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Abstract
The physiological age of potato seed tubers influences the subsequent field perfor-
mance of the crop, conditioning its growth and development. This study investi-
gates the effects of the physiological age of seed tubers on the field performance 
of four contrasting, currently widely grown cultivars (Agria, Festien, Innovator, 
Lady Claire) across three sites in the Netherlands over 3 years (Cycles 1—3). Seed 
tubers were produced annually at a single site under uniform conditions, with vari-
ations in physiological age induced by applying different storage temperatures (4, 
7, 10, and/or 17  °C). Our previous study revealed varying effects of storage tem-
perature on sprouting behaviour among cultivars, suggesting different rates of age-
ing. After completing the storage season, in the current study these seed tubers were 
planted in the field and subsequent crop performance was thoroughly phenotyped. 
Cultivar-specific effects of storage temperature were evident during early growth 
stages and when seed tubers were stored at 17 °C in Cycle 3. However, within the 
storage temperature range of 4 to 10 °C, the influence of storage temperatures was 
small or inconsistent. Overall, effects on canopy cover, stem and tuber number, yield 
and quality, and tuber yield explanatory variables were limited. The outcomes sug-
gest that while very high storage temperatures should be avoided in regions with 
long crop cycles, stringent cold storage regimes are unnecessary to achieve optimal 
growth vigour in potato seed tubers of the studied cultivars in a temperate climate.
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Introduction

The physiological age of a potato (Solanum tuberosum L.) seed tuber is defined 
as the physiological status of the tuber that evolves progressively with increas-
ing chronological age, depending on the growth history and storage conditions 
(Ewing and Struik 1992). The physiological age of a seed tuber plays an impor-
tant role in determining subsequent crop performance, influencing tuber yield and 
quality through its effects on emergence, canopy cover development and duration, 
number of stems, tuber initiation, bulking rate and duration, the number of tubers 
per stem, and tuber size distribution, as summarised by Struik and Wiersema 
(1999). Extensive research into the effects of physiological age on crop growth 
has predominantly compared the planting of physiologically younger and older 
seed tubers (Kawakami 1963; Iritani 1968; Perennec and Madec 1980; Reust 
1982; Moll 1985; Allen and O’Brien 1986; Vakis 1986; Bodlaender and Marinus 
1987; Van Loon 1987; Benz and Fahem 1988; Hay and Hampson 1991; Knowles 
and Botar 1991, 1992; Struik et  al. 2006; Oliveira et  al. 2017; Mediouni et  al. 
2020). Commonly observed patterns indicate that plants developing from physi-
ologically older tubers exhibit earlier emergence, faster initial growth rate, ear-
lier tuber initiation, more stems, reduced foliage, and earlier senescence, making 
physiologically older seed tubers suitable for shorter crop cycles than physiologi-
cally younger seed tubers.

Nevertheless, drawing precise and coherent conclusions regarding the impact 
of physiological age on field performance remains challenging. First, many 
proposed physiological age indicators, including the popular methods employ-
ing accumulated day-degrees (O’Brien et  al. 1983) and physiological age index 
(Caldiz et al. 2001), lack universality across cultivars, growth histories, and stor-
age regimes (Van Ittersum and Scholte 1992; Jenkins et al. 1993; Coleman 2000; 
Struik 2006; Johansen et  al. 2008). The classification of seed tubers as physi-
ologically ‘young’ or ‘old’ remains highly relative, complicating the comparison 
of studies. Second, the influence of physiological age on field performance is cul-
tivar-specific and varies based on the cultivar’s rate of ageing and maturity type 
(Moll 1985; Van Loon 1987; Benz and Fahem 1988; Van Ittersum et  al. 1990; 
Hay and Hampson 1991; Van Ittersum 1993; Struik et  al. 2006; Blauer et  al. 
2013). Most existing literature focuses on relatively old and partially outdated 
cultivars, necessitating an update in our understanding of the behaviour of cur-
rently widely grown cultivars. Moreover, the intricate interaction with environ-
mental factors, such as planting date, weather conditions during different crop 
growth stages, soil type, and agronomic practices, further complicates the deci-
phering of the effects of physiological age on field performance (Goodwin et al. 
1969; Wurr 1978; Van Loon 1987; Hay and Hampson 1991; Struik et al. 2006).

This study seeks to investigate the effects of the physiological age of seed 
tubers on field performance, addressing the factors above. Seed tubers of four 
contrasting and currently widely grown cultivars were produced under uniform 
conditions. Different storage temperatures were applied as the sole treatment 
to create variations in physiological age. Our previous work has quantified the 
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ageing process of seed tubers during storage through sprouting behaviour analy-
sis, where storage temperatures induced varying sprouting patterns in cultivars 
characterised by different rates of ageing (Zou et  al. 2024). In this study, these 
seed tubers were planted at three sites and during three cycles, and crop perfor-
mance was phenotyped in great detail, including emergence, number of stems, 
canopy development, number of tubers, tuber yield, and quality (including tuber 
size distribution and tuber dry matter concentration). Key components of yield 
were examined through yield formation and yield components analyses. Building 
on insights from the previous sprouting study, we hypothesised that differences 
in physiological age as indicated by the sprouting behaviour would translate into 
differences in growth vigour in the field, development of the crop, and yielding 
capacity. Meanwhile, development later in the growth cycle and yielding capacity 
would interact with the growing conditions as determined by year and site.

