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Abstract Potatoes require high nitrogen (N) fertilizer rates because of their poor N
efficiency. Better understanding of N dynamic in potato crops could improve N
efficiency and thus enhance crop profitability and reduce N losses. A similar field
experiment was conducted in Switzerland in 3 years, from 2009 to 2011, to investigate
the yield and quality response to N fertilization of two commercial potato cultivars with
different tuber qualities, Bintje and Laura. Five doses of ammonium nitrate were tested:
0, 80, 120, 160 and 200 kg N ha L. Aboveground and belowground biomass evolution,
total yield, starch concentration and tuber sizes were measured annually. In 2011, the
total N uptake and the soil mineral N content were also measured during the growing
season and at harvest.

The study showed that N fertilization had a positive effect on yield and the
percentage of large tubers (>70 mm) and a negative effect on starch concentration.
Both cultivars presented the same potential yield, although cv. Laura’s yield was more
affected by N fertilization deficiency and more responsive to the late N fertilizer
application. At harvest, both cultivars had a similar N uptake efficiency and N
utilization efficiency. However, they differed with respect to N uptake dynamics.
Nitrogen uptake was slower for cv. Laura than for cv. Bintje due to a longer period
required for the development of the belowground biomass. The results provide useful
recommendations for improvement of N fertilization practices (e.g. rate and time of
application) of these two cultivars in Swiss conditions.
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Introduction

Obtaining high yields and quality, while minimizing nitrogen (N) losses, is one of the
major challenges for potato producers. Potatoes require high rates of N fertilizers
because of their poor N efficiency (Errebhi et al. 1998a). The estimated range of N
fertilizer efficiency from the whole plant is broad (29-77%); however, the most
common range is from 40 to 60% (Zebarth and Rosen 2007). The low N fertilizer
efficiency is partly due to a shallow root system, which is usually confined to the upper
60-cm soil layer, and of which, 90% is in the top 25 cm (Tanner et al. 1982). In
addition, the potato is often cultivated on sandy soils and under irrigation, which makes
it prone to N losses through nitrate leaching (Hill 1986; Zebarth and Rosen 2007).
Davenport et al. (2005) reported that these losses range from 10 to 200 kg N-NO; ha ™!
worldwide.

Thus, improving N use efficiency (NUE) of applied N fertilizer is important for
increasing crop profitability and reducing N losses. Applying optimum and timely N
fertilizer rates is an effective tool for increasing NUE. Studies have shown that the risk
of nitrate leaching to groundwater increases rapidly as N fertilizer rates rise above the
optimum N rate (Van Es et al. 2002; Houles et al. 2004). In many cases, applying N
fertilizers at the optimum N rate may be sufficient to achieve both economic and
environmental objectives (Houles et al. 2004). Additionally, application of timely N
fertilizer rates according to N uptake demands is commonly proposed as a means of
improving NUE in crop production systems (Bundy et al. 1986).

Currently in Switzerland, N fertilizer recommendations do not take into account the
differences in NUE between cultivars (Sinaj et al. 2009). However, various studies
(Errebhi et al. 1998b, 1999; Sattelmacher et al. 1990a; Sharifi et al. 2007; Zebarth et al.
2004b, 2008) have shown that there are differences in NUE among cultivars. A wider
range in NUE has been reported for wild potato accessions than for commercial potato
cultivars (Errebhi et al. 1998b). Within commercial cultivars, NUE also varies accord-
ing to maturity class (Errebhi et al. 1998b, Zebarth et al. 2004b). This emphasizes the
importance of comparing cultivars of similar maturity classes when screening for NUE
(Zebarth et al. 2004b).

The objective of this study was to investigate the effects of N fertilization on the
yield and quality of two potato cultivars with the same maturity class but different tuber
characteristics. The study was conducted from 2009 to 2011 in Switzerland on two
commercial potato cultivars, Bintje and Laura. The specific aim of the research was to
establish whether or not the effects of N fertilizer rates and their time of application
depend on the cultivar.

