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Abstract Droughts are common in the US High Plains, caus-
ing declining water availability and lowering water alloca-
tions. The objective of this 4-year field study was to identify
a period of water deficit least detrimental to potato production.
Fully irrigated ‘Atlantic’ potato received 62–63 cm of applied
water. Total applied water was reduced by 25 % in three sea-
sonal periods, 50 % water from emergence to 8 weeks after
emergence (WAE) (early stress), 50 % water from 8 to 13
WAE (late stress), and 50 % from 0 to 5 WAE and again from
10 to 13WAE (outer stress). Main plots were irrigation regime
and split with three N levels, 101, 168, and 235 kg/ha. Soil and
petiole Nwere higher when applied water was reduced. Lower
irrigation inhibited growth, i.e., canopy height (10–20 %),
weight (20–30 %) and leaf area index (50–70 %). Yield de-
creased 25% and 13% with early and outer stress, respective-
ly. Chip color was darkest with early stress compared to fully
irrigated plots. Common scab occurrence was greater in early
stress than with other regimes. N rate had no effect on canopy
growth, yield, chip color, or common scab. If applied water is
reduced 15 cm, it is best late in the season and worst between 5
and 8 WAE compared to fully irrigated plants

Resumen Las sequías son comunes en las planicies altas de
EUA, causando disminución en la disponibilidad de agua y
bajando su ubicación. El objetivo de este estudio de campo de
cuatro años fue identificar un período de déficit de agua que
fuera lo menos perjudicial para la producción de papa. La papa
Atlantic con riego completo recibió de 62 a 63 cm de agua. El
total del agua aplicada se redujo en un 25 % en tres ciclos,

50 % de agua de la emergencia a 8 semanas después de la
emergencia (WAE) (agobio temprano), 50 % de agua de 8 a13
WAE (agobio tardío), y 50 % de 0 a 5 WAE y otra vez de 10 a
13 WAE (agobio externo). Los lotes principales tuvieron
regímenes de riego y fueron divididos con tres niveles de N,
101, 168, y 235 kg/ha. El N del suelo y del pecíolo fue más
alto cuando se redujo el agua aplicada. Los riegos más bajos
inhibieron crecimiento, i.e., altura del follaje (10–20 %), peso
(20–30%) y el índice de área foliar (50–70%). El rendimiento
disminuyó 25 % y 13 % con agobio temprano y externo,
respectivamente. El color de la hojuela fue el más oscuro
con agobio temprano comparado con los lotes de riego
completo. La incidencia de la roña común fue mayor en
agobio temprano que con los otros regímenes. El nivel de N
no tuvo efecto en el crecimiento del follaje, rendimiento, color
de la hojuela, o roña común. Si el agua aplicada se reduce
15 cm, es mejor tarde en el ciclo y peor entre 5 y 8 WAE en
comparación con plantas de riego completo.
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Introduction

Droughts are common in the High Plains causing declining
water availability for agriculture and decreasing irrigation
allocations. Legislation to manage groundwater in Nebraska,
Kansas and Colorado is decreasing water allocations available
for irrigated agriculture. For growers in the Southwest and
Panhandle of Nebraska, it simply means less water and greater
risk for yield and market quality. Under limited irrigation, less
water is applied than is required tomeet full evapo-transpiration
demand. As a result, the crop will be stressed.
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In a project, conducted at North Platte, NE, three irrigation
treatments (dryland, 15 cm of irrigation and non-
evapotranspitation limiting) were applied to corn, soybean,
and wheat (Hergert et al. 1993). Several cropping rotations
were included. This study showed that proper limited irriga-
tion management and crop rotations did not substantially
reduce yield or income.

Potato is highly sensitive to soil moisture and nitrogen due
to a shallow, fibrous root system (Alva 2008; Iwama 2008).
Research has been reviewed on the effects of no-watering
(drought) periods and irrigation scheduling on yield and
canopy growth with the aim of optimizing yield (Levy et al.
2013; Shock et al. 2007; van Loon 1981; Vos and Haverkort
2007). The concept of deficit irrigation has been characterized
as a way of optimizing irrigation during drought-sensitive
stages in potato growth (Geerts and Raes 2009; Levy et al.
2013). Most studies were conducted by reducing water avail-
ability to differing degrees all season long (Alva 2008; Ferreira
and Carr 2002; Fleisher et al. 2008; Kashyap and Panda 2003;
Onder et al. 2005; Shock et al. 1998). There are some studies in
which irrigation was completely withheld during select periods
related to tuber growth (Dalla Costa et al. 1997; Karam et al.
2014; Levy 1985; Stark and McCann 1992) as well as gradual
irrigation reduction during the growing season (Stark et al.
2013). There are few studies on reduced irrigation or mild
stress for extended periods (Karam et al. 2014; Stark et al.
2013). Ojala et al. (1990) reported that increased soil N could
increase yield under deficit irrigation. Therefore, nitrogenmay
mitigate the effects of limited irrigation on yield.

