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ABSTRACT

The assumption of this study was that in-season trends in the calcium concentration (Ca)
in potato organs allow one to identify the source of this nutrient for the growing tubers.
This hypothesis was tested based on the data from field experiments (2006-2008), with sequen-
tially added nutrients (Absolute control — AC, NP, NPK, NPKS, and NPKSMg). The Ca concen-
tration (Ca ) was measured in potato vines, stolons + roots, and three fractions of potato tubers.
Potato plants were periodically harvested in 10-day sequences, starting from BBCH 33 until
maturity. The tuber yield, averaged over fertilization treatments, was 33.4, 53.7, and 41.6 t ha'!
in 2006, 2007, and 2008, respectively. The Ca_in-season trends, regardless of the potato part,
were governed by the weather and only slightly modified by the applied fertilizers. The Ca,
in potato organs, averaged over the growth season, was in the order: vines > stolons + roots >
> tubers. The high Ca, in potato vines between 89 and 110 DAP, as recorded in 2007,
can be treated as the prerequisite of high potato yield. The Ca_ status in potato vines on 99 DAP
can be used as the yield predictor. The Ca, maxima, revealed earlier or later during the potato
growth period, as compared to 2007, resulted in the tuber yield decline. The Ca_ in the large-size
potato tubers showed a progressive increase in accordance with the phases of potato tuber
maturation. The main sources of Ca for the large-size tubers were other potato parts. The Ca,
increase in this potato fraction coincided with its simultaneous drop in the other potato organs,
like shoots, stolons, and roots. Intensively expanding tubers created a strong sink for calcium,
thus decreasing its concentration in tubers of the smaller size.
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INTRODUCTION

The nutritional value of potato tubers is high due to the high input
of energy into human diet. Tubers are rich in minerals, mainly in potassium,
but not in calcium (Ca). In the European diet, potato delivers only 6% of the
daily requirement for Ca by an adult person. The total Ca concentration
(Ca) in the tuber is low. In addition, its distribution in the tuber is not
equal, being several-times higher in the periderm (skin) than in the flesh
(7-folds). Peeling potatoes is a typical stage in traditional potato processing.
Cooking of potato tubersleads to the subsequent loss of numerous elements,
including calcium (CAMIRE et al. 2009, SUBRAMANIAN et al. 2011).

Calcium impacts numerous processes in potato. In general, Ca is respon-
sible for tissue integrity as a component of the cell wall. Physiological
functions of Ca in the potato tuber strongly depend on its concentration
in the skin. The black spot bruise of tubers can be limited provided Ca,
in the skin is above 250 mg kg* DM (PaLta 2010). It has been also documen-
ted that tubers rich in calcium are less sensitive to mechanical damage
during harvest. This is important for farmers because potato tubers with
mechanical damage are sensitive to the attack of pathogens during storage
(soft rot) (KARLSSON et al. 1996). It is well documented that reasonably high
Ca,_ both in tubers and the whole plant increases its resistance to pathogens
(BrRown et al. 2013, TzENG et al. 1990).

One of the most important functions of Ca is its role in the regulation
of the potato’s hormonal status. It has been recently demonstrated that Ca?*
1s an accompanying cation which is necessary for auxins to perform cell-
-to-cell transport. Calcium has been also recognized as a component of a net-
work of signal transduction pathways in plants, known as a secondary mes-
senger. It is activated at the onset of stress, both biotic (pathogen attack)
or abiotic one (cold, heat, shortage of water in the soil) (SANDERS et al. 1999).
One of the most important functions of Ca, but poorly recognized yet, is its
role in the tuberization of potato plants. As reported by VEca at al. (2006),
the tuberization signal is controlled by the Ca content in the soil zone rooted
by a potato. Its induction requires a significant drop in the Ca content in the
soil adjacent to the stolon.

Calcium concentration in the plant and its subsequent partitioning
between its organs are highly uneven. Calcium ions are taken up by plant
roots from the soil solution via the transportation pathway known as mass-
flow (CLarksoN 1993). The dominating route of Ca ion transportation in the
plant and subsequent redistribution is the xylem. The Ca_in the plant shoot
is several-folds higher in leaves than in reproductive organs, i.e. seeds,
grains, or in tubers (KOLBE, STEPHAN-BECKMANN 1997a,b, RosaNOrr et al.
2015). The main reason of this huge difference is the low remobilization
potential of calcium, subsequently leading to its extremely low concentration
in the floem. In addition, the Ca_ in the plant depends on its content in the
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soil solution and on the plant transpiration rate. Higher air temperature
causes higher canopy transpiration, resulting in a higher Ca concentration
in plant shoots (Bussg, PavLta 2006).

