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Abstract
High-yielding potato crops in Canterbury have achieved 90 t ha−1or more. However, soil-borne diseases and poor soil
structure are primary factors responsible for reducing this potential to an average of 55 t ha−1. The interaction between
these factors was measured by growing the cultivars ‘Russet Burbank’ and ‘Innovator’ in 15 fields, grouped into four
categories related to cropping history that influences soil health: soil-restorative (>7 years of grass) and non-restorative
(>6 annual crops) with presence or absence of potato crops in the previous 10 years. Although predominantly grass
histories with previous potato crops showed greater severity of soil-borne diseases than annual crop history without
previous potatoes, this did not lead to yield losses. Improved soil quality increased yields by an average 10 t ha−1

regardless of disease pressure. Modelling suggested that early planting, maintaining crop canopies and managing water
supply were also key factors for achieving high potato yields.

Resumen
Los cultivos de papa de alto rendimiento en Canterbury han alcanzado las 90 t ha−1 o mas. No obstante, las
enfermedades del suelo y la estructura pobre del suelo son los factores primarios responsables de la reducción de este
potencial a un promedio de 55 t ha−1. Se midió la interacción entre estos factores mediante el cultivo de las variedades
“Russet Burbank” e “Innovator” en 15 campos, agrupados en cuatro categorías relacionadas a la historia del cultivo que
influencia la salud del suelo: restauración del suelo (>7 años de pasto) y no restauración (>6 cultivos anuales) con la
presencia o ausencia de cultivos de papa en los 10 años previos. Aunque las historias del pasto predominante con cultivo
de papa previo mostraron mayor severidad de las enfermedades del suelo que la historia de cultivos anuales sin papa
previa, esto no condujo a pérdidas de rendimiento. El mejoramiento de la calidad del suelo aumentó los rendimientos en
un promedio de 10 t ha−1independientemente de la presión de enfermedades. El modelado sugirió que la siembra
temprana, el mantenimiento del follaje y el manejo del suministro de agua, también fueron factores clave para lograr
altos rendimientos de papa.
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Introduction

Potato yields in the Canterbury region of New Zealand cur-
rently average 55 t ha−1, which is well below the measured
potential of around 90 t ha−1 (Jamieson et al. 2003). Nutrient
supply has been shown to be adequate for the current level of
production (Reid et al. 2011, 2016), and crops are irrigated to
supplement rainfall, so water should not be limiting to crop
growth and yield. In a related study, Sinton et al. (2013) found
that pests and diseases above-ground are usually well man-
aged through regular foliar-applied pesticide sprays. However,
the seed- and soil-borne diseases Rhizoctonia stem canker,
Spongospora root galling and tuber powdery scab are not well
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controlled. These can reduce gross yields by as much as
36 t ha−1 in some crops when both diseases are widespread
and severe. Sinton et al. (2013) also found that the yield of
each potato crop was made up of a range of individual plant
responses to localized biotic and abiotic stresses; plants unaf-
fected by these yielded to potential, whereas disease-stressed
plants suffered up to the equivalent of 69 t ha−1 yield loss.
There was also some influence of soil conditions on crop
performance. Hernandez-Ramirez et al. (2014) showed that
there was a substantial effect of soil conditions on root perfor-
mance, which would influence access to resources and
therefore crop performance. That study was with barley
which has much stronger roots than potato, so the
expectation would be that potato crops would be affected
more severely. Falloon et al. (2016) reported that potato plants
inoculated with Spongospora subterranea, then grown in the
field and laboratory, used less water than healthy plants, and
subsequently had reduced growth rates and yield. An
extensive review by Brierley et al. (2013) of the management
ofRhizoctonia solaniwith respect to potato production quoted
many instances of Rhizoctonia diseases causing yield reduc-
tion. Rhizoctonia solani and S. subterranea have broad host
ranges, including species from at least 21 diverse plant fami-
lies (Wright et al. 2017; Tsror 2010; Qu and Christ 2006;
Arcila Aristizabal et al. 2013). In addition, S. subterranea
resting spores can remain viable in the soil for many years
(Harrison et al. 1997). Thus, infection from these pathogens
is difficult to avoid when selecting fields to grow potatoes.

Previous field research has shown that moderately severe
soil-borne diseases can reduce potato yields when crops are
grown in degraded soils (Sinton et al. 2013), where degrada-
tion is often caused by annual cropping cultivation practices
and lack of restorative (usually grass) phases. Beare et al.
(2003) found that soil aggregate stabilities (a common mea-
sure of quality of soil physical structure) below 1.5 mean
weight diameter (MWD) increased the risk of crops not
reaching their regional average yields (Fig. 1). Soils with
low aggregate stability are less able to withstand the impacts
of cultivation, trafficking and water drops from irrigation or
rainfall. This leads to dispersal of fine soil particles that can fill
the surrounding soil pores, reducing the availability of water
(and water holding capacity), air and nutrients needed for root
and subsequent crop growth. Beare et al. (2003) found that
pasture-based soils had greater average aggregate stability
(2.36 MWD) than arable soils (1.72 MWD), where both had
been in their respective land uses for longer than 9 years, and
that compared with arable crops, long-term grass growth
could create high volumes of high-quality organic matter.