Studies on the effects of drought periods on tuber quality
such as shape and cracks have been reported primarily on
Russet Burbank (Painter and Augustin 1976). More recently,
some work on white-skinned cultivars has been reported
(Walworth and Carling 2002). Studies on chipping cultivars
such as Atlantic, a standard in the industry, are lacking.
Research outside of North America has focused on
drought-sensitive morphological parameters such as
plant stature and leaf size (Deblonde and Ledent 2000;
Kashyap and Panda 2003; Lahlou et al. 2003; Tourneux
et al. 2003). A study in Turkey (Onder et al. 2005)
reported that more than a 33 % reduction in irrigation could
significantly reduce yield of an early maturing potato under
their semi-arid conditions. These trials compared irrigated
plants versus extended water-limited periods.

Western Nebraska is well-known for its low rainfall,
and periodic, long and severe droughts causing declin-
ing water availability for agriculture (Basara et al. 2013).
Irrigation allocations are decreasing, and has or planned to
be decreased by as much as 15 cm (Bleed and Babbitt
2015). The objective of this study was to answer the question:
Where irrigation allocations are reduced by 15 cm, when
should the irrigation be partially withheld with the least
amount of loss?

Materials & Methods

Field Trial Conditions

Between 2009 and 2012, four field trials were conducted on
potato (Solanum tuberosum) cultivar Atlantic at the University
of Nebraska’s Panhandle Research & Extension Center,
Scottsbluff (lat. 41.9 N, long. 103.7 W, elevation 1126 m).
Soil was a Tripp fine sandy loam at pH 7.8–8.1 and organic
matter content of 0.7–1.0 %. The crops previous to potato
were sunflower (Helianthus annus), soybean (Glycine max),
camelina (Camelina sativa), and canola (Brassica napus), re-
spectively. Seed tubers were cut, and dusted with
thiophanate-methyl with mancozeb plus imidacloprid (Tops
MZ Gaucho™) by Western Potatoes Inc. (Alliance, NE) and
planted in mid-May (Table 1). Emergence (50 %) was about
three weeks later. A mix of metribuzin and metolaclor, at
mid-label rate, was applied pre-emergence for weed control.
No other pesticides were applied during the season. Other than
the various rates of urea-ammonium nitrate (UAN), no other
fertilizer was added since soil tests showed the soil to be very
high in both phosphorus and potassium. Plots consisted of
four rows spaced 91 cm apart and 11.6 m long. Plants were
spaced 24 cm apart within the rows resulting in a population
of 45,000 plants per ha. Stand counts taken between 18 and
21 days after emergence showed an average of 80 % across
years. In September, 10 m of the center two rows were har-
vested 91 to 101 days between emergence and vine kill. Vine
kill was accomplished by flailing and plots were harvested
within a week thereafter (Table 1). Harvesting was conducted
with a 2-row Farmhand harvester.

Table 1 Dates for planting potato cv. Atlantic, nitrogen applications,
irrigation start, and harvest.

Dates Year

2009 2010 2011 2012
Date

Planting 11 May 22 May 24 May 24 May

Emergence (50 %) 1 Jun 11 Jun 16 Jun 13 Jun

Nitrogen Applications 11 May
28 May
22 Jun

22 May
4 Jun
26 Jun

28 May
8 Jun
28 Jun

23 May
7 Jun
2 Jul

Irrigation Start 26 June 29 Jun 1 Jul 22 Jun

Measurementsa 6 Jul.
27 Jul.
10 Aug.
8 Sep.

19 Jul.
9 Aug.
23 Aug.
13 Sep

20 Jul.
10Aug
24 Aug.
14 Sep

19 Jul.
9 Aug.
22 Aug.
13 Sep

Vine Kill 9 Sep 14 Sep 15 Sep 14 Sep

Harvest 14 Sep 21 Sep 19 Sep 17 Sep

a soil water (all years), soil nitrate-N (all years), petiole nitrate-N
(except 2009), canopy height and weight (all years), and leaf area
index (except 2009)
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Irrigation Regimes

Irrigation was applied through an overhead, linear-move sys-
tem. A 0.32-ha area was divided into 16 equal parts arranged in
a 4 by 4 matrix for a Latin Square of main plots. Four irrigation
regimes were applied in four replications in a Latin Square;
these comprised the main plots. The check regime (full irriga-
tion, FI) was the application of water to supplement rainfall
with the aim to achieve 61 cm of applied water from emer-
gence to harvest following a set irrigation schedule (Table 2).
Irrigation was scheduled and rainfall monitored semi-weekly.
Irrigation was modified based on rainfall the previous 3 to
4 days. Irrigation was reduced on ‘Atlantic’ potatoes by
50 % during three irrigation timing regimes and compared to
fully irrigated plants (62–63 cm water available). Plants ex-
posed to reduced irrigation all received 46 cm of water (irriga-
tion + rainfall), a 25 % reduction in water availability but the
distribution followed the three regimes. The three reduced irri-
gation regimes (Table 2) were: 1. outer stress (OS) where ap-
plied water was 50 % for the first five weeks and for the last
three weeks, i.e., 0 to 5WAE and 10 to 13WAE, 2. early stress
(ES) where applied water was 50 % during the first 8 weeks,
i.e., 0 to 8 WAE, and 3. late stress (LS) where applied water
was reduced by 50 % during the last five weeks, i.e., 8 to 13
WAE. In all three limited-irrigation regimes, the goal was to
reduce water availability by 15.3 cm compared to fully irrigat-
ed (FI) but in different periods. The actual total water availabil-
ity for FI were 64, 62, 62, and 63 cm for 2009, 2010, 2011, and
2012, respectively, with a four-year mean of 62.6 cm (Table 2).
Rainfall and temperature were monitored by the High Plains
Regional Climate Center (Changnon et al. 1990) from a weath-
er station located next to the field. The seasonal water use from
emergence to vine desiccation for potato was 60 to 61 cm
based on evapo-transpiration, and the water holding capacity
of the soil was 6 cm in the top 30 cm.