Materials and Methods

Experimental Design

Field experiments were conducted at Agroscope-Changins (16° 24’ E, 06° 13’ N;
altitude: 445 m) from 2009 to 2011 on Calcaric Cambisols (FAO classification). Potato
cultivars were planted each year on a new field adjacent to the field from the previous

year. Soil characteristics of the fields for each year are presented in Table 1. From
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planting to harvesting of the potato, the total water inputs (sum of precipitations and
irrigations) were 402 mm in 2009, 455 mm in 2010 and 481 mm in 2011. During the
same period, mean temperatures were 17.3, 16.3 and 17.0 °C in 2009, 2010 and 2011,
respectively. The fields were irrigated with 30 mm when the crop hydric deficit reached
40 mm. The deficit was calculated following the model of evapotranspiration of Turc
(1961).

Each year before the start of the experiment, the fields were planted with winter
cereals followed by an intercrop (fodder radish in 2009 and phacelia plus clover in
2010 and 2011). Crop residues from the winter cereals and the intercrop were incor-
porated into the soil by ploughing at 2030 cm deep followed by rotary harrowing at
5 cm deep. Crop management details are described in Table 1. Superphosphate [Ca
(H,PO4),-H,0], potash salt (KCl) and magnesium chloride (MgCl,) fertilization were
applied at planting. Rates of these fertilizers were calculated according to the Swiss

Table 1 Principal physical-chemical soil and crop management characteristics

Years
2009 2010 2011

Soil properties at planting (0-20-cm depth)

Clay (gkg ") 232 321 273
Sand (g kg ") 330 309 297
Organic matter (g kg™ 20 32 23
pH (H,0) 72 73 7.4
Available P (mg kg ™) 77 97 130
Available K (mg kg ') 247 234 289
Available Mg (mg kg ™")* 105 126 116
Mineral N (0-50-cm depth, kg ha ")® 34 94 na®
Crop management
Planting date 06.04 19.04 06.04
Desiccation date 27.07 02.08 10.08
First N fertilization date 08.04 19.04 12.04
Second N fertilization date 04.05 17.05 28.04
Third N fertilization date 28.05 26.05 13.05
Harvest date 28.08 24.08 29.08
Amount of fertilizers
First N fertilization 80 kg ha ' in N80, N120, N160 and N200 treatments
Second N fertilization 40 kg ha ' in N120 and 80 kg ha ' in N160 and N200 treatments
Third N fertilization 40 kg ha ' in N200 treatment
P fertilization (kg ha ') 43 - -
K fertilization (kg ha ') 247 108 108
Mg fertilization (kg ha ') 30 - -

# Available P, K and Mg are extracted with ammonium acetate + EDTA according to the Swiss standard
methods (FAL et al. 2004)

® Mineral N is extracted with 0.01 M CaCl, according to the Swiss standard methods (FAL et al. 2004)

°No data available
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fertilization guidelines taking into account the available phosphorus (P), potassium (K)
and magnesium (Mg) soil contents (Sinaj et al. 2009).

The experimental design was a split-plot with five N fertilizer rates as main
treatments and two potato cultivars as sub-treatments and three replications. Each
individual plot consisted of four rows of 25 plants surrounded by two rows as
buffer zone. The rows were separated by 75 cm and plants spaced at 33 cm. Five
N fertilization rates were tested: 0, 80, 120, 160 and 200 kg N ha™!. The mineral N
fertilizer used was ammonium nitrate (NH4NO3) applied in one to three times
during the growing period (Table 1). The N fertilization was divided in three
applications as follows: (i) at planting, 80 kg N ha™' for N80, N120, N160 and
N200 treatments; (ii) approximately 15 days after planting (dap), 40 kg N ha™' for
N120 treatment and 80 kg N ha™' for N160 and N200 treatments; and finally, (iii)
30 dap, 40 kg N ha™' for N200 treatment. The granules were broadcasted on the
top of the rows. The first application was incorporated to the soil through hilling,
while the following applications remained uncovered. Cultivars Bintje and Laura
were selected for this experiment, both of which are industrial cultivars with
mid-late maturity but different tuber characteristics. Bintje usually produces more
tubers per plant but of smaller size and higher starch concentration than Laura
(Schwaerzel et al. 2011).

