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Abstract
Grapevine leafroll-associated virus 3 (GLRaV-3) is a worldwide pathogen of Vitis negatively affecting wine production. In red
berry cultivars grown in New Zealand, the foliar changes to GLRaV-3-infected vines inform decisions on vine removal (rogu-
ing). However, roguing does not always contain GLRaV-3 spread in the presence of an insect vector like the mealybug,
Pseudococcus calceolariae. Virus incidence and mealybug abundance data collected annually over 7 years were modelled under
differing scenarios to ascertain support for roguing. In a simulated 1 ha vineyard planted in 2500matureMerlot vines, simulations
over 20 years evaluated the effectiveness of roguing, ‘rogue 1 + 2’ (concurrent roguing of symptomatic plus both within-row
neighbouring vines), inefficient roguing (50% of symptomatic vines rogued), and ‘no-action’. The model used variable initial
GLRaV-3 incidence (0.4, 5, 10, 15 and 20%), and low, median and high vector densities (6, 26 and 75 mealybugs per 100 vine
leaves, respectively). Roguing was the optimal response to GLRaV-3, independent of the initial incidence, but results were vector
density dependent. At a low vector density, roguing relative to the other responses tested, sustained the lowest annual GLRaV-3
incidence, the least need to plant replacement vines and the lowest estimated average annual costs plus loss of income. At median
and high vector densities, roguing remained the most favourable response but virus control was less effective and the costs
incurred were higher. Thus, for vineyards affected by GLRaV-3, achieving economic sustainability relies on integrating efficient
roguing with effective vector management.
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Introduction

Grapevine leafroll-associated virus 3 (GLRaV-3) is an eco-
nomically damaging viral pathogen of grapevines with a
worldwide distribution (Almeida et al. 2013). The potential
for GLRaV-3 to negatively alter wine quality has seen New
Zealand Winegrowers, the national industry body, invest in

research prioritising in-vineyard management (Andrew et al.
2015). Unlike asymptomatic white berry cultivars (Maree
et al. 2013), GLRaV-3-infected vines among red berry culti-
vars undergo late-season changes to leaf colour and morphol-
ogy (Golino et al. 2002). Visual diagnostics is a reliable pre-
dictor of GLRaV-3, with evidence of good sensitivity and
specificity relative to serological testing (Bell et al. 2017).
Consequently, vineyard owners in South Africa (Pietersen
et al. 2013, 2017) and New Zealand (Bell et al. 2018) remove
vines visually diagnosed with foliar symptoms of GLRaV-3 in
a process known as roguing.

InNewZealand, research onGLRaV-3management by rogu-
ing was undertaken in 13 commercial vineyards from 2009 to
2015 (Bell et al. 2018). Each vineyard was planted in one of five
red berry cultivars, where in 2009, baseline incidence ranged
from 4% to 24%. Visual symptom identification was used annu-
ally for the next 6 years to assess GLRaV-3 incidence and iden-
tify vines for roguing. During this time, pre-harvest inspections
of vine leaves enabled absolute counts of the mealybug
Pseudococcus calceolariae, the most common GLRaV-3 vector
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found (Petersen and Charles 1997; Bell et al. 2018). The spread
ofGLRaV-3 observed over timewas overwhelmingly along vine
rows, with the immediate within-row neighbours (referred to as
‘first’ vines) most at risk of infection. However, despite this
pattern of vector-mediated spread, annual roguing steadily re-
duced the virus risk: in 2010, an average of 26% of first vines
were GLRaV-3 symptomatic; by 2015, that reduced to just 6%
(Bell et al. 2018).

From these data, it was recommended owners ‘rogue’
symptomatic vines only, implement a robust vector manage-
ment programme and when planting, they use vines certified
GLRaV-3-free under the Grafted Grapevine Standard
(Andrew et al. 2015). Thus, by adopting an integrated re-
sponse, some owners reduced GLRaV-3 incidence to <1%
by 2012, where it was sustained until data collection for the
study ceased in 2015 (Bell et al. 2018).

Despite annual roguing in several other study vineyards,
however, GLRaV-3 incidence was consistently >1% (Bell
et al. 2018). Because of this result, which was attributed to
poor vector management, we considered that where high
mealybug vector density co-occurred with moderate to high
virus incidence, an alternative management response may be
required. Thus, in view of the increased risk of vector-
mediated GLRaV-3 transmission to first vines, roguing both
these vines plus the symptomatic vine concurrently, had been
proposed. This so-called ‘rogue 1 + 2’ response was a pre-
emptive measure targeting potential latent first vine infections.
Despite the adoption of rogue 1 + 2 in a few vineyards not part
of the Bell et al. (2018) study, the idea was never widely
promulgated in New Zealand because of a lack of analyses
supporting effectiveness and economic feasibility.