Soil water was monitored using the gravimetric method.
Soil cores were taken at 0 (base of hill) to 20 cm below the
seed-piece at the start of irrigation and at 5, 8, 10, and 13WAE
for each plot. The soil samples were weighed the same day,
dried in an oven set at 107 °C for 22–24 h and
re-weighed. Soil moisture as percent was calculated
using the standard formula of (soil fresh weight - soil
dry weight) divided by soil dry weight and converted to per-
cent. Additionally in 2010, 2011 and 2012, soil moisture
was monitored using the Watermark system (Irrometer
Co., Inc., Riverside, CA). A pre-soaked sensor was
placed in each main plot (irrigation treatments) at a depth
of about 20 cm. Water deficit was measured hourly, averaged
daily and calculated weekly. Watermark data were compared
to gravimetric data.

Nitrogen Application

Each of the 16 irrigationmain-plots was sub-divided into three
N treatments. These split-plots comprised individual plots for
measurements and analysis. Nitrogen was applied three times
with three rates of liquid UAN (urea + ammonium nitrate).
The three application timings were the day before or
just prior to planting, 4 to 8 days before 50 % emer-
gence, and 20 to 25 days after the second application
before tuber initiation (Table 1). Nitrogen rates per ap-
plication were 33.6, 56.0 and 78.5 kg ⋅ ha−1 to achieve
100, 168 and 235 kg ⋅ ha−1 total N, respectively. UAN
was applied to the ground using a CO2 plot sprayer set at
2.8 kg ⋅ cm−2 using 9501E nozzles. UAN was diluted with
water and sprayed at 196 L ⋅ ha−1. Residual soil N was deter-
mined in April, pre-planting, in the top 40 cm, and was 72, 58,
43, and 55 kg ⋅ ha−1 for year 2009, 2010, 2011, and 2012,
respectively, with a year average of 57 kg ⋅ ha−1. About 40 %
was in the top 20 cm.

Table 2 Planned and actual
four-year mean of applied water
(irrigation + rainfall) for the four
periods of each of four irrigation
scheduling regimes during
the growing season on
potato cv. Atlantic

Irrigation Regime Periods as WAEa

0 to 5 5 to 8 8 to 10 10 to 13 Total
Applied water in cmb,c

Full Planned 11.4 19.1 12.7 17.8 61.0

Actual 13.5 (0.8) 18.6 (0.7) 12.8 (<0.1) 17.7 (0.2) 62.6 (0.4)

Outer Planned 6.4 19.1 12.7 7.6 45.7

Actual 8.9 (1.3) 18.6 (0.7) 12.8 (<0.1) 7.0 (0.4) 47.3 (0.4)

Early Planned 5.7 9.5 12.7 17.8 45.7

Actual 8.4 (1.4) 8.5 (1.3) 12.8 (<0.1) 17.7 (0.2) 47.3 (0.4)

Late Planned 11.4 19.1 6.4 8.9 45.7

Actual 13.5 (0.8) 18.6 (0.7) 6.4 (<0.1) 9.0 (0.3) 47.3 (0.4)

aWAE = weeks after 50 % emergence; 0 WAE = 50 % emergence; harvest was between 13 and 14 WAE
bWater availability is the sum of rainfall plus irrigation water applied
c Actual amounts are means of four years with their standard error in parenthesis
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Data Collection

Canopy height, width, and weight were measured at the start
of irrigation and at each change of irrigation regime, i.e., 5, 8,
10, and 13 WAE (Table 1). Canopy height and width was
measured with a meter-stick in three places in the center rows
of each plot and averaged at each reading. Canopy weight was
determined by cutting off two plants in each plot at the base
and weighing the canopy the next day to obtain the fresh
weight. After which, the canopy was placed in an aluminum
tray and into a drying oven set at 50 °C for 7 to 10 days then
re-weighed to obtain its dry weight. The two plants' weights
were averaged per plot. In 2010, 2011 and 2012, leaf area
index of each plot was measured at the 8 WAE regime change
and at harvest, 13 WAE, using an LAI 2200 (Li-Cor
Bioscience, Lincoln, NE). Soil N was measured by collecting
soil samples at depths of 0 (base of hill or seed piece location)
to 20 cm below and from 20 to 40 cm below for each plot at
pre-irrigation, 5, 8, 10, and 13 WAE. Soil samples were dried
in an oven at 107 °C for 22–24 h then sent toWard Laboratory,
Kearney, NE, for N analysis. At 5, 8, 10, and 13 WAE, the
petiole of the fourth or youngest fully-expanded leaf of 20 to
25 plants per plot were removed, pooled and shipped to Ward
Laboratory for N content determination. Percent flowering
was monitored weekly until after full bloom. Plant senescence
was determined visually at 13 WAE by the percent of brown
(dying or dead) foliage.

