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Abstract

BACKGROUND: The setting and following of phytosanitary standards for weed seeds can lessen the impacts of weeds on agri-
culture. Standards adopted by seed companies, laboratories and regulators ensure the contamination rates do not exceed
some thresholds. Globally sample size standards are set based on the amount needed to obtain a contaminant in a random
sample of the seed lot, not detectability. New Zealand requires a 95% confidence that themaximumpest limit of 0.01% of quar-
antine weed seed contamination is not exceeded in an imported seed lot. We examined 24 samples each containing approxi-
mately 150 000 seeds of either perennial ryegrass (12 samples) or white clover seeds (12 samples) that were then spiked
with seeds (contaminants) from 12 non-crop species (3–8 seeds of each). We considered factors thatmay impact detection rates:
shape, color, size, and texture relative to the crop, and technician (including a commercial seed laboratory).

RESULTS: A linear mixedmodel fitted to the data indicated significant observer, crop, and seed color, shape, and size effects on
detection. Detectability increased by 20% ± 7.7 (± standard error) when seeds had a distinct shape or color (28% ± 8.1), or
were larger (23% ± 8.7) rather than smaller, relative to the crop. Commercial laboratory identifications were usually correct
at the level of genus, and species for common weeds, but some misidentifications occurred.

CONCLUSION: Sample sizes for border inspections should be based on detectability of regulated weed seeds in the crop in com-
bination with weed risk for the crop and location.
© 2022 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
Seeds are a key agricultural input and output and are a part of a
complex global trade network.1,10 However, as a global commod-
ity, contaminated seed for sowing can provide a pathway for the
introduction and establishment of pests, weeds and diseases with
the potential to cause unwanted impacts across field, farm,
regional or national scales.1–3 These unintended introductions
contribute to the homogenization of world floras and are a threat
to global food security. Mitigating the impacts of weeds, pests,
diseases or other invasive species in seed-for-sowing systems is
a shared goal of farmers, seed producers and national/
international plant protection organizations. Phytosanitary, qual-
ity and seed purity standards are used to mitigate these impacts
and have a long history in the agricultural sector.4–6 Farmers want
to avoid any crop-weed competition and seed contamination
such that the impacts are negligible, while government regulators
want to avoid the introduction of biosecurity risk organisms while
supporting free and fair enterprise.7–9 At the field-level, manage-
ment of pests, weeds and diseases can bemitigated by seed treat-
ments or seed cleaning. The effectiveness of such measures is
confirmed by seed inspection, including analytical purity tests,

and seed certification, carried out by seed laboratories linked to
regulatory authorities or commercial seed companies.10 At a
national/international level, the detection of regulated or prob-
lem seed contaminants can bemitigated through removal of seed
lots from certification, destruction, cleaning or reshipping. These
mitigation measures rely on the detection of weed seeds in seed
lots. Factors contributing to successful detection of contaminant
weed seeds in seed lots are therefore important and the focus
of this work.
The belief is that these prevention measures, even if imperfect,

are likely to reduce the establishment of unwanted weeds, pests
or diseases within the balance of logistics and cost effectiveness.
The evidence for pests other than weeds is that imperfect
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prevention efforts are cost effective.11,12 Detections of new seeds
of concern at the border prior to clearance in New Zealand, are
rare, given the high inspection rates, with seed cleaning and
inspections occurring offshore prior to shipment, and on arrival
in New Zealand.2,10 Post-border incursions (i.e., detection of newly
imported regulated weeds growing in fields New Zealand) are
also rare.2,10 It is possible that seed importers are taking extra
steps to reduce seed contaminants to avoid problems (such as
costly destruction or reshipping) due to the high inspection rates
at the New Zealand border for seeds for sowing imported into
New Zealand.
Seed sampling and inspection protocols are designed to obtain