When considering the issue of GLRaV-3 management in
New Zealand, we looked to earlier theoretical work on disease
control by roguing, and how different scenarios and
management responses influenced outcomes. Critical in this
regard was the seminal work of Sisterson and Stenger (2013)
whose insights informed our decision to further analyse the
virus and vector data of Bell et al. (2018). By modelling real
data collected over 7 years, our objective was to determine if
there were combinations of virus incidence and mealybug
vector densities that might warrant modifying the roguing
response. We used three different mealybug vector densities
(low, median and high) to assess the management outcomes
and cost-effectiveness of roguing, rogue 1 + 2, inefficient
roguing, and a ‘no-action’ decision to aid in the development
of an integrated response to GLRaV-3.

Materials and methods

All statistical analyses and simulations were carried out using
SAS v.9.4 of the SAS System for Windows (Copyright
©2008, SAS Institute Inc., Cary, NC).

The starting point: a published model The starting point for
this work was the theoretical research of Sisterson and Stenger
(2013), who used a model of disease spread to compare the
consequences of either taking no action, or roguing and re-
placing different proportions of infected trees or vines in a
vineyard. In their model, new plant infections could be caused
by either (i) “primary” infection, which could come from ex-
ternal sources such as infection in neighbouring vineyards, or
(ii) “secondary” infection, where infection was transmitted (by
insect vectors) from infected plants in any one of eight
neighbouring plant positions. They demonstrated that the
model could predict how total crop yield and numbers of
plants removed and replanted over 25 years would depend
on: the rates of primary and secondary infections; the propor-
tion of infected plants rogued and replaced; the yield of infect-
ed plants relative to uninfected plants; and the time from
replanting until plants reach full production.

As a first step in developing the current model, we imple-
mented the single farmmodel of Sisterson and Stenger (2013),
and confirmed we could replicate their model and predictions.

A more realistic model of virus spread The work of Bell et al.
(2018) showed that secondary spread of leafroll virus was
more complex process. Thus, these authors categorised
neighbouring vines into four positions (Fig. 1), and found that
uninfected vines that had previously had an infected vine in
relative position F (‘First’) were the most likely to become
infected in subsequent years. There were successively smaller
probabilities of infection for vines where the nearest previous-
ly infected vine had been in positions S (‘Second’), O
(‘Opposite’), and D (‘Diagonal’). Vines that had no previously

Fig. 1 A diagrammatic view of three vine rows showing the position of
the 10 nearest neighbour vines relative to a grapevine leafroll-associated
virus 3 symptomatic vine (V). There were four nearest neighbour posi-
tions: within-row ‘first’ (F) and ‘second’ (S) vines; across-row ‘opposite’
(O) and ‘diagonal’ (D) vines. Row width was 2.4 m; vines within a row
were separated by 1.8 m (simulated vineyard dimensions, 45 m × 223 m).
Black arrow denotes row direction. After Bell et al. (2018)
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infected vines in any of these neighbouring positions had the
lowest probability of infection.

We therefore extended the Sisterson and Stenger (2013)
model to allow different probabilities of infection from neigh-
bours in different positions, estimatingmodel parameters from
the data of Bell et al. (2018). Generalising the approach of
Sisterson and Stenger (2013) to more than one category of
neighbour, we modelled the probability of any currently un-
infected vine becoming infected in the following year (P) as
being dependent on the infection status of neighbouring vines,
and the probability of infection from other sources, using

P ¼ 1− 1−Peð Þ∏
i

1−Pið Þni

where Pe is the probability of infection from other sources
(“elsewhere”), ni the number of infected vines in category i
(i = F, S, O, D), and Pi is the probability that a single infected
vine in category iwill lead to infection of the target vine in the
coming year. This equation takes into account the fact that
once a vine has been infected from one source, further infec-
tion from other sources has no effect. This ensures that the
probability of infection can never exceed 1, even though when
small it is approximately the sum of the probabilities of infec-
tion from all sources (note: we estimated the interval between
initial GLRaV-3 infection in a vine and the appearance of
foliar symptoms, or the latent period, to be about 12 months).

In many New Zealand vineyards, GLRaV-3 is transmitted
vine to vine by the mealybugs, P. calceolariae or
P. longispinus (Petersen and Charles 1997). Hence, the prob-
ability of infection from any source must scale proportionally
to the relative vector density. To take this into account, the
equation is modified to become

P¼1− 1−Peð Þ∏
i

1−Pið Þni
� �r o;yð Þ

where r(o,y) is the relative vector density in the particular
vineyard (o) and year (y).

Fitting models to data This model was fitted to all the data
collected by Bell et al. (2018), with parameters fitted to max-
imise the likelihood of the observed data using SAS PROC
NLMIXED. Data for all years were fitted together, with the
same relative probabilities of infection (Pe and Pi, i = F, S, O,
D) fitted to all vineyards and years, but with fitted vector
densities (r(o,y)) varying among vineyards and years.
Mealybug densities were fitted relative to the average density
across all vineyards and years considered, which was set to be
one.

