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Abstract
To contribute to the development of a novel cropping system for potato grown from
greenhouse-derived seedlings from hybrid true potato seeds, planting density trials
were carried out under normal Dutch agronomic conditions. For two consecutive
years, 5-week-old seedlings of two experimental genotypes were transplanted into
farmers’ potato production fields at two contrasting locations: a flat-bed system on
sandy soil and a traditional ridge system on clay soil. Planting densities were 6.25,
12.5, 25, 50, 100 and 200 plants/m2 in the flat-bed system, and 3.125, 4.688, 6.25,
12.5, 25 and 50 plants/m2 in the ridge system. In general, increasing planting density
of hybrid seedlings per area decreased tuber fresh weight per plant and reduced the
number of tubers per plant. On a per hectare basis, an increased planting density
resulted in increased total tuber yield and number of tubers up to very high densities, but finally both parameters levelled off. Highest total tuber yields harvested
were 107 and 45 Mg/ha for the flat-bed and ridge system, respectively. On flat-beds,
the optimal planting density for total yield was 50 plants/m2. On ridges, planting
density interacted with year and genotype, resulting in an optimum planting density
of 25 plants/m2 to reach the maximum total yield. Obtained yields in the commercial size classes Baby Baker (20 < size class ≤ 35 mm) and Seed Tubers (28 < size
class ≤ 50 mm) were in general very high on the flat-beds, with a maximum Seed
Tuber yield of 64 Mg/ha at 50 plants/m2. The current study showed that transplanted
hybrid seedlings are feasible alternatives for seed-tuber-grown systems for certain
potato outlets.
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Introduction
Diploid hybrid breeding in potato (Solanum tuberosum L.) is a promising new
technology that facilitates rapid introduction of favourable traits in new varieties
(Jansky et al. 2016; Bonierbale et al. 2020; Ghislain and Douches 2020). The
technology results in diploid hybrid true potato seeds (TPS). The use of hybrid
TPS will require novel cultivation systems to produce ware or seed tubers (Lindhout et al. 2018). Depending on variety, region and crop management, field-sown
hybrid TPS and transplanted hybrid seedlings could potentially be used in these
new cultivation systems. These may then produce either seed tubers or ware
tubers (Almekinders et al. 1996; Lindhout et al. 2018; van Dijk et al. 2021).
In potato, adaptive crop management, involving the choice of variety, soil
tillage, nutrient application and especially plant density, is a tool to steer tuber
sizes to their specific target size required for different commercial outlets (Struik
et al. 1990; Blauer et al. 2013). For seed-tuber-grown crops, the stem number per
unit area is the most suitable measure for density (Reestman and De Wit 1959;
Wurr 1974; Allen 1978). High stem densities usually result in fewer and smaller
tubers per stem than low stem densities (Reestman and De Wit 1959; Allen
1978; Wiersema 1989). Per unit area, total tuber yield and total number of tubers
increase with increasing plant density, but at the cost of the number and size of
large-sized tubers; therefore, plant density can be optimised for specific potato
market segments. In contrast to plants grown from seed tubers, TPS seedlings
only form one main stem and do not produce below-ground basal stem branches.
Therefore, stolons and tubers only develop from the main stem (Kacheyo et al.
2021); this makes plant density equal to stem density. Plant density will therefore
be an important factor in TPS-grown crops to manipulate number of tubers and
tuber-size distribution.
The effects of planting density on number of tubers, size distribution and yield
of potato crops grown from transplanted seedlings or directly sown TPS are little studied (Wiersema 1984; Çalişkan et al. 2009), and not yet for diploid hybrid
genotypes grown under Dutch agronomic conditions. This study focuses on planting density effects of transplanted seedlings of diploid potato hybrids. Recently, van
Dijk et al. (2021) reported that transplanted hybrid seedlings produce total tuber
yields of 32 Mg/ha, with c. 12 tubers per plant, when cultivated in a conventional
Dutch ridge system (66,667 plants/ha). However, it is unknown (1) what a suitable
planting density is to transplant diploid hybrid seedlings in the field; and (2) how
planting density of these transplanted seedlings affects yield, number and size distribution of progeny tubers.
The aim of this study was to establish under Dutch agronomic conditions the
effect of planting density on yield, number and size distribution of tubers and
to explore optimum planting densities for different potato production markets.
Therefore, field trials on planting density effects were carried out in 2 years with
two genotypes under common Dutch potato cultivation practices at two locations:
a clay soil on which a traditional 75-cm ridge system was used, and a sandy soil
on which a flat-bed system was used.
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This study was part of the Potarei project whose purpose is to explore scenarios for
novel and improved cultivation pathways for potatoes based on diploid hybrid true potato
seeds, using experimental hybrid genotypes to gain first insights. The project aims to lay
the foundation for further research in potato cultivation pathways for hybrid potato. Therefore, this study will elaborate on additional studies on specific aspects which are important
to develop a practical-working cultivation system for transplanted hybrid potato seedlings.

Materials and Methods
Hybrid Potato Genotypes and Greenhouse Nursery
Seedlings of two experimental diploid hybrids, H03 and H04, were raised by the
Dutch potato breeding company Solynta in 2017 and 2018 during a 5-week greenhouse nursery period, which included a hardening-off phase. Both experimental
hybrids originated from the breeding programme described by Lindhout et al. (2018)
and were derived from similar research lines as the hybrids studied by Stockem et al.
(2020). Hybrid true seeds were sown by hand in 104-plug nursery trays on 13 April in
2017 and on 3 April in 2018 and cultivated as described by van Dijk et al. (2021). Five
weeks after sowing, 1 day prior to transplanting, a selection of transplantable seedlings
(measuring 7–12 cm above-ground, containing 5–8 true leaves, BBCH stage 105–108;
Kacheyo et al. 2021) was made consistent with the protocol of van Dijk et al. (2021),
after which seedlings were irrigated and loaded for transport to the field locations.
Field Locations, Experimental Design and Cultural Practices
Field trials were conducted in commercial potato production fields at two locations:
on a light sandy soil in Hilvarenbeek and a heavy clay soil in Est (see Stockem et al.
(2020) for more specific details on soil types). In Hilvarenbeek, trials were both
years embedded in potato fields with commercial varieties grown for a French fries
processing plant. Due to the very light soil type, the grower in Hilvarenbeek cultivated all fields on flat, non-hilled, planting beds. Ridges would erode away during
the growing season. In Est, trials were both years embedded in and surrounded by
potato production fields with conventional ridges and with both French fries and
table varieties for the fresh market. Therefore, the cultivation method was determined by soil texture at both locations. In both locations, the experiments were laid
out in a randomised complete block design with four replicated blocks (Table 1) in
which all of the combinations of genotype and density were randomised.
Seedlings were hand-transplanted in 2017 on 18 and 19 May in Hilvarenbeek and
Est, respectively, and in 2018 on 8 and 7 May in Hilvarenbeek and Est, respectively.
In Hilvarenbeek, seedlings were planted in the planting bed using a square planting
pattern, which allowed for higher planting densities compared with the traditional
ridges as used in Est (see Table 2). In Est, seedlings were planted in a type of double-row system, on conventional potato ridges of 75 cm. Seedlings were not planted
straight in the centre of the ridge, but alternatingly transplanted c. 3 cm left and right
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Table 1  Experimental details; all experiments were laid out in four blocks
Locationa

