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SAMPLING

Nonrandom Distribution of Cabbage Aphids (Hemiptera:
Aphididae) in Dryland Canola (Brassicales: Brassicaceae)

DUSTIN SEVERTSON,1,2,3 KEN FLOWER,4 AND CHRISTIAN NANSEN1,5

Environ. Entomol. 44(3): 767–779 (2015); DOI: 10.1093/ee/nvv021

ABSTRACT Characterization of spatial distribution patterns of pests in large-scale agricultural fields is
important because these patterns affect the sampling effort needed to accurately detect and estimate
their population density. In this study, we conducted experimental releases of alate cabbage aphids (Bre-
vicoryne brassicae L.) into centers of small plots of canola (Brassica napus L.), and their gradual spread
over a 7-wk period was characterized. The small-plot experiment demonstrated gradient effects from
plot centers and a nonrandom vertical distribution, with initial colonization occurring on the abaxial side
of lower canopy leaves and, later, highest numbers of cabbage aphids occurring on racemes. We also con-
ducted large-scale distribution analyses of cabbage aphid infestations in two commercial canola fields,
using visual inspection and sweep net sampling. We used canola plant phenological and landscape fea-
tures as explanatory variables of the spatial distribution of cabbage aphid counts. These large-scale exper-
iments showed strong edge effects with negative associations between cabbage aphid counts and distance
to crop edges, including tree lines and contour banks. Cabbage aphid distribution was more effectively
displayed using logistic regression than ordinary regression, Spatial Analysis by Distance IndicEs, or
both. Based on the study findings, a nonrandom or optimized inspection approach is proposed to focus
monitoring efforts on canola plants within 20 m from field edges with particular attention to the abaxial
side of lower-canopy leaves. Detection of advanced cabbage aphid infestations should target the racemes
within 20 m from field edges.

KEY WORDS integrated pest management, spatial distribution, targeted sampling, edge effect

One of the main pillars in “integrated” or threshold-
based management of insect pests is the use of decision
support tools, so that insecticide applications, other re-
sponsive actions, or both are deployed only when and
where pest population density estimates exceed an eco-
nomic threshold (Taylor 1984, Nansen and Ridsdill-
Smith 2013). There are numerous possible downstream
advantages of threshold-based pest management, includ-
ing less use of insecticides, reduced risk of environmental
contamination, better performance of natural enemies,
and reduced risk of insecticide residues in food and live-
stock feed. However, compared with calendar-based in-
secticide applications, the significant challenge
associated with threshold-based management is that it is
only effective if the pest population density can be esti-
mated with high enough accuracy. Without reliable and
feasible means to accurately assess the pest population

density, growers are inclined to follow a “rather safe than
sorry” approach and apply insecticides, irrespective of
whether or not insecticide applications are needed (Nan-
sen et al. 2011). Clearly, there is a positive relationship
between numbers of samples collected (sampling effort)
and the accuracy of the pest population density estimate,
but the value of increasing the sampling effort dimin-
ishes, and sampling must be feasible for the practitioner.
Therefore, approaches like sequential sampling plans are
used to calculate the minimum sampling effort needed
to obtain a pest population density estimate associated
with a user-defined level of accuracy (Pedigo and Buntin
1993). Several sequential sampling plans have been
developed for pests in large-scale agricultural systems,
including: Ceutorhynchus obstrictus Marsham (Coleop-
tera: Curculionidae) (Cárcamo et al. 2007), Oebalus pug-
nax F. (Hemiptera: Pentatomidae) (Espino et al. 2008),
Pseudatomoscelis seriatus Reuter (Hemiptera: Miridae)
(Parajulee et al. 2006), and Aphis glycines Matsumura
(Hemiptera: Aphididae) (Hodgson et al. 2004).

Sampling theory, such as that associated with se-
quential sampling plans, outlines how proportionally
more sampling effort is needed to accurately estimate a
low population density compared with a high popula-
tion density (Pedigo and Buntin 1993). Hence, a possi-
ble problem with use of sequential sampling plans in
commercial agriculture is that they become unpractical
because of unreasonable sampling requirements, when
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both the action threshold and the level of acceptable
error are comparatively low. This is a particular concern
when sampling is labor-intensive. Another concern is
that most statistically based approaches to insect pest
population density estimates are based on an assump-
tion of random sampling of independent observations.
This is a concern, as many data sets of arthropod
pests have shown that observations were spatially auto-
correlated over considerable distances (Liebhold and
Sharov 1998, Badenhausser et al. 2012). Here, we ar-
gue that the above-mentioned concerns represent
important practical constraints for the widespread
adoption of threshold-based pest management. In addi-
tion, we argue that growers and crop consultants are
often less concerned about the actual pest population
density, but rather with identifying the locations of
emerging pest infestations. If such “hot spots” of
emerging pest populations can be detected early, then
responsive actions (i.e., insecticide spray application or
release of natural enemies) may be required merely in
a small portion of a given field. Additional benefits of
such a spatially targeted management approach include
less insecticides applied, less labor and fewer resources
involved in insecticide applications, and potentially
higher insecticide spray volumes to increase coverage
within targeted areas (Nansen et al. 2015). We argue
that an in-depth insight into the three-dimensional dis-
tribution (i.e., spatial as well as vertical within a crop
canopy) of the target pests is important to improve
sampling plans and to identify “hot spot” areas in fields,
in which insect pest infestations are most likely to oc-
cur. Moreover, if target pests predominantly show ag-
gregated spatial distributions, it seems intuitively
reasonable to optimize sampling efforts by focusing on
monitoring of such hot spot areas.

On large spatial scales (i.e., >1 ha), most agricultural
insect pests show distinct spatial aggregations, including
economically important aphid species (Hemiptera:
Aphididae) (Kennedy and Booth 1951, Helson 1958,
Trumble 1982, Feng and Nowierski 1992, Powell et al.
2006). Such nonrandom spatial distributions are driven
by a wide range of factors, including: plant phenology,
such as growth stage (Ferguson et al. 2003) and leaf
age (Kennedy and Booth 1951), distance from crop
edge (Winder et al. 1999, Nansen et al. 2005b), land to-
pography (Hill and Mayo 1980), host plant chemistry
(Olsson and Jonasson 1994, Scheirs et al. 2003, Nowak
and Komor 2010), and host plant sensory cues (Heard
2000, Powell et al. 2006).

The cabbage aphid (Brevicoryne brassicae L.) is ar-
guably the most economically important of the late sea-
son aphid pests in dryland canola (Brassica napus L.;
Berlandier 2004, Aslam et al. 2005), the second larg-
est dryland crop in Australia (Australian Bureau of
Agricultural and Resource Economics and Sciences
[ABARES], 2013). Based on insecticide treatments,
aphid management in canola in Australia costs over
US$5 million annually (Murray et al. 2013). Canola is
particularly vulnerable to direct feeding damage by in-
vertebrate pests from the onset of its reproductive
phase (here, considered as “late season infestation”;
Berlandier and Baker 2007). Studies have highlighted

considerable variability in development stage between
canola plants sown at the same time (Nansen et al.
2012), leading to a range of host plant choices for
aphids. However, little is known about cabbage aphid
preference in relation to canola plant phenology, how
this affects their spatial distribution, and implications
for using host choice information in the development
of sampling methodology.