an unbiased submitted or ‘working’ sample of seed from the lot
for analysis using methods set by the International Seed Testing
Association (ISTA), where the seed lots may range in size from a
few grams to 10–30 t.13 The principle is that after the representa-
tive random sample from the seed lot is inspected a seed lot can
be deemed to have contamination rates that are below an accept-
able threshold and with a known certainty. Thresholds are esti-
mated using binomial probabilities that a sample will by chance
contain a contaminant.13-15 For example, within New Zealand,
inspections of a certain sample size of crop seeds allow inspectors
to claim (if nothing is detected) with 95% confidence17,18 that
contamination rates are less than 0.5% or 1% for seed certification
(all weeds can be considered), or less than 0.01% for regulated
seeds in imported seed lots inspected at the border.14,19 At the
border there is an implied acceptance that some contaminants
will be introduced with the crop, and as many common weeds
are deemed non-regulated weeds, observed contamination rates
can be significant considering sowing rates.20 Within a 10-t seed
lot, where the thousand-seed-weight is 2 g, the shipment could
contain 5 billion crop seeds and with a contamination rate of just
0.005% a seed lot this big could contain 250 000 unwanted seeds
(500 seeds per hectare if seeds are planted at 20 kg a hectare). An
important caveat is that seed certification typically focuses on the
overall varietal and analytical purity of the sampled seed lot but
may be largely unconcerned about which species of weed seed
are detected. Meanwhile, for inspections of imported seed for bio-
security purposes, the regulators focus on the mitigation of risk
from regulated species but are unconcerned about many com-
mon non-regulated weed seeds (species are assessed as low risk)
that may be present. A fair number of species are regulated for
reasons other than their potential to be a weed, e.g., wheat seeds
as a contaminant of another crop, and these may need to meet
treatment or cleaning standards, unrelated to their weed risk.
Standards adopted by regulators and used by laboratories focus

on ensuring the contamination rates are not higher than some
threshold level. Recommended sample rates focus on the sample
size needed to obtain a contaminant in a random sample of the
seed lot, not detectability. Detectability relates to the probability
that an observer will find a non-crop seed in a sample when it is
there. For hard-to-detect species, certainty about whether a seed
lot is contaminated could be lower than indicated by a binomial
threshold calculated from sampling rates. We hypothesize that
detection rates will surely vary between species, depending on
weed species of interest, and the seeds' size, shape, texture, and
color relative to the crop seed it is found in. The International Seed
Testing Association does occasionally release data about detec-
tion rates e.g.,21,22 which are routinely assessed in proficiency
tests which are part of seed laboratory accreditation processes.23

The association expect laboratories to be able to identify seeds of
specified contaminant species (83 weeds) and 47 crop species.24

Across the laboratories globally, with inspection of samples of
25 000 crops seeds spiked with 2–4 seeds, rates of detection of
weeds in perennial ryegrass and white clover ranged from 37–
89% to 69–87%, respectively.21,22 Here we explore factors
influencing the efficacy of weed seed detection and the biosecur-
ity implications of imperfect detection.

2 METHODS
To determine detection rates for non-crop seeds in seed for sow-
ing samples, we spiked 24 samples with contaminant seeds of
12 non-crop (weed) species. We used 12 samples of seed for sow-
ing ‘crops’ perennial ryegrass (Lolium perenne L.; variety ‘Maver-
ick’, 300 g) and a further 12 samples of white clover (Trifolium
repens L.; variety ‘Quartz’, 100 g) seed for sowing sourced from
seed lots multiplied in New Zealand. We chose these two crop
species because they provide a large proportion of temperate
grazing forage in New Zealand.25 Also the importation of basic
seed of these two species for multiplication and reexport is a com-
mon profitable enterprise for New Zealand farmers.10

New Zealand is the largest global clover seed exporter, providing
16% of the global supply and is the fourth largest ryegrass seed
exporter, providing 11% of the global supply.26,27 These samples
were five times larger than the minimum working samples for
‘Determination of other seeds by number’ specified in Table 3 of
Chapter 2 in The International Rules for Seed Testing 2021.14,28

The purpose of the ‘Determination of other seeds by number’ is
to identify and count all non-crop seed contaminants. The
amounts we used (100 g for white clover and 300 g for ryegrass)
represent approximately 125 000–150 000 or more crop seeds.
This sample size is nominally five times larger than is used in pro-
ficiency assessments where ≥25 000 seeds are used. The one
times ISTA amounts are 60 g and 20 g, respectively, for ryegrass
and clover in the sampling chapter of the rules.13 According to a
local practice implemented by the Ministry for Primary Industries
(MPI) this ‘five-times ISTA’ sample amount (described above) is
normally inspected for all incoming perennial ryegrass and white
clover shipments.14