Year

Planting density (plants/m2)

Genotype Date of:
Planting

Harvest

Hilvarenbeek
(51°48′95″N,
5°09′27″E)

2017

6.25, 12.5, 25, 50, 100, 200

H03, H04 18 May

25 October

2018

6.25, 12.5, 25, 50, 100, 200

H03, H04 8 May

18 October

2017

3.125, 4.688, 6.25, 12.5, 25, 50

H03, H04 19 May

28 September

2018

3.125, 4.688, 6.25, 12.5, 25, 50

H03, H04 7 May

14 September

Hilvarenbeek
(51°49′23″N,
5°08′02″E)
Est
(51°84′73″N,
5°34′14″E)
Est
(51°84′92″N,
5°33′12″E)
a

Soil type and analysis for both locations are described by Stockem et al. (2020)

from the centre of the ridge, to ensure that seedlings at the highest planting densities
would also fit on the ridge (Fig. S3). The main treatment of interest, Density, made it
impossible to harvest equal numbers of plants from an equal area. Hence, Densities
determined the exact net and gross-plot dimensions, (Table 2) but the plot dimension itself was not part of the experimental treatment factors (Table 1). Minimum
requirements for plot dimensions were set to harvest at least an area of 0.8 m
 2 (especially for high planting densities) which contained at least 10 transplanted seedlings
(especially for low planting densities) (see Table 2). All net-plot data were recalculated to a per ha or per plant basis.
At both locations in both years, seedlings were irrigated twice after transplanting to stimulate fast re-growth after transplanting. Two weeks after transplanting,
additional irrigation was applied to avoid water-limiting conditions, following the
growers’ practices as applied to their commercial crops. Also, nutrient and cropprotection applications were done according to the practice of the respective growers. Haulm killing took place about 2–3 weeks prior to harvest at both locations in
both years. Due to differences in local climate and management, harvesting dates
were different between the two locations, following the local growers’ practices. In
2017, tubers were harvested at 160 days after transplanting (DAT) in Hilvarenbeek
and 132 DAT in Est. In 2018, harvest took place 163 DAT in Hilvarenbeek and 130
DAT in Est. Tubers were hand-lifted and collected per net plot.
Observations, Measurements and Calculations
Two nearby weather stations were used to record temperature and precipitation on a
daily base (Fig. 1). Weather station Gilze-Rijen is located at 13.5 km northwest from
the experimental site in Hilvarenbeek (Fig. 1a–b) and weather station Herwijnen
is located 13.5 km west from the experimental location Est (Fig. 1c–d). For both
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0.027 × 0.75

50

b

1.60 × 3.00

1.60 × 3.00

1.60 × 3.00

2.77 × 3.00

3.70 × 3.00

5.55 × 3.00

2.05 × 1.34

2.10 × 1.40

2.12 × 1.41

2.20 × 1.40

2.26 × 1.41

2.80 × 1.60

60 × 4 [240]

30 × 4 [120]

15 × 4 [60]

13 × 4 [52]

13 × 4 [52]

13 × 4 [52]

29 × 19 [551]

21 × 14 [294]

15 × 10 [150]

11 × 7 [77]

8 × 5 [40]

7 × 4 [28]

0.53 × 1.50

0.53 × 1.50

0.53 × 1.50

1.07 × 1.50

1.42 × 1.50

2.13 × 1.50

1.49 × 0.78

1.50 × 0.80

1.56 × 0.85

1.80 × 1.00

1.70 × 0.85

2.00 × 0.80

Dimensions l × w (m)

Dimensions l × w (m)

Plant number l × w [total]

Net plot

Gross plot

Distance between main rows; in Est from centre to centre of the ridge.

Plant-to-plant distance in row-direction.

0.053 × 0.75

25

a

0.213 × 0.75

0.107 × 0.75

6.25

12.5

0.427 × 0.75

0.284 × 0.75

3.13

4.69

Est

0.10 × 0.10

0.07 × 0.07

100

200

0.20 × 0.20

0.14 × 0.14

25

50

0.28 × 0.28

0.40 × 0.40

Plant spacing
Intraa × Interb
row distance (m)

12.5

6.25

Hilvarenbeek

Density
(plants/m2)

Table 2  Details of plant spacings, plot dimensions and plant numbers per location per planting density

20 × 2 [40]

10 × 2 [20]

5 × 2 [10]

5 × 2 [10]

5 × 2 [10]

5 × 2 [10]

21 × 11 [231]

15 × 8 [120]

11 × 6 [66]

9 × 5 [45]

6 × 3 [18]

5 × 2 [10]

Plant number l × w [total]