We considered the four categories of neighbours identified
by Bell et al. (2018), initially making predictions for the fol-
lowing year based on the infection status of the neighbouring
vines in the current year. The fitted model was consistent with

the findings of Bell et al. (2018) that the most likely source of
infection was an infected vine in position F (P1 = 0.148), with
successively smaller probabilities of infection from infected
vines in positions S (P2 = 0.041), O (P3 = 0.022), and D (P4 =
0.019).

Bell et al. (2018) considered that the presence of infected
neighbouring vines in previous years could also increase the
probability that a currently uninfected vine would be infected
in the coming year. We therefore also considered models in
which the probability of vine infection in the coming year was
dependent on not only the infection status of neighbouring
vines in the current year, but also on their infection status 1
or 2 years earlier. Of course, as the number of years used for
prediction increased, the number of vineyard-year combina-
tions that could be used to fit the model reduced: there were 59
vineyard-year combinations for which data were available for
both that year and in the following year (i.e. the infection
status of all vines was recorded in two successive years); 45
of these were also monitored in the previous year (i.e. record-
ed in three successive years); and for only 32 were monitored
in both the previous 2 years (i.e. recorded in four successive
years in total).

Model Selection We used the Akaike Information Criterion
(AIC) to comparemodels including different numbers of years
of historical data. A model predicting the probability of vine
infection in the coming year based on the infection status of
neighbouring vines in the current and one previous year was
chosen, because this model (AIC = 18,183) performed better
than a model based on the current year’s data alone (AIC =
18,488) when both models were fitted to the 45 year-vineyard
combinations available for fitting models including one pre-
vious year. Moreover, this model (AIC = 12,146) also per-
formed better than a model including vine infection status
from two previous years (AIC = 12,245) when both models
were fitted to the 32 year-vineyard combinations available for
fitting models including two previous years.

When the model based on the infection status of
neighbouring vines in the current and previous year was fitted
to the data, fitted probabilities relating positions O and D were
very similar, so the fitting process was constrained to ensure
that the effect of a more distant infected vine (position D) was
no greater than the effect of a closer infected vine (position O)
in either year. The fitted average probabilities that a vine will
be infected in the coming year, given one infected neighbour
in each position in either the current or previous year, are
shown in Table 1. Position V is the current vine position, so
the probability of zero indicates that no newly planted vines
became symptomatic in the first year, even if an infected vine
was present then rogued in the previous year.

The highest probability of a new infection in the coming
year being spread from a single neighbouring vine is if that
vine is in position F in the current year. A currently infected
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vine in position S in the current year is the next most likely
source of a new infection (27% as likely), followed by an
infected vine in position F the previous year (14%). The prob-
ability of a new infection arising from a single neighbour in
any one of these positions is higher than the fitted average
probability of infection from any other source not considered
in the model (Pe = 0.010).

The probabilities presented in Table 1 are for the average
infestation level of the 45 year-vineyard combinations consid-
ered here. Probabilities for low, median, and high mealybug
vector densities (Table 2) are presented in Supplementary
Table 1. The probability of infection from neighbouring vines
in all positions increases with increasing vector density, but
for the range of vector densities considered here the relative
ranking of the infection probabilities from infected vines in
different relative positions changes only slightly.

Costs associated with managing leafroll virus Initial estimates
of costs related to managing GLRaV-3 were obtained from
Nimmo-Bell and Company Limited (2006) and unpublished
data and/or information supplied by New Zealand
Winegrowers and experienced viticulturists. These costs were
expressed as percentages of crop value or of total yield, and
loss of crop value per tonne harvested (Table 2).

If infected vines are present in the vineyard, these infec-
tions will potentially affect income in two ways: by reducing
yield, and (if GLRaV-3 incidence is too high) by negatively
influencing the value (per tonne) of the crop. In the USA, a so-
called virus ‘quality penalty’ was applied to economic analy-
ses for vineyards in New York (Atallah et al. 2012) and
California (Ricketts et al. 2015). In the latter study, the as-
sumed 10% quality penalty was deemed inadequate based
on survey respondents noting that poor quality fruit had po-
tential to cost them annual contracts, discourage contract re-
newal, and damage relationships with buyers, winemakers
and customers (Ricketts et al. 2015). Thus, based on overseas
trends, and following Nimmo-Bell and Company Limited
(2006), we assumed that yield declined progressively follow-
ing infection between 1 and 4 years; and the value received for
the harvested crop was financially penalised at an incidence of

12.5% or more (Table 2). These values were ‘on average’
estimates.

If the infection in the vineyard was managed by roguing
and planting replacement healthy vines, then costs were in-
curred, which when comparing management responses, need-
ed to be balanced against the costs of leaving infected vines in
situ. The estimated costs of roguing, planting, and vine train-
ings are listed in Table 2. Additional costs were incurred be-
cause it was assumed newly planted vines took 5 years to
reach full production (Table 2).