To reduce the number of non-crop seeds (other than the spiked
seeds) we searched for and removed seed contaminants we could
find before we added known quantities of non-crop seed to each
sample. Non-crop seeds for spiking were selected and classified
for analysis based on their size (similar, larger, or smaller), shape
and color (similar or distinct) compared with the crop (Table 1).
Seeds were not selected based on whether they are likely to occur
as contaminants of imported perennial ryegrass and white clover
seed lots. Non-crop seeds were sourced from the field, or from a
collection of seeds maintained for the writing of a weed seed
guidebook in New Zealand.29 Out of the 12 species, eight of the
spiked contaminants in perennial ryegrass were known to occur
in imported perennial ryegrass seed (Alopecurus myosuroides
Huds, Chenopodium album L., Dactylis glomerata L., Echinochloa
crus-galli (L.) P. Beauv., Elymus repens (L.) Gould, Festuca rubra L.,
Poa annua L. and Vulpia bromoides (L.) Gray); meanwhile only
two (Melilotus albusMedik and Chenopodium album) were known
to occur in imported white clover seed lots.2 All spiked contami-
nants shown in Supplemental Figs. S1 and S2. All but two of the
spiked species had known congeners previously detected in
imported seed lots for each crop, i.e., in perennial ryegrass seed
the exceptions were, Piptatherum miliaceum (L.) Cross, and Antho-
sachne kingiana (Endl.) Govaerts and in white clover seed, Eragros-
tis cilianensis (All.) Vignolo ex Janch., and Hypericum androsaemum
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L. Only the spiked species Alopecurus myosuroides (added to
perennial ryegrass seed), and Hypericum androsaemum, and Sola-
num mauritianum Scop. (added to white clover seed) were on the
list of quarantine weeds for New Zealand.30 Before sending the
samples for inspection the seeds were all devitalized by heat
treatment, (93°C for 23 h) higher than the required 85°C for
15 h specified for devitalization of imported seeds for human con-
sumption.31 The 24 seed samples were spiked with 3, 4, 5, 6, 7 or
8 seeds (i.e., six levels were considered) of each non-crop species,
such that each rate was duplicated in two seed samples. For the
12 species, the number of spiked seeds, i.e., within the six levels,
was randomly allocated to seed samples – the amount of peren-
nial ryegrass and white clover seed for each sample is described
above. Samples had identification codes so that spiked seed num-
bers could be tracked.
We sent our samples to an ISTA accredited seed lab in

New Zealand to analyze the samples in October 2021. This ‘analy-
sis’ involves separating contaminants, identifying them to species
or genus and returning the samples and the separated contami-
nants. The inspectors at this lab had several years of experience
and regularly inspect samples frommost large ryegrass and clover
seed lots imported into New Zealand (of the same sample size).
We asked that they inspect the whole sample (not a subsample),
as described above, the samples were five times larger than the
minimum working samples for the ‘Determination of other seeds
by number’ specified in the rules (sample weights are mentioned
above).13 We were able to then reconcile their identification with
the species we had added. To get an estimate of variability in
detection between observers, we had our two technicians rein-
spect the same carefully reconstituted samples. They used a

stereo zoom microscope (magnification range 10 × to 300 ×) to
find non-crop seeds. For our technicians inspections took
between an hour and 2 h for each sample. Our technicians regu-
larly work with seeds and microscopes but do not routinely
inspect seed lots. For the searches carried out by technicians in
our lab (repeated on the same samples) we asked only that the
non-crop seed be separated (no ID was required), and the
detected seeds were reconciled with the species we had added,
and detections were counted. The technicians (1 and 2) who did
the inspections were naive to the number and type of species
spiked into the samples. A third technician set up the experiment
and spiked the samples, and reconciled the seeds found with the
known seeds spiked. Chenopodium album L. and Poa annua
L. were found in some samples at higher than expected based
on our spiking. The Poa annua we spiked was distinguishable
from the existing sample contaminants because the seeds we
added were separated into individual seeds while the contami-
nants were clumped with two or more seeds per clump.
We compared the numbers of seeds detected by our techni-

cians and the ISTA seed lab to those added for each sample and
species in terms of color, shape, texture and size. In the case of
the seed lab analyzed samples we were also able to compare their
species identifications with the known species we added (Figs. 1
and 2). Size differences from the crop seed were estimated in ima-
geJ (version 1.53), by estimating average seed area in square mil-
limeters from photos of five seeds.32 After setting the scale the
‘make binary’ and ‘analyze particle’ functions were used to esti-
mate seed areas. Seed ratios of <0.8 relative to the crop were
classed as smaller, and larger if the ratio was >1.3, seeds between
these values were similar (Table 1). The R statistical platform was

Table 1. Classes of seed size, color, and shape relative to the crop used in the model in Table 3