Materials and Methods

Experimental Design

The study was conducted over three cycles (2019/2020, 2020/2021, 2021/2022), 
each consisting of a seed production season, a storage season, and a crop production 
(field) season. Seed performance during the storage seasons has been analysed and 
reported by Zou et al. (2024). The present paper focuses specifically on the crop pro-
duction seasons, during which in total eight field experiments were carried out: two 
in Cycle 1 and three in Cycles 2 and 3. Each trial field consisted of 36 plots follow-
ing a randomised complete block design (RCBD) with four cultivars, three storage 
temperatures as treatments, and three blocks as replicates. Details of cultivars, stor-
age conditions, and field experimental design are explained below.

Cultivar Selection

Four cultivars, i.e. Agria, Festien, Innovator, and Lady Claire (in alphabetical order), 
were selected based on their importance in different market outlets and contrasting 
phenological and physiological characteristics. Specifically, Agria has late maturity 
and is slow ageing, Festien has very late maturity and is fast ageing, Innovator has 
early maturity and is fast ageing, and Lady Claire has early maturity and is slow age-
ing (Table 1).

Seed Tuber Production

During each seed production season, seed tubers of all four cultivars were pro-
duced at a single field site at the experimental farm of Stichting Proefboerderi-
jen Noordelijke Akkerbouw (SPNA) de Kollumerwaard, in Munnekezijl, the 
Netherlands (approx. 53°20′ N, 6°15′ E). Seed production followed common 
and strictly controlled agricultural practices for seed tuber production during 
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the growing season, haulm killing, harvesting, wound healing, and local stor-
age, until the seed tubers were certified (free of Ralstonia solanacearum and 
Clavibacter michiganensis subsp. sepedonicus) and transported to Wageningen 
for the storage season. Pre-storage temperature-sums (T-sums) during each cycle 
are listed in Table 2  after “Seed production until harvest”. To minimise initial 
differences due to size (Struik and Wiersema 1999), only seed tubers measuring 
35—45 mm in Cycle 1 (a slightly larger size range of Agria and Innovator due 
to a limited number of tubers in 35—40 mm) and 35—40 mm in Cycles 2 and 3 
were selected.

Storage

To create different physiological ages, seed tubers were stored at different 
and constant temperatures in darkness. In Cycles 1 and 2, the storage tempera-
tures were 4, 7, and 10  °C. In Cycle 3, the storage temperatures were 4, 10, 
and 17  °C to create a wider range. Storage  T-sums of each temperature treat-
ment across cycles are listed in Table  2 after “Storage”  (for details, see Zou 
et al. 2024). During the storage periods of the three cycles, no instances of rot-
ten tubers, moulded tubers, visual symptoms of diseases, or formation of ‘little 
potatoes’ were observed.

Table 2  T-sums (°Cd) during the different periods preceding planting of the seed tubers at three sites 
(Est, Nagele, Wanroij) in three cycles. T-sum is the accumulated daily temperature (mean hourly air tem-
perature above a base temperature of 0 °C). Values shown in parentheses were estimated based on the 
average daily temperature in the corresponding periods in other cycles (for Cycle 1) or at other sites (for 
Cycle 3)

1 Planting of mother tubers until harvest
2 Planting of the seed tubers in the crop production season

Period Cycle 1 Cycle 2 Cycle 3

Est Wanroij Est Nagele Wanroij Est Nagele Wanroij

Seed production until  harvest1 1900 1900 1898 1898 1898 1641 1641 1641
Harvest until storage (1100) (1100) 808 808 808 1042 1042 1042
Storage

  4 °C 616 616 607 607 607 667 667 667
  7 °C 1276 1276 1133 1133 1133 - - -
  10 °C 1602 1602 1581 1581 1581 1706 1706 1706
  17 °C - - - - - 2834 2834 2834

Post-storage until  planting2 (mini-
chitting)

(77) (176) 92 73 176 152 172 (219)

Total
  4 °C (3693) (3792) 3405 3386 3489 3502 3522 (3569)
  7 °C (4353) (4452) 3931 3912 4015 - - -
  10 °C (4679) (4778) 4379 4360 4463 4541 4561 (4608)
  17 °C - - - - - 5669 5689 (5736)
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Sprouting behaviours during storage and in sprouting tests were reported by 
Zou et  al. (2024). At the end of each storage season, all seed tubers had bro-
ken endo-dormancy. In the sprouting tests, seed tubers under certain treatments 
passed their maximum sprouting capacity, indicated by reduced total sprout dry 
weight per tuber compared to the previous sampling. In contrast,  seed tubers 
under other treatments had not yet reached their maximum sprouting capacity. 
There was a strong cultivar and storage temperature interaction: Festien and 
Innovator stored at 17 °C, 10 °C, and in some cases 7 °C passed their maximum, 
while Agria and Lady Claire did so only when stored at 17  °C (Fig.  S1, Zou 
et al. 2024).

At the end of storage, seed tubers with sprouts ≥ 2 mm were de-sprouted, and all seed 
tubers were subsequently placed under a semi-open barn for mini-chitting for around 
2 weeks (1—3 weeks) until being transported to the trial sites for planting. T-sums during 
this phase are listed in Table 2 after “Post-storage until planting (mini-chitting)”. Seed 
tubers’ appearance and fresh weight are shown in Figs. S2 and S3, respectively. Seed 
tubers’ mineral nutrient contents at planting time in Cycle 3 are listed in Table S1, indi-
cating that storage at 17 °C significantly reduced the content (in mg  tuber−1) of most of 
the tested nutrients compared to storage at 4 °C across cultivars.