There is an information gap in current knowledge concerning the Ca,
in potato plants during the key stages of tuber yield formation. It has been
assumed that an analysis of Ca_ trends in potato organs during the growth
season can deliver data useful in indicating the sources of this element for
the growing tubers.

The key objective of the study was to identify the Ca_ trends during the
growing season for potato shoots (vines), stolons + roots, and three fractions
of potato tubers: small, medium, and large one. The secondary objective was
to assess the usefulness of Ca  in respective organs and growth stages
as a tool for the tuber yield prediction.

MATERIAL AND METHODS

Experimental site

The study is based on data obtained from field trials with potato (Solanum
tuberosum L.), which were carried out in 2006-2008 at Brody Experimental
Farm (Poznan University of Life Sciences, 52°44'N; 16°28'E). The field experi-
ment was established on soil developed from loamy sand, underlain by sandy
loam and classified as an Albic Luvisol. The content of available nutrients,
measured in the topsoil each year before fertilizer application, was high/very
high for phosphorus (80-95 mg P kg soil) (double lactate method), medium
for potassium (130-150 mg K kg soil) (double lactate method), and medium
for magnesium (58-62 mg Mg kg! soil) (Schachtschabel method). The amount
of mineral N (N_. ) was in the range of 23-30 kg ha' (0.01 mol dm® CaCl,).
The soil pH was 5.6-6.0 (1 mol dm?® KCI). Meteorological data showed
concerning highly variable precipitation, especially in June, a critical time
for potato tuberization. In June and July 2006 and in July 2008, rainfall
deficits were recorded (Figure 1).

Experimental design

A field trial consisting of five treatments, with different composition
of sequentially added sets of nutrients, arranged in a randomized complete
block, and replicated four times, was the source of data for the study.
The fertilized treatments were as follows: 1) absolute control (AC, no fertili-
zers added), ii) NP, iii)) NPK-MOP (K applied as muriate of potash),
NPKS-SOP (K applied as potassium sulfate), NPKSMg (Patentkali). Phos-
phorus in the dose of 38.7 kg P ha! was applied as di-ammonium phosphate.
Potassium was applied at the dose of 166 kg K hal. Both nutrients were
applied two weeks before potato planting. The dose of S applied with SOP
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Fig. 1. Monthly mean air temperature and total precipitation at Brody experimental station

and Patentkali was 69.1 and 110.7 kg ha'!, respectively. The dose of Mg was
39.1 kg ha'l. Nitrogen used in the form of ammonium nitrate (34% N)
was divided into two sub-doses and applied to potato before planting — 70 kg ha?,
and in BBCH 20 - 60 kg ha!l. The total area of a single plot was 58.5 m?.
An early variety of potato called Korona was planted in the second half
of April and harvested from an area of 19.5 m? at the end of September.

Soil and plant material and analyses

Plant material used for dry matter determination and determination
of the concentrations of nutrients was collected from an area of 1.0 m?. Each
year, plant material was sampled during the growing season in consecutive
days after planting (DAP): 57, 68, 78, 89, 99, 110, 121, 131, 141, 152.
The sampled material was then divided, depending on the potato stage
of growth, into subsamples of vines, stolon + roots. Tubers were divided
into three fractions: small (< 3 ¢cm), medium (3.5-5 cm), and large (> 5 cm).
For determination of the Ca concentration, the harvested plant sample
was dried at 65°C and then mineralized at 600°C. The ash was then dis-
solved in 33% HNO,. After dissolving the ash in diluted HNO, the concentra-
tion of Ca was determined using flame atomic absorption spectrometry.
The results are expressed per dry matter.

Statistical analyses

The collected data were subjected to the conventional analysis of variance
using Statistica® 10 (StatSoft, Krakow, Poland). Differences between the treat-
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ments were evaluated with the Tukey’s test. In tables, figures, and developed
equations, the results from the F' test (***, ** ¥) indicate significance at the
P < 0.001, 0.01, and 0.05, respectively. In the second step of the diagnostic
procedure, stepwise regression was applied to define an optimal set of varia-
bles for a given crop’s characteristic. In the computational procedure,
a consecutive variable was removed from the multiple linear regressions
in a step-by-step manner. The best regression model was chosen based
on the highest F-value for the model and significance of all independent
variables.