0.80

0.80

0.80

1.60

2.13

3.20

1.16

1.20

1.32

1.80

1.44

1.60

Area (m2)
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Fig. 1  Daily weather conditions for experimental years 2017 and 2018. Panels a–b include data from
weather station Gilze-Rijen (13.5 km NW from trials Hilvarenbeek). Panels c–d include data from
weather station Herwijnen (13.5 km W from trials Est). Daily minimum (T-min), maximum (T-max) and
temperature sum (T-Σ in °Cd, T-base = 0 °C) are in panels a and c. Daily precipitation and precipitation
sum (Σ) are in panels b and d. The length of the T-Σ and precipitation-Σ curves corresponds with the
field period of every individual trial

locations, season 2017 received more precipitation compared with 2018, while 2018
resulted in a higher temperature sum compared with 2017.
After harvest, a tuber-phenotyping line was used to process the net-plot tuber
samples in an automated manner. First, samples were cleaned from remaining
soil and dirt; this step removed also tubers < 20 mm. Then, the samples passed by
a 3D-camera to assess individual tuber size and tuber volume, needed to calculate
tuber number and fresh weight (FW) per size class of all tubers in a net plot based
on the total net-plot tuber FW, which was measured at the end of the phenotyping
line (van Dijk et al. 2021; Stockem et al. 2020). Six basic tuber-size classes (sc)
were used: 20 < sc ≤ 28 mm, 28 < sc ≤ 35 mm, 35 < sc ≤ 50 mm, 50 < sc ≤ 60 mm,
60 < sc ≤ 70 mm and sc > 70 mm. Data per hectare were calculated from the
obtained data per net plot. To be able to assess the planting density effect on production for different potato markets, three size classes were defined: Baby Bakers
(20 < sc ≤ 35 mm), Seed Tubers (28 < sc ≤ 50 mm) and Large Tubers (sc > 50 mm).
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Statistical Analysis
The programme GenStat 19th edition (VSN International Ltd. 2019) was used for
statistical analyses. Since the Density treatments between the two Locations were
unbalanced, first an analysis of total tuber FW and tuber number per ha over all
factors was done by residual (restricted) maximum likelihood (REML). Location,
Year, Density, Genotype and their interactions were set as fixed factors in the REML
analysis.
Next, for each Location, a general analysis of variance was used to test whether
there were significant main effects and interactions of Year, Density and Genotype.
Fisher’s protected LSD test (α = 0.05) was used to compare means of factors or
interactions which were significant (P < 0.05).

Results
Overall Analysis
First, an overall REML analysis was carried out to evaluate specifically the effects
of Location on the results. The REML analysis showed that various significant twoway interactions and one four-way interaction occurred between Location, Density,
Genotype and Year (L × D × G × Y) for total tuber fresh weight (FW) and number of
tubers per plant and per ha, but no three-way interactions (Table 3). The number of
tubers produced per plant showed an L × D × G × Y interaction. For the other main
parameters, L × D and L × G interactions were observed. No L × Y interactions were
observed showing Location effects were stable across Years. Because of the many
significant interactions, it was decided to carry out further ANOVA analyses per
Location. This also better fitted the unbalanced planting densities across locations
(Tables 1 and 2), and the different planting systems used at the different Locations
(Table 2).
Effects of Planting Density in Hilvarenbeek
In Hilvarenbeek, in both Years, experiments were carried out on light sandy soil.
Plants were transplanted in a square planting pattern in a flat-bed system using 6.25,
12.5, 25, 50, 100 and 200 plants/m2 (Tables 1 and 2).
Tuber Weight per Plant and Number of Tubers per Plant
For FW and number of tubers (> 20 mm) per plant, the Density × Year (D × Y) interaction was significant (Table 4). In both years, tuber FW per plant decreased with
an increasing planting density (Fig. 2b; Table S1). In 2018, the differences in tuber
FW between the higher planting densities were relatively smaller than in 2017, and
across all Densities, tuber weights per plant were lower in 2018 than in 2017. Tuber
FW per plant decreased from 0.737 (at 6.25 plants/m2) to 0.043 kg (at 200 plants/
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Table 3  Results of the overall analyses by REML for total tuber fresh weight and numbers of tubers per
plant and per ha. Significant P values (< 0.01) are in bold
Fixed terms

Data per plant
Tuber FW (kg/plant)

Location (L)
Density (D)
Genotype (G)
Year (Y)
L×D
L×G
L×Y
D×G
D×Y
G×Y

0.982

< 0.001
0.002

0.141

< 0.001

Data per ha
Tuber no. per plant

Total FW (Mg/ha)

0.647

< 0.001

< 0.001
0.165

< 0.001

0.007

Total tuber no. (#/ha)
0.007

< 0.001

< 0.001

0.137

0.070

< 0.001
< 0.001

0.100

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

0.106

< 0.001

0.006

< 0.001

0.957

< 0.001
0.932

L×D×G

0.027

L×D×Y

0.123

0.711

< 0.001

< 0.001

0.485

0.044
0.455

0.410

0.024

0.097

0.206

0.421

< 0.001

< 0.001
0.724

0.011

L×G×Y

0.385

0.435

0.058

0.978

D×G×Y

0.901

0.313

0.368

0.198

L×D×G×Y

0.129

0.039

0.015

0.007

m2) in 2017 and from 0.473 to 0.028 kg in 2018. Also, the number of tubers per
plant decreased with increasing planting density in both Years (Fig. 2h; Table S2).
Increasing the tuber-size class threshold from > 20 (= total tuber FW and number per plant) to > 28, > 35, > 50 and > 60 mm resulted in various Density × Genotype
(D × G) and Density × Year (D × Y) interactions and one Density × Genotype × Year
(D × G × Y) interaction (Table 4). In all cases, tuber FW and number of tubers per
plant decreased with increasing planting density (Fig. 2a–l; Tables S1 and S2).
Between consecutive densities, the relative decrease in tuber weight was in general stronger than the relative decrease in number of tubers per plant. Higher overall weights and numbers per plant were found in 2017 vs 2018 and in H03 vs H04
(Tables S1 and S2).
Total Yield and Total Number of Tubers per Hectare
The D × G interaction was significant for total (> 20 mm) tuber yield per ha
(Table 4). Nevertheless, in both Genotypes, yield per ha increased with an increase
in planting density from 6.25 to 50 plants/m2 and the highest total tuber yields were
achieved at planting densities between 50 and 200 plants/m2 (Fig. 2m; Table S3). At
these density ranges, total tuber yields were between 76–84 Mg/ha for genotype H03
and 53–61 Mg/ha for H04.
Total number of tubers (> 20 mm) per ha showed significant D × G and D × Y
interactions (Table 4). For all combinations, total number of tubers per ha increased
with an increase in planting density (Fig. 2s–t; Table S4). This increase was not
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0.089

0.109

0.367

G×Y

D×G×Y

0.010

D×Y

D×G

< 0.001

< 0.001

Year (Y)

< 0.001

0.437

0.153

0.082

0.013

< 0.001

< 0.001

< 0.001

0.961

0.922

Genotype (G)

