of regulated quarantine weeds at the border and estimated number of tonnes imported
(using the average annualized volume of 199 and 193 tonnes imported for ryegrass and clover,
respectively}). Contamination events related to detections of seeds at the border and incursions
into New Zealand are explained further below.

There was one detection of a regulated quarantine weed taxon for clover and three for rye-
grass which we obtained from the QuanCargo data. For the incursions, we are referring to
cases where weeds or seeds that had been detected in New Zealand after shipments had passed
official checks and approvals at the border (see S2 Fig in S1 File). There was one incursion in
20 years for both ryegrass and clover. One incursion involved ryegrass seed contaminated with
the weed blackgrass (Alopecurus myosuroides Huds) detected in seed destined for export from
New Zealand in 2015 and again in 2016. From this information this problematic species was
able to be traced to two seed lots imported from the United Kingdom in early 2007. In mid-
2007, black-grass was removed from the Plant Biosecurity Index [this meant detections from
then on were denied entry]. The detection of these contaminants forms part of an incursion
response at a few Canterbury farms (unpublished data Ministry for Primary Industries). Also,
a dodder, Cuscutta pediceliata Ledeb., not known to present in New Zealand, arrived in 2018
with a five-tonne shipment of berseem clover ( Trifolium alexandrinum L.) and was sold for
use in regenerative agriculture seed mixes, and then recalled [48], the problem species was not
detected during border inspections, but by the seed company.

These detection and incursion rates served to set realistic generalized probability of dispersal
for incursions and detections, related to trade volumes. We did not model fluctuations in vol-
ume, though our use of a stochastic model could mimic such patterns. A random uniform func-
tion (runif function in R} was used to generate a matrix N, (numbers between zero and one},
the network adjacency matrix at time t, of the same dimensions as the matrix describing the
directed trade network, was compared against the probability matrix, to stochastically deter-
mine if a dispersal event occurs at each time step. A “starting state” row vector the same size as
the number of rows of the network adjacency matrix tracks the infection status (1 for infected, 0
for uninfected), and each node is set as a starting point for simulations (the state of node j is in
column j).). This vector s, is modified by matrix multiplication 5N, for each time step and then
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we track infected nodes, with the larger dimension matrix allowing us to track dispersal a simi-
lar process was described by Andersen Onofre et al. [35]. The state at the next time step is:

$,1 <-as.numeric(s,N, > 0).

This replaces positive values of s;N; by 1, as s;N; can have elements that are greater than 1 and
leaves the zeros unchanged so that s, is a row vector of 0s and 1s. Each node in the network
was set as an “infected” starting point in the directed network, and 200 simulations run for ten
time-steps. In practice 72 of 134 nodes (ryegrass) and 66 of 110 hodes (clover) had some out-
ward trade and could be a source of spread.

We used the model to address the following questions: (i) Are biosecurity risk metrics that
consider trade network topology and volume, ditferent from risk metrics based on trade volume
alone? To examine this, we ranked risk based on trade volume alone (deciles), and then com-
pared these to deciles derived from counted dispersal events between nodes across the network
for all simulations. Simulated spread between nodes should depend on node position and con-
nectivity, not just volume traded. (i) What is the risk posed to the countries in the ryegrass and
clover seed trade network, when any given country is infected with a transmissible contami-
nant? Here we counted the number of countries infected per simulation. (iii) If a country node
is “infected” with a contaminant what proportion of the risk is direct versus indirect from the
point of view of a single country e.g,, New Zealand? Here we counted dispersal events from sim-
ulation start-nodes direct to New Zealand, versus indirectly from shared trading partners.

3. Results
3.1 International trade networks for ryegrass and clover

New Zealand imported an average of 199 tonnes (sd +116) of ryegrass and 193 tonnes (sd
+75.6) of clover seed per annum (Fig 1) from a total of 23 and 16 countries, respectively (Figs 2
and 3}. Trade networks of ryegrass and clover show average annual volumes for trade links
where >1000 kgs were traded between any two countries in the period from 2010 to 2019
(Figs 2 and 3). In turn, New Zealand exported an average of 20,820 (sd +3,838) tonnes of rye-
grass (Figs 1 and 2) and 3,444 (sd +671) tonnes of clover seed per annum to a total of 44 and
36 countries, respectively (Figs 1 and 3). The top five ryegrass exporting countries were the
USA (71,599 tonnes per annum), Denmark (44,274), Netherlands (30,042), Germany (22,916}
and New Zealand was fifth (over the same ten-year period). For clover, the top five exporters
of were Egypt (11,789 tonnes}, Italy (9,284 tonnes) USA (4,249), Canada (4,039), and 3,494
(Germany) only slightly ahead of New Zealand at sixth. The network shows a high-velume
connection between India and Egypt-they trade mostly in Berseem clover (Trifolium alexan-
drinumy). For ryegrass, New Zealand had 42 direct trading partners, with those trading part-
ners’ connections bringing the network up to 134 countries (indirect trading partners). For
direct traders the mean network indegree (number of inward connections) was 16.2, sd +9.15
and out degree of 20.6 (sd +21.3). For indirect traders (those not linked directly with New Zea-
land), the mean indegree was 3.3 (sd +3.5), and outdegree of 1.3 (sd +2.7), a network density
of 0.086 and a graph diameter of 4. Sixty-two of the countries in the ryegrass network only had
importations (0 outdegree) and so could not be a source of spread in stochastic simulations of
contaminants. For clover, New Zealand had 35 direct trading partners, with their trading part-
ners’ connections bringing the network nodes to 110 countries. For direct traders the mean
indegree was 16.7 (sd 10} and outdegree of 20.7 (sd +16.2). For indirect traders, the mean
indegree was 3.4(sd +3.3) and outdegree of 1.5 (sd +2.5), a network density of 0.105 and graph
diameter of 5. There were 44 countries in the clover network which only had importations (0
outdegree) and so could not be a source of spread in subsequent spread models.
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Fig 2. A trade network of ryegrass species traded as seed for sowing. This includes trades reported by New Zealand and those reported by its trading partners
from the United Nations Comtrade Database. Node degree indicates the number of links per node. Link colours indicate imports (blue) and exports (green) to
New Zealand while “outward” (orange) links indicate trades between other countries, width indicates trade volume in tonnes. Layout is a “stress” layout
(ggraph R package). Node colours vary depending on whether the country trades directly with New Zealand.