In terms of land use in Canterbury, even on individual
farms, potatoes are not a major crop – only 2400 ha of
Canterbury land is devoted to vegetable production, cf.
210,000 ha in grain production and 2.25 million ha in grass/
clover pastures for grazing animals (Statistics New Zealand

2016). That means there is no need to use the same fields for
potato production at frequent intervals, so that intervals be-
tween potato crops may be 7 to 10 years.

The present study aimed to test the hypothesis that growing
potato crops in fields with enhanced soil structure could be a
simple way to elevate potato yields. Firstly, soil conditions
conducive to root growth (because of reduced soil compac-
tion) would cost-effectively increase resource availability, as
well as reducing waste of current inputs. Secondly, vigorously
growing plants may be less susceptible to soil-borne diseases,
the causative pathogens of which are present in most of the
arable soils in Canterbury. If the outcome was positive, then a
practical method to quickly measure soil structure could be
used by growers for informed field selection to maximize
yields.

Materials and Methods

Seed Tuber Treatment

Because no potato seed tubers can be guaranteed to be free of
tuber-borne diseases, this study used formaldehyde as a seed
surface sterilant experimental treatment. Treating seed tubers
with a formaldehyde solution reduces the severity of powdery
scab on the daughter tubers at harvest (Falloon et al. 1996;
Falloon 2008), and may also help reduce the severity of other
seed tuber borne diseases. A greenhouse experiment was car-
ried out to assess the effects that these pathogens may have
had on subsequent disease in the crops, and to discern seed
tuber borne inoculum from that potentially sourced from the
field soils. These same seed lines were then planted in 15
fields categorized on the basis of whether they had predomi-
nantly grass or annual cropping histories (to produce a range
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Fig. 1 The relationship between soil aggregate stability (mean weight
diameter, MWD, mm) and yield for 105 Canterbury arable crops. The
arrows indicate a cut-off point (1.5 MWD, mm) where reduced soil qual-
ity risks achieving yields less than the regional average for that crop.
Reproduced from Beare et al. (2003), with permission
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of soil structural qualities), and that included previous potato
crops or not (to influence the potential of the soils to harbor
potato-related pathogens).

In early spring, whole seed tubers (weight range 80 to
150 g) from one line of each of the potato cultivars ‘Russet
Burbank’ and ‘Innovator’ were removed from cool storage
and placed into 25 kg lots in sacks, which were then arranged
in wooden crates. Half of the sacks were dipped for 2 min in a
tank containing 0.39% formaldehyde solution; the other half
were not dipped. All dipped crates were then moved to a
ventilated potato store and air-dried for 48 h.

Greenhouse Experiment

A random selection of the formaldehyde-treated and untreated
‘Russet Burbank’ and ‘Innovator’ seed tuber lines were grown
in a greenhouse (10 tubers of each treatment, total 80 tubers)
as individual plants in plastic planter bags (10 L capacity). The
greenhouse trial was planted on 25 November 2016 (late
spring) and harvested on 17 February 2017 (84 days after
planting). The planter bags contained potting mix that had
been tested negative for the presence of all soil-borne patho-
gen DNA, including S. subterranea and R. solani. The potting
mix contained 70%, by volume, of aged bark and 30% of
coarse sand, and contained 1.45 g L−1 zeolite, 3.2 g L−1 dolo-
mite lime, 2.0 g L−1gypsum, 3.2 g L−1 of a resin-coated 16–9–
12-2 N:P:K:MgO fertilizer mix containing trace elements,
1.2 g L−1 superphosphate, 320 mg L−1 potassium sulphate
and 320 mg L−1 calcium nitrate. The plants were frequently
watered and the temperature was maintained at 17 °C in nat-
ural daylight, conditions likely to be conducive to develop-
ment of soil-borne diseases. No black scurf or powdery scab
lesions were visible on the tubers at planting. After plant
growth, just before senescence, the stems of each plant were
cut off at the soil surface, the plants were removed from their
planter bags, and the tubers, roots and underground stems of
each plant were washed free of potting mix. Shoots were
assessed for any diseases and underground stems and tubers
were scored for diseases caused by R. solani and
S. subterranea using incidence and severity and scores de-
scribed in detail by Sinton et al. (2018). The stem canker
severity score ranged from 0 (no disease) to 18 (stem death),
and stem canker incidence was the number of stems per plant
infected by the disease. Spongospora root gall severity score
ranged from 0 (no disease) to 3 (more than 20 root galls per
plant). Root gall incidence was recorded as presence/absence
of the disease per plant. Plants were also checked for the
presence of any other diseases.

Field Selection

All of the field experiment sites were on farms on the coastal
plain of Canterbury in the South Island of New Zealand,

between latitudes 43.8° and 44.4° S.Webb et al., (2000) stated
that “The plains of the eastern South Island consist of a series
of coalescing fans. The major variations in soil properties are
related to the age of fan formation and to natural drainage
conditions”. The individual sites were all on silt loams of
similar geological origin, and the major variation between
sites was the depth to underlying stones. This mostly affected
water-holding capacity in the root zone. Particle size distribu-
tions vary little among the soils (Webb et al. 2000), with
United States of America taxonomic descriptions of either
Typic Dystrustepts or Udic/Typic Haplustepts (Table 1).