In this study, we conducted a small-scale analysis of
how experimentally released alate cabbage aphids colo-
nized and spread from known release points. In this ex-
periment, the main objective was to characterize and
quantify the initial colonization and progressive spread
based on careful weekly assessments of individual
plants over a 7-wk period. In addition, we conducted
large-scale distribution analyses of cabbage aphid infes-
tations in commercial canola fields using two sampling
techniques (sweep net and counts of cabbage aphids
per plant) and sampling at two spatial resolutions
(field-wide and field-edge grids). Sweep netting was in-
cluded as a comparative sampling method because it is
the recommended method of sampling canola fields for
other important pests of canola (Berlandier and Baker
2007, Gu et al. 2008) and, if suitable, would simplify
overall crop monitoring efforts (compared with visual
inspection of canola plants). As part of the large-scale
distribution analyses, we collected a wide range of plant
phenological data and landscape characteristics, and
we hypothesized that a combination of these variables
could be used to predict the spatial distribution of cab-
bage aphids in dryland canola fields. Spatial Analysis
by Distance IndicEs (SADIE) and logistic and ordi-
nary regression techniques were applied to the small-
scale, field-edge, and field-wide data sets, and it was
predicted that one or more of these methods would
indicate spatial aggregation of cabbage aphids in
canola.

Materials and Methods

Small-plot Experiment. This experiment was con-
ducted in two irrigated tunnel-houses, constructed of
insect-proof polyethylene mesh (0.0267 by 0.0818 cm
opening with 0.24-mm thread and 80% light transmis-
sion), at Shenton Park Field Station, The University of
Western Australia (�31.949227� S, 115.792431� E).
Canola (‘Tanami’) was hand sown with 10 cm between
plants in straight rows spaced at 25 cm apart (four
rows, 2 m in length) and to a depth of 9 mm using a
wooden plank sowing aid at early (10 May), mid-
(24 May), and late (7 June) sowing times during 2013.
Each plot was 2 by 1 m2 with a block consisting of
three plots with different sowing times and being sepa-
rated by 13 m of bare ground and a 1 by 6 m2 strip of
canola as a buffer. Sowing dates were based on recom-
mendations for Western Australia ( Oilseeds Industry
Association of Western Australia [OIAWA], 2006).
Seedlings were thinned postemergence to establish an
optimal plant density of 40 plants m�2 (Seymour 2011).
The design was a complete randomized block with six
replications of three sowing times (N¼ 18 plots), with
three replications in each of two tunnel houses.
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Granular fertilizer (50 g m�2 NPK Blue Special,
CSBP Limited, w/w 12% N, 5.2% P, 14.1% K, 6% S,
4.3% Ca, 0.01% Zn, 1.2% Mg, and 0.02% B) was
broadcast by hand at sowing, then again on 15 and 29
July 2013. Fertilizer rates were based on local recom-
mendations; applications were repeated to ensure opti-
mal plant health in sandy soil (OIAWA, 2006). Weeds
were initially controlled using a post-sowing pre-
emergent spray of atrazine at 990 g a.i. ha�1. Later in
the season, weeds in plots were pulled by hand and the
surrounding areas were sprayed with glyphosate to
remove weeds throughout the tunnel houses. Bifen-
thrin (2 EC) was sprayed at 12.5 g a.i. ha�1 in all plots
postsowing, prior to emergence, to control redlegged
earth mites [Halotydeus destructor Tucker (Acarina:
Penthaleidae); Australian Pesticides and Veterinary
Medicines Authority [APVMA], 2014]. Plots were irri-
gated using overhead sprinklers for 5 min applying
�5 mm of water, three to four times per week except
during rainy periods.

Alate cabbage aphids were obtained from a culture
maintained on a range of cabbage plants inside rearing
cages at the Shenton Park Field Station, The University
of Western Australia. The cabbage aphid colony was
1 yr old originating from canola plants near Pingelly,
Western Australia (�32.534044� S, 117.084140� E).
The cabbage aphids were released on 18 August 2013
at noon in each plot. Cabbage aphid release consisted
of a transparent plastic vial containing 10 alates that
was attached to a bamboo pole placed at the plot cen-
ter at a height of 1 m above ground, and the lid was
removed to allow cabbage aphid dispersal. The date of
cabbage aphid release was when a minimum of 50% of
canola plants had attained flowering in the late sowing
plots. At this date, early, mid-, and late sowing treat-
ments displayed growth stages 4.5–5.5, 4.2–5.2, and
3.6–4.5 (Edwards and Hertel 2011), respectively. That
is, 50% of buds flowering and 50% of potential pods
>2 cm in length, 20% of buds flowering and 20% of
potential pods >2 cm in length, and first flower stalks
extending to 50% of buds flowering, respectively. This
time point was chosen, as it is comparable with the
development stage at which commercial canola fields
commonly become infested with cabbage aphids. Of
the total 180 alates released in the experiment, 8 alates
remained in vials (dead) after 24 h. Hobo data loggers
(Onset Computer Corporation, Bourne, MA) were
used to record temperature and relative humidity every
hour within tunnel houses during the 7-wk duration
of the experiment. Environmental conditions (daily)
during the 7-wk period were as follows: mean tempera-
ture: 16.86 0.5�C (SE), maximum temperature:
22.86 1.3�C, minimum temperature 12.26 0.9�C, and
relative humidity 75.66 3.2%.

Each of the 80 plants per plot was inspected after 1,
2, 3, 4, 5, and 7 wk following cabbage aphid releases.
At week 7, plants within tunnel house 1 (replicates one
to three) had begun to senesce and almost all cabbage
aphids had died except for scattered numbers on
remaining green pod and main stem plant tissue. Con-
sequently, these data were not included in the analysis.
Cabbage aphids on leaves at week 2 were considered

as cabbage aphid “colonization,” and cabbage aphids
on racemes at weeks 4, 5, and 7 were treated as repre-
senting “established populations.”

Commercial Field Sites. Two commercial canola
fields in Western Australia infested with cabbage
aphids were selected for the field study. They differed
in terms of within-field “noncrop” features, i.e., contour
banks (the York field) and patches of remnant native
vegetation (the New Norcia field). The York field
(�31.965961� S, 116.677463� E) was 60 ha and had the
cultivar ‘Stingray’ sown on 3 May 2013, while the New
Norcia field (�31.031743� S, 116.204944� E) was 92 ha
of ‘Crusher’ that was sown on 10 May 2013. At the
time of sampling, the canola plants were at the 3.0–5.5
(budding, flowering, and podding) stages (Edwards and
Hertel 2011), and thus were comparable with canola
plants in the small-plot experiment throughout the
sampling period. The above range in growth stage was
chosen because it is the stage in which cabbage aphids
are most likely to cause economic damage to canola
crops in Australia (OIAWA, 2006, Gu et al. 2007) and,
therefore, the most important time regarding crop
scouting and deciding upon insecticide application.
Sampling occurred during the periods 17–21 and
28–31 August for New Norcia and York, respectively.