https://doi.org/10.1371/journal.pone.0259912.g002

3.2 Border authority inspection data for weed seed contaminants arriving

in New Zealand

To put our modelling efforts into perspective we examined ryegrass and clover seed contami-
nants moving through the seed networks by looking at weed seed detections or incursions
found in seed lots imported into New Zealand. Between 2014 and 2018, contaminants of both
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regulated and unregulated weed seeds for ryegrass were present in 15.9% (64 species) of 560
seed lots and 19.8% (60 specics) of 374 clover sced lots, respectively. Only 20 of the specics are
shared belween ryegrass and clover seed lots; with a Lolal 105 laxa idenlified Lo species (S1
Table in S1 File). Ryegrass exporting countries with high contamination rates (and >10 seed
lots) included Germany (36% of n = 11 had 7 species), Australia (28% of n = 54 seed lots con-
tained 15 species in Lotal), and France (22% ol n = 114 had 35 species). Meanwhile for clover
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exporters Uruguay (46% of n = 13 had 22 contaminant species}, Switzerland (33% of n = 10
had 9 species) and France (32% of n = 28 had 21 species). Despite a high number of importa-
tions, contamination rates were low for ryegrass from the Netherlands (13% of n = 120, 29 spe-
cies} and the United States (10% of n = 121, 8 species} and for clover the United States (12% of
n = 93, with 23 species), Fig 4. However, quarantine weeds were rarely detected. Over the
period of 2014 to 2018 quarantine weeds were detected (and stopped at the border) in three
separate shipments of ryegrass including Alopecirus myosuroides from France and Nether-
lands in 2018 and Arctiuim minus (Hill) Bernh. in 2018 from Poland, while in clover only Car-
duus crispus L. was detected in a shipment from Uruguay in 2017. The top five New Zealand
importers accounted for 61% (ryegrass) and 55% (cdlover) of the imported seed lots, and four
of these are top five importers for both clover and ryegrass (S1 Figin S1 File).

3.3 A stochastic model of contaminant spread across the network

We carried out 200 simulations (each of which uses stochastic element for dispersal between
nodes, in all 10 time-steps) to examine the spread of a hypothetical contaminant from every
country in the network (only these with exports of ryegrass (72 countries) or clover (66 coun-
tries) could be a source. Here the probability of dispersal is based on the rate of incursions or
detections per tonne of imported goods, as indicated by the humber of incursion responses or
detections of quarantine weeds from seed in New Zealand (52 Fig in S1 File). We suggest that
the incursion number represents a minimal estimate of the number of cases that might be
expected to arrive and become problematic despite stringent border biosecurity measures that
New Zealand implements. Simulations using the detection data should indicate the approxi-
mate number of quarantine weed incursions that might be prevented using the inspection
standards that New Zealand has in place, this is because each detection resulted in border offi-
cials requesting mitigations in the form of seed cleaning, destruction or reshipment. The
incursion data is a lower bound for the number of quarantine or high-risk species that are
identified after passing through these inspections. These simulations run for ten time-steps
and hominally represent ten years of potential spread (see caveats in the discussion). Examples
of dispersal events for a single simulation are provided in 84 and S5 Figs in S1 File.

For the questions we set out to answer with the simulations:

(i) Counts of the modelled dispersals from each country node were used as a metric for biose-
curity risk it poses to its trade partners (where there were 200 simulations with 10 time-
steps initiated for each exporting country). This means that for all the simulations where
contamination was initiated in each starting country the minimum number of chances for
a dispersal from that starting node was 2000, the upper bound depended stochastically on
the number of countries contaminated at each time step. Deciles ranks of dispersal events
were compared to the decile rank risk predicted from trade volume alone. For ryegrass and
clover networks, respectively they differed 18% and 48% of the time, 10% and 28% were
higher, while 8% and 20% were lower. The difference was rarely more than one decile dif-
ference (e.g., Fig 5 and S3 Fig in S1 File}, but ranged from 1 to -4 for ryegrass and 3 to—4
for clover. We attribute differences to network topology and node position effects, not sta-
tistical or random effects. This pattern is well illustrated with a subset of countries for both
the ryegrass and clover networks (Fig 5). The risk ranking (deciles) from simulations using
the clover trade network varied more from the volume-based ranks for ryegrass, e.g., as
much as 30% more for seed moving from New Zealand to Argentina and from France to
New Zealand. Whereas for the same trade links for ryegrass, the simulated risk was in the
same decile as volume-based risk estimates.
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Fig 4. Percent contamination in seed lots of ryegrass and clover seed entering New Zealand from each importing country. This shows the number of seed
lots of ryegrass and clover (n = 570 and 374, respectively), with percentage of lots contaminated per country (the overall contamination rate was 16 and 20%,

respectively).

https://doi.org/10.1371/journal.pone.0259912.9004

(i) A good summary of the per country biosccurity risk is provided in Fig 6 for ryegrass and
Fig 7 for clover. This shows number of countries that become contaminated per simula-
tion, as well as the number of successful simulations (out of the 200 we ran for each start
country, running for ten time-steps) that resulted in dispersal events (these vary
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