Species Crop Seed size mm2 Relative size Relative Color Relative Shape Texture

Alopecurus myosuroides Huds, Perennial ryegrass 7.02 larger different similar rough
Amaranthus blitum (L.) Costea White clover 1.77 larger different different rough
Anthosachne kingiana (Endl.) Govaerts Perennial ryegrass 12.20 larger similar different smooth
Bromus inermis Leyss. Perennial ryegrass 14.46 larger different similar rough
Bromus tectorum L. Perennial ryegrass 7.30 larger different different smooth
Chenopodium album L. White clover 0.81 smaller different different rough
Chenopodium album L. Perennial ryegrass 0.81 smaller different different smooth
Cuscuta campestris Yunck. White clover 1.09 similar similar similar rough
Dactylis glomerata L. Perennial ryegrass 3.74 smaller similar similar smooth
Echinochloa crus-galli (L.) P. Beauv. Perennial ryegrass 4.72 similar similar different rough
Eleusine tristachya (Lam.) Lam. White clover 0.85 similar different different rough
Elymus repens (L.) Gould Perennial ryegrass 16.60 larger similar different rough
Eragrostis cilianensis (All.) Vignolo ex Janch. White clover 0.34 smaller similar different smooth
Festuca rubra L. Perennial ryegrass 2.87 smaller similar similar smooth
Hypericum androsaemum L. White clover 0.31 smaller similar different rough
Melilotus albus Medik. White clover 2.34 larger similar similar smooth
Piptatherum miliaceum (L.) Coss. Perennial ryegrass 2.55 smaller different different smooth
Plantago major L. White clover 0.93 similar different different rough
Poa annua L. Perennial ryegrass 1.53 smaller similar different rough
Ranunculus flammula L. White clover 1.17 similar similar different rough
Ranunculus sceleratus L. White clover 0.68 smaller similar similar rough
Sinapis alba L. White clover 2.22 larger similar different rough
Solanum mauritianum Scop. White clover 1.93 larger similar different rough
Vulpia bromoides (L.) Gray Perennial ryegrass 6.86 similar different different smooth

Note: White clover and ryegrass seeds had an area estimate of 1.06 and 5.33 mm2, respectively, andwere both classed as having a smooth texture. See
Supplemental Figs. S1 and S2 for scaled color images of the seeds.
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used for data analysis. Data were manipulated and plotted using
the ‘tidyverse’ package.33,34 For our analyses of detection rates
in relation to technician/lab and seed factors (Table 1) we used
R packages for linear mixed-effects models lme4, lmerTest, and
for summarizing model outputs emmeans.35–38 The linear mixed
model for detection rate specified fixed effects Relative size, Rela-
tive color, Shape, Texture, Crop, Technician and Crop by Techni-
cian interaction and random effects bag and weed species
(Supplemental Fig. S3 shows the weed species random effects).
The model specification process we followed involved stepwise
removal of non-significant variables from the full model. We
included the non-significant variable texture because we
expected it to influence detection and wanted to show that it
did not. We also tried the generalized linear mixed model (glmer
function) with a binomial distribution which produced similar
results in terms of the significant variables, but we chose the linear
mixed model for the percent of detected seeds because the
results were easily interpretable.
We used the binomial distribution (dbinom, function in base R)

to calculate percent of shipments with contaminants that might
be expected to be missed at different rates of contamination
and inspected sample size. The probability that an inspection fails
to detect a contaminant in a seed lot involves two aspects, (i) the
probability that rare contaminants would not by chance occur in
the random sample of the seed lot, (ii) the probability of missing
it when it is in the sample because of imperfect detection rates.
We considered the recommended rates of inspection for purity
analysis, the minimum working samples for ‘Determination of
other seeds by number’ (1 × ISTA) and five times that rate
5 × ISTA; discussed above.13 The 1 × ISTA rate is designed to sam-
ple aminimum25 000 crop or host seeds but the standard sample
weights seem conservative, with published 1000-seed weights
indicating the samples will often tend toward 30 000 seeds. This

is the estimate of crop seed number that we used in our binomial
calculations in Fig. 3. For example, for Lolium perenne 1000 seed
weights can range from 1.38 to 3.86 g and for Trifolium repens
the range is between 0.5 and 0.8 g.39–41

3 RESULTS
3.1 ISTA seed lab identifications
Weed seed identifications were carried out on samples by the
ISTA accredited lab, whereas the technicians in our lab only sepa-
rated non-crop seeds from the sample and did not attempt to
identify contaminants to species. As noted in the methods
section the species included were not necessarily the species
expected to be found in perennial ryegrass and white clover seed
lots. Rates of detection (Table 2) and identification accuracy varied
between species and crops (Figs. 1 and 2). For white clover, of the
62% of seeds detected by the seed laboratory, 49%were correctly
identified to species, and an additional 36% to genus. Species cor-
rectly identified most of the time in white clover were, Chenopo-
dium album, Sinapsis alba L., Plantago major L. and Melilotus
albus, as well as the distinctive regulated quarantine weed Hyper-
icum androsaemum. In perennial ryegrass samples, of the 57% of
seed found, 70% were correctly identified to species, and addi-
tional 15% to genus. Species correctly identifiedmost of the time
in perennial ryegrass were Chenopodium album, Vulpia bro-
moides, Echinochloa crus-galli, Bromus inermis Leyss., Elymus
repens, Poa annua, Pipteratherum miliaceum, Dactylis glomerata
and Festuca rubra, as well as the quarantine weed Alopecurus
myosuroides. In perennial ryegrass, Bromus tectorum was identi-
fied as Bromus sterilis. The quarantine weeds Alopecurus myosur-
oides, Hypericum androsaemum, and Solanum mauritianum were
found 59%, 65%, 87% of the time and identified correctly 56%,
61% and 0% of the time, respectively. We know that two