Sampling points in commercial canola fields were
geo-referenced (Garmin eTrex10; accuracy <3 m) along
transects, which were selected to maximize scattering
of sampling points and also to include field edge loca-
tions and varying distances from field edges (Fig. 1). At
each sampling point, a 1-m stick was placed on the
ground, and 10 canola plants were inspected sequen-
tially along the crop row to count the number of cab-
bage aphids per plant. In addition to counts of cabbage
aphids per plant, an insect sweep net (38-cm-diameter
internal hoop) sample was taken at each sampling point
by sweeping 1 m row of plant canopy adjacent to the
assessed row. Wingless cabbage aphids were counted in
sweep net samples at York, while total aphids (wingless
and alates) were counted at New Norcia because the
majority were alates and differentiation of species is
difficult under field conditions (i.e., stereoscope
required).

We established the distance of each sampling point
to crop edges, including within-field noncrop areas
such as contour banks and tree lines. Contour banks
are soil embankments that contour according to the
slope of arable land to reduce water erosion. Tree lines
are here referred to any area of land that is unable to
be cropped because of the presence of woody vegeta-
tion such as bushes and trees. In addition to counting
cabbage aphids per plant, we collected the following
canola plant phenological traits: 1) stem base diameter;
2) primary stem height (from soil to the tip of the
primary raceme); 3) primary stem growth stage
(recorded as one of the following five categories: bud-
ding 1], budding and flowering without pods 2], bud-
ding, flowering and podding 3], flowering and podding
with no buds remaining 4], or podding only 5]); 4)
plant density (based on number of plants counted along
a 2 m row); 5) number of leaves per plant; and 6)
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number racemes per plant. Elevation data for each
location were retrieved from Schneider (2013).

Commercial Field Edge Grids. High-resolution
sampling was conducted at one west and one east field
edge in both commercial fields (four in total) where
cabbage aphid infestations had been detected. At these
locations, cabbage aphid colony length per raceme,
number of infested racemes and number of infested
plants were recorded for each square meter in a 400-
m2 sampling area, which was 10 m parallel along the
field edge to 40 m inwards (i.e., perpendicular) from
the field edge.

Data Analyses. All data analysis was conducted
using Genstat for Windows v.15 (VSN International
Ltd., Hemel Hemstead, United Kingdom). Unbal-
anced analyses of variance were conducted for the
small plot data to explore associations between sow-
ing treatments and cabbage aphid counts on leaves
and racemes; chi-squared tests were used to compare
the frequencies of cabbage aphids which colonized
the leaves and racemes. We used logistic regression
to examine the relationship between distance from
edge (or plot center) and cabbage aphid presence,
for all three experiments (i.e., small-plot experiment,
field-wide and field-edge grids). In addition, we con-
ducted ordinary regression analysis after removing
the zero values and using ln(xþ 1) transformation,
similar to that described by Fletcher et al. (2005).
Only replicates 4–6 within the small plot trial were
included in regression analyses because no data were
available at week 7, which is when cabbage aphid
populations were highest. For field-wide data, multi-
ple logistic and ordinary regression with backward
elimination was performed using the plant and land-
scape variables listed in Table 1 against the response
variables of cabbage aphid counts on leaves, racemes,
and sweep net.

SADIE (Perry 1995) was performed using SADIE-
Shell (v.1.22; Rothamsted Research Institute, Harpen-
den, United Kingdom), a freely available software
package that is used to characterize spatial distribution
patterns of insect counts (Ferguson et al. 2003; Cocu
et al. 2005; Nansen et al. 2005a,b; Mankin et al. 2014;
Reay-Jones 2014). Using SADIE, an index of aggrega-
tion (Ia) was calculated. This index is a quantitative
measure of the “effort” needed to theoretically move
counts to the most uniform spatial distribution. The
observed Ia was compared with Ia’s generated from
1,000 randomizations of the actual data. The observed
Ia is considered to indicate significant spatial aggrega-
tion if >950 (>95%) of the Ia’s generated from 1,000
randomizations are greater than 1. SADIE was applied
to counts of experimentally released cabbage aphids on
leaves of individual plants in 39 combinations of: time
of planting (3)�week of sampling (1–5)� replicate
(2–6). These were the combinations in which counts of
experimentally released cabbage aphids were found
during four to five of the six weekly sampling events,
and which, therefore, enabled quantitative assessment
of change in spread of cabbage aphid infestations
over time. In addition, SADIE was applied separately
to counts of cabbage aphids on racemes of individual
plants in 21 combinations of: time of planting
(3)�week of sampling (3)� replicate (2–3). These
were the combinations in which “established pop-
ulations” (i.e., weeks 4, 5, and 7) of cabbage aphids
were present on racemes for all three weeks for repli-
cates 4–6 only; no data were available for replicates 1–3
for week 7. SADIE was also used to analyze spatial dis-
tribution patterns of counts of cabbage aphids on plants
in commercial fields and field edge grids.

Cabbage aphid colony lengths were applied to
regression analyses. However, SADIE is designed for
counts rather than colony length measurements, so the

Fig. 1. York (A) and New Norcia (B) canola fields showing 59 and 100 sampling points, respectively. Black rectangles
represent tree lines (i.e., noncrop regions containing woody plants) (scale in meters).
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colony lengths on racemes were converted to cabbage
aphid counts. To achieve this, 40 canola racemes
infested with cabbage aphids, ranging from 3.2 to
134.1 mm colony length, were cut and placed into sepa-
rate vials containing 70% ethanol at the York field. Fif-
teen of the samples were randomly selected, and 20
cabbage aphids were randomly removed, dried, and
weighed using microscales to determine the average
dry weight per cabbage aphid. The 40 cabbage aphid
samples were dried and weighed. Cabbage aphid sam-
ple mass was multiplied by average dry weight per cab-
bage aphid to obtain cabbage aphid counts per sample.
Through regression analyses, comparing cabbage aphid
colony lengths against calculated cabbage aphid counts
as the response variable (F¼ 360.10; P< 0.001;
R2¼ 0.90), cabbage aphid counts were estimated using
the colony lengths in millimeter multiplied by 6.17,
according to the regression model.