Biometric Measurements

During plant growth, aboveground (stems and leaves) and belowground (large roots,
stolons and tubers) dry matter (DM) were assessed approximately 50 (“D507), 65
(“D65”) and 80 (“D80”) dap. The measurements were conducted on NO, N120 and
N200 treatments for both cultivars based on a two-plant sample in the first and fourth
rows of each plot. The samples were cut into small pieces and dried at 65 °C for at least
48 h before weighing. At harvest, the total dry tuber yield; the small (< to 42.5 mm),
marketable (42.5-70 mm) and large (> to 70 mm) fresh tuber yields; and the tuber
starch concentration were measured each year on all treatments. The starch concentra-
tion was calculated using the underwater weight of the tubers (Haase 2003). The yield
measurements were done on the two middle rows of each plot (50 plants per plot). In
2011, a more detailed characterization of the differences between cultivars with respect
to N dynamics was performed. The mineral N content (N-NO5 and N-NH,) present in
the 0—50-cm soil layer was measured at 30, 50, 65 and 80 dap in the N120 treatment for
both cultivars according to the Swiss standard methods (FAL et al. 2004). On the NO,
N120 and N200 treatments, the dry matter and amount of total N uptake (Nup?) by the
aboveground and the belowground biomass was quantified at D50, D65 and D80 and at
harvest.

Calculations

The quadratic model (Eq. 1) was chosen, among other models (quadratic-plus-plateau,
exponential and root-square), to describe the potato yield response to N fertilizer rates.

Y = Ymax—A (X—Xmax)’ (1)
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where Y (t FM ha ') is the total fresh tuber yield; X (kg N ha ') is the N rate applied;
and Ymax, A and Xmax are the parameters to be estimated. The parameter Ymax
(t FM ha ') is the maximum tuber yield, and Xmax is the N fertilizer rate requisite to
reach Ymax. A is a parameter without agronomic meaning (t FM kg N'). These
parameter settings determine the optimum N fertilizer rate (Nopt, kg N ha ') that
corresponds to the rate of N that provides a yield equal to 95% of Ymax. Thus, Nopt
was calculated according to Eq. 2:

Nopt = Xmax—+/0.05Y max /A (2)

In 2011, at each plant sampling date during the growing period, the nitrogen
nutrition index (NNI) was estimated (Lemaire and Gastal 1997; Lemaire et al. 2008).
NNI was calculated as the ratio between measured N concentration and predicted
critical N concentration (Nc). For NNI> 1, the crop N status can be considered as
non-limiting, so any increase in N supply would not increase crop biomass, and for
NNI< 1, the crop N status can be considered as limited by N supply. In potatoes, the
values of the Nc and the measured N concentration are estimated using the combined
biomass of shoot and tubers (Greenwood et al. 1990; Duchenne et al. 1997; Bélanger
et al. 2001). Nc, which represents the minimum N concentration required to achieve
maximum growth, was predicted with an allometric function and values of parameters
estimated for the potato by Duchenne et al. (1997) in France (Eq. 3).

Nc =5.21 x W% (3)

where W is the total biomass (aboveground and belowground biomass) expressed in
t DM ha™' which is above 1 t DM ha'. Nc is the N concentration in total biomass
expressed in g 100 g ' and is assumed constant, 5.21 g 100 g~ for total biomass less
than 1 t DM ha .