Each of the 15 selected fields was growing a commercial
potato crop of either ‘Innovator’ or ‘Russet Burbank’, and
fitted one of four cropping history categories. The fields were
a combination of two conditions: “ex-potato” or “no potato”,
respectively, one or no potato crop within the last 10 years;
“more grass” or “less grass”, respectively, 7 or more years
grass, or 6 or more years arable crops in the 10 year history.
Thus, the four field categories were:

1. Ex-potato, more grass
2. Ex-potato, less grass
3. No potato, more grass
4. No potato, less grass.

Seven of the 15 fields were located near Timaru in South
Canterbury and eight in the Rakaia/Ashburton (mid
Canterbury) area. All selected fields had topsoil depths of
≅400 mm, over compacted subsoil layers (often caused by
cultivation) or gravels. Soil water supply to depth would de-
pend on the ability of crop roots to penetrate the different
compacted layers. Fields 1, 5 and 10 (Table 2) had stony layers
starting at 400 mm depth, possibly limiting availability and
storage of soil water for the potato crops during the season,
even where irrigation was applied.

Not all crop history categories were equally available
(Table 2). Only one field was of cropping history Category
1, six fields were of Category 2, four were of Category 3, and
four were of Category 4. Seven fields each had a previous
potato crop within the last 10 years, eight fields had no previ-
ous potato crops, 10 fields had been predominately cropped (6
to 9 years) and five fields had been predominantly in grass (7
to 10 years). The potato crops were planted between 11
October and 3 November 2016.

Field Experiment Setup, Planting and Management

The growers all used a generic approach for preparing the soil
for potato crops, related to the need to create a fine tilth to
reduce problems at harvest and during factory processing of
harvested tubers. The fields were all power harrowed, formed
into two-row beds and ‘destoned’ to remove stones and soil
clods to channels beside the rows. Soil structural
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measurements were assessed once the potato crops reached
full canopy stage.

Once bed forming in each of the 15 crops was completed
by each grower, an experimental area was selected and its
outer perimeter (six beds by 50 m) was marked out. At plant-
ing, the grower switched off the planting mechanism between
the markers and applied only their fertilizer and pesticides to
the experimental area. Within 10 days of the 15 commercial
crops being planted, the four treatments (formaldehyde-
treated and untreated for the two seed lines) were planted in
a randomized four-plot design (each plot three beds by 20 m)
with a two-row planter (row spacing 900 mm, in-row seed
spacing 300 mm).

Management strategies for growing the 15 potato crops
were guided by one agronomist, who used the most recent soil
tests to calculate the nutrient requirement for each crop. Total
nitrogen (di-ammonium phosphate at planting and urea and/or
calcium ammonium nitrate for in-season side dressings) appli-
cation ranged from 290 to 370 kgN ha−1 (standard deviation =
28 kg N ha−1). Phosphorous (di-ammonium phosphate, super
phosphate and/or triple super) application rates ranged from
70 to 150 kg P ha−1 (standard deviation = 20 kg P ha−1).
Potassium (potassium sulphate) application rates ranged from
190 to 360 kg K ha−1, (standard deviation = 43 kg K ha−1).

Sulphur (potassium sulphate) application rates ranged from 90
to 215 kg S ha−1, (standard deviation = 40 kg S ha−1). A potato
nutrient study (in the form of replicated field trials) from the
same region in 2013 (Michel et al. 2013), determined that
current nutrient supply was not limiting yields, and a crop
survey conducted that same growing season showed that other
factors, in particular soil-borne diseases and soil compaction,
were the most likely yield-limiting factors.

Natural rainfall amounts and timings in summer in the
Canterbury region are usually inadequate for maximizing po-
tato yield, and irrigation water is often shared with other crops
on farms. Irrigation was based on a schedule provided by the
agronomist but this could not always be followed. The aim
was to apply water at approx. weekly intervals, with adjust-
ments for rain. Individual crop management records were not
analyzed but, despite irrigation, a major yield-limiting factor
was likely to have been water shortage.

Soil Quality Measurements

Aggregate stability was measured, along with two simpler
methods that farmers could use to determine soil quality.
These were: ‘soil structural condition score’, a quick visual
field assessment of the state of soil aggregation in relation to

Table 2 History of each experimental site for experiments carried out in 15 different potato fields in Canterbury, New Zealand

Field ID no. Cropping history Season of previous
potato crop

Cropping history
category

Number of
years in grass

Number of years
in annual crops

2016 potato crop
planting date

1 More grass none 3 10 0 11 October

2 More grass none 3 10 0 11 October

3 More grass none 3 10 0 27 October

4 More grass 2009/10 1 9 1 27 October

5 More grass none 3 7 3 18 October

6 Less grass 2009/10 2 4 6 19 October

7 Less grass 2008/09 2 3 7 3 November

8 Less grass 2009/10 2 2 8 27 October

9 Less grass 2007/08 2 2 8 27 October

10 Less grass 2008/09 2 2 8 3 November

11 Less grass none 4 1 9 19 October

12 Less grass none 4 1 9 18 October

13 Less grass 2011/12 2 1 9 18 October

14 Less grass none 4 1 9 18 October

15 Less grass none 4 1 9 3 November

Table 1 Soil types within the
experiment Soil name New Zealand soil classification Soil taxonomy

Eyre Weathered Orthic Recent Typic Dystrustepts

Eyre silt loam Weathered Orthic Recent Typic Dystrustepts

Templeton silt loam Typic Immature Pallic Udic/Typic Haplustepts

Glasnevin silt loam Typic Immature Pallic Udic/Typic Haplustepts
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its suitability for crop growth (Beare et al. 2003); and ‘crop
history score’, a cumulative 10-year score, related to the soil-
restorative potential of each previous annual main crop
(Sinton et al. 2018).