Locations and Field Management

Trial sites were located on commercial farms in different regions of the Netherlands 
and were named after the nearby village (Table 3). In Cycle 1, there were two sites: 
Est (central NL, heavy river clay soil) and Wanroij (south-eastern NL, sandy soil). 
In Cycles 2 and 3, there were three sites: Est and Wanroij (as above) and Nagele 
(northern NL, loamy soil). The fields were conventionally managed by farmers 
similar to their other potato fields, including fertilisation and irrigation (if applied) 
(Table S2). Herbicides were applied 1 week after planting (before emergence), fun-
gicides against late blight were applied weekly after emergence, and insecticides and 
other fungicides were applied when needed.

Experimental Layout

Each trial was conducted on an area of approx. 0.3 ha and the trial field was bor-
dered by four rows of farmers’ seed tubers. Each trial consisted of 36 plots and 
each plot consisted of four rows at a row distance of 0.75 m and 42 (Cycle 1) or 45 
(Cycles 2 and 3) seed tubers per row planted at within-row planting distances of 
0.27—0.31 m. Only plants in the middle two rows of a plot were used for measure-
ments. Tubers were machine-planted. For details, see Table 3.

Weather Conditions

Hourly data on air temperatures, global radiation and precipitation (Figs. S4 and S5) 
were retrieved from online data (KNMI 2023) of the nearest Koninklijk Nederlands 
Meteorologisch Instituut (KNMI) weather stations to the field sites (Herwijnen station—
Est 13 km, Marknesse station—Nagele 14 km, Volkel station—Wanroij 10 km).



1 3

Potato Research 

Ta
bl

e 
3 

 D
et

ai
ls

 o
f t

ria
l fi

el
ds

. E
sti

m
at

ed
 v

al
ue

s a
re

 sh
ow

n 
in

 p
ar

en
th

es
es

1  A
cc

um
ul

at
ed

 d
ai

ly
 te

m
pe

ra
tu

re
 (m

ea
n 

ho
ur

ly
 te

m
pe

ra
tu

re
s a

bo
ve

 a
 b

as
e 

te
m

pe
ra

tu
re

 o
f 0

 °C
)

2  A
ve

ra
ge

 d
ai

ly
 a

ir 
te

m
pe

ra
tu

re
, c

al
cu

la
te

d 
as

 T
-s

um
 d

iv
id

ed
 b

y 
th

e 
fie

ld
 p

er
io

d

C
yc

le
 1

C
yc

le
 2

C
yc

le
 3

Es
t

W
an

ro
ij

Es
t

N
ag

el
e

W
an

ro
ij

Es
t

N
ag

el
e

W
an

ro
ij

A
pp

ro
xi

m
at

e 
lo

ca
tio

n
51

°5
0′

46
″ 

N
 

5°
19
′2

4″
 E

51
°3

9′
17
″ 

N
 

5°
50
′3

1″
 E

51
°5

0′
51
″ 

N
 

5°
20
′3

2″
 E

52
°3

8′
58
″ 

N
 

5°
42
′2

6″
 E

51
°3

9′
23
″ 

N
 

5°
50
′3

0″
 E

51
°5

0′
58
″ 

N
 

5°
19
′5

3″
 E

52
°3

9′
23
″ 

N
 

5°
42
′0

4″
 E

51
°3

9′
39
″ 

N
 

5°
51
′0

0″
 E

Pl
an

tin
g 

da
te

28
/0

4/
20

20
07

/0
5/

20
20

01
/0

5/
20

21
28

/0
4/

20
21

07
/0

5/
20

21
05

/0
5/

20
22

06
/0

5/
20

22
09

/0
5/

20
22

H
ar

ve
st 

da
te

23
/0

9/
20

20
02

/1
0/

20
20

29
/0

9/
20

21
24

/0
9/

20
21

05
/1

0/
20

21
30

/0
9/

20
22

22
/0

9/
20

22
13

/1
0/

20
22

Fi
el

d 
pe

rio
d 

(d
)

14
8

14
8

15
1

14
9

15
1

14
8

13
9

15
7

T-
su

m
 (°

C
d)

1
24

58
25

52
24

37
23

53
25

04
25

41
23

73
27

26
Te

m
pe

ra
tu

re
 

(°
C

)2
16

.6
17

.2
16

.1
15

.8
16

.6
17

.2
17

.1
17

.4

Pl
an

tin
g 

ar
ra

ng
e-

m
en

t (
m

 ×
 m

)
0.

75
 ×

 0.
27

0.
75

 ×
 (0

.2
75

)
0.

75
 ×

 0.
28

0.
75

 ×
 0.

28
0.

75
 ×

 0.
28

0.
75

 ×
 0.

31
0.

75
 ×

 0.
28

0.
75

 ×
 0.

31

Pl
an

t d
en

si
ty

 
(p

la
nt

s  m
−

2 )
4.

94
(4

.8
5)

4.
76

4.
76

4.
76

4.
30

4.
76

4.
30



 Potato Research

1 3

Data Collection and Analyses

Emergence

The number of emerged plants was counted 1 to 2 times per week starting around 
3 weeks after planting and until a plot reached 100% emergence or the percentage 
stopped increasing. An additional final check was performed before canopy closure 
in Cycle 3. In Cycle 1, the number of emerged plants was counted per plot from an 
area of 32 planted seed tubers, and the emerged plants were visually estimated to 
be either emerged today, emerged 2 days ago, or emerged 4 days ago. In Cycle 1 
at Wanroij, we stopped after two assessments due to uneven planting distances. In 
Cycles 2 and 3 at all sites, the number of emerged plants was counted in one of the 
middle rows (45 planted seed tubers per plot), and the date of emergence was visu-
ally estimated to be either expected to emerge tomorrow (visible crack in the soil 
surface), emerged today, emerged yesterday, emerged 2 days ago, emerged 3 days 
ago, or emerged 4 days ago.