Results

Small-plot Experiment. Of the 18 plots subjected
to experimental infestations, cabbage aphids estab-
lished successfully in 8. Here, establishment is defined
as cabbage aphids being detected in at least four of the
six weekly sampling events, including the final sampling
event at week 7. Spread from central release points in
small plots during the seven consecutive weeks fol-
lowed fairly similar patterns across the three sowing
treatments (Figs. 2 and 3). Most predominant infesta-
tions on leaves occurred during the initial three weeks
and, overall, significantly more cabbage aphids colon-
ized the leaves on primary stems than the racemes
(v2¼ 15.7; df¼ 1; P< 0.01). Very modest spread
occurred within the first four weeks of plot infestation.
In weeks 4 and 5, there appeared to be a marked shift
in host plant foraging, as cabbage aphids became most
predominant on racemes and this coincided with a
marked increase in cabbage aphid population density.
Early and mid-sowing treatments had significantly
more cabbage aphids on the racemes at week 7 than

the late sowing (F¼ 15.00; df¼ 2,237; P< 0.01), with
mean cabbage aphid colony lengths of 12.5 6 1.98,
12.6 6 1.59, and 4.9 6 0.84 cm per plant, respectively.
In addition, cabbage aphids were found exclusively on
the abaxial sides of canola leaves, and the frequencies
of colonized leaves among the lower five leaves were
not significantly different (v2¼ 8.91; df¼ 4; P¼ 0.06),
3). Frequencies of colonized leaves among early, mid-,
and late sowing treatments were not significantly differ-
ent (v2¼ 4.46; df¼ 2; P¼ 0.11), and all alate cabbage
aphids colonized the lower five leaves on the primary
stem.

Regarding spatial distribution analyses (SADIE) of
counts on racemes, we found that cabbage aphids were
significantly aggregated at week 7 across all combina-
tions of sowing treatments (Ia values ranged from 1.36
to 1.81 and P< 0.05). However, spatial distribution
analyses of all weekly cabbage aphid counts on leaves
of primary stems and on racemes during the initial five
weekly counts suggested that cabbage aphids were ran-
domly distributed (Ia values ranged from 0.71 to 1.11
and P> 0.05). Logistic regression analyses showed that
cabbage aphid presence was negatively associated with
distance from plot centers for all three sowing treat-
ments and four canola growth stages tested, except for
mid-sowing at week 7 (see Table 2). Ordinary regres-
sion of cabbage aphid counts (i.e., positive data only) at
weeks 2 (leaves), 4 (racemes), and 5 (racemes) showed
no significant association between distance from plot
centers and cabbage aphid counts. However, by week
7, significant negative associations between distance
from plot centers and cabbage aphid counts were evi-
dent across all three sowing treatments: early
(F¼ 32.81; P< 0.001; R2¼ 0.226), mid- (F¼ 45.18;
P< 0.001; R2¼ 0.205), and late (F¼ 39.37; P< 0.01;
R2¼ 0.275). In summary, ordinary regression of pres-
ence data and SADIE yielded significant results for
week 7 only, while logistic regression detected signifi-
cant spatial trends in all data sets.

Commercial Field Sites. Of the 590 canola plants
sampled at 59 sampling points at York and 1,000 plants

Table 1. Summary of plant, insect, and topographic data collected from multiple locations at York (28–31 August) and New Norcia
(15–21 August) in 2013

Description Sample size York New Norcia

Locations Mean SE Locations Mean SE

A Stem base diameter (mm) 10 plants 59 6.58 0.15 26 9.90 0.36
B Primary stem height (cm) 10 plants 59 80.05 1.76 26 73.42 3.62
C Primary stem growth stage 10 plants 59 3.95 0.11 100 1.74 0.05
D Plants per square meter 2-meter row 59 61.83 2.24 100 61.20 2.16
E Leaves per plant 10 plants 59 5.86 0.15 67 10.87 0.11
F Racemes per plant 10 plants 59 5.89 0.20 100 3.55 0.15
G Elevation above sea level (m) Single point 59 357.07 1.63 100 213.50 0.84
H Distance from field edge (m) Single point 59 60.64 7.61 100 64.32 9.28
I Distance from vegetational edge (m) Single point 59 33.81 4.54 100 39.93 4.25
J Cabbage aphid colony length on racemes per plant (cm) 10 plants 59 0.40 0.24 100 0.51 0.10
K No. cabbage aphids on leaves per plant 10 plants 59 3.45 3.25 100 0.60 0.25
L No. cabbage aphids in insect sweep net Single sweep 59 8.24 4.74 * * *
M Total no. aphids in insect sweep net Single sweep ** ** ** 100 24.73 5.14
N Percent plants with cabbage aphids on racemes 10 plants 59 7.97 2.13 100 20.20 2.88

*Mostly unidentifiable winged aphids, total counts performed in “M”.
**species counted separately in “L”.
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sampled at 100 points at New Norcia field sites, cab-
bage aphids were detected on leaves on only 9 (York)
and 4% (New Norcia) of the total plants sampled.
Thus, even without taking the spatial distribution of
canola plants into account, there was a highly aggre-
gated frequency distribution of cabbage aphids on can-
ola leaves. Canola plants with cabbage aphids on leaves
were distributed across 36 (York) and 16% (New Nor-
cia) of the total sampling points. Likewise, cabbage
aphids were detected on racemes at York and New
Norcia on only 8 and 20% of total plants sampled and
these were distributed across 32 and 50% of sampling

points, respectively. The average percentages of plants
infested with cabbage aphids were 8.0 6 2.1% and
20.2 6 2.9% at York and New Norcia, respectively
(Table 1).

For field-wide sampling, SADIE results suggested
no significant aggregation at York (Ia¼ 1.02; P¼ 0.41)
or New Norcia (Ia¼ 0.79; P¼ 0.79). Cabbage aphids
were most commonly detected within 20–30 m of the
crop edge and rarely detected further inwards (Fig. 4).
Cabbage aphids detected further into the field were
initially considered “outliers.” However, it was evident
that the locations were near either a tree line or

Fig. 2. Distribution of cabbage aphids on primary stem leaves (þ; counts) and racemes (o; colony length in centimeters)
of canola grown in irrigated plots within insect-proof tunnel houses at Shenton Park Field Station, Western Australia.
Treatments consisted of three sowing times: early (10 May), mid- (24 May), and late (7 June) with six replicates. Symbols
represent aphid counts or colony length averaged across the six replicates for each grid-referenced plant location.
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contour bank, and these were considered as within-
field crop edges. Logistic regression analyses revealed
that distance to crop edges (i.e., including within-field
noncrop regions such as tree lines and contour banks)
was a significant factor in determining the presence of
cabbage aphids on racemes for both York and New
Norcia canola fields (Table 3) (Figs. 4a and d). Distance

to crop edges was also important in determining the
presence of cabbage aphids in sweep net samples at
York and the presence of cabbage aphids on leaves at
New Norcia. The number of plants per square meter
was a significant factor in determining the presence of
any (i.e., unidentified) aphids in sweep net samples at
New Norcia, but this was not significant at the York
site (Table 3). With regards to ordinary regression of
cabbage aphid counts, significant albeit weak relation-
ships existed for New Norcia only; these were between
distance from crop edges and cabbage aphid colony
length counts on racemes (F¼ 12.88; P< 0.01;
R2¼ 0.195) and distance from crop edges and total
aphids in sweep net samples (F¼ 28.16; P< 0.01;
R2¼ 0.247).

