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Abstract: Potato yield is strongly dependent on nitrogen fertilization, thus
understanding the crop ecophysiological response is essential to improve the
management of the agro-ecological resources. However, studies on biomass and nitrogen
partitioning under different nitrogen fertilization are still limited for potato cultivars
of the tropical Andes of Venezuela. The aim of this study was to determine the effects
of nitrogen fertilization on patterns of biomass and nitrogen partitioning during the
main phenologycal stages of cultivar Granola in Mérida, State of Mérida, Venezuela. The

fertilization treatments (partitioning) were: Control treatment (0-N), 133 kg N ha -1

(133-N), and 400 kg N ha 1 (400-N). Experimental plots were set up in a randomized
blocks design with three replications. Biomass and nitrogen levels were measured for
each organ of the plant during the main phenological stages of the crop. The tuber yield
performance and the total biomass were strongly influenced by nitrogen availability and
the assimilatory biomass. Total biomass production as well as biomass and nitrogen
partitioning to each plant organ followed the sequence fertilization rates: 400-N >
133-N > 0-N. However, biomass and nitrogen partitioning to the roots and stolons
was higher in the treatment with limited nitrogen levels. Proportional changes among
aboveground and belowground biomass are adaptive responses to nitrogen deficit;
which in turn, are determining factors in crop production.

Keywords: dry weight accumulation, nitrogen accumulation, Solanum tuberosum,
tuber yield.

Resumen: El rendimiento de la papa se ve fuertemente afectada por la fertilizacién
nitrogenada, por lo que comprender las respuestas ecofisioldgicas del cultivo es esencial
para mejorar el manejo de los recursos agroecoldgicos. Sin embargo, los estudios sobre
el fraccionamiento de biomasa y nitrégeno bajo diferentes tratamientos de fertilizacion
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nitrogenada atn son limitados para los cultivares de los Andes tropicales de Venezuela.
El objetivo de este estudio fue determinar los efectos de la nutricién de nitrégeno en
el patrén de fraccionameinto de biomasa y nitrédgeno durante el cultivo de papa en
Meérida, Estado Mérida, Venezuela. Se establecieron parcelas experimentales, con un
disefio de bloques al azar y con tres tratamientos de fertilizacién para el cultivar ?
Granola?: sin nitrégeno (0-N), 133 kg N ha " (133-N), 400 kg N ha " (400-N). En las
principales etapas fenoldgicas del cultivo, se midieron los niveles de biomasa y nitrégeno
para cada 6rgano. El rendimiento de los tubéreulos y la biomasa total estdn fuertemente
influenciados por la disponibilidad de nitrégeno y biomasa asimilatéria. La produccién
total de biomasa, ast como el fraccionamiento de biomasa y nitrégeno en cada 6érgano,
mostraron la siguiente secuencia: 400-N> 133-N> 0-N. Sin embargo, la particién de
biomasa y nitrégeno a las raices y estolones fue mayor en el tratamiento con niveles
limitados de nitrégeno. Los cambios proporcionales entre la biomasa aéreay subterrinea
son respuestas adaptativas a las condiciones de déficit de nitrégeno, que, a su vez, son
factores determinantes en la produccion del cultivo.

Palabras clave: acumulacién de peso seco, nitrdgeno acumulado, rendimiento del
tubérculo, Solanum tuberosum.

1. Introduction

Potato ( Solanum tuberosum) is one of the main contributing plant
crops for food security in the world, due to its high yield per unit of
area and time, which makes it the third most consumed crop in the
world ( FAOSTAT, 2012; Devaux ez al., 2014 ). Thus, understanding
how environmental factors determine growth patterns and production
has been one of the most important issues on potato crop research,
which aims to help improve the management of agricultural resources (
Tiemens-Hulscher ezal., 2014 ; Passos ez al., 2017 ). Nitrogen fertilization
is one of the most relevant practices in potato farming systems since
nitrogen is the most important nutrient during all phenological potato
stages ( Van Delden, 2001; Machado & Sarmiento, 2012; Qigige ez 4/.,
2017 ; Nurmanov et al., 2019 ).