At the full canopy crop growth stage, a topsoil sample
(150 mm3) was removed from one site (ridge) in each exper-
iment for laboratory measurement of aggregate stability using
the wet sieve method. Aggregates (2-4 mm diam.) were sep-
arated from the whole soil by non-forced sieving, and these
were then air-dried at 25 °C before aggregate stability deter-
mination using a wet-sieving method (Kemper and Rosenau
1986). These dried aggregates (50 g) were sieved under water
for 20 min on a nest of three sieves (2.0, 1.0 and 0.5 mmmesh
sizes). The soil remaining on each sieve was weighed after
oven drying at 105 °C. The weight of material remaining on
the 2 mm sieve was corrected for 2 to 4 mm stone content. The
aggregate stability of each sample was expressed as percent
>1 mm, and as mean weight diameter (MWD), using the for-
mula:

MWD ¼ ∑
n

i¼1
X iWi

where Xi is the mean diameter of adjacent sieves andWi is the
proportion of the total sample retained on a sieve.

Soil structural condition was assessed visually for each
field at the full canopy crop growth stage, using a standard
pictorial score card (Beare et al. 2003). This is a subjective
field assessment of soil structure that examines the relative
size, shape and porosity of aggregates, their cohesion and root
development in and around the aggregates. The assessment
broadly described the relative ability of each soil to host
healthy root activity. The ‘soil structural condition score’
ranges from 1 to 10, where 1 = very poorly structured soil,
reduced root activity predicted; and 10 = a high proportion
of well-formed soil aggregates, increased root activity likely.
At the full canopy crop stage, a spade was used to cut a seg-
ment of soil 150 mm deep and 200 mm wide from the center
of a ridge out to mid-furrow. The soil was transferred to a large
tray and carefully spread out. A soil condition score was de-
termined by comparing the soil in the sample with standard
photographs.

For the crop history score, crop history for each field was
collated for the 10 year period of 2006/07 to 2015/16, and
grass/annual crop types were aggregated. A simple ‘soil re-
storative’ score was then applied to each main annual crop in
the 10-year period, depending on the annual crop’s ability to
maintain or restore soil structure. Vigorously-rooted crops,
including a range of grass species, were given the highest
score (‘4’), cereals with moderately vigorous root systems
scored ‘3’, brassicas, maize and sweet-corn scored ‘2’,
weak-rooted crops such as potatoes, carrots or onions scored
‘1’, and fallow scored ‘0’ (Sinton et al. 2018). These ‘soil

restorative’ scores were then aggregated for the 10-year histo-
ry into a single ‘crop history score’. This scoring system re-
sulted in a maximum score of 40 (10 years of grass) and a
theoretical minimum score of 0 (a ten-year fallow). A high
value indicated an improved soil structure with increased ac-
cess for crop roots to air, water and nutrients.

Disease Assessments

For the 15 field experiments, incidence and severity of the pre-
dominant potato diseases were assessed at four crop growth
stages: i) plant emergence (when 50% of plants were emerged);
ii) full canopy, maximum crop cover; iii) late canopy, midway
between full canopy and senescence; and iv) crop senescence,
50% or more of the crop is dead, ≅ 20 weeks after planting.
Above-ground stems and leaves from four plants per plot were
checked in the field for any diseases and then discarded. All
underground stems were removed to a laboratory, washed free
of soil and then assessed for incidence and severity of diseases.
The two main soil-borne diseases, Rhizoctonia stem canker and
Spongospora root galling were assessed using the incidence and
severity scores described by Sinton et al. (2018).

Yield Assessments

Final tuber harvest in each field experiment was carried out as
near to crop senescence as possible, without compromising
harvest of the surrounding crop. However, ‘Russet Burbank’
plots grown in ‘Innovator’ surrounding crops were most at
risk of having their bulking time shortened by early harvest.
The latest possible harvest times were negotiated with the
growers. Tuber yield assessments were determined for a 5 m
by 2 row middle section of each plot. All of the tubers were
hand dug and sorted into size categories, to end-user specifi-
cations of ‘marketable’ (65–90 mm and > 90 mm diam.) and
‘unmarketable’ (<65 mm diam.). All tubers in these two cat-
egories were weighed, and yields were converted to tonnes per
hectare (t ha−1). Gross yield (t ha−1) was the sum of market-
able and unmarketable yields.