Final emergence was calculated as the number of emerged plants during the last 
observation as a percentage of the total number of planted seed tubers in the meas-
urement area. The days after planting (DAP) until 75% emergence was the days 
after planting until 75% emergence of the planted seed tubers was reached; it was 
calculated per plot by linear interpolation between the closest data points below and 
above (or equal to) 75% emergence.

Canopy Cover

Within a fixed area of eight planted seed tubers per plot, the percentage of soil 
cover by the green canopy (canopy cover) was estimated weekly from emergence 
until haulm killing (if taken place, see Table  S3) or final harvest. Two pictures 
(one per middle row) were taken per plot per measuring date by a camera hang-
ing 0.97  m above the top of the canopy and in the centre of a tailor-made metal 
grid of 0.99 m × 0.75 m. Each picture covered around 3.2 (planting distance 0.31 m) 
to 3.7 (planting distance 0.27 m) plants. The percentage of canopy area was ana-
lysed using CANOPEO (Patrignani and Ochsner 2015) in MATLAB Version 9.13.0 
(R2022b) (The MathWorks Inc. 2022). The percentage of canopy cover of each plot 
per assessment date was calculated as the average of the two middle rows.

The daily canopy cover was estimated by fitting the canopy cover against days 
after planting per combination of cycle × site × cultivar × storage temperature with 
the model of Khan et  al. (2019). The model comprises three phases: the canopy 
build-up phase P1 (Eq. 1), the maximum canopy cover phase P2 (Eq. 2), and the 
canopy decline phase P3 (Eq. 3), and in total five parameters (tm1, t1, t2, te, and vmax) 
(Fig. S6):

(1)v = v
max

(

1 +
t
1
− t

t
1
− t

m1

)(

t

t
1

)

t1

t1−tm1 with 0 ≤ t ≤ t
1
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where v (canopy cover, in percentage) is the response variable, t (time, in days after 
planting) is the explanatory variable, vmax (%) is the parameter indicating the maxi-
mum value of canopy cover v, tm1 (d) is the inflexion point in the build-up phase P1, 
from where the rate of increase begins to decrease, t1 (d) is the end of the build-up 
phase P1, t2 (d) is the end of the maximum canopy cover phase P2 and te (d) is the 
end of the canopy decline phase P3.

Subsequently, based on the estimated parameter values, the area under the curve 
(AUC) of P1, P2, and P3 was calculated by integrating Eqs. 1, 2, and 3, as A1, A2, 
and A3, respectively, according to Khan et al. (2019):

When the estimated values of temporal parameters, e.g. te, surpassed the actual 
timing of haulm killing or harvest, the parameter values for the calculation of AUC, 
e.g. A3, were corrected to, respectively, the time of haulm killing or harvest. The 
sum of A1, A2, and A3 results in the total area under the canopy cover curve, Asum. 
The fitted daily v was used to calculate daily intercepted radiation and total dry 
weight production in the yield formation analysis (as explained in the “Yield Forma-
tion Analysis” section).

Harvests

One intermediate harvest in Cycle 1 (74–76 DAP) and two intermediate harvests 
each in Cycles 2 and 3 (65–86 DAP and 92–106 DAP, respectively) were performed 
(Table  S3), each harvest on a pre-selected area of eight planted seed tubers per 
plot. Out of the harvested plants of the selected area, the number of main stems 
was counted, and the fresh weights of haulm, main stems, and tubers were assessed. 
Dry matter concentrations of haulm, main stems, and tubers were assessed by dry-
ing subsamples (each weighing ≥ 300 g in fresh weight) in a forced ventilated oven 
at 105 °C for > 48 h and calculated by dividing subsample dry weight by subsample 
fresh weight.

At the final harvest (139–157 DAP, Table S3), tubers of a pre-selected area of 24 
planted seed tubers per plot were manually harvested. The number of established 

(2)v = v
max

with t
1
<t <t

2

(3)v = v
max

(

t
e
− t

t
e
− t

2

)(

t + t
1
− t

2
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)
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te−t2 with t
2
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=
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plants in this area was recorded just before canopy closure. The number and fresh 
weight of tubers in each size class were assessed manually in Cycle 1 and by using 
a phenotyping machine in Cycles 2 and 3. The size classes in Cycle 1 were 20–35, 
35–40, 40–45, 45–50, 50–60, and 60 + (in mm). In Cycles 2 and 3, the size classes 
were 0–25, 25–28, 28–30, 30–35, 35–40, 40–45, 45–48, 48–50, 50–52, 52–55, 
55–60, 60–65, 65–70, 70–75, 75–80, 80–85, and 85 + (in mm). Together, the size 
classes used for analysis were 0–30, 30–40, 40–45, 45–50, 50–60, 60–70, 70–80, 
and 80 + (in mm).

Yield Formation Analysis

In the yield formation analysis, tuber yield was analysed as being a function of the 
incident photosynthetically active radiation (PAR) during the growing period, the 
fraction of this radiation that was intercepted by the crop leading to the cumula-
tive intercepted radiation (CIR), the radiation use efficiency (RUE), total dry weight 
(Total DW), harvest index (HI), tuber dry weight (Tuber DW) and tuber dry matter 
concentration (Tuber DMC).