At harvest, the N use efficiency (NUE) and its components, the N uptake efficiency
(NUpE) and N utilization efficiency (NU?E) were calculated as follows (Errebhi et al.
1999):

NUE (t (kg N)“) — DM/X (4)
NUpE (kg N (kg N)’l) — Nupt/X (5)
NUEE <t (kg N)_l> — DM /Nupt (6)

Where X (kg N ha ') is the amount of nitrogen supplied by N fertilizers. DM
(t DM ha ') and Nupt (kg N ha ') are respectively the total dry matter (above- and
belowground biomass) and total N uptake by the crop in treatment with X nitrogen

@ Springer



102 Potato Research (2018) 61:97-114

fertilizer rate. The output from a control plot where the soil is the only N source should
be included in these efficiency equations for a rough estimate of the efficiency of the
soil in relation to fertilizer N and to measure the use efficiency of fertilizer as an input
but is not required to measure differences among different crop genotypes (Ladha et al.
2005).

Statistical Analysis

Statistical analyses were performed using R 2.14.1 software (R Development Core
Team 2011). Two-way analysis of variance (ANOVA) was conducted each year to test
the effects of cultivar, rate and their interactions. Fisher’s least significant difference
(LSD) test was used for treatment mean comparisons using the R package agricolae.

A principal component analysis (PCA) was performed to investigate the effect of N
rates and cultivars on the measured parameters and to identify which parameters most
differentiate cultivars. PCA was conducted on data (mean of three replicates) measured
for NO, N120 and N200 treatments of both cultivars in 2009, 2010 and 2011. This
analysis was done using the R package FactoMineR.

Non-linear regressions were also performed to describe the total tuber yield response
to N fertilization rates.

Results
Yield, Starch Concentration and Tuber Size at Harvest

Nitrogen fertilizer rate had a highly significant and consistent effect on both tuber yield
and quality of the harvest (Table 2). On average for all cultivars and years, the total
tuber yield and the percentage of large tubers (> 70 mm) increased with increase in the
rate of N applied while the starch concentration and the percentage of small tubers
decreased (Fig. la, Table 2). As a result, no N fertilization (NO treatment) and high N
fertilization (N200 treatment) had a negative effect on the percentage of marketable
tubers (42.5-70 mm) (Table 2). In 2010, the effect of the N fertilizer rate was less
pronounced than in 2009 and 2011. For example, averaged for both cultivars, the total
tuber yields for NO treatments in 2009, 2010 and 2011 represented respectively 66, 79
and 69% of the N200 treatment (Table 2) and the optimum N rates (Nopt) were 153, 82
and 139 kg N ha', respectively (Table 3).

The effect of cultivar on tuber quality was also highly significant (Table 2). For all
years, averaged over N rates, cv. Laura had lower values of starch concentration and
percentage of small tubers (<42.5 mm) than cv. Bintje, but a higher percentage of
marketable tubers (Table 2). The rate x cultivar interaction was only significant in 2009
on the percentage of marketable (42.5—70 mm) and large tubers (> 70 mm) and in 2011
on tuber starch concentration (Table 2). The lowest percentage of large tubers was
observed on the NO treatments for cv. Bintje and the N120 treatments for cv. Laura
(Table 2). For total tuber yield, the rate x cultivar interaction was not significant
(Table 2) but Bintje was less affected by the absence of N fertilization than Laura
(Table 2). On average for all 3 years, the potential yield (Ymax) was the same for both
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Fig. 1 Principal component analysis for characterization of N rate and cultivar effects: a variable factor map
and b individual factor map. Explanatory variables: yield: total dry tuber yield measured at harvest; starch:
starch tuber concentration measured at harvest; small tubers: percentage of tubers <42.5 mm measured at
harvest; Ab50, Ab65 and Ab80: aboveground dry biomass measured at 50, 65 and 80 DAP, respectively; and
Bw50, Bw65 and Bw80: belowground dry biomass measured at 50, 65 and 80 DAP, respectively. N
fertilization rate is plotted as a supplementary variable without contributing to the PCA axis

cultivars (63.4 t FM ha ', Table 3) while Nopt was 94 kg N ha ' for Bintje and
155 kg N ha ' for Laura (Table 3).