Figure 1. Seeds found and correctly or incorrectly identified by ISTA seed analysts during inspections of in 12 samples of 300 g (approximately 150 000
seeds) of perennial ryegrass (Lolium perenne) seed spikedwith 3–8 seeds of the 12 species indicated (a total of 66weed seeds of each species were spiked).
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technicians at the ISTA accredited lab were involved in the
inspections but could not get information about which samples
they each inspected.

3.2 Variability in detection
Our samples had contamination rates between approximately
1:41000 and 1:16000 (i.e., 3–8 seeds in approximately 150 000

Figure 2. Seeds found and correctly or incorrectly identified by ISTA seed analysts during inspections of 12 samples each of 100 g (approximately 150 000
seeds) of white clover (Trifolium repens) seed spiked with 3–8 seeds of the 12 species indicated (a total of 66 weed seeds of each species were spiked).

Figure 3. Binomial estimates of the proportion of consignments where contaminants would not be detected at three levels of inspection, assuming dif-
ferent contamination rates (x-axis) and detection rates (0.1–1 in increments of 0.1). Rates of contamination are expressed in terms of contaminants in
10 000,000 seeds, which is the approximate amount in a 20 kg bag of perennial ryegrass. In New Zealand, border inspections require 95% confidence
that the maximum pest limit of 0.01% is not exceeded (vertical red line); the horizontal line indicates 5% aremissed. The panels represent inspection rates
relative to the ISTA sampling protocols (discussed in main text), purity analysis is sometimes carried out for the purpose of seed certification.
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seeds or 5 × ISTA recommended working sample). The seed lab
inspections at an accredited ISTA lab detected 5–95% of spiked
contaminants for perennial ryegrass, and 0–100% for white clover

(Table 2). The two technicians in our lab were able to detect 49%
± 2 (binomial SE for p = proportion from n = 792 seeds; sqrt(p
(1-p)/n)) and 63% ± 2 of the white clover but performed less well in

Table 2. Number of seeds found out of the 66 that were spiked into 12 sample bags for each crop

Species Crop

Seeds found

ISTA analysts Tech 1 Tech 2

Alopecurus myosuroides Huds, Perennial ryegrass 39 23 6
Amaranthus blitum (L.) Costea White clover 54 46 53
Anthosachne kingiana (Endl.) Govaerts Perennial ryegrass 57 18 17
Bromus inermis Leyss. Perennial ryegrass 35 20 6
Bromus tectorum L. Perennial ryegrass 61 37 47
Chenopodium album L. White clover 66 60 62
Chenopodium album L. Perennial ryegrass 63 17 54
Cuscuta campestris Yunck. White clover 6 12 15
Dactylis glomerata L. Perennial ryegrass 5 6 2
Echinochloa crus-galli (L.) P. Beauv. Perennial ryegrass 46 34 18
Eleusine tristachya (Lam.) Lam. White clover 60 55 59
Elymus repens (L.) Gould Perennial ryegrass 31 9 6
Eragrostis cilianensis (All.) Vignolo ex Janch. White clover 52 17 44
Festuca rubra L. Perennial ryegrass 3 23 7
Hypericum androsaemum L. White clover 43 10 27
Melilotus albus Medik. White clover 34 37 34
Piptatherum miliaceum (L.) Coss. Perennial ryegrass 24 2 6
Plantago major L. White clover 54 30 39
Poa annua L. Perennial ryegrass 31 0 2
Ranunculus flammula L. White clover 11 14 38
Ranunculus sceleratus L. White clover 0 0 11
Sinapis alba L. White clover 59 48 59
Solanum mauritianum Scop. White clover 58 59 55
Vulpia bromoides (L.) Gray Perennial ryegrass 59 33 39

Note: Data distinguish two technicians in our lab versus results provided by the ISTA seed analysts.