PAR was calculated as 50% of the total incident global solar radiation at a field 
site. CIR was calculated over the whole growing period (from planting until haulm 
killing, if taken place, or final harvest) by multiplying the fitted percentage of can-
opy cover (v) and the PAR for every day and summing up the daily values over the 
entire growing period. RUE was calculated as the dry weight production (sum of 
dry weight of haulm, main stems, and tubers) at the intermediate harvest (in Cycle 
1) or the second intermediate harvests (in Cycles 2 and 3), divided by the CIR until 
the respective harvest days. Total DW was calculated as the multiplication of CIR 
of the entire growing period and RUE. Tuber yield was calculated per  m2 as the 
fresh weight of tubers per plot in the final harvest divided by the number of planted 
seed tubers (24 per plot) and multiplied by the planting density. To assess Tuber 
DMC, in Cycle 1, tuber under-water-weight (UWW) was assessed using > 5 kg of 
tubers > 50 mm (given that the difference in UWW with small tubers, 0–50 mm, was 
very small) and Tuber DMC was calculated as 0.0492 × UWW + 2 (Ludwig 1972; 
Veerman 2001). In Cycles 2 and 3, Tuber DMC was assessed by drying subsamples 
of mixed sizes (each subsample weighing ≥ 500 g in fresh weight) in a forced venti-
lated oven at 105 °C for > 48 h and calculated by dividing the subsample dry weight 
by the subsample fresh weight. Tuber DW was calculated by multiplying Tuber yield 
and Tuber DMC. HI was calculated by dividing Tuber DW by Total DW.

Yield Component Analysis

In the yield component analysis, Tuber yield was analysed as a function of earlier 
formed components: the number of tubers planted per m2 (i.e. planting density), the 
fraction of harvested plants per planted seed tuber, the number of Main stems per 
plant and per m2, the number of tubers (Tuber number) per main stem, per plant, 
and per m2, and the fresh weight per tuber (Weight per tuber).

The fraction of harvested plants per planted seed tuber was calculated as the 
number of harvested (established) plants in the pre-selected area for final harvest 
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in a plot divided by the number of seed tubers planted in that area (24). The num-
ber of Main stems per plant was calculated by dividing the total number of main 
stems assessed during the intermediate harvest (in Cycle 1) or the second intermedi-
ate harvests (in Cycles 2 and 3), by the number of harvested plants out of 8 planted 
seed tubers in the intermediate harvest area. Main stems per m2 was calculated as 
Main stems per plant multiplied by the number of harvested plants per  m2. Tuber 
yield was calculated as the fresh weight of the final harvest divided by the number of 
planted seed tubers (24) and further multiplied by the planting density. Weight per 
tuber was calculated as the fresh weight of the final harvest divided by the number 
of harvested tubers. Tuber number per main stem was calculated as the total number 
of harvested tubers divided by the number of harvested plants and further divided 
by the number of Main stems per plant. Tuber number per plant was calculated as 
Tuber number per main stem multiplied by the number of Main stems per plant. 
Tuber number per m2 was calculated as Tuber number per main stem multiplied by 
the number of Main stems per m2.

Statistical Analysis

Curve fitting of the canopy cover was performed using the non-linear least-square 
regression method in SAS software 9.4 (SAS Institute Inc 2018), which generated 
the approximate standard error and the approximate 95% confidence interval of the 
estimated parameter values.

Other calculations and statistical analyses using linear mixed models were per-
formed in R Statistical Software v4.3.0. (R Core Team 2021). Due to differences 
in the number of sites and storage temperatures among cycles, statistical analyses 
were performed per cycle. Statistical analyses of linear mixed models used the ‘lme’ 
function in the ‘nlme’ package. The fixed effects of the linear mixed model consisted 
of (interactions between) storage temperature effect, cultivar effect, and site effect. 
The random effect of the linear mixed model consisted of a structure of the block 
effect nested in the site effect, as well as a selected variance structure to correct 
for the heterogeneity of variance. For each response variable, models with different 
variance structures correcting for no, single, or multiple factors of storage tempera-
ture, cultivar, and site were compared (Zuur et al. 2009). The model with the low-
est Akaike information criterion (AIC) or Bayesian information criterion (BIC) was 
selected, and analysis of variance (ANOVA) was performed. Tukey’s HSD method 
was used in post hoc tests using the ‘emmeans’ package to analyse statistical differ-
ences between storage temperatures within a cycle × site × cultivar combination.

Results

Emergence

All treatments reached 100% emergence, except for Agria stored at 17 °C in Cycle 3 
(Table 4; Fig. S7) due to the formation of ‘little potatoes’ after planting.
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Seed tubers of Agria and Innovator stored at 4 °C and 17 °C exhibited delayed 
emergence (longer time to reach 75% emergence) particularly in Cycle 3 (Fig. 1). 
Seed tubers of Lady Claire stored at higher storage temperatures (10 °C and 17 °C) 
exhibited accelerated emergence (shorter time to reach 75% emergence) particularly 
in Cycle 3, while Festien stored at lower storage temperatures exhibited accelerated 
emergence in Cycle 2 at one site (Nagele) (Fig. 1).

Fitted Canopy Cover Curve

Nearly all crops achieved canopy closure (Fig. 2), with fitted values of maximum 
canopy cover (vmax) mostly above 95% and approaching 100% (Table S4). Overall, 
few and small differences were observed between storage temperatures in the fitted 
canopy cover curve in each of the three phases: the build-up phase P1, the maximum 
canopy cover phase P2, and the canopy decline phase P3 (Fig. 2; Table S4). Statis-
tically significant differences are described below per cultivar. Notably, Innovator 
stored at 17 °C did not reach canopy closure in Cycle 3 at one of the sites (Wanroij), 
and Lady Claire stored at 17 °C demonstrated consistent early onsets of senescence 
in Cycle 3 across sites. Details of fitted parameter values, standard errors, and calcu-
lated AUCs are listed in Table S4.