0.398

< 0.001

0.059

< 0.001

< 0.001

< 0.001

0.577

< 0.001

0.065

< 0.001

< 0.001

< 0.001

0.814

0.145

0.014

0.025

< 0.001

< 0.001

< 0.001

0.994

0.341

< 0.001

0.019

< 0.001

< 0.001

< 0.001

0.949

0.208

< 0.001

0.014

< 0.001

< 0.001

< 0.001

0.848

0.254

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

> 50 mm

0.658

0.214

0.004

0.202

< 0.001

0.004

< 0.001

0.046

0.065

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

> 60 mm

0.577

0.993

0.347

0.450

0.080

0.730

0.361

0.677

0.897

0.532

0.141

0.176

0.213

0.242

> 70 mm

0.754

0.041

< 0.001

0.049

< 0.001

0.298

< 0.001

0.050

0.002

0.010

0.384

< 0.001

0.238

< 0.001

0.502

0.085

< 0.001

0.005

< 0.001

< 0.001

< 0.001

0.226

0.037

< 0.001

0.716

< 0.001

0.892

< 0.001

> 28 mm

> 20 mm

> 35 mm

> 20 mm

> 28 mm

Number of tubers

Tuber fresh weight

Density (D)

Data per ha
(Mg or No × 1000)

D×G×Y

G×Y

D×Y

D×G

Year (Y)

Genotype (G)

Density (D)

Data per plant
(kg or No)

Hilvarenbeek

0.880

0.824

0.124

0.029

< 0.001

< 0.001

< 0.001

0.565

0.253

< 0.001

0.790

< 0.001

0.103

< 0.001

> 35 mm

0.641

0.634

< 0.001

0.031

< 0.001

< 0.001

< 0.001

0.630

0.649

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

> 50 mm

0.383

0.215

0.007

0.021

< 0.001

0.005

< 0.001

0.072

0.091

< 0.001

0.007

< 0.001

0.007

< 0.001

> 60 mm

0.006

0.520

0.753

0.711

0.355

0.943

0.920

0.987

0.819

0.647

0.171

0.124

0.130

0.154

> 70 mm

Table 4  Significances of main effects and interactions for tuber fresh weight and number of tubers of different sizes per plant and per ha at the location Hilvarenbeek. Relevant main effects or interactions (P < 0.05) are listed in bold
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Fig. 2  Tuber fresh weight and number of tubers in different size classes per plant and per ha at Hilvarenbeek (sandy soil). From left to right graphs are shown for means of total tubers per genotype, means of
total tubers per year and tuber-size thresholds for H03 2017, H03 2018, H04 2017 and H04 2018

significant anymore between 100 and 200 plants/m2 for H04, but for H03, it still
was. Likewise, the increase in number of tubers was also not significant at the highest two planting densities in 2017, but it was in 2018.
Shift in Optimum Plant Density Range with Increase in Threshold Tuber Size
Increasing the minimum tuber-size threshold from > 20 mm to larger size thresholds
resulted in a shift in the optimum planting densities, i.e., the planting densities where the
maximum tuber yields and numbers per ha were produced. Tuber yield per ha showed
significant D × G interactions for tubers > 20, > 28, > 35 and > 50 mm (Table 4); optimal
planting densities shifted for genotype H03 from 50–200 to 50 to 25–50 to 6.25–25 plants/
m2 for the above-mentioned tuber-size thresholds, respectively. The same thresholds
showed in H04 a shift in optimal planting densities which ran from 50–200 to 12.5–200 to
6.25–200 to 12.5 plants/m2, respectively (see Fig. 2m, o–r and Table S3 for more details).
Significant D × Y interactions regarding tuber yield per ha were observed for
tuber-size thresholds > 35, > 50 and > 60 mm (Table 4). Optimal planting densities shifted in 2017 from 12.5–50 to 6.25–25 to 6.25–25 plants/m2 for thresholds > 35, > 50 and > 60 mm, respectively. In 2018, the D × Y interaction showed for
all these thresholds an optimum as wide as all used planting Densities (see Fig. 2n–r
and Table S3). No significant differences were observed for tuber yield > 70 mm,
with tuber yields being usually < 1 Mg/ha (Tables 4 and S3).
Number of tubers per ha showed significant D × G interactions for tuber-size
thresholds > 20, > 28, > 35, > 50 and > 60 mm (Table 4). From the smallest to the
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largest tuber-size threshold, optimum planting densities for H03 shifted from 200 to
50 to 25–50 to 6.25–50 to 6.25–25 plants/m2 and for H04 from 100–200 to 25–100
to 6.25–100 to 12.5 to 6.25–12.5 plants/m2 (see Fig. 2s, u–x and Table S4 for more
details).
Significant D × Y interactions for number of tubers per ha were observed for
tuber-size thresholds > 20, > 28, > 50 and > 60 mm (Table 4). The optimum planting
density shifted in 2017 from 100–200 to 50 to 12.5 to 6.25–25 plants/m2 for tubersize thresholds > 20, > 28, > 50 and > 60 mm, respectively (Fig. 2t–x; Table S4).
Mostly, wider ranges of optimum planting densities were observed in 2018, when
the shift ran from 200 to 25–200 to 6.25–200 to 6.25–200 for the last-mentioned
tuber-size thresholds. At > 70 mm, no significant differences were observed; more
than half of the Density-Genotype combinations in both Years produced less than
1000 tubers/ha > 70 mm, which is less than 1 tuber > 70 mm per 10 m2 (Table S4).
Effects of Planting Density in Est
In Est, experiments were carried out on traditional potato ridges on a heavy clay soil.
Plants were transplanted at 3.125, 4.6875, 6.25, 12.5, 25 and 50 plants/m2 (Tables 1
and 2).
Tuber Weight per Plant and Number of Tubers per Plant
A significant D × Y interaction was observed for total FW and number of tubers
(> 20 mm) per plant. The D × G interaction for total number of tubers per plant was
also significant (Table 5).
In both Years, an increased planting density resulted in a decrease of tuber FW
per plant. At all planting densities, tuber FW per plant was higher in 2017 than in
2018. The decrease in tuber FW per plant was relatively larger in 2017 than in 2018.
Tuber FW per plant decreased from 0.553 to 0.069 kg per plant in 2017, and from
0.246 to 0.045 kg per plant in 2018 (Fig. 3b; Table S5).
The D × Y and D × G interaction for total numbers of tubers per plant (Fig. 3g–h)
showed that an increase in planting density resulted in a decrease in number
of tubers per plant. In 2017, the decrease was from 13.0 to 2.8 tubers per plant,
while in 2018, plants bore about half the number of tubers of the previous year and
decreased from 6.6 to 1.1 tubers per plant (Fig. 3h). The increase in planting density
led to a decrease in number of tubers per plant from 7.8 to 2.0 for H03. The number
of tubers per plant in genotype H04 decreased from 11.8 tubers per plant at 3.125
plants/m2 to 2.0 tubers per plant at 50 plants/m2 (Fig. 3g; Table S6).
An increased tuber-size class threshold from > 20 mm to larger sizes (> 28, > 35
and 50 mm) resulted in several D × Y and D × G interactions, and the numbers of
tubers > 60 mm showed a significant main effect of Density (Table 5). The FW and
number of tubers per plant decreased with an increasing planting density (Fig. 3c–f,
i–k; Tables S5 and S6). Across all Densities, FW and number of tubers per plant
were higher in 2018 than in 2017. H03 produced fewer tubers > 28 mm per plant
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D×G×Y