Field Edge Grids. Distance to crop edges was a
significant factor in predicting both cabbage aphid
counts and probability of cabbage aphid presence,
when modeled for all four field-edge locations
(Table 4). Mean cabbage aphid colony lengths showed
a logistic decrease with increasing distance to field
edges at both sites (Fig. 4b, c, e, and f). SADIE analy-
ses showed significant indices of aggregation (P< 0.05)
for all field-edge grids at both fields for total racemes
infested, total plants infested and total cabbage aphids
and colony lengths per square meter (Table 5). The
sevenfold higher Ia values for total cabbage aphids per
square meter for York east compared with York west
field-edge grids is most likely because of the much
higher populations of cabbage aphids at the York east
edge (Fig. 4b and c).

Discussion

A lack of reliable and practically feasible sampling is
one of the main constraints in widespread adoption of
threshold-based pest management (Taylor 1984, Nan-
sen and Ridsdill-Smith 2013). This is evident in canola
cropping systems in which growers and their advisors
have limited knowledge about how to accurately and
cost-effectively estimate cabbage aphid densities late in
the canola season. New insight into the spatial and tem-
poral distribution pattern of cabbage aphids in canola
was gained in the current research and will be benefi-
cial in the development of optimized monitoring and
detection procedures.

Spread From Release Points. The spatial distri-
bution of alate cabbage aphids in the small-plot experi-
ment was aggregated in relation to distance from plot
centers when released from a single point source, indi-
cating limited alate flight distance in relation to the
source location. Powell et al. (2006) explained that very
few alate aphids migrating from a host plant locate suit-
able hosts because they are 1) mostly specialized to
specific host species, 2) susceptible to desiccation given
their small size and soft cuticle and, therefore, require
minimal periods of time between feeding to survive,
and 3) relatively weak flyers and can only control speed
and direction in low-wind conditions. Where there is a
particular host preference or prevailing wind, aphids
are known to display a gradient effect from the initial
“invading” population (Helson 1958).

A
ph

id
s o

n 
lea

ve
s

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

C
ol

on
y 

len
gt

h 
on

 ra
ce

m
es

 (c
m

)

0

2

4

6

8

10

12

14

A
ph

id
s o

n 
lea

ve
s

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

C
ol

on
y 

len
gt

h 
on

 ra
ce

m
es

 (c
m

)

0

2

4

6

8

10

12

14

Week
 1

Week
 2

Week
 3

Week
 4

Week
 5

Week
 7

A
ph

id
s o

n 
lea

ve
s

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

C
ol

on
y 

len
gt

h 
on

 ra
ce

m
es

 (c
m

)

0

2

4

6

8

10

12

14

Early

Mid

Late

Fig. 3. Average number of cabbage aphids on primary
stem leaves (*; left y-axis) and colony length (cm) on
racemes (*; right y-axis) for early (10 May), mid- (24 May),
and late (7 June) sowing at week 1 (26 August), 2 (02
September), 3 (09 September), 4 (16 September), 5 (23
September) and 7 (7 October) after aphid release. Bars
represent SE of the mean cabbage aphids from 80 plant
locations averaged across six replicates per treatment.
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This gradient effect was evident in the small plot
trial, and the location and size of the initial population
of alates is clearly an important factor in determining
the subsequent distribution. The small-plot experiment
demonstrated how cabbage aphid density estimates
(i.e., mean counts) are, in fact, misleading unless spatial
aggregation is considered. In the small-plot experiment,
for example, plot mean (per plant) cabbage aphid den-
sities were low until week 7, although several plants in
certain portions of plots contained 2–10 cm of cabbage
aphid colonies prior to week 7 (Fig. 2). Conversely, we
found high plot mean cabbage aphid densities at week
7, but plants in portions of the plots contained no or
very few cabbage aphids. Spatially aggregated herbivo-
rous insects may cause greater economic damage than
equivalent populations with a more random or uniform
distribution, as pest aggregations may increase the risk
of over-coming crop plants’ ability to tolerate or com-
pensate for infestation levels (Bardner and Fletcher
1974, Hughes and McKinlay 1988). At the same time,
spatial aggregations of pest infestations may reduce the
ability of natural enemies to locate their prey. Alterna-
tively, plants may be able to compensate for damage
caused by aggregated populations of aphids because of
production of more racemes or pods (Lamb 1989).
Spatial aggregations of cabbage aphids within and
between canola plants may explain why previous
research conducted in Western Australia often reported
no significant yield losses attributed to cabbage aphid
feeding (i.e., 16 of 17 trials), even where cabbage aphid
populations were considered to be high (Berlandier
2002).

Within-plant Distribution. Many insect pests are
known to be nonrandomly distributed within single
plants (Kennedy and Booth 1951, Liu and Sengonca
1997, Mo et al. 2008, Martini et al. 2012, Kumar et al.

2014). Cabbage aphid colonies in the small plot trial
were spatially aggregated vertically, starting on the
abaxial side of leaves in the bottom portion of the can-
opy and moving to the racemes over the 7-wk period.
It was evident that leaves on the primary stem started
senescing at the onset of flowering and progressively
fell off, starting from basal leaves, with few leaves
remaining on the primary stem at week 7. This pheno-
logical change wherein leaves drop off, which is por-
trayed by Papantoniou et al. (2013), would explain the
lack of cabbage aphids on leaves at week 7. Impor-
tantly, this indicates that the vertical distribution of cab-
bage aphids is strongly influenced by plant growth
stage. Almost all cabbage aphids colonized the under-
side of lower canopy leaves in the small-plot experi-
ment. Therefore, sampling of cabbage aphids on the
abaxial surface of lower canopy leaves may be a reliable
means of detecting early or “invading” populations, but
unreliable for detecting and estimating cabbage aphid
densities in canola crops where they have established
because established populations, such as those sampled
at York and New Norcia (and weeks 4–7 in the small-
plot experiment), are mostly aggregated on raceme ter-
minals. This confirms the current recommendation for
sampling of cabbage aphid-infested canola that is based
on inspection of racemes, while the leaves are disre-
garded (Berlandier and Valentine 2001, Berlandier
2004, Bellati et al. 2010, Berlandier et al. 2010).