RESULTS AND DISCUSSION

Vines

The calcium concentration (Ca) in the potato vines during the growing
season was significantly affected by the weather (Figure 2). The Ca_ course
obtained in 2007, a year with the highest yields of tubers, was considered
as a model high yielding potato. The experimental data fitted the quadratic
regression model the best. The Ca__ of 8.7 g kg' DM was recorded
on the 1034 DAP. The real maximum was higher by 1.0 g kg' DM as com-
pared to the Ca__. In the period preceding and following the Ca_
which lasted for about three weeks, the Ca, was much lower, between from
4 to 6 g kgt DM. The model in the first phase 1s very similar to that presen-

127 Ca —2006 = 0.000074DAP’ - 0.02DAP* + 1.65DAP + 48.0 .
R =0.72 K
10 A n ™
Ca - 2007 = 0.0019DAP” + 0.39DAP - 11.3
R'=037

calcium concentration (kg DM)
[}

4 A
2 Ca - 2008 = 0.000072DAP’ — 0.024DAP” + 2.5DAP - 75.1
R=0.70
0 20 40 60 80 100 120 140 160

days after planting (DAP)
42006 m2007 42008

Fig. 2. Trends in calcium concentration in potato vines during the potato growth season

in consecutive years
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ted by KoLee and STEPHAN-BECKMANN (1997a). In this study, a sudden Ca,
increase was recorded in the same phase of potato tuber enlarging.
Then, it reached a plateau, lasting for 45 days. In the cited research, unlike
incontrast to the course presented in Figure 2a decrease of Ca_  during
the maturation phase was very low. A sudden Ca_ drop, which occurred after
110 DAP, can be treated as an indicator of the calcium remobilization effect.
The observed Ca_ drop was probably a result of a huge increase in the tuber
weight during the maturation phase (data not shown, but available from
the authors). This conclusion contradicts the hypothesis which negates
the floem transport of Ca to the expanding tuber (Bussg, PaLta 2006).

In 2006 and 2008, the 3" degree regression models were obtained.
Both models differ significantly in the Ca__for respective DAPs and the
DAP inflation point (DAPip). In 2006, the Ca_,_of 10.2 g kg’ DM was reached
on 114 DAP, whereas in 2008, the Ca_ _ of 8.27 g kg’ DM was recorded
on 83 DAP. The other characteristics, 1.e. the DAPip, significantly differed in
both years. It appeared on 88 and 111 DAP in 2006 and 2008, respectively.
In 2006, DAP, preceded a sudden Ca_ increase, whereas in 2008 it appeared
just after the Camax The key reason of a 30- day difference between the two
maxima was the weather. In 2006, June and July were dominated
by drought followed by huge rainfall at the end of July. This type of weather
resulted in the secondary growth of tubers, leading to an enhanced accumu-
lation of calcium. In 2008, a reverse situation was recorded. The Ca_in potato
shoots increased progressively with the prolonged drought, which prevailed
in most of May and June (Figure 1).

The effect of fertilization on the in-season Ca  changes was considerable
in the years of study (Table 1). In 2006, a year with a drought in June
and July, the significant impact of applied fertilizers was observed during
the entire growing season. As a rule, it resulted in the increase in the Ca,
in potato shoots. The highest differences were revealed on 68 and 120 DAP.
On the first date, the Ca_ increased progressively with the input of nutrients.
This relation indicates a lack of antagonism between cations applied in fer-
tilizers on Ca uptake. A quite reverse situation was observed on 120 DAP.
Firstly, Ca_ values were much higher than on 68 DAP. Secondly, the Ca,
showed a positive response to the application of potassium, but negative one
to potato fertilization with sulfur and/or with magnesium.

The observed antagonism was manifested on 99 DAP. In 2007, a year
with good distribution of precipitations during the potato growth season,

a significant impact of fertilizers on Ca, was observed on 78 and 99 DAP.
On the first date, the applied fertilizers had a positive impact on Ca,.
On the second one, the recorded Ca_ values were slightly below the maxima,
which appeared on 89 DAP for the absolute control and NP plot. In 2008,
a year with a drought in May and June, a significant impact of fertilization
was verified on 99, 131 and 152 DAP. The first event occurred just after the
Ca_ .. On all of these sampling dates, significant differences were noted only
between the absolute control and fertilized plots.
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Table 1
Calcium concentration in potato vines during the growing season in consecutive years
(g kg’ DM)
Treat- Days After Planting (DAP)
ments | 57 | g8 | 78 | 89 | 99 | 110 | 120 | 131 | 141 | 152
2006
AC 2.9 4.1¢ 4.3% 7.0 6.3% 5.9¢ 9.5¢ 6.87
NP 4.7 4.4° 4.7 8.9 7.1° 7.9¢ 10.1° 7.4b
NPK 5.0¢ 4.6° 4.8 8.8" 7.6° 7.9¢ 11.2¢ 7.6°
NPKS 5.0¢ 4.9¢ 4.4 9.2b 6.6 6.6° 9.9¢ 7.22
NPKS Mg | 3.6° 5.0¢ 4.4 8.4° 6.6 6.6° 9.9¢ 7.3%
F value 118™ | 35.2™ | 18.5™ | 13.6™ | 26.6™ | 39.2™" | 26.6™" | 20.6™"
2007
AC 4.2¢ 4.7 3.4 9.4 7.9° 8.8 3.9 5.2 6.0
NP 5.6° 5.3 4.6% 10.0 | 9.2 9.8 4.5 5.8 6.8
NPK 5.4% 5.2 5.20 9.7 9.7 9.5 4.5 5.7 6.2
NPKS 5.50 4.9 5.30 9.4 9.3 9.5 4.8 5.6 6.4
NPKS Mg | 5.6° 4.9 5.0 9.4 9.1 9.3 5.4 5.4 6.8
F value 6.5” 2.0 6.5™ 0.2 3.6 0.4 1.6 0.3 1.0
2008
AC 3.8 4.1 9.1 10.5 6.9¢ 4.2 4.1 3.0¢ 3.4 3.7¢
NP 4.3 4.4 10.1 11.8 8.0 4.7 4.7 4.0 3.9 4.9
NPK 4.1 4.2 9.8 10.8 7.6% 4.9 4.5 4.5° 3.9 4.7
NPKS 4.1 4.1 9.8 11.1 8.1° 4.6 4.4 4.6° 4.2 4.8°
NPKS Mg | 4.0 4.1 9.4 11.8 | 7.9% 4.7 4.3 4.3 4.7 4.9
F value 0.4 0.2 0.3 1.0 3.6 2.3 2.0 6.5™ 1.6 6.5™