0.289

G×Y

0.018

0.042

D×Y

D×G×Y

0.031

D×G

< 0.001

0.507

Genotype (G)

Year (Y)

< 0.001

Density (D)

Data per ha
(Mg or No × 1000)

0.485

< 0.001

0.509

G×Y

D×Y

D×G

< 0.001

0.367

Year (Y)

< 0.001

Genotype (G)

0.109

0.342

0.100

0.038

< 0.001

0.029

< 0.001

0.554

0.562

< 0.001

0.745

< 0.001

0.743

< 0.001

0.733

0.546

0.207

0.072

< 0.001

0.002

0.003

0.523

0.570

< 0.001

0.639

< 0.001

0.128

< 0.001

0.907

0.167

0.527

0.293

< 0.001

0.028

< 0.001

0.724

0.201

< 0.001

0.029

< 0.001

< 0.001

< 0.001

> 50 mm

0.399

0.924

0.377

0.825

0.081

0.192

0.088

0.645

0.828

0.149

0.897

0.064

0.227

0.029

> 60 mm

0.570

0.978

0.305

0.589

0.029

0.978

0.326

0.409

0.659

0.230

0.447

0.021

0.669

0.264

> 70 mm

< 0.001

< 0.001

< 0.001

0.004

< 0.001

< 0.001

< 0.001

0.258

0.011

0.007

< 0.001

< 0.001

< 0.001

< 0.001

0.002

< 0.001

0.002

0.024

< 0.001

< 0.001

< 0.001

0.658

0.030

0.001

0.034

< 0.001

< 0.001

< 0.001

> 28 mm

> 20 mm

> 35 mm

> 20 mm

> 28 mm

Number of tubers

Tuber fresh weight

Density (D)

Data per plant
(kg or No)

Est

0.325

0.001

0.085

0.148

< 0.001

0.280

< 0.001

0.149

0.004

< 0.001

0.089

< 0.001

0.017

< 0.001

> 35 mm

0.877

0.313

0.548

0.109

< 0.001

0.020

< 0.001

0.828

0.350

< 0.001

0.067

< 0.001

< 0.001

< 0.001

> 50 mm

0.079

0.177

0.300

0.145

0.011

0.842

0.228

0.252

0.386

0.138

0.847

0.012

0.466

0.024

> 60 mm

0.073

0.101

0.146

0.073

0.006

0.101

0.146

0.278

0.188

0.174

0.311

0.003

0.202

0.203

> 70 mm

Table 5  Significances of main effects and interactions for tuber fresh weight and number of tubers of different sizes per plant and per ha at the location Est. Relevant main
effects or interactions (P < 0.05) are listed in bold
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Fig. 3  Tuber fresh weight and number of tubers in different size classes per plant and per ha at Est (clay
soil). From left to right graphs are shown for means of total tubers per genotype, means of total tubers
per year and tuber-size thresholds for H03 2017, H03 2018, H04 2017 and H04 2018