Biomass Growth Dynamics

Over the 3-year period, rate X cultivar interactions were not significant on either
aboveground or belowground biomass at D50, D65 and D80 (Table 4).

Averaged over all years and cultivars, the rate of N fertilizer affected mostly the
aboveground biomass at D50, D65 and D80 but had only little effect on the below-
ground biomass (Fig. 1a). Averaged over both cultivars, an N effect on the above-
ground biomass was significant at D65 in 2010 (P<0.01) and 2011 (P <0.05) and at

Table 3 Parameters of the quadratic model describing the relationship between total fresh tuber yields and N
fertilization rates

Year  Cultivar »n R? Ymax (t FMha ') A Xmax (kg Nha') Nopt (kg N ha ')
2009 Bintje 15 0.78*%* 70.8 S5.7E-4 200 121
Laura 15 0.85%#*  68.1 32E-4 288 185
2010 Bintje 15 0.80*%#* 554 48E—4 154 78
Laura 15 0.82%#* 493 42E-4 163 86
2011 Bintje 15 0.55%* 64.0 6.7E-4 153 83
Laura 15 0.65%* 72.9 32E-4 300 194

** and ***Significant at 0.001 <P <0.01 and <0.001, respectively
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Table 4 Probabilities of N fertilization rate and cultivar effects and their interaction, on aboveground and
belowground dry matter measured at D50, D65 and D80. ANOVA was conducted for NO, N120, and N200
treatments of both cultivars and the 3 years

Aboveground biomass Belowground biomass
D50 D65 D80 D50 D65 D80
2009
Rates 0.06 0.06 ok 0.70 0.33 0.45
Cultivar 0.14 * 0.64 * ok 0.31
Rates x cultivar 0.31 0.12 0.70 0.85 0.07 0.76
2010
Rates 0.08 ok ok 0.89 0.94 0.27
Cultivar * 0.08 0.054 ok ok ok
Rates x cultivar 0.18 0.39 0.06 0.15 0.61 0.18
2011
Rates 0.23 * * 0.47 0.12 *
Cultivar 0.15 0.18 0.49 0.26 * 1.00
Rates x cultivar 0.50 0.25 0.98 0.39 0.19 0.68
Year x rates x cultivars 0.61 0.13 0.63 0.83 0.15 0.89

*and ** Significant at 0.01 <P <0.05 and 0.001 <P <0.01, respectively

D80 for all 3 years (P<0.01, Table 4). Thus, the aboveground biomass for NO
treatment was less than that for N120 and N200 treatments, while no significant
difference (P> 0.05) was observed between N120 and N200 treatments (Fig. 2). On
the belowground biomass, a significant effect of N rate was observed only at D80 in
2011 (Table 4). At that date, for both cultivars, a negative effect of the highest N rate
was observed (Fig. 2). In 2009 and 2010, similar tendencies were noted (P=0.45 and
0.27 respectively, Table 4), and the belowground biomass of N120 treatment was quite
higher than that of NO and N200 treatments (Fig. 2).

Averaged over all years and N rates, cultivars differed mostly in terms of the
belowground biomass (Fig. 1). The cultivar had a small effect on the aboveground
biomass at the beginning of the growing season (averaged over the three N fertilizer
rates at D50 in 2010 and D65 in 2009, Table 4), and thereafter, no further significant
difference between cultivars was observed (Table 4 and Fig. 2). On the belowground
biomass, the effect of cultivar averaged over all N fertilizer rates was significant at D50
in 2009 and 2010, at D65 each year, and at D80 in 2010 (Table 4). For all 3 years and
all three N fertilizer rates, the belowground biomass of cv. Bintje increased faster than
that of cv. Laura (Fig. 2).