For Agria, seed tubers stored at 17  °C showed slower and delayed canopy 
build-up in Cycle 3, illustrated by a longer time to reach the inflexion point in P1 
(increased tm1) at two sites (Nagele and Wanroij) and the end of P1 (increased t1) at 
one site (Nagele), compared to when stored at lower temperatures (Fig. 2; Table S4). 

Fig. 1  Days after planting until 75% emergence was reached of planted seed tubers of four cultivars 
stored at different temperatures (in colours) at three sites in three cycles. Error bars indicate ± standard 
deviation based on three blocks. No overlap in letters indicates a significant difference between storage 
temperatures within a cycle × site × cultivar combination in post hoc tests
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Fig. 2  Development of canopy cover (%) from seed tubers of four cultivars stored at different tempera-
tures (in colours) at three sites in Cycles 1 to 3 (from top to bottom). Lines are fitted curves, points are 
observations (three blocks), and accompanying parameter values are listed in Table S4



1 3

Potato Research 

Note that in Cycle 2 at two sites (Est and Nagele), Agria did not reach complete 
senescence by the time of haulm killing (Fig. 2; Table S3). Agria stored at 17 °C 
showed earlier full senescence than when stored at 4 °C in Cycle 3 at one site (Est), 
illustrated by a shorter time to reach the end of P3 (reduced te).

For Festien, seed tubers stored at 4 °C showed faster canopy build-up (reduced 
tm1) compared to when stored at higher temperatures. Seed tubers stored at 17 °C 
showed an earlier onset of senescence than when stored at 4 °C in Cycle 3 at one site 
(Est), illustrated by a shorter time to reach the end of P2 (reduced t2). Seed tubers 
stored at 17  °C showed earlier full senescence (reduced te) in Cycle 3 at one site 
(Wanroij) than tubers stored at lower temperatures. In most other cases, Festien was 
still in the early phase of canopy decline (P3) at the end of the experimental period, 
with the final canopy cover being mostly above 75% (Fig. 2; Table S4).

For Innovator, seed tubers stored at 17  °C showed slower canopy build-up 
(increased tm1 and t1) compared to when stored at lower temperatures in Cycle 
3 at two sites (Est and Nagele). Lower storage temperatures delayed the onset of 
senescence (increased t2) compared to higher storage temperatures in a few sites 
and cycles. Seed tubers stored at 17 °C showed delayed full senescence (increased 
te) compared to those stored at lower temperatures in Cycle 3 at two sites (Est and 
Nagele). Meanwhile, seed tubers stored at 17  °C failed to achieve canopy closure 
(reduced vmax) in Cycle 3 at one site (Wanroij), displaying severely stunted growth 
(Fig. 2; Table S4).

For Lady Claire, higher storage temperatures induced faster initial canopy build-
up (reduced tm1) in a few cases, and in Cycle 3, they generally advanced the onset of 
senescence (reduced t2) and full senescence (reduced te) compared to lower storage 
temperatures (Fig. 2; Table S4).

Yield Analysis

No clear or consistent effects of storage temperature on final tuber yield were 
observed (Table 4; Fig. S8). The lack of large differences in final yield among stor-
age temperatures was in line with the overall lack of large differences in the yield-
determining variables. These covered variables in the yield formation analysis, 
including the cumulative intercepted radiation (CIR), radiation use efficiency (RUE), 
total dry weight production (Total DW), harvest index (HI), tuber dry weight (Tuber 
DW) and tuber dry matter concentration (Tuber DMC) (Tables S4 and S5) and vari-
ables in the yield components analysis, including the number of main stems (per 
plant or per  m2), number of tubers (per main stem, per plant, or per  m2) and average 
tuber weight (Weight per tuber) (Table  4). Statistically significant differences are 
presented below per cultivar, among which Innovator stored at 17 °C showed severe 
yield reduction in Cycle 3 at one site (Wanroij).

For Agria, seed tubers stored at 4 °C yielded 16% less than when stored at 10 °C 
in Cycle 1 at one site (Wanroij) (Table 4; Fig. S8), which was associated with fewer 
established plants (Table 4), earlier full senescence (increased te, Table S4) and thus 
lower AUC in P1 (A1) and P3 (A3) and lower total AUC (Asum) (Fig. 2; Table S4). 
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Seed tubers stored at 4 °C also yielded 16% less than when stored at 10 °C in Cycle 
2 at one site (Est) (Table 4; Fig. S8), which was probably associated with the later 
achievement of maximum soil cover (t1), lower harvest index (0.62 vs 0.80 g   g−1) 
and lower tuber yield in dry weight (973 vs 1149 g  m−2), although not statistically 
significant (Tables  4 and S4). Despite not resulting in differences in yield, Agria 
seed tubers stored at 17 °C in Cycle 3 established around 10% fewer plants in the 
final harvest area at all three sites and produced fewer main stems (per plant and per 
 m2) and fewer (per plant and per  m2) yet heavier (Table 4) and larger (Fig. S9) tubers 
than when stored at lower temperatures.

For Festien, seed tubers stored at 17 °C yielded 9% less than when stored at 4 °C 
in Cycle 3 at one site (Nagele) without clear attributable differences in the analysis 
components. Seed tubers stored at 17 °C led to lower Tuber DMC than when stored 
at 10 °C in Cycle 3 at one site (Wanroij). In general, very few and limited differences 
between storage temperatures were found for Festien, which is probably linked to 
the fact that Festien had not completed senescence by the end of the experimental 
periods.