than H04 (Fig. 3i–k; Table S6), while tubers > 50 mm reached a higher tuber FW per
plant for H03 than H04 (Fig. 3c–f; Table S5).
Total Yield and Total Number of Tubers per Hectare
For both total tuber yield and number of tubers per ha, the D × G × Y interaction was
significant (Table 5). Both parameters had their maximum when H04 was planted
at 25 plants/m2 in 2017 (45 Mg/ha, 1869 × 103 tubers/ha, Fig. 3q, w; Tables S7 and
S8).
The maximum tuber yield of H03, 33–38 Mg/ha, was observed in 2017 at planting densities between 12.5 and 50 plants/m2 (Fig. 3o). In 2018, the maximum yield
of H03 was 24–25 Mg/ha when planted at 25 and 50 plants/m2 (Fig. 3p). The maximum yield of H04 was achieved at planting densities between 6.25 and 50 plants/m2
(Fig. 3r).
Shift in Optimum Plant Density Range with Increase in Threshold Tuber Size
By increasing the minimum tuber-size threshold from 20 mm to larger tuber
sizes, no clear optimum planting densities were observed for tuber yield or number of tubers per ha (Fig. 3m–x; Tables S7 and S8). For tuber-size thresholds > 28
and > 35 mm, the higher planting densities, especially 12.5 and 25 plants/m2, were
amongst the optimum. Tuber-size thresholds > 50 mm showed a wide range of densities which did not differ significantly from the highest value (Tables S7 and S8).
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Optimum Planting Densities for Yield and Tuber Number in Commercial Size
Classes
At both Locations in both Years, tuber yields and numbers of tubers per ha were
calculated for three size classes: Baby Bakers (20 < sc ≤ 35 mm), Seed Tubers
(28 < sc ≤ 50 mm) and Large Tubers (> 50 mm). In Hilvarenbeek, maximum tuber
yields of 65, 64 and 18 Mg/ha were achieved for Baby Bakers, Seed Tubers and
Large Tubers, respectively (Fig. 4c, i, o; Table S9). In Est, maximum yields were
achieved of 27, 23 and 2 Mg/ha for Baby Bakers, Seed Tubers and Large Tubers,
respectively (Fig. 5c, i, o; Table S10).
Hilvarenbeek, Sandy Soil
For tuber yield per ha and number of tubers per ha in the three classes in Hilvarenbeek, significant D × G and D × Y interactions were observed, except for number of
tubers in the Baby Bakers class, where no significant D × G interaction was observed
(Table 6).
Nevertheless, the optimum planting density (producing the maximum yield or
number of tubers) for Baby Bakers was 200 plants/m2 for both the D and G and D
and Y combinations (Fig. 4a–b; Table S9).
The Seed Tuber class had its maximum yield at a planting density of 50 plants/m2
(Fig. 4g–i; Table S9). A maximum of 81 Mg/ha Seed Tubers was produced with H03
in 2017. The optimum planting density for number of Seed Tubers per ha was also
50 plants/m2 (Fig. 4j–l; Table S9).
The optimum planting density for Large Tubers (> 50 mm) was at 12.5 plants/
m2 (Fig. 4m–r; Table S9). Genotype H03 produced a significantly higher maximum
yield of 12 Mg/ha (at 6.25 and 25 plants/m2) than H04 at 9 Mg/ha (at 12.5 plants/
m2) (Fig. 4m; Table S9). Significantly, the highest yield of Large Tubers in Hilvarenbeek, 15–18 Mg/ha, was recorded in 2017 at 6.25 and 12.5 plants/m2, compared
with a yield of 1–4 Mg/ha in 2018 which was recorded over the full range of Densities (Fig. 4n; Table S9).
Est, Clay Soil
Significant D × G × Y interactions were observed for Baby Bakers yield and number
of tubers per ha, and for number of Seed Tubers per ha (Table 6). Regarding yield of
Seed Tubers per ha, a D × G interaction was found. Significant main effects of Density were observed for the yield and number of Large Tubers per ha.
Baby Bakers yield per ha increased with an increase in planting density up to
50 plants/m2, except for H04 in 2017, which had its optimum at 25 plants/m2 and
made the highest yield of 27 Mg/ha (Fig. 5c; Table S10). In 2018, the optimum
planting density ranges (not differing significantly in yield from the highest value)
were between 25 and 50 plants/m2 for H03, and between 12.5 and 50 plants/m2 for
H04. The optimum planting density ranges for number of Baby Bakers tubers per ha
largely followed those for Baby Bakers yield (Fig. 5f; Table S10).
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Fig. 4  Tuber fresh weight and number of tubers per ha in three commercial classes at the location Hilvarenbeek (sandy soil). Graphs from left to right show means of total tubers per genotype across years,
means of total tubers per year across genotypes and means per genotype and year (H03 2017, H03 2018,
H04 2017 and H04 2018). Graphs from top to bottom show Baby Bakers FW per ha, number of Baby
Bakers tubers per ha, Seed Tuber FW per ha, number of Seed Tubers per ha, Large Tuber FW per ha, and
number of Large Tubers per ha. For statistical analyses, see Table 6
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Fig. 5  Tuber fresh weight and number of tubers per ha in three commercial classes at the location Est
(clay soil). Graphs from left to right show means of total tubers per genotype across years, means of total
tubers per year across genotypes and means per genotype and year (H03 2017, H03 2018, H04 2017 and
H04 2018). Graphs from top to bottom show Baby Bakers FW per ha, number of Baby Bakers tubers per
ha, Seed Tuber FW per ha, number of Seed Tubers per ha, Large Tuber FW per ha, and number of Large
Tubers per ha. For statistical analyses, see Table 6
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0.284

0.552

0.102
0.107

0.355

0.004
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0.054
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0.293
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0.025
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0.729
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D×G
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Year (Y)

< 0.001

Density (D)
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0.379

0.032

0.121

< 0.001

G×Y

< 0.001

D×G×Y

D×Y

D×G

0.005

< 0.001

Year (Y)

< 0.001
< 0.001

0.002

< 0.001

< 0.001

Density (D)

0.006
< 0.001

< 0.001

0.002

< 0.001

< 0.001

< 0.001

0.651

0.027

< 0.001

0.059

< 0.001

0.553

< 0.001

0.003

< 0.001

0.002

0.020

< 0.001

< 0.001

< 0.001

0.552

0.063

< 0.001

0.003

< 0.001

0.004

< 0.001

Seed Tubers
(> 28, ≤ 50 mm)

Baby Bakers
(> 20, ≤ 35 mm)

Large Tubers
(> 50 mm)

Baby Bakers
(> 20, ≤ 35 mm)

Seed Tubers
(> 28, ≤ 50 mm)

Number of tubers (× 1000 /ha)

Tuber fresh weight (Mg/ha)

Genotype (G)

Hilvarenbeek

Size classes

0.031

0.877

0.313

0.548

0.109

< 0.001

0.020
< 0.001

0.641

0.634

< 0.001

< 0.001

< 0.001

< 0.001

Large Tubers
(> 50 mm)

Table 6  Significances of main effects and interactions for tuber fresh weight and number of tubers per size class per ha at the locations Hilvarenbeek and Est. Relevant
main effects or interactions (P < 0.05) are listed in bold
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The optimum planting density for Seed Tubers in Est was 25 plants/m2. A significantly highest yield was achieved by H03 at 25–50 plants/m2 and by H04 at 25
plants/m2, producing between 21 and 23 Mg/ha (Fig. 5g; Table S10). The D × G × Y
interaction for number of Seed Tubers produced per ha showed similar optimum
planting densities as for numbers of Baby Bakers tubers per ha (Fig. 5l; Table S10).
Yield and numbers of Large Tubers per ha showed maximum values over a broad
range of planting densities. For both yield and number of Large Tubers per ha, the
optimum range was 3.125–25 plants/m2. However, at these planting densities, only
1–2 Mg/ha Large Tubers were produced (Fig. 5m–o; Table S10).