When comparing management responses, we calculated
the total cost of having infected vines present in the vineyard,
plus the costs of management, including vine removal,
replanting, and loss of yield of young vines (Table 2). An
assumed value of virus-freeMerlot fruit at harvest is presented
in Table 2.

Model Simulations We used a standard vineyard of approxi-
mately 1 ha planted with 2500 mature Merlot vines arranged
in 20 rows, each with 125 vines. Within this vineyard we
simulated the spread of GLRaV-3, applying the model de-
scribed above with relative probabilities of infection from
neighbouring infected vines as in Table 1. Random simula-
tions of 200 such standard vineyards were run over 20 years,
using three different relative mealybug vector densities
(infestations) fromBell et al. (2018), a range of different initial
GLRaV-3 incidence in the vineyards to a maximum of 20%,
and five different management responses (Table 2).

In total, 15,000 simulations of vineyards were carried out
(i.e. three levels of vector density x five initial GLRaV-3 in-
cidence scenarios x five management responses × 200 simu-
lations each), each tracking the fate of 2500 vines over
20 years.

For each simulation, we recorded the numbers of infected
vines per year, and the numbers of vines removed and
replanted per year. From this, and the cost information above,
we calculated average annual costs plus loss of income over
20 years for each management response considered, and
hence compared and contrasted the management and financial
outcomes of each response in different situations.

Table 1 Average probabilities that a grapevine will become newly
infected with grapevine leafroll-associated virus 3 (GLRaV-3) due to a
neighbouring vine in one of the positions (‘first’, ‘second’, ‘opposite’,
‘diagonal’) in either the current or previous year. The zero probability

given for position V in the previous year reflects the fact that no newly
planted vines (following roguing of an infected vine in the same position
in the previous year) showed foliar symptoms of GLRaV-3

Current year Previous year

Position F § S O D V F S O D Random (Pe)

Average infection probability 0.142 0.038 0.016 0.016 0.000 0.020 0.008 0.007 0.007 0.010

% of current year, position F 100 27 11 11 0 14 5 5 5 7

§Nearest neighbour positions: F = ‘first’, S = ‘second’, O = ‘opposite’, D = ‘diagonal’, V = GLRaV-3-infected vine
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Relationship between fitted relative mealybug vector densi-
ties (r(o,y)) and observedmealybug vector numbersThe fitted
relative vector densities for each vineyard and year r(o,y) were
compared with actual mealybug counts (average mealybugs/
leaf MBL, or fraction of infested leaves ILF) where these were
available. Linear regression was carried out using log trans-
formed data, in order to minimise variation in the residuals
with the size of the predictor variable. The best fits were ob-
tained using a weighted average of mealybug data from the
current (60% weight) and previous (40%) years.

The slopes of the regressions of the log (r(o,y)) against both
log (MBL) and log (ILF) differed significantly from zero (P <
0.001), showing a strong link between observed and fitted
mealybug density. Also the slopes did not differ significantly
from one, which means that simple proportionality between
fitted relative vector densities and either average numbers of

mealybugs per leaf, or fraction of infested leaves, should be a
satisfactory approximation.

Results

Roguing The model showed that roguing GLRaV-3-
symptomatic vines at an initial low incidence (0.4%) when
mealybug density was also low, were the optimal conditions
to achieve quick, efficient and cost-effective control of this
insect-vectored pathogen. After removing the initial 10
virus-infected vines per hectare (0.4%) in Year 1, the model
showed that from Year 2, roguing resulted in an average loss
of just five vines (0.2%) per year through until Year 20
(Figs. 2a and 3a). Under this low vector density and low inci-
dence scenario, the estimated average annual costs plus loss of

Table 2 Terms and definitions applicable to the grapevine leafroll-associated virus 3 (GLRaV-3) management response as assumed and applied in the
model. Monetary values are NZ dollars

Term Definition

Value of Merlot fruit at harvest Assumed at $12,600 per hectare (i.e. 7 t per hectare at $1800/t) to reflect
the absence of GLRaV-3 or any GLRaV-3-related management costs

Costs of GLRaV-3: roguing and planting $12.50 made up of $4 for vine removal, $5.50 for new vine, $2 planting
and $1 vine training

Costs of GLRaV-3: yield loss due to infected vine 10, 20, 40 & 50% yield loss in years, 1, 2, 3 & 4, respectively

Costs of GLRaV-3: lost crop value (per tonne harvested) Loss of crop value of 0% (at 0 to 12.5% GLRaV-3 incidence), 5%
(12.5 to 25%), 25% (25 to 50%) & 50% (50 to 100%)

Costs of GLRaV-3: loss of yield from a replacement
virus-free vine

Yield of 0, 0, 60, 90 & 100% in years 1, 2, 3, 4 & 5, respectively

Mealybug vector densities:

Low Approximate 20th percentile of relative mealybug vector density;
six mealybugs per 100 vine leaves inspected or 2% leaf infestation.