Large-scale Spatial Distribution Patterns. Fer-
guson et al. (2003) demonstrated that particular insect
pests of canola in the United Kingdom were associated
with plant density and growth stage of the primary
stem, and that these characteristics could be used in
the prediction of their spatial distributions and used in
targeted sampling. Field-wide data, which are summar-
ized in Table 1, showed considerable spatial variability

Table 2. Small-plot experiment: logistic regression statistics for cabbage aphids on primary stem leaves or racemes in relation to dis-
tance from plot centers for early (10 May), mid- (24 May), and late (7 June) sowing treatments

Treatment Position: date Parameter Estimate SE t Significance

Early Leaves: week 2 Constant �0.05 1.34 �0.04 0.968
Distance from center �0.11 0.05 �2.04 0.042

Racemes: week 4 Constant �1.12 0.96 �1.17 0.243
Distance from center �0.05 0.02 �2.08 0.037

Racemes: week 5 Constant �0.07 0.66 �0.1 0.921
Distance from center �0.05 0.02 �3.22 0.001

Racemes: week 7 Constant 3.88 0.65 5.99 <0.001
Distance from center �0.05 0.01 �5.33 <0.001

Mid Leaves: week 2 Constant �1.34 0.95 �1.42 0.157
Distance from center �0.06 0.03 �2.22 0.027

Racemes: week 4 Constant 1.00 0.74 1.34 0.179
Distance from center �0.10 0.03 �4.02 <0.001

Racemes: week 5 Constant 1.17 0.59 1.97 0.049
Distance from center �0.08 0.02 �4.91 <0.001

Racemes: week 7 Constant 2.42 0.43 5.64 <0.001
Distance from center �0.02 0.01 �3.89 <0.001

Late Leaves: week 2 Constant �0.46 1.61 �0.28 0.777
Distance from center �0.11 0.07 �1.68 0.093

Racemes: week 4 Constant �0.87 0.84 �1.04 0.299
Distance from center �0.05 0.02 �2.35 0.019

Racemes: week 5 Constant 0.11 0.87 0.12 0.904
Distance from center �0.08 0.03 �2.92 0.003

Racemes: week 7 Constant 4.35 0.68 6.36 <0.001
Distance from center �0.06 0.01 �6.08 <0.001
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within the measured variables (e.g., plant density and
growth stage), which was “on offer” for migrating cab-
bage aphids. However, this study was unable to demon-
strate that distributions could be explained by the

plant phenological traits. Moreover, an “edge effect,” or
gradient in infestation, as described by Fleischer et al.
(1999) and Nansen et al. (2005b), was evident for both
York and New Norcia canola crops, in which cabbage
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aphids were most commonly found within 20–30 m
of the crop edge and rarely detected further inwards
(Fig. 4). It is also interesting to note that the gradient
“steepness” of the edge effect at York (Figs. 4b, c) and
New Norcia (Figs. 4e, f) differed with a much higher
aggregation of cabbage aphids within the first 1 m from
crop edge at New Norcia. It is likely that cabbage
aphids originated from peripheral sources such as road-
side weeds, and that these insects were driven by pre-
vailing winds, as suggested by Helson (1958).

Infestation of cabbage aphids, detected further into
the crop, were initially considered “outliers,” as most
infested sites were found near the crop edges. It was
noted, however, that the locations were either near a
tree line or contour bank that harbored alternative
hosts for cabbage aphids. For example, an infestation
detected >200 m into the crop at New Norcia most
likely originated from the cabbage aphid populations

identified on wild radish (Raphanus raphanistrum L.)
growing within the nearby tree line. Infestations
detected >50 m into the crop at York were close to
contour banks, where wild radish, which was present at
the time of sampling, may have been the source of the
initial infestations. This association between cabbage
aphid detection and within-field “vegetational edges”
highlights the importance of weed control within non-
cropped areas in fields to prevent within-field sources
of cabbage aphids. These within-field edge effects also
emphasize that tree lines and contour banks should be
included in targeted sampling efforts, as they are likely
to provide habitat for invading populations of cabbage
aphids. Furthermore, fields without noncrop areas may
be “safer” in that they are much less likely to contain
within-field sources of cabbage aphids given appropri-
ate weed control measures, and this information may
aid in field selection.

It should be noted that data represented in this study
was collected from one growing season, and that cab-
bage aphid populations may be much higher in other
growing seasons (Dedryver et al. 2010). However, the
two fields were sampled at growth stages in which cab-
bage aphids are most likely to cause economic damage
to canola crops in Australia (OIAWA, 2006, Gu et al.
2007) and, therefore, the most important time regarding
crop scouting and insecticide application. Furthermore,
the edge effects evident in this study will aid in the
development of an improved sampling plan for cabbage
aphids in canola, which takes into account variable cab-
bage aphid populations and multiple growing seasons.

Table 3. Field-wide sampling: significant logistic regression statistics (P<0.05) for plant and landscape variables tested as explana-
tory variable against cabbage aphids on leaves, racemes and in sweep net

Variable Parameter Estimate SE t Significance

York
Cabbage aphids on racemes Constant �0.01 0.42 �0.03 0.972

Distance to noncrop �0.03 0.01 �1.98 0.048
Cabbage aphids in sweep net Constant 0.03 0.41 0.08 0.934

Distance to noncrop �0.02 0.01 �1.98 0.048
New Norcia
Cabbage aphids on racemes Constant 2.20 0.49 4.53 <0.001

Distance to noncrop �0.07 0.02 �4.66 <0.001
Cabbage aphids on leaves Constant �0.50 0.40 �1.26 0.209

Distance to noncrop �0.05 0.02 �2.72 0.007
Total aphids in sweep net Constant �0.11 0.85 �0.13 0.896

Plants per square meter 0.03 0.02 2.04 0.041

Table 4. Field-edge grids: logistic and ordinary regression statistics for cabbage aphids on racemes tested against distance from
field edge

Location Parameter Logistic regression Ordinary regression of presence data

Estimate SE t Significance Estimate SE t Significance N R2

York west Constant 2.44 0.40 6.10 <0.001 2.17 0.12 18.34 <0.001 71 0.260
Distance from edge �0.33 0.04 �7.95 <0.001 �0.08 0.02 �5.06 <0.001

York east Constant 4.24 0.57 7.43 <0.001 3.02 0.17 17.80 <0.001 95 0.055
Distance from edge �0.43 0.05 �8.15 <0.001 �0.06 0.02 �2.54 0.013

New Norcia west Constant 2.29 0.31 7.33 <0.001 2.84 0.13 21.62 <0.001 112 0.298
Distance from edge �0.20 0.02 �9.64 <0.001 �0.08 0.01 �6.93 <0.001

New Norcia west Constant 3.34 0.48 6.92 <0.001 3.32 0.16 20.34 <0.001 82 0.442
Distance from edge �0.39 0.05 �8.03 <0.001 �0.18 0.02 �8.07 <0.001

Table 5. Overall indices of aggregation (Ia) for west and east
field-edge grids assessed at York and New Norcia

Measurement York New Norcia

West East West East

Infested racemes per square meter 6.38 8.18 6.48 6.27
Infested plants per square meter 7.56 8.22 7.85 7.07
Total cabbage aphids per square meter 10.20 77.72 >99 >99
Total colony length (mm) per square meter 6.22 6.66 6.41 6.14