wde ok

, " significant at p < 0.001, < 0.01, <0.05, respectively, n.s. — not significant;
?the same letter indicates a lack of significant differences within the treatment.

The predictive worth of Ca_in potato shoots was significant on 99 DAP.
As shown below, any increase in Ca_ in this phase of potato growth resulted
in a tuber yield (Y) increase:

Y =11.98Ca, - 52.4 for n = 15, R* = 0.75, and P < 0.001.

This equation clearly shows that at the beginning of the tuber growth
phase, high Ca_ is required to reach a high yield of tuber. The Ca  obtained
in 2007 demonstrates that the optimum range for this stage of potato deve-
lopment was between 9.5 and 9.8 g kg’ DM.
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Stolons + roots

The true roots of potato, according to Bussk and Parta (2006), are the main
transportation means of calcium ions from the soil solution into the growing
potato tubers. Therefore, it can be assumed that the Ca_ in the roots reflects
the size of Ca soil resources and environmental conditions of its uptake.
As it 1s suggested by GUNTER and Parta (2008), the uptake of Ca?* from soil
occurs along the mass flow path, and is closely related to the transpiration
rate of the plant. Consequently, the Ca_ in a potato tuber should be consi-
dered as a product of both the content of Ca ions and water in the soil solution.

The Ca, in stolons + roots were significantly lower than the values
recorded for potato shoots (3.5 to 5.5 g kgt DM versus 4.5 - 9.7 g kg’ DM).
In all years of the study, the smallest differences in Ca_ between the ferti-
lization treatments were recorded at the beginning of the potato growth sea-
son. The in-season changes of Ca_ in the stolons + roots were significantly
governed by the weather, as demonstrated for the NPK plot (Figure 3).
The regression model obtained in 2007 was described by the 4 degree poly-
nomial function. Its course was characterized by one distinct maximum, and
two minima. The Ca_ _ which appeared around 110 DAP was concurrent
with the period of the highest Ca_ in potato shoots (Figure 2). The lowest Ca,
values in stolons + roots were recorded in two distinct stages of potato
growth, i.e. between 68 - 89 DAP and from 110 to 131 DAP. The observed Ca,
minima are closely linked to the tuber intensive growth periods (KOLBE,
STEPHAN-BECKMANN 1997b). The determined pattern corroborates the claim

9 -
Ca — 2006 = 0.00005DAPX’ — 0.0144DAP’ + 1.387DAP — 36.7
8 R=0.78
-
=
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s
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©
S
21 Ca —2007 = 0.000002DAP* — 0.0008DAP’ + 0.127DAP’ — 8.29DAP +200
R=0.76
1 Ca - 2008 = 0.000027DAP’ - 0.008DAP’* + 0.74DAP - 15.2
R*=0.85
O T T T T T 1
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days after planting (DAP)
Fig. 3. Trends in calcium concentration in potato stolons + roots during the potato growth
season in consecutive years
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that the weather has a considerable impact on the Ca uptake by potatoes
(Bussk, PaLta 2006). In the other two years, the Ca_ trend was described best
by the cubic function. In years with water shortage, the maxima of both
functions occurred on nearly the same DAP, indicating high similarity
in the Ca_ course in stolons + roots. In 2006, the Ca___ of 6.1 g kg’ DM
was achieved on 76 DAP. At the same time, the DAPp was recorded on 102
DAP. In 2008, the Ca __ of 6.4 g kg’ DM was recorded on 71 DAP.
The DAPip took place on 100 DAP.