Harvested tubers were placed on a grader fitted with chains
to separate tubers by diameters since the cultivar Atlantic pro-
duces round white tubers used for chipping and are commonly
size-graded. Yield and quality were determined on tubers with
diameters between 5.7 to 10.8 cm (A). Tubers with diameters
less than 5.7 cm (small) or greater than 10.8 cm (oversize)
were discarded. Specific gravity was determined on 3.6 kg
samples of 5.7 to 8.3 cm tubers from each plot using a
Snack Food Association hydrometer (Gould and Plimpton
1985; Pavlista 1997). Harvested tubers were stored for one
month at about 15 °C to allow for healing after which samples
were sliced and fried using standard practice (Gould and
Plimpton 1985). After frying, slices were evaluated as
to lightness using the BFry Color Standards for Potatoes
for Chipping^ available through the Snack Food Association.
Tuber defects were quantified on 20 tubers, sized between 5.7
and 8.3 cm diameter, per plot. External defects were
mis-shaping, common scab caused by Streptomyces scabies,
and black scurf caused by Rhizoctonia solani. Internal defects
were hollow heart and internal discolorations.

Data were analyzed as factorial comparisons using
Proc ANOVA in SAS with means separated using least
significant differences and inferences based on a 5 %
significance level (SAS Institute 2003) when p < 0.05.
Possible interactions between irrigation and nitrogen were al-
so determined.

Results

Soil Water

Differential irrigation began between 1 and 3WAE depending
on previous rainfall that year (Table 1). Following the onset of
irrigation, soil water in the 40 cm below the seed piece was
measured using gravimetrics at 5, 8, 10 and 13 WAE corre-
sponding with changes in the period of reduced (50 %) water
availability (Fig. 1). Following the expected pattern, at 5
WAE, reducing irrigation resulted in less soil water for the
ES and OS regimes compared to FI and LS both being fully
irrigated at this point. At 5 WAE, OS began to receive the full
compliment of irrigation and the soil water level increased to
that of FI (Fig. 1). At 8 WAE, ES began being fully irrigated
and LS began exposure to 50 % less water availability. At 10
WAE, soil moisture was lower for LS compared to FI (Fig. 1).
After 10 WAE, irrigation of OS was again reduced. So, at 13
WAE, soil moisture for both LS and OSwere lower than for FI
and ES (Fig. 1).

Watermark water sensors were installed at 20 cm below
seed pieces a few days prior to emergence and soil water
was measured from emergence to harvest. There was a steep
decline in soil water measured with Watermark sensors after
emergence to 4 WAE for FI, LS and OS while for ES that
decline continued to 6 WAE (Fig. 2). With FI and LS, soil
water rebounded and returned to normal by 7WAE; OSwhich
was fully irrigated between 5 and 8 WAE, returned by 8 WAE
while ES which began full irrigation at 8 WAE did not return
to normal until 10WAE (Fig. 2). After 8WAE, LS which now
had reduced irrigation showed soil water level declining

Fig. 1 Soil moisture as affected by irrigation schedule was measured
from the seed piece level to 40 cm below using gravimetric
methodology. Measurements were taken of each plot at each irrigation
regime change (5, 8, 10, and 13 weeks after emergence, WAE). Each bar
represents the mean of four years (2009, 2010, 2011, and 2012). Bars at
each WAE with a different letter above them are significantly different at
p < 0.05 using least square separation of the means
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again; the same occurred with OS after 10 WAE (Fig. 2).
These data showed that the periods of reduced irrigation had
a corresponding decrease in soil moisture content indicating
that the irrigation parameters were effective on water avail-
ability. The loss of soil moisture early in the season may be
explained by rapid root growth from pre-emergence to 3–4
WAE. This water would be needed to support rapid vine
growth during the first six weeks following emergence.

Soil Nitrate-N

The third and last application of N was prior to the onset of
irrigation except in 2012 when the drought forced an earlier
than planned irrigation start. Soil nitrate-N was measured be-
low the seed piece at the times of irrigation regime change (5,
8, 10, and 13 WAE). Soil nitrate-N levels directly
corresponded with applied N levels and decreased over time
to 10WAE (Table 3). Soil nitrate-N was significantly affected
by irrigation level. At 5 WAE, soil N for ES and OS under
reduced irrigation was significantly lower than FI and LS
(Table 3). After 5 WAE, applied water to OS was increased
(Table 2). The soil N level declined for FI and LS at 5WAE as
well. The soil nitrate-N level for ES remained statistically
level to 10 WAE and was significantly greater than the other
irrigation regimes at both 8 and 10 WAE (Table 3). Between
10 and 13WAE, the soil N for ESwas declinedwhile the other
irrigation regimes remained constant (Table 3).