Ia> 1 indicates clustering; P< 0.05 for all values.
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Spatial Resolution Analyses. Three spatial resolu-
tions were used to assess cabbage aphid densities, and
the two regression methods varied in their suitability to
model the data effectively. Low (field-wide), high
(square-meter), and very high (per plant) resolutions,
as represented by the York and New Norcia crops,
field-edge grids and small-plot experiment, respectively,
all displayed nonrandom distributions of cabbage
aphids. Logistic regression showed that distance from
plot centers was negatively associated with cabbage
aphid presence for almost all combinations of sowing
time and sampling time. It is evident, however, that the
test for probability of presence was unsuitable for mid-
sowing at week 7 because 99% of plants contained cab-
bage aphids. Ordinary regression of cabbage aphids on
leaves at week 2 and colony length on racemes at week
4 showed no significant association between distance
from plot centers and cabbage aphid counts (Table 2).
This is not surprising given that early, mid-, and late
sowing treatments displayed positive data from few
plant locations at this sampling time. Ordinary regres-
sion of presence data, however, consistently gave signif-
icant edge effects for all four field edge grids but was
unable to show significant results, where 1) positive
data was low (e.g., very high resolution) and 2) cabbage
aphid densities were too variable in relation to distance
from crop edge (e.g., low resolution). Therefore, the
test for probability of cabbage aphid presence proved
to be the most robust in this study because it consis-
tently modeled the three spatial resolutions with statis-
tical significance, except where the percent plants
infested was very high. Thus, presence of cabbage
aphids on racemes, rather than cabbage aphid colony
length counts, is perhaps the most reliable method for
predicting cabbage aphid distribution and for targeting
sampling efforts.

Sampling Method. Numerous studies have high-
lighted concerns about sampling being practically chal-
lenging and, therefore, proposed improved sampling
methods for detection of insect pests in field crops
(Nansen et al. 2010, Martini et al. 2012). Sweep net
sampling was included in this study as a comparison to
counts of cabbage aphids per plant because it is the
recommended method of sampling canola fields for
other important pests of canola (Berlandier and Baker
2007, Gu et al. 2008) and, if suitable, would simplify
the overall crop monitoring efforts. Although the sweep
netting technique did not give consistent results
between fields, further research is warranted in the use
of the insect sweep net, given its established impor-
tance for other pests and to complement visual plant
inspections to help in the development of a spatially
dependent sampling program. It is important to note
that sweep netting, which collects insects from the top
canopy of canola plants, would not detect cabbage
aphids where they have colonized the lower canopy
leaves and would therefore only be suitable in detect-
ing already established populations.

In conclusion, reduced sampling effort and increased
detection of emerging infestations of cabbage aphids in
canola may be achieved by targeting sampling points
and plant parts where they are most likely to occur. So,

rather than sampling randomly throughout a canola
crop, results from this study clearly showed that cab-
bage aphids are most likely to be detected early on the
abaxial side of leaves in the bottom portion of the crop
canopy and on plants within the first 10–20 m of crop
edge or other noncrop areas, such as weedy patches
within or adjacent to canola fields. Therefore, weed
control within and around the peripheral of canola
crops is highlighted as a potential management strategy
to reduce risks of cabbage aphid infestations.
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Cárcamo, H. A., R. Dunn, L. M. Dosdall, and O. Olfert.
2007. Managing cabbage seedpod weevil in canola using a
trap crop—A commercial field scale study in western Canada.
Crop Prot. 26: 1325–1334.

Cocu, N., K. Conrad, R. Harrington, and M. D. A. Rounse-
vell. 2005. Analysis of spatial patterns at a geographical scale
over north-western Europe from point-referenced aphid
count data. Bull. Entomol. Res. 95: 47–56.

Dedryver, C.-A., A. Le Ralec, and F. Fabre. 2010. The con-
flicting relationships between aphids and men: A review of
aphid damage and control strategies. Comptes Rendus Biol.
333: 539–553.

Edwards, J., and K. Hertel 2011. Canola growth and develop-
ment. Department of Primary Industries. New South Wales,
Australia.

Espino, L., M. O. Way, and L. T. Wilson. 2008. Sequential
sampling plans for sweep net and visual sampling of Oebalus
pugnax in rice. Southwest. Entomol. 33: 53–64.

Feng, M. G., and R. M. Nowierski. 1992. Spatial patterns and
sampling plans for cereal aphids [Hom.: Aphididae] killed by
entomophthoralean fungi and hymenopterous parasitoids in
spring wheat. Entomophaga 37: 265–275.

Ferguson, A. W., Z. Klukowski, B. Walczak, S. J. Clark, M.
A. Mugglestone, J. N. Perry, and I. H. Williams. 2003.
Spatial distribution of pest insects in oilseed rape: implica-
tions for integrated pest management. Agric. Ecosyst. Envi-
ron. 95: 509–521.

Fleischer, S. J., P. E. Blom, and R. Weisz. 1999. Sampling in
precision IPM: when the objective is a map. Phytopathology
89: 1112–1118.

Fletcher, D., D. MacKenzie, and E. Villouta. 2005. Model-
ling skewed data with many zeros: a simple approach combin-
ing ordinary and logistic regression. Environ. Ecol. Stat. 12:
45–54.

Gu, H., G. P. Fitt, and G. H. Baker. 2007. Invertebrate pests
of canola and their management in Australia: A review. Aust.
J. Entomol. 46: 231–243.

Gu, H., O. R. Edwards, A. T. Hardy, and G. P. Fitt. 2008.
Host plant resistance in grain crops and prospects for inverte-
brate pest management in Australia: An overview. Aust. J.
Exp. Agric. 48: 1543–1548.

Heard, T. A. 2000. Concepts in insect host-plant selection be-
havior and their application to host specificity testing. In N. R.
Spencer (ed.), X International Symposium on Biological Con-
trol of Weeds: 4-14 July 1999. Montana State University, MT.

Helson, G. A. H. 1958. Aphid populations: ecology and meth-
ods of sampling aphids Myzus persicae (Sulz.) and Aulacor-
thum solani (Kltb.). N. Z. Entomol. 2: 20–23.

Hill, R. E., and Z. B. Mayo. 1980. Distribution and abundance
of corn rootworm species as influenced by topography and
crop rotation in eastern Nebraska. Environ. Entomol. 9:
122–127.

Hodgson, E. W., E. C. Burkness, W. D. Hutchison, and D.
W. Ragsdale. 2004. Enumerative and binomial sequential
sampling plans for soybean aphid (Homoptera: Aphididae) in
soybean. J. Econ. Entomol. 97: 2127–2136.

Hughes, G., and R. G. McKinlay. 1988. Spatial heterogeneity
in yield-pest relationships for crop loss assessment. Ecol.
Model. 41: 67–73.

Kennedy, J. S., and C. O. Booth. 1951. Host alternation in
Aphis fabae Scop. I. feeding preferences and fecundity in re-
lation to the age and kind of leaves. Ann. Appl. Biol. 38:
25–64.

Kumar, R., V. S. Nagrare, M. Nitharwal, D. Swami, and Y.
G. Prasad. 2014. Within-plant distribution of an invasive
mealybug, Phenacoccus solenopsis, and associated losses in
cotton. Phytoparasitica 42: 311–316.