The effect of fertilization treatments on the Ca_ in stolons + roots was
highly variable in the consecutive years of the study (Table 2). In 2006,
a significant increase in the Ca_ for fertilized treatments with respect

Table 2
Calcium concentration in potato stolons + roots during the growing season in consecutive years
(g kg* DM)
Treat- Days After Planting (DAP)
ments 57 | 68 | 78 | 89 | 99 | 110 | 120 | 131 | 141 | 152
2006
AC 3.6¢ 4.3 4.2¢ 5.0 3.8¢ 3.6 3.4¢ 3.6
NP 4.19 4.8 5.2 6.2 6.1° 3.8% 3.5¢ 3.8
NPK 4.5% 5.9 5.6% 6.3 6.2° 4.0 3.5¢ 4,2ab
NPKS 6.0° 6.2 5.8% 6.6 6.5 4.4% 5.4° 4.8
NPKS Mg | 6.0¢ 6.0 6.1° 6.1 4.9 4.6° 5.7° 4.8°
F value 6.6™ 2.8 3.7 1.2 5.9™ 1.0 | 89.9™ | 5.4~
2007
AC 5.7 2.5% 2.8 2.0° 4.8° 5.3 3.7 2.4 7.20
NP 6.0 3.4° 3.2 3.8% 5.5% 6.8 3.8 2.7 8.1°
NPK 5.9 3.30 3.1 3.2 5.2e 6.8 4.1° 3.2 6.37
NPKS 5.7 3.3% 3.0 3.2b 5.6° 6.5 2.8¢ 2.9 7.0%
NPKS Mg | 5.7 3.40 2.7 3.0° 5.5% 5.6 2.97 3.2 5.8¢
F value 0.4 6.5" 2.0 13.6™ | 3.6" 2.2 6.1 2.6 5.5"
2008
AC 4.7 5.0 6.5% 6.24 4.1 2.6 2.5 1.8¢ 2.1 2.2¢
NP 5.8 5.1 6.4 7.1° 4.9 2.9% 2.8 2.9° 2.4 2.9°
NPK 5.9 5.1 7.0 5.5¢ 4.6% 2.6 2.7 2.7° 2.8a 2.8°
NPKS 5.7 5.1 5.1¢ 6.1 5.0 2.47 2.6 2.9° 2.6% 3.0°
NPKS Mg 4.8 4.8 5.2¢ 5.1¢ 4.7° 2.9 2.4 2.7° 3.0° 2.9°
F value 2.1 0.6 64" | 527 | 7.97 3.8 1.8 | 37.17 | 3.7 | 9.2

s

, 7, " significant at p < 0.001, < 0.01, <0.05, respectively, n.s. — not significant;
@ the same letter indicates a lack of significant differences within the treatment.
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to the absolute control (AC) was found in five of the eight sampling dates.
The Ca, increase in response to the progressive input of nutrients was most
visible at the beginning of the potato growth (57 DAP). At this phase
of potato growth, no antagonism between the applied nutrients and Ca,
was recorded. The antagonistic impact of magnesium was detected only
at 99 DAP. In 2007, a positive impact of the applied fertilizers continued
during the whole growing season. The negative impact of the applied magne-
sium occurred first at 120 DAP and persisted up to the harvest. In 2008,
a decrease in Ca_ in the NPK and NPKSMg treatments with respect to NP
was observed since the beginning of the potato growth.

The small-size tubers

The Ca_ in the small-size potato tubers was by 10-folds lower than the
values recorded for stolons + roots (Tables 2 and 3). The Ca_ trend during
the potato growth period was year-to-year variable (Figure 4). The proven
Ca, trends were recorded only in years with a drought, i.e. 2006 and 2008.
In 2006, the Ca__of 0.33 g kg’ DM was achieved on 94 DAP, and the DAPip
took place on 120 DAP. In 2008, the Ca __ was much lower, amounting
to 0.24 g kg DM. It occurred on 90 DAP and the DAPip was noted on 117 DAP.

The effect of fertilization treatments on the Ca_in the small-size tubers
was most pronounced in 2006 (Table 3). In that year, a significantly higher
Ca_ in tubers from the the fertilized plots was found in four of the eight sam-
pling dates. However, the real differences between treatments tended to be

0.7
Ca - 2006 = 0.000008DAP’ - 0.0029DAP* + 0.33DAP - 12
R=078
0.6 .
Ca - 2008 = 0.0000028DAP’ - 0.00098DAP” + 0.11DAP - 3.5

S 05 - R'=053
a
2
& 0.4 1
s
=
8 0 3 .
f B
8
€
=2
% 0.2 1

0.1

0 T T T T T T T |
0 20 40 60 80 100 120 140 160

days after planting (DAP)
4 2006 = 2007 A 2008

Fig. 4. Trends in calcium concentration in the small-size tubers during the potato growth

season in consecutive years
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Table 3