For Innovator, seed tubers stored at 17  °C yielded around 30% less than when 
stored at lower storage temperatures in Cycle 3 at one site (Wanroij) (Table  4; 
Fig. S8), which could be attributed to a lower total AUC (Asum) (Fig. 2; Table S4), 
lower cumulative intercepted radiation (Table  S4), and lower total and tuber dry 
weight production (Total DW) (Table  S4). Seed tubers stored at 17  °C produced 
more stems (per plant and per  m2) in Cycle 3 at one site (Est) and produced fewer 
tubers (per stem, per plant, or per  m2) at three sites than when stored at lower tem-
peratures (Table 4).

For Lady Claire, seed tubers stored at 17  °C yielded around 11% less than 
when stored at lower storage temperatures in Cycle 3 at one site (Nagele) (Table 4; 
Fig. S8), which was associated with a lower total AUC (Asum) (Fig. 2; Table S4) and 
lower total dry weight production (Total DW) (Table S4). Seed tubers stored at 17 °C 
in Cycle 3 produced more stems (per plant and per  m2) at two sites (Est and Nagele) 
and produced tubers with lower tuber dry matter concentration (Tuber DMC) at two 
sites (Nagele and Wanroij) than tubers stored at lower temperatures (Table S5).

Discussion

General Lack of Storage Temperature Effects on Crop Performance

Based on the sprouting behaviour in sprouting tests during storage (Fig.  S1, Zou 
et al. 2024), we assumed that by the time of planting, a storage temperature of 17 °C 
would lead to physiologically old seed tubers across all cultivars, 10 °C would create 
physiologically rather old seed tubers in Festien and Innovator, 4 °C would produce 
physiologically very young seed tubers in Agria and Lady Claire, while the remain-
ing cultivar-storage temperature combinations would result in seed tubers around 
the optimal physiological age. Our hypothesis postulated that optimally aged seed 
tubers would demonstrate robust growth vigour in the field and high-yielding capac-
ity, whereas those physiologically too young or too old would exhibit lower growth 
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vigour and higher sensitivity to suboptimal growth conditions (weather and soil), 
resulting in poorer crop performance.

Contrary to our hypothesis, temperature-induced differences in sprouting 
behaviour did not translate into consistent or significant variations in field per-
formance across cycles and sites (Figs. 1 and 2; Tables 4 and S5). Mostly minor 
differences in emergence, canopy cover development, stem and tuber number, 
and other yield-related attributes led to small or absent yield differences (Fig. 2; 
Tables 4 and S4). In particular, no clear and conclusive differences were observed 
among storage temperatures in the range of 4 to 10 °C, despite more than a two-
fold increase in the storage T-sum within this interval (Table  2). In a previous 
study, Reust et al. (2001) reported up to a 50% yield loss of Agria for seed tubers 
stored until a T-sum of 4400 °C, accumulated from the tuber set to the planting of 
the seed tuber. However, such strong yield depression was not observed for Agria 
nor any other cultivar in the present study, even with the corresponding T-sums 
exceeding 4400 °C (Table 2).

The absence of clear differences could be assumed resulting from several 
aspects. First, despite the observed differences in sprouting behaviour after stor-
age at 4 to 10 °C, seed tubers may still have been in the phase of optimal growth 
vigour at planting, retaining good resilience to adapt to field environments. Nutri-
ent quantity tests at planting in Cycle 3 revealed similar nutrient contents in 
seed tubers stored at 10 °C compared with 4 °C, except for lower nitrogen levels 
(Table  S1). To observe the effect of physiological age on field performance, it 
might be necessary to further diversify growth vigour, such as incorporating a 
wider range of storage temperatures and corresponding total T-sums or changing 
patterns of building up storage T-sums, as demonstrated in prior studies (Gillison 
et al. 1987; Scholte 1987; Van Ittersum and Scholte 1992; Struik et al. 2006).

Second, differences in physiological age may only manifest under extreme envi-
ronmental conditions. Despite different weather conditions, such as a dry spring 
with a late heat wave in Cycle 1 (2020), a prolonged wet spring in Cycle 2 (2021), 
and a dry hot summer in Cycle 3 (2022), average temperatures during the growing 
seasons remained relatively stable at around 16 to 17 °C (Table 3; Figs. S3 and S4), 
which are optimal for potato plants growth (Struik 2007).

Furthermore, proper field management, including fertiliser applications 
(Table S2), irrigation at two sites (Est and Wanroij) (Table S2), and weekly disease 
control, might have suppressed the expression of physiological age. It is known that 
nitrogen fertilisation extends the duration of haulm growth and increases yield if 
seasons are long (Struik and Wiersema 1999), potentially prolonging the life cycle 
of crops grown from physiologically old seed tubers. In addition, the careful crop 
management by the participating farmers might have mitigated a negative impact of 
occasional harsh environmental events on crop performance.

Finally, a different hypothesis contrary to the previous assumptions is that the 
effects of physiological age only emerge under optimal growth conditions. In less 
favourable growth conditions, the effects may be largely influenced or overruled by 
these environmental conditions. Wurr (1978) reported a large effect of storage tem-
perature on yield in 1973 when the conditions for growth were optimal, whereas the 
effects were small in subsequent years with hot dry weather. Previous studies also 
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reported a high yearly variation of storage temperature effect on yield, as well as dif-
ferences in crop performance between controlled and field conditions (Wurr 1978; 
Van der Zaag and Van Loon 1987; Hay and Hampson 1991). In this study, observa-
tions of reduced yield due to water excess in clayey soils in Cycle 2 and drought 
stress in the sandy soil in Cycle 3 (Figs. S4 and S8) align with recent findings on the 
potato yield gap in the Netherlands by Ravensbergen et al. (2024). Within a studied 
cultivar, in most cases cycle and site contributed to larger yield differences than stor-
age temperature (Table 4; Fig. S8).