Lamb, R. J. 1989. Entomology of oilseed brassica crops. Ann.
Rev. Entomol. 34: 211–229.

Liebhold, A. M., and A. A. Sharov. 1998. Testing for correla-
tion in the presence of spatial autocorrelation in insect count
data, pp. 111–118. In J. Baumgartner (ed.), Population and
community ecology for insect management and conservation.
Taylor & Francis.

Liu, B., and C. Sengonca. 1997. Seasonal population dy-
namic and within-plant distribution of the whitefly, Aleur-
otuberculatus takahashi David et Subramaniam (Hom.,
Aleyrodidae), and its parasitoid, Eretmocerus longipes
Compere (Hym., Aphelinidae) in citrus and jasmine
plantations in Fuzhou region of the southeastern China.
Anz. Schadlingskde., Pflanzenschutz, Umweltschutz 70:
97–101.

Mankin, R. W., D. W. Hagstrum, C. Nansen, and W. G.
Meikle. 2014. Almond moth oviposition patterns in continu-
ous layers of peanuts. J. Stored Prod. Res. 59: 48–54.

Martini, X., S. Seibert, S. M. Prager, and C. Nansen. 2012.
Sampling and interpretation of psyllid nymph counts in pota-
toes. Entomol. Exp. Appl. 143: 103–110.

Mo, J., S. Munro, A. Boulton, and M. Stevens. 2008. Within-
plant distribution of onion thrips (Thysanoptera: Thripidae)
in onions. J. Econ. Entomol. 101: 1331–1336.

Murray, D. A. H., M. B. Clarke, and D. A. Ronning. 2013.
Estimating invertebrate pest losses in six major Australian
grain crops. Aust. J. Entomol. 52: 227–241.

Nansen, C., and T. J. Ridsdill-Smith. 2013. The performance
of insecticides – a critical review, pp. 195–232. In S. Trdan
(ed.), Insecticides - development of safer and more effective
technologies. InTech, Rijeka, Croatia.

Nansen, C., T. B. Macedo, D. K. Weaver, and R. K. D.
Peterson. 2005a. Spatio-temporal distributions of wheat
stem sawfly eggs and larvae in dryland wheat fields. Canad.
Entomol. 137: 428–440.

Nansen, C., D. K. Weaver, S. E. Sing, J. B. Runyon, W. L.
Morrill, M. J. Grieshop, C. L. Shannon, and M. L. John-
son. 2005b. Within-field spatial distribution of Cephus cinc-
tus (Hymenoptera: Cephidae) larvae in Montana wheat
fields. Canad. Entomol. 137: 202–214.

Nansen, C., A. J. Sidumo, A. H. Gharalari, and K. Vaughn.
2010. A new method for sampling spider mites on field crops.
Southwest. Entomol. 35: 1–10.

Nansen, C., K. Vaughn, Y. Xue, C. Rush, F. Workneh, J.
Goolsby, N. Troxclair, J. Anciso, A. Gregory, D. Hol-
man, et al. 2011. A decision-support tool to predict spray de-
position of insecticides in commercial potato fields and its
implications for their performance. J. Econ. Entomol. 104:
1138–1145.

Nansen, C., C. Trostle, S. Angade, P. Porter, and X. Mar-
tini. 2012. Abiotic factors affecting canola establishment and
insect pest dynamics. Int. J. Agronomy 2012.

Nansen, C., J. C. Ferguson, J. Moore, L. Groves, R. Emery,
N. Garel, and A. Hewitt. 2015. SnapCard: a tool to increase
the sustainability of pesticide spray applications. Agronomy
for Sustainable Development, (in press).

Nowak, H., and E. Komor. 2010. How aphids decide what is
good for them: Experiments to test aphid feeding behaviour
on Tanacetum vulgare (L.) using different nitrogen regimes.
Oecologia 163: 973–984.

778 ENVIRONMENTAL ENTOMOLOGY Vol. 44, no. 3



Olsson, K., and T. Jonasson. 1994. Leaf feeding by caterpillars
on white cabbage cultivars with different 2-propenyl glucosi-
nolate (sinigrin) content. J. Appl. Entomol. 118: 197–202.

Papantoniou, A. N., J. T. Tsialtas, and D. K. Papakosta.
2013. Dry matter and nitrogen partitioning and translocation
in winter oilseed rape (Brassica napus L.) grown under rainfed
Mediterranean conditions. Crop Pasture Sci. 64: 115–122.

Parajulee, M. N., R. B. Shrestha, and J. F. Leser. 2006. Sam-
pling methods, dispersion patterns, and fixed precision se-
quential sampling plans for western flower thrips
(Thysanoptera: Thripidae) and cotton fleahoppers (Hemi-
ptera: Miridae) in cotton. J. Econ. Entomol. 99: 568–577.

Pedigo, L. P., and G. D. Buntin. 1993. Handbook of sampling
methods for arthropods in agriculture, Taylor & Francis,
Baco Raton, FL.

Perry, J. N. 1995. Spatial analysis by distance indices. J. Anim.
Ecol. 64: 303–314.

Powell, G., C. R. Tosh, and J. Hardie. 2006. Host plant selec-
tion by aphids: behavioral, evolutionary, and applied perspec-
tives. Ann. Rev. Entomol. 51: 309–330.

Reay-Jones, F. P. 2014. Spatial distribution of stink bugs (Hem-
iptera: Pentatomidae) in wheat. J. Insect Sci. 14: 1–22.

Scheirs, J., L. Bruyn, and R. Verhagen. 2003. Host nutri-
tive quality and host plant choice in two grass miners:
primary roles for primary compounds? J. Chem. Ecol. 29:
1373–1389.

Schneider, A. 2013. GPS Visualizer. (http://www.gpsvisualizer.
com) (accessed 7 December 2013).

Seymour, M. 2011. Defining economic optimum plant densities
of open pollinated and hybrid canola in WA. In J. Paterson
and C. Nichols (eds.), Agribusiness Crop Updates 2011.
Department of Agriculture and Food Western Australia,
Perth, WA.

Taylor, L. R. 1984. Assessing and interpreting the spatial distri-
butions of insect populations. Ann. Rev. Entomol. 29:
321–357.

Trumble, J. T. 1982. Within-plant distribution and sampling of
aphids (Homoptera: Aphididae) on broccoli in southern Cali-
fornia. J. Econ. Entomol. 75: 587–592.

Winder, L., J. N. Perry, and J. M. Holland. 1999. The spatial
and temporal distribution of the grain aphid Sitobion avenae
in winter wheat. Entomol. Exp. Appl. 93: 275–288.

Received 19 November 2014; accepted 4 February 2015.

June 2015 SEVERTSON ET AL.: CABBAGE APHIDS NONRANDOM DISTRIBUTION IN CANOLA 779

http://www.gpsvisualizer.com
http://www.gpsvisualizer.com

	nvv021-TF1
	nvv021-TF2
	nvv021-TF3