Predicting Potential Yields and the “Yield Gap”

Potential yield for each crop was calculated using the Potato
Calculator (Jamieson et al. 2003), hereafter referred to as the
“PC”. The PC is a simulation model based on calculating
biomass accumulation from intercepted solar radiation
(Monteith 1977), and includes functions that calculate the
growth and loss of leaf area, the lifetime of the crop, and the
effects of water deficits and nitrogen (N) supply (Jamieson
et al. 2008). The model has been well-tested and shown to
simulate potato crop yields accurately (Jamieson et al.
2003). For the present study, simulations used weather data
collected at National Institute for Water and Atmospheric
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Research (NIWA) official weather stations at Ashburton and
Timaru airports. These were within one and 15 km from the
experiment sites. Simulations were set so that water and N-
fertilizer were adequate and used actual (rather than optimal)
planting dates to produce time-courses of leaf area, biomass
accumulation, soil moisture and soil N status. The simulated
yields were compared with observed yields to assess depar-
tures of observations from predictions. The “yield gap” was
defined as the difference between the observed and simulated
yields predicted for production unconstrained by shortages of
water or N, or weeds, pests or diseases.

Statistical Analyses

All statistical analyses were implemented in GenStat
(GenStat 17th edition 2017). For the field experiments,
data of potato yields, yield gaps and disease incidence
and severity were analyzed using a mixed model ap-
proach, fitted with REML. The disease incidence data
(numbers of diseased stems and Spongospora root galls)
were analyzed using a hierarchical generalized linear
model approach (HGLM). For both modelling ap-
proaches fixed effects in the model were cultivar, previ-
ous potato-growing history of a field, previous annual
crop/grass history, formaldehyde seed tuber treatment,
along with all treatment interactions. Order of the effects
was considered and largest P-values for effects is report-
ed. A nested random effect was included for both ap-
proaches to account for location and repeated measures.

For the greenhouse experiments, disease severity data was
analyzed using a mixed model approach, fitted with REML,
and disease incidence data was analyzed using HGLM. For
both modelling approaches, fixed effects included in the
models were cultivar, seed tuber treatment, and their interac-
tion. Order of the effects was considered and largest P-values
for effects are reported. A random effect was included to ac-
count for any blocking effects. No analysis was performed for
incidence of stems with Rhizoctonia stem canker, as all stems
were affected by this disease.

For the REMLmixed models, interactions and main effects
were assessed using ANOVA. Pairwise comparisons were
made using least significant difference (LSD) at 5%. For the
HGLM models at the highest level of interaction 95% confi-
dence intervals were calculated and significant differences
consider to be non-overlapping intervals.

Results

Soil Physical Quality

Aggregate stability (Table 3) ranged from 0.49 mm MWD
(Field 8, 8 years of crop and 2 years grass) to 2.18 mm

MWD (Field 1, 10 years of grass). Nine of the 15 fields had
soils with an aggregate stability less than the yield-limiting
threshold of 1.5 MWD. These were fields with arable crop-
dominant histories (Fig. 2). Grass-dominant histories (more
than 7 of 10 years in grass, ‘crop history score’ 34+) resulted
in aggregate stabilities that were usually greater than 1.5
MWD.

Fields 1, 2 and 3 had the maximum possible crop his-
tory score of 40, as they each had 10-year histories of
grass production. The lowest ‘crop history score’ of 22
was for Field 10, with a history of 8 years of annual crops
(plus 2 years of grass), four of which were classified as
weak rooted crops (pea, potato, carrot and onion). Soil
structure condition scores ranged from 3 (Fields 10, 13,
14 and 15, all fields with at least 8 years of annual
cropping), to 7 (Fields 2 and 3, both with 10 years of
grass production).

Disease Assessments

Greenhouse Experiment

At plant maturity, there was no statistically significant
interaction (F-statistic = 0.17; P > 0.687) between cultivar
and formaldehyde seed tuber treatment for severity of
Rhizoctonia stem canker on the resulting plants.
However, stem canker severity was greater (F-statistic =
8.11; P = 0.009) for the ‘Innovator’ plants (mean sever-
ity score = 7.2) compared with ‘Russet Burbank’
(mean = score 3.8). The formaldehyde seed tuber treat-
ment did not affect stem canker incidence, but reduced
mean stem canker severity score from 6.5 to 4.6 (F-
statistic = 3.05; P = 0.097). On average, there was 84%
probability of stem canker occurring on the ‘Innovator’
plants and 42% probability of the disease for ‘Russet
Burbank’.

Severity of Spongospora root galling was moderate (mean
score = 1.6, equivalent to five to ten galls per plant) for the
‘Russet Burbank’ plants, and high for ‘Innovator’ (mean
score = 2.8, ten to 20 galls per plant). All the ‘Innovator’
plants had Spongospora root galls (100% incidence), regard-
less of seed tuber treatment. Incidence of root galling on
‘Russet Burbank’ was 73%.