Potato yield is strongly influenced by nitrogen fertilization ( Van
Delden, 2001; Qigige ez al., 2017 ). The N effect on tuber yield has been
well demonstrated ( Alva ez al., 2002 ; Maltas et 4l., 2018 ). However,
the potato growth response depends largely on the nitrogen availability
in the soil, which may have a considerable effect on the partitioning
of assimilates and nitrogen to the different plant organs ( Silva ez 4/,
2013 ; Goméz et al., 2017 ; Ohamed et 4l., 2017 ). This balance of the
distribution of biomass and nitrogen to the different compartment may
have significant effects on tuber production ( Machado & Sarmiento,
2012; Silva ez al., 2013 ). For instance, excessive use of nitrogen has been
singled out as the cause of higher aboveground biomass production in
detriment of tuber production ( Alva ez al., 2002 ; Silva ez al., 2013 ). On
the other hand, several studies have shown that nitrogen availability in
the soil may affect the growth of belowground plant organs ( Lambers
& Oliveira, 2019). For example, higher nitrogen availability can induce a
greater growth of aboveground biomass (i.e. shoots) to the detriment of
less root growth ( Forde, 2002). Nevertheless, it is necessary to continue
to explore these eco-physiological processes in order to enhance the
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efficiency of the use of agroecological resources in potato production
systems.

Consequently, the objective of this study was to evaluate the effect of
nitrogen nutrition on biomass and nitrogen partitioning patterns during
the potato crop development (Cultivar Granola) in Mérida, Mérida
State, Venezuela. Our hypothesis for this study was that the variation
in nitrogen supply induces changes in the biomass partitioning patterns
among the different organs of the potato crop. Therefore, an important
proportion of nitrogen will be destined to tissues that are less demanding
for biosynthesis, such as roots, but in detriment of assimilatory biomass
(leaf and shoots). This research may contribute to the understanding and
enhancing of nitrogen use efliciency in each developmental stage.

2. Material and methods
2.1. Field study

The field trials were set up in Mérida, in the State of Mérida, Venezuela
(823523022 N-71°0823022 W, 1920 mamsl). The monthly temperatures
in the area vary from 13 to 19 °C. Rainfall shows a tetra-seasonal
pattern with a 2000 mm year average, and with two low rainfall periods
(December to March, and June to August), and two high rainfall periods
(April to June, and September to November). The soil has a sandy-loam
consistency, with nitrogen availability of 0.09%, phosphorus availability
of 2.2 ppm, interchangeable potassium of 1.1 meq/100 g, and a 5.8 pH.
The net depth of the profile was of about 60 cm, and the horizontal surface
(0 to 27 cm) showed an apparent density of 0.94 g cm-3 ( Villa ez /., 2017
).

The cultivar evaluated was Granola, one of the most cultivated in
the region due to its high yield and consequent economic importance.
This cultivar has a development cycle of 3.5 to 4 months from sowing
to harvest ( Villa & Sarmiento, 2009). Tuber formation starts at 30
days after emergence (DAE), and tuber filling continues until maximum
leaf expansion, which takes place at approximately 60 days after sowing
(DAS). Crop emergence was defined as the moment when 50% of the
plants had emerged after sowing.