Nitrogen Uptake and Efficiency in 2011
Averaged over both cultivars, increasing the rate of N had a highly significant and
positive effect on the total N uptake at D65, D80 and harvest (Table 5). The NO

treatments absorbed much less N than the other treatments, but the N120 and N200
treatments did not differ significantly from each other (Table 5). The same effect of the
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2009-NO 2009-N120 2009-N200
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2010-NO e 2010-N120 f 2010-N200
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Fig. 2 Effects of cultivar on aboveground (vines) and belowground biomass growth for a, d, g NO, b, e, h
N120 and ¢, f, i N200 treatments in 2009, 2010 and 2011. The red and black lines refer to Bintje and Laura
cultivars, respectively. Vertical bars represent the standard errors of mean

rate was observed on the total N concentration and NNI over the whole growing period
as well (Table 5).

Averaged over all N rates, the effect of cultivar was significant on total N uptake at
D65 and on total N concentration at D50, D65 and D80 (Table 5) while no significant
effect was observed on NNI during the growing period (Table 5). For the N120
treatment, cv. Laura absorbed significantly less N than cv. Bintje at D65 but hereafter,
the differences disappeared. The same tendency was observed for the N200 treatment
while the opposite tendency was observed for the NO treatment, but the effect of
cultivar was not significant. Cv. Laura presented on average significantly higher total
N concentration than cv. Bintje at D50, D65 and D8&0.

Interactions rate x cultivar were not significant for total N uptake, total N concen-
tration nor for NNI during the whole potato cycle (Table 5).

Averaged over both cultivars at harvest, significant differences were observed
between rates in NUE, NUpE and NUtE (Table 6). The highest rate of N (N200)
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affected negatively NUE and NUpE and, to a lesser extent, the NUtE for both cultivars
(Table 6). The rate x cultivar interaction was not significant (Table 6).

Averaged over both N rates, cultivar had no significant effects on NUE and its
components at harvest (Table 6). For the N120 treatment, a comparison of cv. Bintje
with cv. Laura showed higher but not significant NUpE values for cv. Bintje while the
opposite was observed for the N200 treatment.

Discussion
Year Effect

The year 2010 was less favourable for potato growth than 2009 and 2011. The
maximum tuber yield (Ymax) was only 52 t FM ha ' in 2010 and lower than in
2009 (69 t FM ha™') and 2011 (68 t FM ha '). Neither water stress nor nitrogen
deficiency could explain the lower yields observed in 2010. The total amount of water
input (rain and irrigation) and its distribution were similar over the 3 years. Nopt were
much lower in 2010 than in 2009 and 2011 (Table 4) which may indicate greater soil N
availability in 2010 (Table 1). In addition, the total N uptake measured at D80 on NO
treatment of Bintje was 155 kg N ha ' in 2010 (data not shown) versus 83 (data not
shown) and 84 kg N ha™" in 2009 and 2011, respectively (Table 4). However, too much
N available early in the growing season leads to delays in tuber growth and physio-
logical maturity, which can be detrimental to production if harvest occurs prior to
maturity (Chambenoit et al. 2002). It is thought that under these conditions, desiccation
occurred perhaps too early in 2010 compared to 2009 and 2011 (1814 °C d versus 1865
and 2024 °C d in 2009 and 2011, Table 1) and the potato was harvested before maturity.
The fact that the percentage of small tubers was higher in 2010 than in 2009 and 2011
seems to support this argument.

Cultivar Effect

Both cultivars showed similar aboveground biomass growth dynamics but differed in
their belowground growth dynamics. The allocation of biomass to roots and tubers in
cv. Laura was slower than that in cv. Bintje, which resulted in a lower belowground
biomass at the beginning of the growing season. At harvest, for the Swiss recommend-
ed N fertilizer rate (N120 treatment, Sinaj et al. 2009), cv. Laura had a lower total tuber
yield than cv. Bintje, but a higher percentage of marketable tubers (42.5-70 mm) and a
lower percentage of small tubers (<42.5 mm). In addition, cv. Laura tubers had lower
starch concentrations than those of cv. Bintje (for the N120 treatment, 13.7 and 15.0%,
respectively) and were comparable with those described in the recommended list of
Swiss cultivars (Schwaerzel et al. 2011).