Median Approximate 50th percentile of relative mealybug vector density;
26 mealybugs per 100 vine leaves inspected or 7% leaf infestation

High Approximate 80th percentile of relative mealybug vector density;
75 mealybugs per 100 vine leaves inspected or 21% leaf infestation

Initial GLRaV-3 incidence 0.4, 5, 10, 15 & 20%

Management responses:

Roguing Roguing all GLRaV-3-infected vines showing foliar symptoms annually
and then planting replacement vines annually

Rogue 1+2 Roguing and replanting not only the GLRaV-3-symptomatic vine but also
the adjacent within-row (or ‘first’) vines either side of it annually

Rogue 50% (inefficient roguing) Roguing a random 50% of GLRaV-3-infected vines annually and planting
replacement vines annually. Assumed to occur where vineyard personnel
were insufficiently trained to recognise GLRaV-3 symptoms and/or
where visual diagnostics were undertaken too early in the growing season
to identify all symptomatic vines in a given year

Rogue 1+2 50% (inefficient roguing) Roguing 1+2 a random 50% of GLRaV-3-infected vines and the adjacent
vines in the same row annually and planting replacement vines annually.
This response was assumed to occur where vineyard personnel were
insufficiently trained to recognise GLRaV-3 symptoms and/or where visual
diagnostics were undertaken too early in the growing season to identify all
symptomatic (or symptomless first) vines in a given year

No-action A deliberate decision not to rogue any GLRaV-3-infected vines
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income was NZ$131 per hectare (Table 3). Of this cost, 84%
was directly attributed to roguing and yield loss from replace-
ment young vines.

At an initial incidence of 0.4% in a vineyard where mealy-
bug vector density was instead high, estimated average rogu-
ing and vine replacement increased to ca. 6% (150 vines) per
year fromYears 2 to 20 (Figs. 2k and 3k). The increased focus
on roguing and vine replacement substantially increased the
cost of yield loss for replacement young vines. Thus, even at
an initial incidence of 0.4%, the influence of vector-mediated
GLRaV-3 spread on roguing and yield loss from replacement
vines meant estimated average costs plus loss of income was
NZ$4012 per year per hectare, which was a 31-fold increase
relative to roguing where mealybug vector density was low
(Table 3).

The model demonstrated that mealybug vector density was
therefore a critical variable in determining the frequency and
intensity of roguing and the planting of replacement vines.
However, the problem was further compounded when initial
virus incidence was higher than 0.4% (Figs. 2 and 3). For
example, roguing at an initial 10, 15 and 20% incidence, a
low vector density meant estimated average costs plus loss
of income were NZ$506, $726 or $917 per year per hectare,
respectively (Table 3); at a high vector density, average costs
plus loss of income increased substantially to NZ$4766,
$5144 or $5457 per year per hectare, respectively (Table 3).
Independent of vector density and initial virus incidence, over
80% of the financial implication of roguing was attributed to
vine removal and yield loss from replacement vines.

Comparing roguing with rogue 1 + 2 In New Zealand, the
idea that roguing might not adequately contain GLRaV-3 un-
der some virus/vector circumstances was proposed, with
rogue 1 + 2 viewed as a possible alternative response. We
tested the feasibility of rogue 1 + 2 and compared the results
with roguing.

At low and median mealybug vector densities, annual virus
incidence ranged from 0.2 to 2% for the rogue and rogue 1 + 2
responses, independent of initial virus incidence (Fig. 2a to j).
At high mealybug vector densities, annual incidence for rogue
1 + 2 was, on average, 5%, which was marginally lower than
for roguing (Fig. 2k to o). However, with an emphasis on
removing symptomatic plus first vines concurrently, rogue
1 + 2 generated an increased frequency of vine replacement
when compared with roguing (Fig. 3a to o). Consequently,
over 90% of the rogue 1 + 2 costs were attributed to roguing
and yield loss from young vines, while the equivalent costs for
roguing were 82% (Table 3). For low and median mealybug
vector densities, the estimated average annual costs plus loss
of income for roguing was less than half that of rogue 1 + 2,
independent of initial virus incidence (Table 3). When mealy-
bug vector density was high, both responses incurred in-
creases to the estimated average annual incidence (Fig. 2k to

o) and vine replacement (Fig. 3k to o). While severe financial
implications were a feature of both responses at high vector
densities (Table 3), estimated average annual costs plus loss of
income for roguing was ca. 28% less per hectare than rogue
1 + 2, independent of initial virus incidence.

Comparing roguing with inefficient roguing In our model,
inefficient roguing was assumed to be the result of inadequate
assessor training and/or visual assessments undertaken too
early in the growing season to enable the identification of all
GLRaV-3-symptomatic vines in a given year. The implication
of both situations was that an assumed 50% of infected vines
(or symptomless first vines) remained in situ for another
12 months, at least.