Table 3. Inference on the parameters of the linear mixed-effects model on the percent of seed detected in samples using the lmer package in R.
Satterthwaite's approximation is used to calculate degrees of freedom

Fixed effects Estimate Standard Error Df Pr(>|t|)

(Intercept) 18.0 10.76 17.5 0.11
Relative size (similar) 7.6 9.85 17.1 0.45
Relative size (larger) 23.2 8.69 16.5 0.016*
Relative color (different) 20.1 7.72 16.6 0.019*
Shape (different) 27.6 8.06 16.5 0.003**
Texture (rough) −6.2 7.38 20.0 0.41
Crop (perennial ryegrass) −30.4 7.75 24.6 0.0006***
Technician (2) 13.9 2.77 813.9 7 e-07***
Technician (Seed lab) 14.5 2.77 813.9 2 e-07***
Crop (perennial ryegrass): Technician (2) −15.7 3.92 813.9 7 e-05***
Crop (perennial ryegrass): Technician (Seed lab) 15.5 3.92 813.9 9 e-05***

Random effects Standard Deviation

Bag 3.7
Species 16.9
Residual 23.5

*** <0.001;
** <0.01;
*<0.05.
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the perennial ryegrass case (where most seeds were also grass spe-
cies), detecting just 28% ± 2 and 27% ± 2 of spiked seeds. The over-
all detection rate for non-crop spiked seedswas 37% ± 10 (SE among
the two technicians and the lab) and 58% ± 5 for perennial ryegrass
andwhite clover, respectively. Importantly though, there appeared to
be blind spots for some species, with differences between inspectors
e.g., in white clover the seed lab and Tech 1 failed to detect Ranuncu-
lus flammula L., but Tech 2 detected 11 of the 66 seeds (Table 2). The
seed lab did not detect many of the Cuscuta campestris Yunck. seeds
either. The ISTA lab was good at detecting Poa annua, Piptatherum
miliaceum, and Elymus repens compared with the technicians
(Table 2). Overall performance of the experienced seed analysts at
an ISTA accredited seed labwas higher; themean difference in detec-
tion was 18% higher (Table 2). Chenopodium album, Eleusine trista-
chya (Lam.) Lam. and Solanum mauritianum (regulated) were
amongst the easiest to detect, while the Bromus spp.,Alopecurusmyo-
suroides (regulated), and Hypericum androsaemum (regulated) were
intermediate, Dactylis glomerata and Ranunculus flammula were the
most difficult (Table 2, Supplemental Fig. S3).
A linear mixed model of detection was fitted on the combined

data (Table 3). In the model, with all inspections combined, the
technician and crop:technician interaction was highly significant
(Table 3). The number of seeds spiked per sample did not have
a significant effect on detection, and it was removed from the
model. The predicted mean rates at which seeds were detected
for seed sizes that were larger, similar or smaller than the crop
were, respectively, 56% ± 6, 41% ± 8, 33% ± 7, though the differ-
ence was only significantly different between the largest and
smallest seeds (23% ± 8.7 SED, Table 3, Table 4). Seeds similar in
color to the crop were significantly less likely (20% ± 7.7%) to be
detected; the predicted mean was 33% ± 5 as opposed to those
that were distinctly different in color 53% ± 6 (Table 4) and the
linear model fit showed a p-value of 0.02 (Table 3). Seeds distinct
in shape were (28% ± 8.1 SED) easier to find than those that were
similar (Table 3), the expected marginal means estimate showed
detection rates of 29% ± 7 for similar shaped seeds vs 57% ± 4
for distinctly shaped seeds (Table 4). There was no significant
impact of texture on detectability (Tables 3 and 4).

3.3 Predicted detection rates at different thresholds
The rules for the ‘Determination of other seeds by number’ aim for
at least 25 000 seeds but seed weights suggest that approxi-
mately 30 000 seeds are inspected, and if no species are detected,
assuming a close to 100% efficacy of detection, then there is a
95% probability that the shipment has less than 0.01% for

imported seed lots inspected at the border (Fig. 3). Obtaining a
non-detection of quarantine species is required for offshore seed
lots to be certified for export to New Zealand but because MPI
inspects all imported seed lots at the NZ border to verify that they
meet import requirements at the much higher 5 × ISTA sample
size, it could detect weeds that meet that threshold, even with a
20% detection rate (Fig. 3). None of the non-crop seeds in this
study had a 100% detection rate though Chenopodium album
came close. Given the quarantine weed detection rates for the
ISTA lab for Alopecurus myosuroides, Hypericum androsaemum
and Solanum mauritianum of 59%, 65%, 88%, respectively, and
assuming identifications were perfect (they were not in this
study), >1 × ISTA would be needed to meet the standard
(Table 2, Fig. 3).