Petiole Nitrate-N

At the same time that soil nitrate-N was measured, petioles
were collected and sent for nitrate-N analysis. Unlike with soil
nitrate-N, at 5 WAE, ES and OS had higher petiole nitrate-N
than FI and LS (Table 4). Petiole nitrate-N declined under all

regimes; however the regimes differed in the rate of decline.
Between 5 and 8 WAE, petiole nitrate-N for FI and LS, both
receiving full irrigation, decreased by 60% and for OS, which
had received reduced irrigation before 5 WAE and then
returned to full irrigation, the decline was 50 %, and for ES,
which received 50 % of the applied water as FI and LS
throughout the 8 weeks, petiole nitrate-N decreased by only
30 % (Table 4). At 8 WAE, FI and LS had significantly less
petiole nitrate-N than OS or ES but OS was now significantly
greater than ES which still had reduced irrigation (Table 4). At
10 WAE, the petiole nitrate-N of FI, ES and OS, which were
receiving full irrigation, declined 30 % of their 8 WAE level.
On the other hand, LS which during these two weeks was
receiving reduced irrigation remained statistically the same
in petiole nitrate-N (Table 4). Between 10 and 13 WAE, ex-
cept for LS, petiole nitrate-N decreased further with FI having
the lowst petiole nitrate-N level and ES the highest (Table 4).
Petiole nitrate-N was the lowest in plants receiving the lowest
applied N which was below that recommended for ‘Atlantic’
(Table 4). There was no difference between the recommended
N and the greater amount at 5 and 8 WAE but they differed
thereafter with plants receiving the higher N having greater
petiole nitrate-N. There was a steady decline in petiole nitrate-
N over time for the two lower N applications, but for the

Fig. 2 Deficit moisture at 18 to 20 cm below the seed piece of potato cv.
Atlantic as affected by irrigation schedule as measured using Watermark
sensors. Hourlymeasurements were averaged on a per week basis starting
from the day of emergence (0 WAE) to vine kill (13 WAE)

Table 3 Soil nitrate-N in the first 20 cm below potato seed piece cv.
Atlantic at time of irrigation change as affected by irrigation regime and
nitrogen application, mean of four years, 2009, 2010, 2011, and 2012

5 WAEa 8 WAE 10 WAE 13 WAE
ppm

Irrigation regimeb

Full irrigation 64 A ac,d 27 B b 11 B c 6 B c

Outer stress 52 B a 37 B b 19 B c 12 AB c

Early stress 49 B ab 55 A a 39 A b 14 A c

Late stress 67 A a 29 B b 14 B c 17 A c

Nitrogen level (kg ⋅ ha−1)
101 40 C a 20 C b 16 B bc 8 B c

168 57 B a 36 B b 18 B c 12 B c

235 77 A a 54 A b 25 A c 17 A c

aWAE = weeks after emergence, 0 WAE = 50 % emergence; harvest was
between 13 and 14 WAE
b Irrigation regime is the sum of rainfall plus irrigation water applied. Full
irrigation received an average of 62.6 cm of water from emergence to
harvest. The stressed regimes received an average of 47.3 cm of water
when applied water was reduced during the first 5 WAE plus the last
3 weeks before harvest (outer stress), the first 8 WAE (early stress) or
the last 5 weeks before vine kill (late stress)
c Numbers in each column in each section followed by different upper-
case letters and numbers in each row in each section followed by different
lower-case letters are significantly different from each other at p < 0.05
using least square separation of the means
d Significance in columns and rows of each section was p < 0.01. There
was no significant interaction between irrigation and nitrogen in any year
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highest N application, the decline stopped at 10 WAE
(Table 4).

Canopy Height and Weight

Canopy growth was followed by measuring height, dry
and fresh weights, and leaf area index (LAI). Applied N
level did not affect height or weight (data not shown).
Height of ES and OS were lowest at 5 and 8 WAE while
the fully irrigated plots, FI and LS, were taller. Dry
weight was likewise the lowest for ES and OS at 5
WAE. At 8 WAE, the dry weight of OS, which had been
fully irrigated for three weeks, was statistically the same
as FI and LS but remained shorter, similar to ES
(Table 5). At 10 WAE, ES still had the lowest height
and weight compared to the other three regimes. At 13
WAE, all canopies were about 27 cm high. However, ES
remained with the lowest dry weight (Table 5). Fresh weight
of the canopy was similar and therefore not presented.

Leaf Area Index

Although the effects of reduced irrigation on canopy height
and weight showed a similar trend, years differed.

The mean LAI was highest in 2011 and lowest in 2012
(Table 6). In 2012, the canopies were visually shorter, smaller
and showed less rapid growth (data not presented). The effect
of reduced water application was as might be expected from
the height and weight data at 8 WAE (Table 5
compared to Table 6). At 8 WAE, ES which had re-
ceived 50 % applied water had the lowest LAI; OS,
which received less water up to 5 WAE and then returned
to full irrigation, was intermediate, and FI and LS, which were
fully irrigated during the eight weeks, had the largest LAI
(Table 6). At 13 WAE, LAI was reduced below 2 due to leaf
senescence and there was no difference between irrigation
regimes (data not shown). The level of N applied had no effect
on LAI in any year (Table 6).