Roguing was a more effective management response than
inefficient roguing (i.e. rogue 50%, rogue 1 + 2 50%), a result
independent of initial virus incidence and mealybug vector
densities. Where vector density was low, roguing resulted in
average annual virus incidence typically less than 1% over
20 years, which was generally half that observed for ineffi-
cient roguing (Fig. 2a to e). However, where mealybug vector
density was high, the implications of inadequate vector con-
trol were apparent for all three responses, with estimated av-
erage annual incidence of 8, 10, and 20% for roguing, rogue
1 + 2 50%, and rogue 50%, respectively (Fig. 2k to o). In turn,
the planting of replacement vines increased where mealybug
vector density was median (Fig. 3f to j) and high (Fig. 3k to o).
The estimated average annual costs plus loss of income for
each management response included the direct costs of rogu-
ing and yield loss from replacement young vines (Table 3).
Additionally, both inefficient roguing responses incurred sub-
stantial costs related to yield loss from infected vines and lost
crop value due to in situ infections (Table 3). Across the three
mealybug vector densities tested, roguing was the better re-
sponse than either inefficient option. However, as with all the
management scenarios tested, costs continued to rise steeply
as mealybug vector density increased. Therefore, even at an
initial 0.4% GLRaV-3 incidence, high mealybug vector den-
sity generated estimated average annual costs plus loss of
income for roguing and inefficient roguing that greatly
exceeded those where mealybug vector density was either
low or median (Table 3).

Comparing roguing with no-action Independent of mealy-
bug vector density (low, median, or high), the manage-
ment and cost implications of no-action against GLRaV-3
were consistently more severe than for roguing. For in-
stance, at a low mealybug vector density and initial virus
incidence of 0.4 and 20% (the two extremes used in the
model), no-action resulted in estimated virus incidence of
6 and 40%, respectively, after 20 years (Fig. 2a to e); at
median vector density, an estimated 50 and 90% of vines,
respectively, were infected after 20 years (Fig. 2f to j). At
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a high vector density and initial virus incidence of 0.4 and
20%, 90% of vines were infected after an estimated 13
and 8 years, respectively (Fig. 2k to o). By comparison,
roguing when mealybug vector density was low (Fig. 2a
to e) and median (Fig. 2f to j), resulted in an estimated

average annual incidence of <1% over 20 years; at a high
vector density, it never exceeded 10% (Fig. 2k to o).
Rather than no-action incurring the direct costs of roguing
and vine replacement, all costs were instead attributed to
yield loss from the infected vines and the loss of crop

Table 3 Estimated average annual costs plus loss of income (New
Zealand $ values per hectare) in a simulated 1 ha Merlot vineyard
affected by grapevine leafroll-associated virus 3 (GLRaV-3).
Simulations over 20 years adopted five management responses (rogue,

rogue 1 + 2, rogue 50%, rogue 1 + 2 50%, no action) in the presence of
low, median, and high numbers of mealybug vectors, when either 0.4, 5,
10, 15, and 20% of random Merlot vines were GLRaV-3-infected

Breakdown of costs Cost of roguing Cost of yield loss from
replacement young vines

Cost of lost yield due to
GLRaV-3 infections

Loss of crop value due to
GLRaV-3 infections

Sum of all costs

Vector densities Low † Median High Low Median High Low Median High Low Median High Low Median High