N Fertilization Effects
The total biomass responded positively to N fertilization, but the effects of N fertiliza-
tion on tuber yield and quality were mixed. For example, this study showed an increase

in the aboveground biomass with increasing N rate, while the belowground biomass did
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not increase with N rate above Nopt, resulting in a decrease in harvest index, a phenomenon
supported by other studies (Millard and Marshall 1986; Biemond and Vos 1992; Vos 1997).
In addition, N fertilization increased the percentage of unmarketable large tubers (> 70 mm)
and reduced the starch concentration and the dry matter concentration (data not shown).
These results confirmed those reported by other authors (Ojala et al. 1990; Westermann et al.
1994; Bélanger et al. 2002; Kumar et al. 2004) and are related to the effect of N fertilization
in delaying tuber maturity and extending the vegetative growth period (Ojala et al. 1990).
In 2011, averaged over both cultivars, fertilizer N recovery (difference in N uptake
between an unfertilized and a fertilized treatment, divided by the N fertilizer rate) for
the N120 treatment, which is the closest to Nopt (on average 125 kg N ha '), was 57%
at harvest. Fertilizer N recovery of the potato is commonly between 40 and 60%
(Zebarth and Rosen 2007). In general, application of N fertilizer rates above the Nopt
causes a decrease in the efficiency of N fertilizer (Vos 2009) and an increase in
environmental losses during and after the growing season. The results of this study
show that in 2011 at the rate of 120 kg N ha ™", the crop nitrogen status was non-limiting
(NNI>1) and that increased N fertilizer rates above 120 kg N ha ! resulted in
decreased values of NUE and its components NUpE and NUtE. The decrease in
NULE with increasing N fertilizer rates has been reported by other authors as well
(Errebhi et al. 1999; Zebarth et al. 2004a, b). Results, however, for NUpE are less
consistent. For example, Zebarth et al. (2004a, b) reported a relative insensitivity of
NUDpE to N fertilizer rates or crop N supply contrary to previous studies, which found
NUDE to decrease with increasing N fertilizer rates (Tyler et al. 1983; Zvomuya and
Rosen 2002; Zvomuya et al. 2002). The lack of response of NUpE to N fertilization
rates in Zebarth’s studies may be due to lower rates of applied N fertilization (Zebarth
et al. 2004a). Under such conditions, Zebarth et al. (2004a, b) found that most of the
variation in NUE with increasing crop N supply was due to variation in NUtE. In the
present study, for N fertilization above Nopt, the NUE decline was largely due to the
decrease of NUpE. This is consistent with Moll et al. (1982) who observed that

Table 6 N fertilization rate and cultivar effect on nitrogen use efficiency and its components measured at
harvest in 2011. Values in parentheses represented the standard deviations. P indicated probability of rate x
cultivar interaction

NUE (t DM kg ") NUpE (kg kg™ NUtE (t DM kg ")
Bintje Laura Mean Bintje Laura Mean Bintje Laura Mean
Harvest
N120 0.12 0.12 0.12 1.43 1.36 1.39 0.084 0.086 0.08
(0.01) (0.02) a (0.10) (0.30) a (0.002) (0.003) a
N200 0.07 0.08 0.08 0.95 1.10 1.02 0.075 0.075 0.07
0.01)  (0.01) b (0.11)  (0.19) b (0.004) (0.009) b
Mean 0.10 A 0.10 A 1.L19 A 123 A 0.079 A 0.081 A
Rate x P=0.32 P=0.15 P= 0381
cultivar

Different lowercase letters within the same row indicate significant differences between N rates at the 0.05
probability level by Fisher’s multiple comparison test. Different uppercase letters within the same line indicate
significant differences between cultivars at the 0.05 probability level by Fisher’s multiple comparison test.
Letters in italic represent the probability level of Rate x Cultivar interaction
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variation in NUE of corn (Zea mays) was primarily determined by variations in NUpE
under high N supply and by variation in NUtE under limited N supply. Similarly,
Ortiz-Monasterio et al. (1997) showed for wheat (Triticum aestivum L.) that the relative
importance of NUtE and NUpE was affected by the level of N fertilization.