Flowering

In 2010 and 2011, flowering peaked 5 WAE and showed no
difference between FI, OS and ES (data not shown). At 8

Table 4 Petiole nitrate-N in potato cv. Atlantic at time of irrigation
change as affected by irrigation regime and nitrogen application, mean
of three years, 2010, 2011, and 2012

5 WAEa 8 WAE 10 WAE 13 WAE
ppm

Irrigation regimeb

Full irrigation 19,750 B ac,d 8010 C b 5730 C c 4360 C d

Outer stress 21,620 A a 10,240 B b 7390 B c 6210 B d

Early stress 21,330 A a 15,050 A b 10,230 A c 8230 A d

Late stress 19,470 B a 7980 C b 8820 B bc 6420 B c

Nitrogen level (kg ⋅ ha−1)
101 18,770 B a 8340 B b 5810 C c 4460 C d

168 20,840 A a 10,890 A b 7470 B c 6110 B d

235 21,260 A a 11,730 A b 9350 A c 8350 A c

aWAE = weeks after emergence, 0 WAE = 50 % emergence; harvest was
between 13 and 14 WAE
b Irrigation regime is the sum of rainfall plus irrigation water applied. Full
irrigation received an average of 62.6 cm of water from emergence to
harvest. The stressed regimes received an average of 47.3 cm of water
when applied water was reduced during the first 5 WAE plus the last
3 weeks before harvest (outer stress), the first 8 WAE (early stress) or
the last 5 weeks before vine kill (late stress)
c Numbers in each column in each section followed by different upper-
case letters and numbers in each row in each section followed by different
lower-case letters are significantly different from each other at p < 0.05
using least square separation of the means
d Significance in columns and rows of each sectionwas p < 0.01. There was
no significant interaction between irrigation and nitrogen in any year

Table 5 Canopy height and dry weight of potato cv. Atlantic at time of
irrigation change as affected by irrigation regime and nitrogen
application, mean of four years, 2009, 2010, 2011, and 2012

Irrigation Regimea 5 WAEb,c 8 WAE 10 WAE 13 WAE
Canopy height, cm

Full irrigation 42 Ad 47 A 36 A 27

Outer stress 38 B 41 B 36 A 26

Early stress 38 B 38 B 31 B 28

Late stress 43 A 47 A 36 A 26

significancee p < 0.01 p < 0.01 p < 0.01 NS

Canopy dry weight, g/plant

Full irrigation 60 A 90 A 121 A 121 A

Outer stress 48 B 86 A 111 A 114 A

Early stress 49 B 62 B 89 B 101 B

Late stress 56 A 91 A 116 A 123 A

significance p < 0.01 p < 0.01 p < 0.01 p < 0.01

a Irrigation regime is the sum of rainfall plus irrigation water applied. Full
irrigation received an average of 62.6 cm of water from emergence to
harvest. The stressed regimes received an average of 47.3 cm of water
when applied water was reduced during the first 5 WAE plus the last
3 weeks before harvest (outer stress), the first 8 WAE (early stress) or
the last 5 weeks before vine kill (late stress)
bWAE = weeks after emergence, 0 WAE = 50 % emergence; harvest was
between 13 and 14 WAE
cBase-line height and dry weight were taken at 2 WAE, and averaged
21 cm and 12 g/plant for the 4 years
d Numbers in each column in each section followed by different
letters are significantly different at p < 0.05 using least square
separation of the means
e There was no significant interaction between irrigation and nitrogen in
any year. Although 2012 was significantly different from the other three
years, there was no year interactionwith either irrigation or nitrogen. Note
that N application from 101 to 235 kg ⋅ ha−1 did not significantly affect
canopy height or dry weight (data not shown)
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WAE, flowering declined and ES had significantly fewer
flowers than FI and OS (data not shown). In 2012, at 5
WAE, flowering had not peaked, and by 8 WAE, FI and OS
reached peak flowering and had greater flowering than ES
(data not shown). Compared to the earlier years, 2012 had a
severe drought.

Canopy Senescence

Senescence at 13 WAE was erratic comparing the influ-
ence of irrigation regimes and nitrogen application
across years; different irrigation treatments showed
greater senescence in different years. Averaged across
years, there was no effect by either irrigation or nitro-
gen on senescence (data not shown). Years were signif-
icantly different with senescence (% leaf death) being
59 A, 33 B, 63 A, and 44 AB for 2009, 2010, 2011, and
2012, respectively. Since no foliar fungicide was applied, se-
nescence may have been influenced by early blight caused by
Alternaria solani.

Tuber Yield and Quality

Yield of tubers, 5.7–10.8 cm diameter, was greatest with full
irrigation during the first 8WAE, i.e., FI and LS (Table 7). The
lowest yield was obtained with irrigation by half during this
period, i.e., ES. Reducing irrigation between 2 and 5 WAE,
returning to full irrigation and then reducing it again for the
last three weeks (OS) was not significantly different from FI.
Nitrogen level did not affect yield. Yields were similar in
2009, 2010 and 2011, but significantly lower in 2012
(Table 7), and may be explained by the drought conditions
of that year as will be discussed. Specific gravity was not
affected by irrigation regime or nitrogen applied, but in
2012, as with yield, it was significantly less and below the
normal for this cultivar in Nebraska (Table 7). Potato chips
from ES were significantly the darkest (Table 7), and chips
from OS were significantly darker than FI. Applied N had no
effect on chip color (Table 7). The incidence of common scab
was significantly greater also with ES compared to the other
irrigation regimes while OS and LS showed no difference
compared to FI (Table 7). As with yield, specific gravity and
chip color, the percent of tubers with common scab was not
affected by applied N. Years were significantly different with
regard to common scab occurrence; 2010 and 2011 were the
highest while 2009 and 2012 had 5 % or less (Table 7). The
incidence of black scurf was less than 10 % in all years and
near zero in 2010; therefore the data presented are only from
2009 when its incidence was the highest (Table 7). The differ-
ence between irrigation regimes was marginal due to limited
data but tubers with black scurf may be greater with LS than
all the other regimes.