4 DISCUSSION
The detectability of non-crop seeds in seed lots requires the
observer to distinguish the contaminant seed from the crop seed.
We showed that size, shape and color differences between the
crop and the non-crop contaminant do significantly impact
detectability – by as much as 20–30%. Our data did not show
any detectability differences for seeds with a distinct texture
despite that being a distinguishing feature for the identification
of some seeds. A larger study with more samples that included
more observers, crops and contaminants could allow us to make
broader generalizations about seed detectability. The power of
our model could also be improved by a balanced sample design
for the number of species in each combination of crop, size,
shape, color and texture class. Nevertheless, we think the data col-
lection and analysis used here are robust relative to the claims we
make about seed detectability. It makes sense that contaminants
similar to the crop seed would be harder to distinguish and
detect. In the ISTA proficiency rating tests they make allowances
for species specific differences in the retrieval rate.23,42,43 How-
ever, unlike this study they make no attempt to distinguish which
seed or crop features may influence detection. Size, shape and
color also impact algorithmic recognition of seed images44 and
automated seed cleaning45 but have yet to be used to improve
border inspection protocols. Furthermore, it is unsurprising that
we detected individual differences in technician ability to detect
species. Our results suggest that some species can be a kind of
‘blind spot’ for some observers, e.g., Ranunculus sceleratus
L. Compared to our technicians ISTA laboratory analysts detected
18% more seeds (across species and bags) implying they

Table 4. Predictedmean detection rates (%) for size, shape, color and texture from themodel specified in Table 3, with the average standard error of
the differences (SED), using the emmeans (expected marginal means) package in R.

Factor Descriptor Predicted Mean Df Letter Group Average SED

Size smaller 33.1 17.1 A_ 9.3
similar 40.7 17.5 AB 9.3
larger 56.3 17.1 _B 9.3

Color similar 33.3 17.8 A_ 7.8
different 53.4 17.0 _B 7.8

Shape similar 29.5 17.0 A_ 8.1
different 57.1 17.7 _B 8.1

Texture smooth 46.4 18.8 A_ 7.4
rough 40.2 18.6 A_ 7.4

Note: Different letter groups within a factor indicate significant differences in the predicted means (P < 0.05).
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benefited from methodological training and contaminant-crop
familiarity.
Accurate identification of seeds requires practice and familiarity

with many potential contaminant species. The ISTA accredited
laboratory analysts identified most of the seed correctly, but not
all. This may reflect the non-standard seed types that we added
(discussed in methods). Familiarity may incline experts toward
correct identifications for common weeds but may not help when
faced with a new or less familiar species, especially if it looks a lot
like a commonly encountered species. For example, the quaran-
tine species Solanum mauritianum in this study was identified by
ISTA laboratory analysts as the common crop weed Solanum
nigrum. Easy-to-confuse species could be periodically subjected
to extra identification checks (e.g., growing plants from seed, peer
review, DNA fingerprinting). Knowledge of the regulated weed
species present in the source farms, importing region or country
could help prioritize such efforts.46

In New Zealand the schedule of regulated quarantine weeds
contains hundreds of species, the seeds of which may or may
not occur in regularly imported seed lots. Our results show that
the detectability of each seed type in a crop will vary from crop
to crop, and then the correct identification of seeds also must
occur, adding another level of difficulty and uncertainty. Mean-
while the accredited seed labs are only tested on 85 species in
the proficiency testing, which may not prime them for detecting
the specific regulated species for a country.23,42,43 For example,
only a few of the quarantine species in New Zealand are also part
of the ISTA proficiency test, they are Alopecurus myosuroides, Era-
grostis curvula (Schrad.) Nees, Sorghum halepense and Tagetes
minuta L. Some genera on the ISTA list match to some species
on the quarantine list: Amaranthus spp. (matches one species),
Cuscuta spp. (three species), Ipomoea spp. (five species), and Spor-
obolus spp. (one species), meaning that the ISTA proficiency test-
ing is supporting detection of 14 of the taxa on the quarantine list,
which contains >400 taxa. Individual ISTA accredited laboratories
will need to be well versed in a range of regionally important spe-
cies that are not part of the ISTA proficiency testing program.
If a quarantine weed or other pest is likely to occur in a crop

from a location, and its detectability is low because of differences
in size, shape, or color, a crop specific inspection standard might
be needed for high priority pests. For example, in this study the
quarantine weed Alopecurus myosuriodes was detected 60% of
the time in perennial ryegrass. Seed companies or regulators
could require offshore inspection sample size to be raised to
two times ISTA, or approximately 50 000 seeds to match the
0.01% threshold with 95% confidence, when no weeds are
detected while accounting for the detection rate. It would lower
the probability that the shipment is later rejected when it is re-
inspected in New Zealand at the 150 000 seed standard
(5 × ISTA). For seed lots right at the threshold contamination rate
of 0.01% (1:10000), and inspected as required offshore at
1 × ISTA, but assuming imperfect detection rates of 60%, these
would be incorrectly identified as free of pest 16.6% of the time,
i.e., using the R function (dbinom(0, 30 000, 1/10000*0.6)). Here
wewould expect five out of six consignments to be correctly iden-
tified as having the contaminant even though it is present at that
threshold. In this case, if no quarantine species were detected, we
would only be 95% certain the contamination rate is less than
1/6000 at the 0.6 detection rate. This is equivalent to the 100%
detection after inspecting 18 000 seeds (30 000 × 0.6). This
reflects the combined probabilities of failing to get contaminants
in the sample, and of detecting them even if they were present.