Discussion
The objectives of this study were to establish under Dutch agricultural conditions
the effects of planting Density of diploid hybrid potato seedlings on tuber yield,
number of tubers and tuber size, and to explore the optimum planting densities for
different markets.
Planting Density was studied in two contrasting cultivation systems: (1) a flat-bed
system on sandy soil located in Hilvarenbeek, and (2) a ridge system with a 75-cm
row distance on a clay soil located in Est. In the flat-bed system, it was possible to
use a square planting configuration, which made it possible to realise (very) high
planting densities, up to 200 plants/m2. The ridge system is the most common planting system for Dutch potato cultivation; in this system, planting densities up to 50
plants/m2 could be realised.
When increasing planting density, total tuber yields per ha first increased to a
maximum and then in most cases remained stable (Tables 2 and 3). Only in Est, did
H04 in 2017 show a yield decline at densities beyond those producing the maximum yield (Fig. 3q). The flat-bed system resulted in the highest total tuber yields
(76–84 Mg/ha) when H03 was planted between 50 and 200 plants/m2. Maximum
yields in the ridge system were also influenced by Year and Genotype. Planting
densities between 12.5 and 50 plants/m2 produced in general the highest total tuber
yields on ridges, whereas 25 or 50 plants/m2 were the optimum planting Density,
depending on Genotype and Year.
Locations, Years and Weather Conditions in Relation to Yield Maximalisation
The optimum planting density for tuber yield maximalisation on sandy soil flat-beds
was 50 plants/m2; planting at higher densities did not significantly increase yield,
but increased costs for hybrid planting materials. On traditional Dutch potato ridges
on clay, the optimum planting density was between 25 and 50 plants/m2, not very
different from the more defined optimum on sandy soil flat-beds. However, maximum tuber yields achieved at these optimum densities differed considerably between
Locations; on flat-beds, 107 Mg/ha was measured (Fig. 2o) while only 45 Mg/ha
was made on ridges at 25 plants/m2 (Fig. 3q), both in 2017. The latter yield level was
comparable with that of a previous study with TPS-derived plantlets, transplanted
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to an almost similar ridge system with 70 cm row distance, where Çalişkan et al.
(2009) reported maximum total tuber yields between 47 and 53 Mg/ha at an optimum plant density ranging between 25 and 30 plants/m2. The highest tuber yield
in this study of 107 Mg/ha on sandy soil flat-beds (Fig. 2o) was in the range of the
potential potato yields under Dutch conditions that were reported to be between 100
(Vos 1992) and 120 Mg/ha (Haverkort and Struik 2015).
Different factors may explain the much higher maximum yields on the flat-beds
in Hilvarenbeek compared with the ridges in Est. The square design of plant spacing on the flat-beds in Hilvarenbeek made it possible to reduce competition between
plants (cf. Reestman and De Wit 1959; Wiersema 1989) and might be an important
factor contributing to the high yield. Combined with this, the duration of the growing period was longer in Hilvarenbeek than in Est. Plants were in the field for 160
and 163 days in 2017 and 2018, respectively, in Hilvarenbeek compared with 132
and 130 days in Est. Consequently, the total temperature sum was larger in Hilvarenbeek compared with Est in both years (Fig. 1a, c), and in 2017, the total precipitation
sum during the growing period in Hilvarenbeek was almost 100 mm higher (130%)
compared with Est (Fig. 1b, d). Therefore, in Hilvarenbeek, plants were in the field
for a longer period and accumulated more precipitation, radiation and temperature.
This, combined with higher planting densities and equal spread over a square planting pattern, resulted in higher total yields, which were not limited to only the smaller
tuber-size classes. Thus, effects of planting Density on tuber-size distributions were
more pronounced in Hilvarenbeek than in Est where effects of planting Density on
tubers in different size classes were small.
At both locations, less precipitation and larger temperature sum were recorded in
2018 than in 2017 (Fig. 1). These conditions might be the main reason for the lower
mean yields and overall smaller effects of planting Density in 2018 (Figs. 2p and 3p)
compared with 2017 (Figs. 2o and 3o).
High Planting Densities Resulted in Lower Individual Tuber Fresh Weights
Higher planting densities of hybrid TPS-grown plants resulted, per plant, in lower
total tuber FW and fewer tubers compared with lower densities (Figs. 2a–l and
3a–l), which is in line with previous studies not only with TPS-derived plants by
Wiersema (1984) and Çalişkan et al. (2009) but also with plants derived from cuttings (Escobar and VanderZaag 1988). Also, potatoes grown from seed tubers show
at the stem-level similar responses. Increased stem densities result in decreased total
tuber FW and number of tubers per stem (Reestman and De Wit 1959; Wurr 1974;
Allen 1978; Wiersema 1989; Struik et al. 2006; Bussan et al. 2007). For seed-tubergrown material, it is agreed that the number of stems per unit area is a better measure of density than the number of plants per unit area (Reestman and De Wit 1959;
Wurr 1974; Allen 1978).
At higher stem densities, plant-available resources are more exposed to competition between stems (Allen 1978). Thus, less resources can be allocated per stem
to the processes of stolon and tuber initiation and tuber bulking (Allen and Wurr
1992). Wurr (1974) suggested that at very high density, the photosynthetic capacity
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of a stem is too limited to produce enough assimilates for the tubers originating from
that stem to grow into larger sizes, and thus weights.
Based on the experimental data from Hilvarenbeek and Est, Fig. 6 shows, per
tested planting Density, the relationship between tuber FW and number of tubers
per plant (TuberFW/No). For all planting density-specific TuberFW/No, the depicted
markers on the curve from left to right correspond with the tuber-size thresholds
> 70, > 60, > 50, > 35, > 28 and > 20 mm. The segments between the markers in Fig. 6 correspond with the measured tuber-size classes, as explained in
the “Materials and Methods” section. For example, for the top-right segment
of every planting density, T
 uberFW/No corresponds with the tuber-size class 20
< sc ≤ 28 mm. A steeper initial slope corresponds with a higher average FW
per tuber of the largest tubers per plant, when comparing planting Densities. A
steeper curve segment, and thus tuber-size class, corresponds with higher average tuber weight compared to other segments. Fig. 6 shows that low planting
densities (top curves) had the highest individual tuber FW, while the lowest FW
per tuber was made at high densities, as also reported by Wiersema (1984) and
Çalişkan et al. (2009). Enhanced inter-tuber competition per stem at increased
densities is seen as the major cause of average tuber-size reduction, and thus
tuber FW per plant (Reestman and De Wit 1959; Allen and Wurr 1992).
When splitting tubers into small- (20–28 mm), medium- (28–50 mm) and largesized (> 50 mm) tubers, Fig. 6 demonstrates that smaller tubers relatively add less to
total tuber FW than to total tuber number per plant (details in Figs. S1 and S2). At
a higher planting density, the absolute number of small-sized tubers decreased, but
relative to the total tuber FW and number of tubers, the share of small-sized tubers
did increase, at a cost of medium- and large-sized tubers. Over all planting Densities, the medium-sized tubers relatively contributed most to the total FW (Fig. 6,
details Figs. S1 and S2), as also reported by Bussan et al. (2007).