Discussion

Nitrogen in Soil and Plant

Initially, at 5 WAE, soil nitrate-N is lower in ES and OS
(Table 3). Between 5 and 8 WAE, ES is the only regime not
receiving full irrigation and soil nitrate-N does not decline as it
does with the other regimes. ES maintains the highest
soil nitrate-N level at 10 WAE. Between 10 and 13 WAE, soil
nitrate-N ceases to decline for FI, OS and LS while ES
continued (Table 3). These observations imply that,
when plants are exposed to reduced water application,
plants take up less N from the soil. Dalla Costa et al.
(1997) concluded that when season-long water reduction was
lower than 80 % ET, N uptake was lowest, agreeing
with these findings.

Petiole nitrate-N fluctuated according to level of applied
water (Table 4). Although petiole nitrate-N declined over time
with all regimes, the rate of decrease was slower when irriga-
tion was reduced and may suggest that when plants are

Table 6 Leaf area index of potato cv. Atlantic at 8WAEa as affected by
irrigation and nitrogen application

Year

2010 2011 2012 mean

Irrigation regimeb

Full irrigation 5.3 Ac 6.1 A 3.6 A 5.0 A

Outer stress 4.1 B 5.0 B 2.1 B 3.7 B

Early stress 2.9 C 2.9 C 1.2 C 2.3 C

Late stress 5.1 A 6.3 A 3.8 A 5.1 A

Significanced p < 0.01 p < 0.01 p < 0.01 p < 0.01

Nitrogen level (kg ⋅ ha−1)
101 4.2 4.9 2.5 3.9

168 4.3 5.2 2.9 4.1

235 4.4 5.2 2.6 4.1

Significance NS NS NS NS

Year means 4.3 Bd 5.1 A 2.7 C

aWAE = weeks after emergence, 0 WAE = 50 % emergence; harvest was
between 13 and 14 WAE
b Irrigation regime is the sum of rainfall plus irrigation water applied. Full
irrigation received an average of 62.6 cm of water from emergence to
harvest. The stressed regimes received an average of 47.3 cm of water
when applied water was reduced during the first 5 WAE plus the last
3 weeks before harvest (outer stress), the first 8 WAE (early stress) or
the last 5 weeks before vine kill (late stress)
c Numbers in each column in each section followed by different letters are
significantly different at p < 0.05 using least square separation of the
means
dNumbers in the row ‘year means’ followed by different letters
are significantly different at p < 0.05 using least square separation of the
means. There was no significant interaction between irrigation and nitro-
gen in any year
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exposed to reduced water application that plants utilize less N
in the plant tissue.

Canopy Growth and Development

Canopy growth as measured by height was lowered by less
applied water during the first 8 WAE (Table 5). After 8 WAE,
height no longer increased as plants began to spread outward-
ly. Season-long irrigation reduction has been reported to result
in shorter potato plants (Fleisher et al. 2008; Sharma et al.
2011; Trebejo and Midmore 1990). Tourneux et al. (2003)
reported no significant affect by irrigation reduction on plant
height. However, in their study, irrigation reduction did not
start until 54 days after plantlets, cultivated in vitro, were
transplanted at which time tubers were formed and irrigation
was reduced gradually.

Vine dry weight showed a similar pattern in that plants with
reduced irrigation weighed less at 5 WAE, but when full irri-
gation returned to OS, dry weight at 8 WAE was statistically
the same between OS and FI (Table 5). From 8 to 13 WAE,

OS, LS and FI did not differ. ES, which had reduced irrigation
for the first eight weeks, had the lowest weight from 5 to 13
WAE. During the period between 5 and 8WAE, vines are still
rapidly growing, and tubers were already initiated but their
growth is slow, often referred to as early bulking. At 8
WAE, vine growth plateaus and tubers start enlarging rapidly
(Ojala et al. 1990; Pavlista 1995). This shift in growth focus
may explain why the vine was no longer affected by the level
of applied water as can be observed with LS’s vine weight at
10 and 13 WAE, and OS’s vine weight at 13 WAE (Table 5).
Kashyap and Panda (2003) also reported vine weight loss
associated with water deficit however their water regimes in-
volved a season-long reduction in water supply so it is not
possible to relate their observations to a specific growth stage.