Still following the example (0.01% contamination) but with the
higher inspection rate (five times ISTA) implemented in
New Zealand (at the 60% detection) a zero detection of a quaran-
tine weed implies that only one out of 8105 of shipments would
be wrongly categorized as meeting the inspection threshold of
0.01% for the regulated pest. The inspection rate in
New Zealand was set at five times the ISTA standard to address
seed lot heterogeneity,14 but it has the added benefit of improv-
ing detection. The final amount of ryegrass and clover seed
inspected in New Zealand is usually six times the ISTA standard
(1 × ISTA offshore plus 5 × ISTA in New Zealand). If no regulated
species is detected, and we assume the detection rate is 60%,
the implication is that we can be 95% confident any regulated
seed is rarer than approximately 1:36000.
In the cases where border inspections in New Zealand do detect

regulated species the rate of contamination should be carefully
estimated, to better inform regulators about the range of contam-
ination rates that are missed by seed testing laboratories in the
exporting country. If the distribution of regulated seed abun-
dances were known it could be used to estimate how many seed
lots are likely to have beenmissed, or at least if themiss rate is low
enough to justify maintaining the current standards.
Apart from detection, the effectiveness of quarantine measures

(e.g., seed contaminant screening) as a biosecurity measure is
defined as much by what species are regulated as not, and their
potential for introduction and harm. Quarantine lists regulating
seed for sowing contaminants in seed for sowing vary between
countries, e.g., Argentina (nine species and three genera);
Canada (19 species one genus); USA (33 species and nine genera)
and New Zealand (420 species and 13 genera).30,47,48 The effec-
tiveness of seed inspection as a risk mitigation also relates to
the amount of seed traded (and planted), the frequency of inspec-
tion, and the detection rates. We have only addressed aspects of
the latter. The benefits of seed inspection extend beyond prevent-
ing weed seed dispersal, seed certification measures address
other aspects of seed quality including, varietal purity, germina-
tion potential, pests and diseases.4 Despite these efforts, recog-
nized pests and weeds of plants can appear in new areas where
previously they were unknown, sometimes with serious conse-
quences for crops or native vegetation and the economy of the
country concerned.We show that the failure to consider the detect-
ability of weeds means that the regulatory thresholds set by regu-
lators are often not being met. In the case of New Zealand, the
border verification protocol, inspecting all seed lots at a higher rate,
mostly addresses the problem. Nevertheless, there have been at
least two post-border detections (incursions) of the regulated spe-
cies Alopecurus myosuroides in New Zealand after it established in
fields sown with imported perennial ryegrass and linseed seed
from the UK in 2007 and France in 2021, respectively.10,49 These
post-border incursions are being successfully managed, highlight-
ing the value of post-border interventions. Unfortunately, there is
no easyway to convert border detection rates to estimate the num-
ber of weed incursions that are avoided because of the seed quar-
antine inspection protocols that are in place. This is because each
seed lot has its own individual set of circumstances related to prov-
enance, weed control practices, harvest and seed cleaning proce-
dures. Determining an acceptable amount of investment in
border mitigation of biosecurity risk is difficult. Where it has been
attempted the economic returns are estimated to be high (costs
avoided are much higher than the costs incurred).12 We suggest
the mitigation efforts should be fit for purpose, and that detection
rates should be considered.
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4.1 Recommendations
Regulators should consider the crop specific detectability of high
priority regulated weeds and pests when setting standards for the
sample size that should be inspected.
Regulators could inspect larger samples to capture hard-to-

detect species. New Zealand border inspection protocols require
95% confidence that the maximum pest limit of 0.01% of quaran-
tine weed seed contamination is not exceeded in any imported
seed lot, the local standard (5 × ISTA) examining approximately
150 000 seeds can be achieved even with a 20% detection rate.
Proficiency testing carried out by ISTA on 85 weed species is

useful for comparing labs internationally, but locally regulated
species could differ, and proficiency testing of the locally regu-
lated species is important.
Regulators should try to accurately estimate and document the

contamination rates of regulated species when they are detected
to develop a weed contamination profile for that weed.
Occasional surveys of the weeds and weed seedbanks in the

overseas fields of commonly imported crops could be used to
set inspection threshold based on risk.
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