2.3. Experimental design

Three nitrogen fertilization treatments were evaluated in this study: 0 kg
of N ha ! (no nitrogen supply), 133 kg of N ha ! and 400 kg of N ha
1. These treatments were set up in a randomized complete block design
with three replications. Each plot (27 m *) was established with a planting

density of 4.44 plants per m 2. Fach plot contained six rows 6 m long,
with two outer rows acting as barriers ( Figure 1).
In all treatments, sources of N were chicken manure (3% N) and

ammonium sulfate (NH 4) 2SO 4. In treatment of 300 kg of N ha Tand
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133.3 kg of N ha " were applied, 100 kg N ha " at planting time and 33.3
kg N ha ' applied to hilling. The 100 kg N ha ! of nitrogen applied during
planting were distributed as 66.6 kg N ha ' as chicken manure and 33.3 kg
N ha ! as ammonium sulfate. The application of the chicken manure was

2220 kg ha ' (amount of organic fertilizer), which is equivalent to 5.99
kg plot; and the application of ammonium sulfate was at a dose of 158.6

kg ha ! (amount of inorganic fertilizer). In hilling, an additional 33.3 kg
N ha ! was applied as ammonium sulfate. In the 400-N treatment, 400
kg N ha 1 \were applied, 300 kg N ha Tat planting time and 100 kg N ha
! during hilling. The 300 kg ha " initially applied were distributed as 200
kg N ha ! as chicken manure and 100 kg N ha ! as ammonium sulfate.

The application of the chicken manure was 6666.6 kg ha ' (amount of
organic fertilizer), which is equivalent to 18 kg plot; and the application of

the ammonium sulfate was at a dose of 476 kg ha ' (amount of inorganic
fertilizer). During hilling, an additional 100 kg N ha 1 was applied as
ammonium sulfate. Additional 100 kg ha ' of P ,O 5 as phosphate rock
(25% assimilable P ;O s5) was applied during sowing, as well as 200 kg ha
1 of K ,O as potassium sulfate (17% assimilable K ;0) to all experimental
plots.

233132300000 02000 000000 }“”

34567891011 121314151617 18 19 20 21 22 23 24
0,90 m

13--3;33 223333 323333 333 3¢

34 910 11 12 13 14 15 16 17 18 19 20 21 22 23

Sl
~ g
=
r;_*#-r

%]

-

10 11 12 13 14 15 16 17 18 19 20 21 22 23

CELTIIr AR R kR e e B
23456789

o

L]
&=

. SAMAAMASRAANE LA RARES B

8910111213 14151617 183 19 20 21

[
e

I-J

% !1133331!!33%,

11 1213 141516 17 18 19 20 21 22 23 2

Figure 1
Plot design (A,B,C) for sample collection along the four selected phenological phases.
Numbers 4-5, 8-9, 12-13 corresponded to the plants that were sampled during emergence,
foliar expansion and tuber filling phases, respectively; completing 6 plants in each
sample per plot. Plants 16-21 correspond to the last sampling carried out at harvest (C).
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2.4. Sampling and measurements

Sampling took place during the main phenological stages of the
cultivation, during emergence (13 DAE), tuberization (36 DAE),
maximum leaf expansion (57 DAE), and prior to the harvest (85 DAE)
( Villa & Sarmiento, 2009). Biomass and nitrogen measurements were
taken for each plot and treatment. Measures were carried out in each plot
by randomly selecting plant rows and omitting the two first rows on each
side, as to avoid edge effects ( Figure 1). Crop emergence was considered
to have taken place when 50% of the plants had emerged after sowing (
Machado & Sarmiento, 2012).

During the development of the crop, four samplings were made to
estimate biomass and nitrogen contents within each of the aboveground
and belowground organs, as a function of the number of days
after emergence (DAE). Aboveground and belowground biomass was
determined in each phonological stage from six plants selected in each
plot. With the exception of the last sampling, eighteen plants per
plot were harvested, given the significance of the crop yield from the
agronomic point of view ( Figure 1). Samples were dried at 70°C in
an oven until they reached a constant weight. These samples were
subsequently weighted and milled to further obtain composite samples
per plot and sampling session.

The Kjeldahl method was used to determine the total nitrogen
concentration per fertilization treatment, using 100 mg per setting.
Nitrogen concentration per unit leaf area (mg N cm '2) was estimated
as the quotient between nitrogen concentration per weight unit and the
specific leaf area. This was implemented in each plot and fertilization
treatment during the main phenological stages.