Field Experiments

The two main diseases observed in the field experiments
were Rhizoctonia stem canker and Spongospora root gall-
ing. Other pests or diseases were either controlled, not
widespread or not observed during the period of potato
crop growth when the assessments were carried out.
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Rhizoctonia Stem Canker

There were no statistically significant differences for mean
Rhizoctonia stem canker incidence or severity (P = 0.37)
resulting from the seed tuber treatments for both potato culti-
vars. Incidence of Rhizoctonia stem canker was greater in
crops grown in ex-potato fields (probability of incidence =

92%) compared with potato-free fields (76% probability of
incidence). Incidence of this disease was also 83% greater in
crops from ex-grass fields (no previous potato crops), com-
pared to ex-annual crop (no potato) fields (70%). Stem canker
severity increased with time in all of the field experiment
crops, but was more severe where potato crops had been
grown previously (mean score = 6.3) (Table 4), compared

Table 3 Average values of soil
aggregate stability (MWD, mm),
crop history scores and soil
structural condition scores for 15
fields where experiments were
carried out in Canterbury, New
Zealand, in the 2016/17 season

Field ID no. Years in
grass

Years in annual
crops

Aggregate
stability

Crop history
score

Soil structural
condition score

1 10 0 2.18 40 6

2 10 0 2.14 40 7

3 10 0 1.81 40 7

4 9 1a 1.04 37 6

5 7 3 2.17 34 6

6 4 6a 0.67 29 4

7 3 7a 1.17 27 4

8 2 8a 0.49 28 4

9 2 8a 1.04 23 4

10 2 8a 0.84 22 3

11 1 9 1.29 24 4

12 1 9 1.30 26 4

13 1 9a 0.85 24 3

14 1 9 1.13 25 3

15 1 9 1.66 28 3

Grass average 1.87 38 6.4

Annual crop
average

1.05 25 3.5

a Includes a previous potato crop
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Fig. 2 Average soil aggregate stabilities (mean weight diameter, MWD)
for groups of fields in the four crop history categories examined in this
study. The vertical line indicates the yield-limiting aggregate stability
benchmark of 1.5 MWD, the circle symbol represents the field in crop
history Category 1 (“ex-potato, more grass”), the square symbols

represent the six fields in Category 2 (“ex-potato, less grass”), the dia-
mond symbols represent the four fields in Category 3 (“no potato, more
grass”), and the cross symbols represent the four fields in Category 4 (“no
potato, less grass”)
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with crops that had no previous potato cropping history (mean
score = 4.3; F-statistic = 3.69; P = 0.029).

Spongospora Root Galling

Formaldehyde treatment of seed tubers did not affect inci-
dence or severity of Spongospora root galling in plants
assessed from the field experiments (P = 0.90). Spongospora
root galls were observed in 11 of the 15 field experiments, first
appearing at the full canopy growth stage. Averaged for culti-
var, there was either no risk (measured at the full canopy
growth stage) or a small (5% at late canopy growth stage) risk
of Spongospora root galls occurring where the potato crops
were grownwith a predominately annual cropping history that
excluded previous potato crops (Table 5). This compares with
a 48% (full canopy) and a 44% (late canopy) risk for current
potato crops grown from predominantly grass histories that
excluded previous potato crops. In contrast, where potato
crops had been grown within the previous 10 years, there
was a 32% (full canopy) and a 61% (late canopy) chance of
Spongospora root galls occurring after predominantly annual
cropping, but a very high incidence of root galls occurred in
the one ex-potato field with a long grass history.

Root gall severity was greater in the ex-potato fields (mean
score = 1.8) than for potato-free fields (mean = 0.6; F-statis-
tic = 4.7; P = 0.012). Severity of root galling was also greater
from ex-grass fields (mean score = 1.6) than from ex-crop
fields (mean = 0.7; F-statistic = 2.48; P = 0.089).

Crop Yields

There were no treatment interactions (annual cropping/grass
history, potato growing history, cultivar and formalin seed
treatment) for gross yields, marketable yields or any yield
components. Since there was no yield response to formalde-
hyde seed tuber treatment, yields for this treatment were
nested and the data re-analyzed.

Gross tuber yields (Table 6) for ‘Innovator’ (overall mean =
84 t ha−1) were greater (F-statistic = 31.94; P < 0.001) than for
‘Russet Burbank’ (76 t ha−1). Similarly, marketable yields for
‘Innovator’ (mean = 81 t ha−1) were greater (F-statistic = 68.81;
P < 0.001) than for ‘Russet Burbank’ (67 t ha−1). ‘Innovator’
yielded more large tubers (>90 mm diam.) (56 t ha−1) than
‘Russet Burbank’ (30 t ha−1; F-statistic = 157.37; P < 0.001).

Potatoes (irrespective of cultivar) grown in the ex-grass
fields yielded more (mean gross yield = 86 t ha−1) than those
grown in ex-crop fields (75 t ha−1; F-statistic = 7.75; P =
0.018). For marketable yields, ex-grass fields yielded more
(mean = 79 t ha−1) than those grown in ex-crop fields
(69 t ha−1; F-statistic = 6.81; P = 0.024). The ex-grass potato
crops also produced greater yields and greater proportions of
tubers in the large size class (>90 mm diam.) (50 t ha−1, 58%
of gross yield, F-statistic = 7.75; P = 0.018) than those grown
in ex-crop fields (37 t ha−1, 49% of gross yield).