Fig. 6  Relationship between the tuber fresh weight (FW) per plant and the number of tubers per plant for
studied planting densities 6.25, 12.5, 25, 50, 100, 200 plants/m2 in Hilvarenbeek (panels a–b), and 3.125,
4.6875, 6.25, 12.5, 25, 50 plants/m2 in Est (panels c–d). The markers indicate the minimum size-class
thresholds for a given density in panels a and c. Panels b and d show an enlarged view of the data in the
ranges up to 0.1 kg/plant and 2 tubers per plant
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Commercial Production of Baby Bakers and Seed Tubers by Experimental Hybrid
Seedlings Is Possible; Large Tubers Do Need Advanced Hybrid Genotypes
When discriminating different commercial tuber-size classes, optimum planting
densities differed between the tuber-size classes. On sandy soil flat-beds, the optimum planting density for Baby Bakers (20 < sc ≤ 35 mm) was at 200 plants/m2 while
for Seed Tubers (28 < sc ≤ 50 mm), this was at 50 plants/m2, four times fewer plants
compared with Baby Bakers. Aiming for maximum yields for a certain market segment might therefore lead to increased planting cost. Mean yields produced on
the sandy soil with the optimal planting densities for Baby Bakers as well as Seed
Tubers were high at 52 Mg/ha (Table S9).
As for total tuber yields, also for marketable yields in the commercial classes
Baby Bakers and Seed Tubers, growing hybrid TPS seedlings in Est on clay ridges
did produce less yield compared with the system on sandy soil flat-beds. As for total
yield, a clear shift in optimum planting density from one to another commercial
class was absent in Est. This differs from conventional potato production on ridges,
grown from seed tubers, in which specific planting densities are used to maximise
yields in different tuber target sizes (Beukema and van der Zaag 1990; Struik and
Wiersema 1999; Van der Zaag 1999).
Also different from seed-tuber-grown potato production is the small share of
Large Tubers (> 50 mm) produced. On sandy soil flat-beds, at an optimum planting
density of around 12.5 plants/m2, only 10 Mg/ha were produced, 20% of the yield
of the other two commercial classes. On clay soil, the Large Tubers could even be
neglected as across all densities, the yield ranged between 1 and 2 Mg/ha.
As explained before, the shorter growing period, and therefore less accumulated precipitation, intercepted radiation and lower temperature sum, might be a major cause
of low yields on clay ridges, especially for the larger tuber-size classes. Nevertheless,
the current study showed that also on sandy soil flat-beds, Large Tubers did not yield
much. The experimental genotypes used in this study originated from a breeding programme which is still under development (Stockem et al. 2020). Therefore, it might be
that the current genotypes lack the ability to invest available assimilates in tuber bulking
rather than tuber initiation, when transplanted as greenhouse-derived seedlings into the
field. TPS-grown materials are also known to have a bushier habit compared with seedtuber-grown plants, which might make tubers weaker sinks, relative to the haulm of
the plants, and thus hamper tuber bulking (Wiersema 1984; Escobar and Vander Zaag
1988). More focus on the genetics which promotes tuber bulking and attenuates haulm
growth might be beneficial for the development of advanced hybrids which can compete as transplanted, greenhouse-raised seedlings with seed-tuber-grown crops in conventional potato-growing systems.
Further Studies
The current study in farmers’ fields showed that transplanted hybrid seedlings could
have a place in the potato chain and potentially become a feasible alternative for
certain potato outlets such as the commercial classes Baby Bakers and Seed Tubers.
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Further studies are needed to understand the absence of a fair share of large-sized
tubers in the current hybrid material to enable access to markets which need largersized tubers. Also, fully farmer-managed trials need to assess the actual feasibility.
It is suggested that more cultivar-specific trials are conducted when improved hybrid
potato cultivars become available to growers. These studies will contribute with the
current study, and those carried out by Kacheyo et al. (2021), Stockem et al. (2020)
and van Dijk et al. (2021), useful information on the novel cultivation systems for
hybrid potato, including crop management recommendations. More information will
also be required on the optimal field conditions at the moment of transplanting and
the subsequent seedling establishing period to enhance quick plant development.
Hybrid potatoes can be grown as transplantable vegetable for either seed(ling)
tuber production or markets using small-sized tubers. When the challenge of producing also larger-sized tubers is overcome, transplants could also be used for that
aim. However, the economic feasibility of raising hybrid seedlings in greenhouse
nurseries and the cost of transplanting still need attention, and studies in this will
help to understand if, and how many, additional seed-tuber multiplication cycles
are needed from an economic point of view. Direct field sowing of hybrid potatoes
might significantly reduce costs compared with a transplanted cultivation system,
but has currently agronomic, plant physiological and genetic challenges regarding
crop establishment, vigour and growth under field conditions.

Conclusions
The main conclusions from these first experiments of planting density of experimental diploid hybrid cultivars are:
• Increasing the planting density of diploid hybrid seedlings, derived from green-

house nurseries, resulted in an increasing total yield.

• Tuber-size distribution was also affected with decreasing proportions of large-

sized tubers in favour of the small-sized tubers with increasing density.

• Medium-sized tubers remained more stable than small- or large-sized tubers

when shifting densities.

• Increasing the minimum tuber-size threshold always caused a shift to lower opti-

mum planting densities.

• Results obtained in current research showed similar trends as found in studies

carried out with seed-tuber-grown materials.

On sandy soil, planted in a flat-bed system, maximum yields of commercial classes
Baby Baker (20 < sc ≤ 35 mm) and Seed Tuber (28 < sc ≤ 50 mm) were found at 200 and
50 plants per m2, respectively. Despite high total yields on sandy soil, hybrid seedlings
were unable to yield sufficiently (10 Mg/ha) in the Large Tubers (> 50 mm) class.
On heavy clay ridges, yields were in general low and effects of planting density
on tubers in different size classes were less distinctive than on sandy soil, and yields
of Large Tubers were negligible. The exact causes for the absence of larger-sized
tubers are unclear.
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