% incidence Management response – Roguing ‡

0.4 56 277 1769 54 266 1660 21 104 582 0 0 0 131 647 4012

5.0 132 367 1938 130 356 1827 48 135 632 0 0 0 310 858 4396

10.0 214 465 2102 214 455 1987 78 169 678 0 0 0 506 1088 4766

15.0 296 558 2259 296 548 2140 107 200 718 27 27 27 726 1333 5144

20.0 377 652 2391 378 642 2268 136 232 750 26 26 48 917 1551 5457

Management response – Roguing 1+2

0.4 157 660 2741 152 625 2475 20 87 350 0 0 0 329 1372 5566

5.0 366 882 3014 360 845 2732 47 113 377 0 0 0 773 1841 6122

10.0 569 1096 3262 565 1056 2964 75 141 400 0 0 0 1208 2293 6626

15.0 747 1282 3458 744 1240 3147 103 168 421 27 27 27 1621 2718 7053

20.0 904 1437 3646 902 1393 3324 130 195 446 26 26 26 1962 3050 7441

Management response – Roguing 50%

0.4 55 326 2707 53 311 2501 37 216 1423 0 0 596 145 853 7227

5.0 135 444 3048 133 429 2834 87 288 1569 0 0 815 355 1161 8266

10.0 222 566 3336 221 552 3113 140 360 1679 0 0 988 582 1477 9116

15.0 306 685 3564 306 671 3335 190 426 1762 27 27 1208 829 1809 9869

20.0 392 798 3744 392 784 3512 238 487 1823 26 51 1469 1049 2120 10,548

Management response – Roguing 1+2 50%

0.4 152 687 3173 146 648 2848 35 161 666 0 0 0 332 1497 6688

5.0 369 918 3534 362 877 3188 80 209 727 0 0 0 812 2004 7448

10.0 563 1156 3851 556 1110 3480 121 257 773 0 0 0 1240 2523 8104

15.0 754 1357 4109 744 1305 3717 160 295 811 27 27 66 1684 2984 8703

20.0 918 1528 4294 904 1469 3889 195 328 835 26 26 60 2042 3351 9079

Management response – No-action

0.4 0 0 0 0 0 0 203 1474 4510 0 1002 2427 203 2476 6937

5.0 0 0 0 0 0 0 695 2448 5031 146 2026 2728 841 4473 7759

10.0 0 0 0 0 0 0 1190 3178 5378 454 2681 2858 1644 5858 8236

15.0 0 0 0 0 0 0 1650 3741 5610 1399 2966 2962 3050 6707 8628

20.0 0 0 0 0 0 0 2093 4179 5780 2090 3143 3017 4183 7321 8742

†Low mealybug vector density = 6 P. calceolariae per 100 vine leaves; median vector density = 26 P. calceolariae per 100 vine leaves; high vector
density = 75 P. calceolariae per 100 vine leaves
‡Rogue = removing all GLRaV-3-infected vines each year and planting healthy replacement vines; Rogue 1 + 2 = removing and replanting the GLRaV-
3-symptomatic vine plus the adjacent within-row (or ‘first’) vines either side of it; Rogue 50% = roguing a random 50% of GLRaV-3-infected vines each
year, and Rogue 1 + 2 50%= roguing a random 50% of GLRaV-3-infected vines and the first vines each year, with both inefficient responses assumed to
occur where vineyard personnel were insufficiently trained to recognise GLRaV-3 symptoms and/or where visual diagnostics were undertaken too early
in the growing season to identify all vines likely to show foliar symptoms in a given year; No action = a decision not to rogue any GLRaV-3-infected
vines
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value due to infection (Table 3). It was these factors that
substantially increased the estimated average annual costs
plus loss of income for no-action relative to roguing.
These differences were especially evident where mealy-
bug vector density was median and high.

Discussion

In having modelled the relationship between GLRaV-3
incidence and mealybug vector density, our objective
was to determine an optimal vine removal response based

Fig. 2 Estimated annual incidence of grapevine leafroll-associated virus
3-infected Merlot vines over a 20 year timeline following the adoption of
roguing, roguing 1 + 2, roguing 50%, roguing 1 + 2 50%, or no action

(NoAct) at an initial incidence of 0.4 (a, f, k), 5 (b, g, l), 10 (c, h,m), 15
(d, i, n), and 20% (e, j, o), when vector density was either low (a to e),
median (f to j), or high (k to o)
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on differing virus/vector scenarios likely to be found in
New Zealand vineyards. Whilst continuing to reiterate the
negative implications of a no-action decision and ineffi-
cient roguing, we anticipated these analyses would also
generate new insights to better define circumstances that

could warrant modification to the current roguing
response.

From our model, however, roguing optimised GLRaV-3
management outcomes, independent of the initial virus inci-
dence and the mealybug vector densities tested. Roguing

Fig. 3 Estimated percentage of replacement Merlot vines planted
annually over 20 years, when managing grapevine leafroll-associated
virus 3, either by roguing, roguing 1 + 2, roguing 50%, roguing 1 + 2

50%, or no action (NoAct) at an initial incidence of 0.4 (a, f, k), 5 (b,
g, l), 10 (c, h,m), 15 (d, i, n), and 20% (e, j, o), and when vector density
was either low (a to e), median (f to j), or high (k to o)
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typically incurred the lowest annual virus incidence, the least
need to plant replacement vines and the lowest estimated av-
erage annual costs plus loss of income. These findings vindi-
cated the current recommendation promulgated by New
Zealand Winegrowers, whereby only vines with foliar symp-
toms of GLRaV-3 are rogued annually (Andrew et al. 2015).
Indeed, the positive virus management outcomes observed in
several of the Bell et al. (2018) study vineyards supported
many of the predictions by Sisterson and Stenger (2013).
Specifically, the model demonstrated that in targeting
GLRaV-3 early when incidence was low (0.4–5%), control
was achieved relatively quickly. Even where initial virus in-
cidence was moderate to high (10–20%), roguing minimised
annual incidence, reduced the frequency of vine replacement
and was the most cost-effective management response relative
to the other responses tested.

While the outcomes of virus management were positively
influenced by roguing, the results of our model were inextri-
cably linked to mealybug vector density. In particular, the
model estimated that when vector density was low (six
P. calceolariae per 100 vine leaves), average annual virus
incidence and planting replacement vines quickly reduced to
<1.0% until Year 20, irrespective of initial virus incidence.
Thus, under these conditions, roguing culminated in estimated
average annual costs plus loss of income ranging from
NZ$131 per hectare at 0.4% incidence to NZ$917 per hectare
at 20%. By contrast, where mealybug vector density was high
(75 P. calceolariae per 100 vine leaves), roguing resulted in
estimated average annual virus incidence and annual vine
planting of ca. 8%, with estimated average annual costs plus
loss of income over four-fold higher increasing to NZ$4012
(0.4%) and NZ$5457 (20%) per hectare. Thus, for GLRaV-3,
the model demonstrated that the success of roguing was reliant
upon mealybug vector control reducing the risk of secondary
pathogen spread, as noted by Sisterson and Stenger (2013).