Calcium concentration in the small-size (< 3cm) tubers during the growing season
in consecutive years (g kg DM)

Days After Planting (DAP)
Treatments
68 | 78 | 89 | 99 | 110 | 120 | 131 | 141 | 152
2006
AC 0.22¢ 0.35 0.53¢ 0.46° 0.35 0.24¢ 0.39 0.42
NP 0.25° 0.33 0.58" | 0.54% 0.35 0.29° 0.40 0.45
NPK 0.24¢9° 0.38 0.59° 0.51° 0.36 0.30° 0.41 0.47
NPKS 0.25° 0.37 0.58° 0.55¢ 0.36 0.31° 0.37 0. 47
NPKS Mg 0.249° 0.33 0.59° 0.51° 0.34 0.30° 0.39 0.46
F value 3.6 1.7 35.77 | 20.17 0.3 11.3™ 2.7 1.1
2007
AC 0.18 0.15¢ 0.48 0.50 0.33 0.30 0.41 0.51 0.28°
NP 0.20 0.21% 0.51 0.48 0.33 0.28 0.34 0.42 0.21
NPK 0.24 0.40° 0.42 0.51 0.45 0.24 0.40 0.50 0.30°
NPKS 0.11 0.219 0.43 0.49 0.28 0.41 0.31 0.39 0.13
NPKS Mg 0.20 0.249° 0.45 0.47 0.36 0.21 0.31 0.39 0.20
F value 1.4 3.9 0.8 0.2 2.7 0.6 2.4 2.4 6.4™
2008
AC 0.36 0.28 0.44 0.41 0.27 0.15 0. 13 0.25
NP 0.30 0.29 0.42 0.44 0.24 0.18 0.18% 0.19
NPK 0.35 0.39 0.44 0.37 0.21 0.21 0.35° 0.22
NPKS 0.27 0.24 0.42 0.37 0.38 0.10 0.19 0.12
NPKS Mg 0.27 0.31 0. 41 0.39 0.17 0.18 | 0.021« | 0.18
Fvalue 2.3 2.7 0.2 0.8 2.3 14 3.9" 2.3

7 " significant at p < 0.001, < 0.01, <0.05, respectively, n.s. — not significant;
@ the same letter indicates a lack of significant differences within the treatment.

small, being the highest on 110 DAP. In 2007, significant differences
between treatments were recorded on 78 and 152 DAP. On the first sampling
date, Ca, reached the highest values for tubers grown on the NPK plot.
Significantly lower values were recorded on plots fertilized with NPKS and
NPKSMg, which clearly demonstrated an antagonism between Mg and Ca.
The same pattern was found at harvest. The key reason of the observed
antagonism was probably a good supply of potassium (GrzeBISz et al. 2018).
In 2008, significant differences between treatments were recorded only on
141 DAP. The Ca_  was twice as high in tubers grown on the NPK plot
as in to all other plots. The antagonism of Mg against Ca was revealed first
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on 120 DAP. The yield of tubers can be predicted based on the Ca_ status
in the small-size tubers on 99 DAP:

Y =-128.6Ca_ + 103.5 for n = 15, R* = 0.44 and P < 0.01.

The regression model clearly indicates that Ca, above 0.4 g kg' DM
at this particular stage of the potato growth led to a tuber yield decrease.
In the studied case, the cause of the elevated Ca, was a drought, which
disturbed relationships between main cations, subsequently resulting
in a yield drop.

The medium-size tubers

The Ca,_ in-season trends for the medium-size tubers were significantly
driven by the weather (Figure 5). The most regular trend was obtained
in 2007. As seen from the developed equation, the Ca_ _ of 0.52 g kg' DM
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Ca - 2006 = 0.000018DAP’ - 0.007DAP* + 0.88DAP - 36.5
R=0.87 -
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Fig. 5. Trends in calcium concentration in the medium-size tubers during the potato

growth season in consecutive years

was recorded on 121 DAP. Just afterwards, a significant drop in the Ca_ took
place. Quite a different pattern of Ca was observed in 2006. The regression
model was described by the 3 degree polynomial function. The Ca
of 0.45 g kg' DM was achieved on 111 DAP and the DAPip occurred on 135
DAP. The late occurrence of the DAP, in that year was a result of the dis-
turbed Ca supply due to a heavy rainfall event, which took place at the end
of July. This caused a secondary growth of potato tubers. The Ca_ pattern
in 2008 was not consistent. The main reason for the enormous Ca_ variability
was a severe drought in May and June (Figure 1).
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The effect of the applied fertilizers on the Ca_ in-season variability tended
to be significant during most of the potato growth season in 2006 (Table 4).
The highest differences between treatments were most visible on 131 DAP.
On that sampling date, the Ca_increase was correlated with the number
of the applied nutrients. The same, although a much weaker trend was
observed on 99 DAP. The coincidence of Ca_ on both sampling dates is an
indicator of the secondary growth of potato tubers. In 2007, significant diffe-
rences in Ca_ between fertilization treatments were recorded at the begin-
ning and at the end of the potato growth season. In spite of the high Ca
variability during the growing season, no antagonism between Ca and other
main cations was recorded. In 2008, significant impact of the applied fertili-
zers on Ca, was demonstrated on 99 and 120 DAP. On the latter sampling