2.5. Statistical analyses

All analyses were carried out using the software R version 2.3.2.4 (R Core
Team,2018). Variation in biomass and nitrogen measures were compared
between all treatments by one-way analysis of variance (ANOVA; for
normally distributed data) followed by a post hoc Tukey?s test ( p<0.05).
The different treatments were the factors and the block design effects
were key aspects taken into account. Biomass and nitrogen data within
the different plant organs over the course of evaluation time were in
accordance with polynomic functions, varying according to the DAS. In
the case of accumulated nitrogen in total biomass and in the tubers, data
were in accordance with the Gompertz equation: Y= a*exp-b*exp-c*t,
where Y corresponded to biomass, t corresponded to time, and a, b, and
c to the parameters obtained by adjusting the experimental data.
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3. Results and Discussion
3.1 Biomass and nitrogen partitioning

Total biomass showed clear differences between treatments during the
periods of maximum leaf expansion (57 DAE) and final harvest on the
85th DAE, with the sequence 400-N > 133-N > 0-N ( Figure 2A). Tuber
biomass in fresh and dry weight at the final harvest showed significant
differences ( p<0.05) between treatments ( Table 1). Tuber yield also
followed the sequence 400-N > 133-N > 0-N.
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Figure 2

Pattern of total dry weight accumulation (A) and accumulated nitrogen in total dry
weight (B) during days after emergence (DAE) in the different nitrogen fertilization
treatments: 0-N (2) 133-N (?) and 400-N (?). Different letters indicate significant
differences between treatments per sampling period, ns (no significant differences) ( p<0.05).

Nitrogen content in the total biomass of the crop showed significant
differences between the treatments in all of the development stages,
except for the ones near emergence ( Figure 2B). In the three different
treatments, total nitrogen content in the biomass tended to increase until
the maximum leaf expansion stage (57 DAE), after which it decreased
until the final harvest ( Figure 2).
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Table 1

Differences in tuber fresh weight (TFW), tuber dry weight (TDM), total dry
weight (DW) during harvest, and accumulated nitrogen in total dry weight
(NDW). The field experiment was set in Mérida, in the State of Mérida, Venezuela.

Treatments TFWmgha-1 TDMmgha-1 Total DM mgha-1 Total NDWlkgz N ha-1 EZ2

0-M
133-M
400-1

FEBY0E7Ic 135(272)c 153009 cC 145010 ¢ 0.az
22010(1l.22'b 276(3.18)b 42201830 29900 b 0.20
3444 (1.37)a 5838(401)a B55(0.168)a 806 (0.5)a 0.34

The values in parentheses correspond to the normal deviation. Different letters in the
columns indicate significant differences between treatments (Tukey HSD, p<0.05).

This study shows that nitrogen fertilization had significant effects on
total biomass and tuber production in potato production. The results
are consistent with those of several other research studies reporting
that biomass accumulation has been greater insofar as nitrogen supply
increases ( Van Delden, 2001; Machado & Sarmiento, 2012; Maltas
et al., 2018 ; Nurmanov ez al. 2019 ). However, the average values of
total biomass obtained in this study tend to be lower, even in the high
fertilization treatment (400-N). Conversely, biomass accumulation and
tuber yield levels in different studies are shown to be much greater when
there is a moderate application of nitrogen fertilizer (approximately 180
kg N ha 1), even when cultivars grow under fertilization conditions
without nitrogen ( Van Delden, 2001; Goméz e al. 2017 ; Malta ez al.
2018 ). Nevertheless, the same biomass accumulation pattern is present
during phenostages when nitrogen supply increases ( Van Delden, 2001;
Silva et al., 2013 ).