Did Cultivars Respond Differently to N Fertilization?

Given a non-limited supply of N, total tuber yield was the same for both cultivars (Ymax =
63.4tFM ha ). However, the average optimum (Nopt) rate for cv. Laura was 155 kg N'ha ™'
versus 94 kg N ha™' for cv. Bintje which could suggest lower NUE for cv. Laura. Previous
studies have reported significant variation in NUE among commercial potato cultivars
(Errebhi et al. 1998b, 1999; Zebarth et al. 2004a), including variation in both NUpE and
NUE (Errebhi et al. 1998b; Zebarth et al. 2004a). Changes in NUpE for potatoes are
generally attributed to differences in physiology, for example, N uptake kinetics (Sharifi
and Zebarth 2006), and in morphology of the root system (Kamh et al. 2005; Sattelmacher
et al. 1990b), while changes in NUtE are mostly attributed to internal plant N demand and the
ability to transport and re-mobilize the N (Marschner 1995). Nevertheless, in the present
study, no significant differences between cultivars were observed at harvest on NUE and its
components. Thus, the differences between cultivars with regard to Nopt may be more related
to difference in N uptake dynamic and responsivity to the third N application. Cv. Laura had a
lower biomass and N uptake than cv. Bintje early in the growing season, which could be due
to a weaker root system and/or a lower N demand in cv. Laura. Indeed, the rate of crop N
uptake is co-regulated by soil N availability and crop growth rate (Devienne-Barret et al.
2000). As a result, any genotypic or environmental factor (other than nitrogen supply)
enhancing the crop growth rate increases de facto the N uptake capacity of the crop
(Sadras and Lemaire 2014). Since crop N uptake reflects crop nitrogen status only if
comparisons are made at similar biomass and N supply, Sadras and Lemaire (2014) proposed
ranking genotypes on their NNI, thus avoiding this trivial effect of crop size. In this study,
during the whole crop cycle, no significant differences between cultivars in NNI and root
biomass (data not shown) were observed. Thus, the slower crop growth (and especially
belowground biomass growth) of cv. Laura was responsible for the lower plant N uptake
demand and the weaker absorption of N available early in the growing season.

Despite lower N uptake by cv. Laura early in the growing season, no significant
difference on soil mineral N content was observed between cultivars (Fig. 3). This
suggests that N not utilized at the beginning of the growing season by Laura was probably
lost by leaching or volatilization. Furthermore, Laura presented a greater capacity to
benefit from the third late N instalment of the N200 treatment since N200 treatment had
no significant effect on yield of cv. Bintje, while increasing the yield of cv. Laura in 2009
and 2011. This may explain the greater Nopt of Laura in this traditional Swiss split of N
fertilization. These results indicate that, perhaps, better N efficiency could be obtained by
applying N inputs later in the growing season for cv. Laura than for cv. Bintje.

Conclusion

This study shows that cvs Bintje and Laura react to N fertilization differently, especially
with respect to N uptake dynamics. Laura absorbs N slower than Bintje due to a longer
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Fig. 3 Effect of cultivar on soil mineral N content (0—50 cm) measured in 2015 during the growing period of
N120 treatments

time period required for establishing and developing the belowground biomass. Thus,
delaying N fertilization and/or applying slow-release N fertilizers would be beneficial
for cv. Laura. It would avoid N deficiencies in the plants while minimizing the negative
impacts on the environment due to possible leaching of underutilized N.
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