Table 4

Calcium concentration in the medium-size (3.5 - 5 cm) tubers during the growing season
in consecutive years (g kg DM)

Treatments Days After Planting (DAP)
89 | 99 | 10 | 120 | 131 | 141 | 152
2006
AC i 0.23« | 042e | 053 | 0200 | o027 | 039
NP i 029° | 043¢ | o052« | 033* | 020 | o040
NPK i 0250 | o042¢ | 0520 | 035 | 030 | 0.42¢
NPKS i 027 | 045% | 058* | 039 | 020 | 044
NPKS Mg : 0.29° | 049 | 0060’ | 040c | 030 | 0.39¢
F value i 3.5" 7.0" 65 | 1777 | 07 3.3°
2007
AC 0500 | 0500 | 057 | 0.59 | 038 0.41 0.13¢
NP 0.47 | 048 | 057 0.63 0.35 041 | o0.18%
NPK 0.24® | 031° | o0.62 0.52 0.18 0.56 | 0.249
NPKS 0.19¢ | 028 | 069 0.53 0.23 035 | 031
NPKS Mg 0200 | 048 | o054 0.56 0.25 0.45 0.34
F value 7.3% | 89 0.9 0.8 1.6 2.7 6.4
2008
AC 051 | 030% | o052 0.44° | 0.35 0.33 0.45
NP 0.51 042" | 055 | 041* | 036 0.30 0.37
NPK 053 | 027 | 045 | 021 | 049 0.26 0.44
NPKS 050 | 0250 | 046 | 051° | 0.30 0.20 0.34
NPKS Mg 050 | 042 | o049 | o018 | 039 0.22 0.34
F value 0.2 5.7 0.8 9.3 2.7 0.8 2.4

ke

, 7, " significant at p < 0.001, < 0.01, <0.05, respectively, n.s. — not significant;
@ the same letter indicates a lack of significant differences within the treatment.
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date, a significant Ca_ decline was found on plots with K and Mg, thus indi-
cating a potential antagonism of both nutrients versus Ca. The observed
nutritional status of the medium-size tubers continued until the end of the
potato growth season.

The Ca, recorded on the 120" DAP can be used as a predictor in a tuber
yield forecast. The regression model obtained is as follows:
Y =114.1Ca_- 17.4 for n = 15, R* = 0.45 and P < 0.01.

This equation clearly shows that a Ca_increase in the medium-size tubers
at this particular stage of the potato growth indicates a higher tuber yield.

The large-size tubers

The Ca, in-season trends for the large-size tubers were similar to the
ones detected for the previously described tuber fractions (Fig. 6). In 2006,

0.6 7
Ca - 2007 = 0.000004DAP* + 0.0015DAP* - 0.18DAP + 7.24
R=0.89

0.5
_ Ca - 2008 = 0.00027DAP* + 0.07DAP - 4.49
= R:=0.94
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Fig. 6. Trends in calcium concentration in the large-size tubers during the potato
growth season in consecutive years

it was impossible to develop a regression model reflecting the Ca_ trend
in potato tubers. In 2007, this trend was best described by the 3' degree
polynomial equation. The Ca_ increased progressively in the period extending
from 100 DAP to 150 DAP, finally reaching 0.38 g kg' DM. This value
is much higher than recorded on 150 DAP for the small- and the medium-
-size tubers (Figures 4 and 5). The model explains the observed decline
in Ca, in tubers of much smaller diameter. It stresses a higher sorption
potential of large-size tubers for Ca ions, inducing a decrease in Ca,
of the small- and the medium-size tubers. In 2008, the Ca pattern was
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described by the quadrate regression model. The Ca___ of 0.33 g kg' DM
was achieved on 132 DAP.