3.2. Biomass partitioning

The patterns of biomass assignation across the different organs showed
notable differences as a response to the nitrogen fertilization treatments.
Shoot biomass increased from the first stages and up until maximum
leaf expansion, then decreased until the final harvest ( Figure 3A). On
the other hand, necromass starts to increase after emergence, along with
the accumulation in the 400-N treatment setting ( Figure 3A). These
results presume that ecophysiological changes took place to adjust the
partitioning of assimilates from aboveground biomass to high-demand
sinks. In this case, Sharifi e 4/. (2009) examined the responses of new
Russet Norkotah cultivar clones to nitrogen fertilization. They found that
there were no significant differences in yield production, with nearly 38
mg ha ! for the TX112 and SRC cultivars, and two different treatments
(0 and 150 kg N ha '); except for the cultivar SRC with a nearly 50 mg

ha ! fertilization treatment. Allegedly, this cultivar could show a greater
level of plasticity when there are nitrogen supply limitations, compared
to the nitrogen supply conditions used in this study.
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Figure 3

Dry weight accumulation patterns of different organs for the three fertilization
treatments: 0-N (?), 133-N (?) and 400-N (?) during days after emergence (DAE).
The curves correspond to the adjustments with the polynomial (A,B,C) and
Gompertz functions (D). The dotted lines represent necromass. Different letters
indicate significant differences between treatments per sampling period ( <0.05).

As for belowground biomass, the roots and stolons manifested a
pattern of dissimilar distribution to that of the shoots, with a greater
accumulation of root biomass in the case of the deficit treatment setting
(0-N) during the first stages of crop development ( Figure 3B and C).
Starting from the 36th DAE, root biomass tended to diminish until the
final harvest, with significant differences between treatments ( p< 0.05).
Tuber biomass increased through the DAE, with the same sequence
400-N > 133-N > 0-N (Figure 3C). These results are similar to those
observed in previous studies ( Alva ez 4., 2002 ; Machado & Sarmiento,
2012; Maltas ez al., 2018 ). However, these results allow us to infer that
ecophysiological processes may explain the few differences found in the
different potato cultivars for tuber yield production when applying such
contrasting fertilization treatments.

During crop development, the root/shoot and root/leaf ratios for
the 0-N treatment were different compared to the 133-N and 400-N
treatments. Under severe deficit conditions, a larger proportion of root
biomass per unit of assimilatory biomass is produced, and this led to
important differences (p<0.05) in relation to the rest of the fertilization
treatments, 0-N > 133-N > 400-N ( Figure 4).
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Figure 4

Effect of nitrogen fertilization treatments [0-N (2), 133-N (?) and
400-N (2)] on the root biomass / leaf biomass ratio during days after
emergence (DAE). Mean values are presented + standard deviation.

3.3. Nitrogen partitioning

Leaf nitrogen concentration for each of the treatments and phenological
stages of the crop was higher compared to that of the other plant organs.
In decreasing order, the organs with the most nitrogen concentration
were the leaves, stems, roots, stolons and tubers ( Figure 5). As a general
pattern, nitrogen concentration within each organ tended to decrease
significantly over the course of time. These results suggest that the higher
levels of nitrogen concentration in the leaves, compared to the rest of the
organs, could be due to the great demand for photosynthetic functions
and the phenological stage, since the maintenance of vegetative growth is
delayed by tuberization and filling of the tuber.

The accumulated nitrogen in aboveground biomass maintained a
similar pattern for the different treatments, albeit with stark differences
in phenological stages of the crop ( Table 1). Within the shoots, nitrogen
content started to increase from the first stages of development, reaching
the maximum values around the 50th DAE. Later on, at the beginning
of senescence, nitrogen content began to decrease rapidly until the final
harvest ( Figure SA).

Under severe deficit conditions on the 13th DAE, more nitrogen was
allocated to the roots compared to the rest of the treatments ( Figure
SB). This same trend was found for the stolons, where accumulated
nitrogen values for the 0-N treatment remained above the rest through

the development of the crop ( Figure 5C). The tubers showed contrasting
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nitrogen accumulation patterns on the final harvest. Additionally, it
became clear that, approximately, from the 60th DAE on, there is a slight
decrease in nitrogen content within this organ, for all treatment, until the

final harvest ( Figure 5D).
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Patterns of accumulated nitrogen in total dry weight for shoots, A; roots, B; stolons,
C; and tubers, D; during the days after emergence (DAE) for the different nitrogen
fertilization treatments: 0-N (?) 133-N (?) and 400-N (?). The curves correspond to
the adjustments with the polynomial (A,B,C) and Gompertz functions (D). Different
letters indicate significant differences between treatments per sampling period ( p<0.05).