Some Differences in Early Growth Vigour Caused by Storage Temperature

Despite the general absence of strong effects, significant effects of storage tem-
perature were observed in some cycle × site × cultivar combinations during the 
early stages of crop development, including emergence and canopy build-up 
(Figs.  1 and 2; Table  S4). Cultivars subjected to storage temperatures inducing 
accelerated or decelerated emergence also exhibited, respectively, accelerated or 
decelerated canopy build-up. This was evident in Agria and Innovator stored at 
17  °C, Festien at lower temperatures, and Lady Claire at higher temperatures. 
During later phases, however, the effects of storage at 4 to 10  °C were usually 
inconsistent across sites. The finding that physiological age has more pronounced 
influences on the early stages of plant growth compared to the late stages aligns 
with previous findings (Perennec and Madec 1980; Van der Zaag and Van Loon 
1987; Benz and Fahem 1988; Knowles and Botar 1991; Van Ittersum 1993), indi-
cating that early crop performance is more prominently governed by the inher-
ent properties of the seed tubers, while the impact of environmental conditions 
becomes more predominant as the growing season progresses.

Some Differences Caused by Storage at 17 °C

In addition to influencing early growth stages, significant effects of storage tem-
perature on field performance were observed in some site × cultivar combinations 
when a storage temperature of 17 °C was included in Cycle 3. Table 5 summa-
rises the observed effects of storage at 17 °C across the three sites.

Despite that a storage temperature of 17  °C created physiologically old seed 
tubers in all cultivars in Cycle 3 (Fig. S1; Zou et  al. 2024), effects on the field 
performance variables across growth stages were specific to cultivars (Table 5): 
for Agria (slow ageing and late maturity), storage at 17  °C resulted in slower 
emergence, reduced final emergence, slower canopy build-up, advanced full 
senescence, fewer main stems (per plant and  m2) and tubers (per plant and  m2) 
and increased tuber size, at some or all sites, compared to one or both of the 
lower storage temperatures; for Festien (fast ageing and late maturity), storage 
at 17  °C resulted in advanced senescence, reduced yield and reduced tuber dry 
matter concentration, at some sites, compared to one or both of the lower stor-
age temperatures; for Innovator (fast ageing and early maturity), storage at 17 °C 
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resulted in later emergence, slower canopy build-up, reduced maximum canopy 
cover, advanced onset of senescence, delayed full senescence, more main stems 
(per plant and  m2), fewer tubers (per plant and  m2), and reduced yield, at some 
or all sites, compared to one or both of the lower storage temperatures; and for 
Lady Claire (slow ageing and early maturity), storage at 17 °C resulted in faster 
emergence, earlier initial canopy build-up, advanced onset of senescence and full 
senescence, more main stems (per plant and  m2), reduced yield, reduced tuber 
size and reduced tuber dry matter concentration, at some or all sites, compared to 
one or both of the lower storage temperatures.

As illustrated above, the effect of 17  °C storage was highly cultivar-specific. 
Few consistent patterns were observed across cultivars with similar rates of age-
ing (Agria and Lady Claire; Festien and Innovator) or maturity types (Agria and 
Festien; Innovator and Lady Claire) (Table  5). Within a cultivar, the effects of 
17 °C storage were mostly consistent across sites, as demonstrated by the absence 
of contradictory signs (‘ + ’ and ‘ − ’) coexisting within a variable (Table 5).

A storage temperature of 17 °C generally reduced tuber yield and quality, with 
the most severe yield depression observed for Innovator in Cycle 3 at Wanroij. One 
plausible explanation for this strong effect could be attributed to herbicide applica-
tion. Among plants displaying symptoms of yellow-coloured leaves, Innovator suf-
fered the most, with seed tubers stored at 17 °C exhibiting stunted growth, reduction 
of canopy cover up to 50% (Fig. 2; Table S4), and yield loss up to 30% (Table 4; 
Fig.  S8). For cultivars sensitive to herbicides and other environmental stresses, 
physiologically old seed tubers might increase susceptibility to damage and decrease 
overall resilience.

Practical Implications

In conclusion, the influence of the constant storage temperature treatments in the 
range of 4 to 10  °C on subsequent crop performance was small, and, if apparent, 
inconsistent across sites and cycles. Seed tubers stored within this temperature range 
generally exhibited optimal growth vigour, suggesting that stringent cold storage 
regimes may not be necessary for achieving proper crop performance and yield for 
the studied cultivars in the Netherlands. The finding that cold storage is not essential 
for good seed performance aligns with studies conducted in other regions, including 
Sri Lanka (Carls and Caesar 1979), Peru (Wiersema and Booth 1985), Tunisia (Benz 
and Fahem 1988), and New Zealand (Oliveira et al. 2017), although other studies 
have reported beneficial effects of low storage temperature (Iritani et al. 1983; Van 
der Zaag and Van Loon 1987). Conversely, a storage temperature of 17  °C more 
often resulted in reduced yield in certain cultivars and sites, indicating that such 
high storage temperatures should be avoided in regions with a single growing season 
per year and long storage periods.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11540- 024- 09731-2.
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