We also evaluated rogue 1 + 2 (concurrent roguing of
symptomatic plus both within-row neighbouring vines) to de-
termine the feasibility of acting pre-emptively against
GLRaV-3 under some circumstances. The results were com-
pared with roguing. The model showed that estimated average
annual virus incidence was marginally lower for roguing 1 + 2
than for roguing, a result most evident where mealybug vector
density was high. One explanation for this result was the like-
lihood that an estimated 12-month GLRaV-3 latent period
among a proportion of first vines meant they were pre-
emptively removed before foliar symptoms appeared and thus
before they could be included in annual incidence calculations
using visual diagnostics. In other words, the model may have
under-estimated annual incidence in rogue 1 + 2, possibly by
as much as 1 percentage point, depending on mealybug vector
density. However, after factoring in the direct costs of roguing
and the cost of yield loss from replacement vines, the estimat-
ed average annual costs plus loss of income for roguing was at

least half that of rogue 1 + 2, independent of initial virus inci-
dence. Therefore, the importance of adopting an effective in-
tegratedmanagement response, including good vector control,
was again demonstrated.Moreover, it was apparent there were
no virus/vector scenarios tested where rogue 1 + 2 would pref-
erentially replace roguing whilst delivering better GLRaV-3
management outcomes with few negative financial implica-
tions. Thus, any future implementation of rogue 1 + 2 is most
likely to be predicated upon the particular circumstances and
preferences of individual vineyard owners.

Our work also highlighted other results likely to inform
future decisions about GLRaV-3 management.

This study showed that inefficient roguing (i.e. rogue 50%,
rogue 1 + 2 50%) did not manage GLRaV-3 effectively. As a
result, estimated average annual costs plus loss of income
were high relative to roguing and also for a no-action response
(where mealybug numbers were high). Both inefficient re-
sponses were approximately comparable with two values for
plant replacement used by Sisterson and Stenger (2013) –
specifically with R = 0.25 and R = 0.50, where infected plants
were not rogued and remained in situ for an average of 4 and
2 years, respectively. In our model, we assumed inefficient
roguing was the result of inadequate assessor training and/or
poorly timed visual inspections, meaning 50% of symptomat-
ic vines (or symptomless first vines) remained in situ for at
least another 12 months. In New Zealand, visual inspections
for GLRaV-3 generally occur post-harvest, which offers as-
sessors the best opportunity to identify most, if not all, symp-
tomatic vines in a given year (Bell et al. 2015). But this out-
come relies on trained assessors able to visually differentiate
GLRaV-3-infected vines reliably from those with similar fo-
liar symptoms for unrelated and generally benign conditions
like cane girdling or mineral deficiencies. Furthermore, com-
petent assessors reduce the likelihood of healthy vines being
unnecessarily removed because of over-estimating GLRaV-3
incidence (false positives) or of under-estimating it (false neg-
atives) by missing vines with rudimentary GLRaV-3 foliar
symptoms (see Bell et al. 2017). Once identified, the model
showed that the efficient, annual removal of all symptomatic
vines greatly reduced the risk of vector-mediated disease
spread. While this outcome was predicted by Sisterson and
Stenger (2013), the results were corroborated by Pietersen
et al. (2013, 2017) and Bell et al. (2018) during their multi-
year assessments in commercial vineyards undertaking
roguing.

Likewise, the decision not to act to manage GLRaV-3 up to
the maximum 20% incidence contributed to multiple negative
outcomes relative to roguing. One indicator from this study
that will be readily understood by all owners is the substantial
increase in the estimated average annual costs plus loss of
income per hectare for a no-action decision. Further reinforc-
ing the negative implications of no action were rapid increases
in annual and cumulative virus incidence and thus the
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relatively short interval before more than 50% of vines were
infected. Consequently, for those owners choosing to do noth-
ing to manage GLRaV-3, any perceived advantage of not
incurring the direct costs of roguing and planting replacement
vines would be quickly negated by factors like yield loss from
infected vines or devalued crop due to the imposition of a
quality penalty (Ricketts et al. 2015).

In conclusion, the model showed that up to the maximum
20% initial GLRaV-3 incidence, annually roguing only those
vines with foliar symptoms optimised management outcomes
in commercial vineyards in New Zealand. However, while
roguing was the optimal response relative to the others tested,
the outcomes of GLRaV-3 management were vector density
dependent. Hence, for vineyards affected by GLRaV-3, the
foundation for economic sustainability not only requires that
roguing be efficient but that it be supported by vector man-
agement that is effective.
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