Currently, there is sufficient evidence on the effects of nitrogen
nutrition on potato tuber production ( Qiqige ez al., 2017 ; Maltas ez
al., 2018 ). However, the evidence is still limited concerning biomass
accumulation and partition to different plant organs under varied
nitrogen fertilization doses in different potato cultivars of the tropical
Andes. Thus, these studies are limited to analyzing biomass partitioning
to the shoots and tubers, regardless of the partitioning to stolons and
roots, and particularly less under nitrogen deficit conditions. In this study,
the aim was to assess different growth parameters, such as accumulated
root biomass as a possible additional indicator to enhance nitrogen use
efficiency ( Silva ez al., 2013).

This study demonstrates that the largest deficit of nitrogen was
produced by that assigned biomass to the roots, compared to
aboveground biomass; mainly during the first stages, with values of 44, 19,
and 8% for the treatments 0-N, 133-N, and 400-N, respectively. These
results suggest that changes in the patterns of assimilate distribution
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constitute a plastic response of acclimation to stress under nitrogen
deficit. This has been reported in several works dealing with different
plant species ( Forde, 2002; Lambers & Oliveira, 2019). Nevertheless,
research on ecophysiological responses of potato cultivars in the tropical
Andes is limited. These types of studies and results can be better used
as indicators of sustainability of potato farming systems, in which the
reduction and substitution of mineral fertilizers by organic fertilizers may
be possible to maintain or increase yield ( Tiemens-Hulscher ez 4/., 2014
, Ohamed ez 4l., 2017 ).

Our results indicate that, under nitrogen deficit conditions, there is a
higher root: shoot ratio with contrasting differences in relation to other
fertilization treatments. This is consistent with other plant species, which
show modifications in biomass partitioning throughout shoots and roots
when they grow with nitrogen limitations ( Forde, 2002). Meanwhile,
Scheible ez al. (1997) found that the high accumulation of NO 3 in the
shoots of tobacco plants correlates strongly with significant root growth
inhibition, and with reduction in the root: shoot ratio. This explains why
roots do not function independently from shoots and that both depend
on conditions of carbon supply and nitrogen availability ( Lambers &
Oliveira, 2019). Similarly, Forde (2002)states that there are two main
responses to nutrient variations in the soil, one depending on nitrogen
concentration in the plant and, particularly in the shoots; and the other
one as a result of a short-term fluctuation of nitrogen supply to the roots.

Throughout the development of the crop, the nitrogen concentration
in each plant organ tended to show a significant reduction in each
treatment condition, as a result of biomass dilution. This tendency
was described by Greenwood er al. (1991) when they determined the
minimum amount of nitrogen needed for the plant to attain their
maximum growth rate. In previous studies, however, it was concluded
that there are differences in nitrogen concentration levels among plants
with C 3 and C 4 metabolisms. Previous studies have analyzed these
processes, finding consistent differences that are not limited to the levels
of nitrogen availability for the plant, but also include differences in the
accumulated nitrogen content in the biomass ( Gastal & Lemaire 2002;
Lemaire ez al., 2007 ).

4. Conclusions

This research demonstrates that total biomass production, as well as
biomass and nitrogen partitioning to each plant organ followed the
sequence: 400-N > 133-N > 0-N. However, biomass and nitrogen
partitioning to roots and stolons was higher in the treatment with
limited nitrogen levels. Proportional changes among aboveground
and belowground biomass are adaptive responses to distinct nitrogen
conditions, which, in turn, are determining factors in crop production.
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