‘Innovator’ yield of the small marketable size class (60 to
90 mm diam.) was reduced (F-statistic = 7.01; P = 0.011) by an
ex-grass history (21 t ha−1) compared with ex-crop history
(28 t ha−1), in response to the increased yield of the >90 mm size
class for this cultivar. ‘Russet Burbank’ yield of the small mar-
ketable size class (60 to 90 mm) was unaffected by cropping
history. ‘Russet Burbank’ yielded more of the unmarketable size
class (<60 mm) (11 t ha−1, F-statistic = 6.88; P = 0.012) where
previous cropping history included potatoes, compared with no
potatoes (7 t ha−1). ‘Innovator’ unmarketable yield was unaffect-
ed by potato history (average 3.7 t ha−1).

Potential yields calculated from PC simulations, observed
yields and yield gaps were re-analyzed for treatment effects.
Potential yields ranged from 83 to 112 t ha−1 for ‘Innovator’
and 80 to 107 t ha−1 for ‘Russet Burbank’. These cultivars have
different growth parameters (thermal time to reach different de-
velopmental stages) in the simulations. Field 15 had the shortest

Table 4 Mean Rhizoctonia stem canker severity scores (0 = no stem
canker, 18 = dead stem) at plant emergence, full or late canopy potato
crop growth stages, for 15 fields in Canterbury, New Zealand, in the
2016/17 growing season. Potato crops were either part or not part of the
cropping histories in the last 10 years

Crop growth stage Mean Rhizoctonia stem canker severity score

No potato Ex-potato

Emergence 0.1 0.3

Full canopy 4.3 6.3

Late canopy 3.8 6.0

LSD (P < 0.05) 1.4

Table 5 The risk (%) of
Spongospora root galls occurring
at the full or late canopy potato
growth stages in the field
experiments in Canterbury, New
Zealand, in the 2016/17 season,
for the four categories

Crop growth stage Cropping history Mean incidence of Spongospora root galls (% risk)

No potato Ex-potato

Full canopy Less grass 0 32

More grass 48 100

Late canopy Less grass 5 61

More grass 44 100
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present season potato crop duration, as the crop was planted late
and sprayed off before natural senescence to fit with factory
demand. This gave predicted yields of 80 t ha−1 for ‘Russet
Burbank’ and 83 t ha−1 for ‘Innovator’. The actual yields for
these two crops were 60 t ha−1 for ‘Russet Burbank’ and
70 t ha−1 for ‘Innovator’. Field 2 had the longest present season
crop duration, was planted early and grew through until natural
senescence, and was given a predicted yield of 106 t ha−1 for
‘Russet Burbank’ and 112 t ha−1 for ‘Innovator’. The actual
yields for the two cultivars from this field were, respectively,
96 t ha−1 and 103 t ha−1.

Although the crop yields were affected by planting and
harvest dates, all but one crop failed to reach potential, indi-
cating that factors other than crop duration were influencing
yields. The “yield gap” from the individual fields ranged from
−2 to 23 t ha−1 for ‘Innovator’, and from 8 to 30 t ha−1 for
‘Russet Burbank’. Re-analysis using these data (Table 7) still
indicated that some of this variation may have been attribut-
able to the field history treatments, with a moderately signif-
icant interaction (P = 0.082, maximum LSD = 19 t ha−1), but
there was uncertainty as yield variability was high.

Discussion

The fields used for experiments in this study were initially
selected using crop history records. According to in-season

measurements of soil physical quality (aggregate stability
and soil structural condition scores) these fields adequately
fitted the desired soil physical structure categories. There were
visually detectable and laboratory-measured improvements in
soil structural quality between the two categories. Relative
aggregate stability levels reflected those found in the study
of Beare et al. (2003), which were greatest with a grass dom-
inant history, and at or below the yield-limiting threshold
where there had been long-term annual cropping. There was
a strong positive correlation between soil structural condition
scores and crop history scores (P = < 0.001, correlation coef-
ficient r = 0.9331; Fig. 3), showing that one or both methods
could be used to estimate the suitability of fields for obtaining
maximum potential potato yields. The R2 value (0.87) indi-
cates the proportion of the variability that could be attributed
to the impact of crop history on soil structural condition
scores.

Measured potato yields were consistently greater for
‘Innovator’ than ‘Russet Burbank’, which was expected.
‘Innovator’ is described as a determinate cultivar (grows
to a pre-determined node number, independent of environ-
mental conditions) growing and developing more quickly
than ‘Russet Burbank’ (indeterminate, node production can
respond to changes in resource availability). ‘Russet
Burbank’ also has a weak root system that can make it more
susceptible to soil-borne disease through its longer growing
period. Incidence and severity of the two main soil-borne

Table 6 Mean gross potato yields and calculated “yield gaps” (t ha−1) from cultivars ‘Innovator’ and ‘Russet Burbank’ in experiments in 15 fields, in
Canterbury, New Zealand, in the 2016/17 season

Field
ID no.