The effect of the applied fertilizers on Ca_ was variable, clearly stressing
the impact of the weather (Table 5). In 2006, the strongest differences
between fertilization treatments were recorded at harvest. The key reason
was the huge rainfall at the end of July, resulting in the secondary regrowth
of tubers. The lower Ca_ in tubers on the NPKSMg plot indicates the antago-
nistic effect of magnesium. In 2007, the Ca_ differed significantly between
the absolute control and the other fertilized plots. A slight antagonism
between Ca and Mg was observed at the end of the potato growth. In 2008,

Table 5

Calcium concentration in the large-size (> 5 ¢cm) tubers during the growing season
in consecutive years (g kgt DM)

Days After Planting (DAP)
Treatments
89 | 99 | 110 | 120 | 131 | 141 | 152
2006
AC - - - 0.44 0.43¢ 0.27¢ 0.36%
NP - - - 0.44 0.47% 0.31 0.41¢¢
NPK - - - 0.43 0.49° 0.34¢9° 0.454
NPKS - - - 0.43 0.50° 0.40° 0.39¢%
NPKS Mg - - - 0.39 0.467 0.37° 0.33¢
F value - - - 1.6 4.9 39.5™" 26.2"
2007
AC 0.247 0.19 0.23 0.23 0.267 0.23¢ 0.30¢
NP 0.31° 0.22 0.20 0.30 0.35° 0.35° 0.40°
NPK 0.28 0.16 0.23 0.27 0.319 0.34° 0.387
NPKS 0.31° 0.12 0.21 0.25 0.32a0 0.36° 0.39°
NPKS Mg 0.307 0.22 0.19 0.30 0.27¢ 0.37° 0.36%
F value 10.1™ 1.2 0.2 0.4 5.5™ 20.4™" 4.2
2008
AC - - - 0.21¢ 0.21¢ 0.22¢ 0.21¢
NP - - - 0.30° 0.31° 0.35° 0.27°
NPK - - - 0.28° 0.32° 0.33° 0.25°
NPKS - - - 0.27° 0.32° 0.34° 0.27°
NPKS Mg - - - 0.28° 0.33° 0.32° 0.27°
F value - - - 10.8™ 28.2 39.2"™ 10.17

wEE kR R

, ", " significant at p < 0.001, < 0.01, <0.05, respectively, n.s. — not significant;
@ the same letter indicates a lack of significant differences within the treatment.
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Ca, was low compared to the both previous years. The positive impact
of the applied fertilizers on Ca_ was only significant with respect to the abso-
lute control.

As pointed out by numerous researchers, Ca, depends on a potato
variety, soil content and supply of exchangeable Ca, and on the weather
(BrowN et al. 2012, GuNTHER, PALra 2008). The measured Ca, were much
lower than data presented by others, e.g. Kuikocka and Growacka (2013)
or SREK et al. (2010). This discrepancy can be explained by the tested potato
varieties. Mineral composition of potato tubers as reported by Luis et al.
(2011) and BrowN et al. (2013) i1s highly variable between varieties.
In the light of our study, the key reason of differences is the level of harvest-
ed yield. In a study by SREK et al. (2010) the tuber yield was between 15 and
32 t ha' and Ca_ ranged from 0.9 to 1.2 g kg’ DM. In our study, the tuber
yield was twice as high, ranging from 29 to 64 t ha’, but the Ca_ in the
large-size tubers was 3(4)-folds lower, ranging from 0.2 to 45 g kg' DM.
These findings corroborate the hypothesis of WHITE et al. (2009), relating
the yield of tubers to nutrient concentrations in tubers. Nevertheless, the Ca,
recorded on the fertilized plots were above 250 mg kg' DM, i.e. in the range
sufficient to prevent any Morphological Disorder (PaLra 2010). The Ca,
in potato tubers at harvest, irrespective of their fraction, was considerably
dependent on the weather, corroborating the hypothesis by Busse and PaLta
(2006) about the dominating impact of a water supply. However, the final
Ca, was modified by the applied fertilizers, which induced a Ca_ increase.
The lowest Ca_ as obtained in 2008 was a classic example of the dilution
effect. In 2007, a year with a good amount and distribution of precipitation,
the Ca, in tubers increased up to harvest. The highest Ca_  in 2006 cannot
be considered as reliable data due to the secondary growth of tubers which
took place in that year.

CONCLUSIONS

1. The calcium concentration (Ca) trends in potato organs during
the potato growth season were significantly governed by the changeable
weather.

2. The antagonistic effect of the applied fertilizers containing potassium
and or/magnesium on the Ca_ was observed in years with water shortage.

3. The Ca, in potato organs, averaged over the growth season, declined
in the order: vines > stolons + roots > tubers.

4. The tuber yield variability can be predicted based on the Ca_ in a parti-
cular potato organ, taking into account a specific sampling date, i.e.
DAP: vines — 99, small-size tubers — 120, medium-size tubers — 120.

5. The progressive increase in Ca_ along the potato growth season in
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large-size tubers, concurrent with a simultaneous decline in other potato or-
gans, points to shoots and stolons as important sources of this nutrient to
the growing tubers.
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