Grass/annual crop
category

Number of
years in grass

Number of years in
annual crops

‘Innovator’
gross yield

‘Innovator’
yield gap

‘Russet
Burbank’
gross yield

‘RussetBurbank’
yield gap

1 More grass 10 0 81 28 82 23

2 More grass 10 0 103 8 96 9

3 More grass 10 0 97 -2 84 8

4 More grass 9 1a 88 8 78 15

5 More grass 7 3 81 21 80 21

6 Less grass 4 6a 74 23 62 30

7 Less grass 3 7a 73 23 73 17

8 Less grass 2 8a 83 14 84 9

9 Less grass 2 8a 82 14 80 12

10 Less grass 2 8a 74 20 68 22

11 Less grass 1 9 83 21 68 31

12 Less grass 1 9 79 21 71 28

13 Less grass 1 9a 90 10 70 29

14 Less grass 1 9 86 14 75 24

15 Less grass 1 9 70 17 60 25

Mean 84 16 76 20

a Field history included a previous potato crop
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diseases in the field experiments were high overall, which
was expected given that these diseases are widespread
throughout Canterbury. The greenhouse experiment
showed that the seed tuber lines used were contaminated
with viable S. subterranea and R. solani inoculum, and were
probable contributors to disease in the field-grown crops,
already at risk from existing soil-borne pathogens. Disease
was also more severe where potatoes had been grown pre-
viously, or where fields had been in long-term grass. The
initial yield analysis showed that there was an apparent
10 t ha−1 potato yield gain associated with improved soil
structure resulting from a long-term grass phase. This
agrees with several other findings. Johansen et al. (2015)
reviewed the effect of soil compaction on potato yield and
found several instances of a reduced potato yields of up to

37%. The initial analysis in the present study also showed
that yield was not affected by previous cropping history that
included a potato crop in the previous 10 years. Other biotic
and abiotic factors may have had a greater influence on the
yields obtained, and the possible extent of these was also
investigated.

Potential yields were calculated for the actual planting dates
of the crops in the present study. However, it is possible to vary
the planting date in the PC simulations. A sensitivity test using
the PC showed that, starting with the earliest planting and latest
harvest dates practicable for the region, a potential yield of
112 t ha−1 was feasible, and there was an approximate 5 t ha−1

yield loss for each week that planting was delayed. The late
planting of the crop in Field 15, combined with a harvest that
was 10 days early, resulted in an eventual yield loss of 30 t ha−1,
equating to a potential yield of 82 t ha−1 which was reduced but
still above the measured yield. Apart from having more time to
grow, the crop in Field 2with the greatest potential had achieved
full canopy cover by the longest day, thus making efficient use
of available radiation. The late-planted crop, however, only had
56% cover by this date. The simulated rate of yield loss was
slightly greater (7 t ha−1 per week) when canopy duration was
cut short towards the end of the growing season, which
interrupted the tuber bulking phase of crop development when
resources are translocated from the canopy to tubers.

PC simulations were conducted to help identify and
quantify any other likely causes of yield variations, and to
help explain why some of the monitored crops did not fit
treatment-related trends. To give some examples, Fields 1
and 5 both had low crop yields given their predominantly
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Table 7 Mean calculated yield gaps (t ha−1), which are the differences
between modelled potential and measured yields, for 15 different
‘Innovator’ or ‘Russet Burbank’ potato crops, in Canterbury, New
Zealand in the 2016/17 season, in four different potato cropping history
categories

Yield gap (t ha−1)

Cultivar Potato history Cropping category

Less grass More grass

‘Innovator’ No potato 18 15

Ex-potato 16 7

‘Russet Burbank’ No potato 26 16

Ex-potato 18 13

max LSD (P = 0.05) 19
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grass histories and correspondingly very good soil physical
quality parameters. However, these crops were both grown
on shallow soils. When applying root restrictions in the PC
to account for a shallow soil, crop efficiency was reduced, as
plants can only access about 10% of the stored water in any
one day, and the water storage capacity of these soils was
low. This in turn reduced canopy growth and the subsequent
maximum green area index and shoot biomass achieved.
Additionally, according to the PC, the crop in Field 5
emerged 11 days late and was harvested 8 days before se-
nescence. These restrictions resulted in a predicted yield of
85 t ha−1 for this crop, near to what was measured. In fields
13 and 14 both ‘Innovator’ and ‘Russet Burbank’ plots were
surrounded by an ‘Innovator’ crop. In contrast to the above
cases, the ‘Innovator’ plots produced near-potential yields
of 88 t ha−1, despite less grass in the cropping histories and
low soil physical quality scores. For these fields, the crop
manager noted that all inputs were timely and there was no
crop damage caused by extreme weather events .
Management skills were able to keep the crops growing to
the maximum possible rate.

Conclusions

When attempting to isolate the effects of particular yield-
influencing factors, other factors will nearly always confound
the outcomes. From the evidence collected in this study, how-
ever, there is confidence that enhanced soil structure will in-
crease the likelihood of achieving high potato yields, and
could do so if no other biotic or abiotic factors cause signifi-
cant yield reductions. Good soil structure increases root acces-
sibility and water and nutrient storage and availability, and
vigorously growing plants are better able to compensate for
effects of diseases. Although a grass-dominated field histories
increased potato disease incidence and severity, yield in-
creases associated with the improved soil physical quality
more than compensated for disease effects. On average in this
study, improved soil quality increased yields by 10 t ha−1 re-
gardless of disease pressure.

Informed field choice may reduce costs by negating the
need for pesticide treatments or other strategies for manage-
ment of soil-borne pathogens, and also by reducing the need
for intensive pre-planting cultivation.
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