Leaf growth was estimated using LAI which, in essence,
determines the amount of light penetration through the plant
across the row. LAI showed the inhibitory effect on canopy
growth resulting from reduced applied water. At 8WAE every
year, FI and LS had higher LAI than OS which in turn had a
higher LAI than ES (Table 6). The severe drought conditions

Table 7 Yield, specific gravity,
chip color, and the occurrence of
common scab (Streptomyces
scabies), and black scurf
(Rhizoctonia solani) of harvested
tubers between 5.7 and 10.8 cm
diameter of potato cv. Atlantic as
affected by irrigation regime and
nitrogen application, mean of four
years, 2009, 2010, 2011,
and 2012

Yield Specific Chip colora Common scab Black scurfb

mT ⋅ ha−1 gravity SFA value % %

Irrigation regimec

Full irrigation 33.1 Ad 1.092 1.4 C 12 B 8 b

Outer stress 28.9 B 1.093 1.6 B 13 B 6 b

Early stress 24.8 C 1.091 1.9 A 20 A 5 b

Late stress 30.8 AB 1.090 1.5 BC 12 B 13 a

Significancee p < 0.01 NS p < 0.01 p < 0.01 p = 0.09

Nitrogen level (kg ⋅ ha−1)
101 28.6 1.092 1.6 16 5

168 29.7 1.092 1.6 14 9

235 29.5 1.090 1.6 14 10

Significance NS NS NS NS NS

Year (Fully Irrigated only)

2009 34.8 A 1.098 A 1.3 2 B 8

2010 38.1 A 1.093 B 1.5 23 A <1

2011 38.5 A 1.092 B 1.4 18 A 3

2012 20.5 B 1.085 C 1.3 5 B 4

significance p < 0.01 p < 0.01 NS p < 0.01 -

a Chip color was determined visually by comparing fried potato chips to the Snack Food Association chip color
chart where the higher the value the darker the chip. An average value of 1.5 is considered acceptably light.
bMeans of black scurf incidence was for 2009 only as other years had low infection rates, from <1 to 5 %
c Irrigation regime is the sum of rainfall plus irrigation water applied. Full irrigation received an average of
62.6 cm of water from emergence to harvest. The stressed regimes received an average of 47.3 cm of water
when applied water was reduced during the first 5WAEplus the last 3 weeks before harvest (outer stress), the first
8 WAE (early stress) or the last 5 weeks before vine kill (late stress)
d Numbers in each column in each section followed by different capital letters are significantly different at
p < 0.05 using least square separation of the means; if followed by different ordinal letters than they are different
at p < 0.1
e There was no significant interaction between irrigation and nitrogen. Average lightness on SFA chart and level
of common scab significantly differed between years (see text). Significance for black scurf is only for 2009
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of 2012 (Table 8) reduced growth of all plants but the pattern
of the effect of irrigation regimes was consistent each year for
LAI as it was for canopy height and weight. Changes in LAI
follows plant growth during the season and rises during tuber
bulking followed by a decrease during vine senescence
(Wright and Stark 1990). In studies where reduced irrigation
was season-long, lower irrigation levels resulted in lower leaf
area index (Kashyap and Panda 2003; Trebejo and
Midmore 1990; Vos and Haverkort 2007), leaf area
and rate of expansion (Fleisher et al. 2008), and leaf number
(Vos and Haverkort 2007). Applying water stress to plantlets
from 54 days after transplanting also lowered LAI but partial
recovery was possible when water was re-applied later
(Tourneux et al. 2003).

Tuber Yield and Quality

Yield was most severely reduced when water availability was
reduced by 50 % up to 8 WAE (ES) (Table 7). Limiting ap-
plied water to 5 WAE and then limiting it between 10 and 13
WAE (OS) also reduced yield compared to FI, the unreduced
control (Table 7). Yield for limiting water from 8 to 13 WAE
(LS) did not show a significant yield reduction. This indicates
that having sufficient water for yield is most critical between 2
and 8 WAE between tuber initiation to mid-tuber bulking.
Yield reduction due to reducing applied water early in the
season, from tuber initiation to early tuber growth, are greater
than when applied water is reduced during tuber bulking have
been reported for several potato cultivars (Dalla Costa et al.
1997; Deblonde et al. 1999; Levy 1985). In contrast, some
studies on Russet Burbank indicated that reducing water any
time during tuber bulking reduced yield (Ojala et al. 1990;
Stark andMcCann 1992). Stark et al. (2013), when comparing
several cultivars, concluded that the least yield reduction was
when plants were fully irrigated up to mid-bulking followed
by a gradual reduction in water supply. Also, there have been
reports that yield reduction was greatest when water stress was

applied toward the end of the season or during tuber ripening
(Fabeiro et al. 2001; Karam et al. 2014). Deblonde and Ledent
(2000) related water stress-induced yield reduction with lower
leaf area index and smaller canopy. Comparing Tables 6
and 8, this relation was present also with the cultivar Atlantic.
In the study reported here, N application at 101, 168 and
235 kg ⋅ ha−1 did not affect yield.

Specific gravity of ‘Atlantic’ was not significantly affected
by water stress nor nitrogen (Table 7). Irregular water stress
during tuber bulking has been reported in reviews to lower
specific gravity (Wright and Stark 1990; Shock et al. 2007).
High N is reported also to lower specific gravity of frying
cultivars (Painter and Augustin 1976) but the amounts of N
added here were within recommended parameters for the
Atlantic cultivar.

Chip color was significantly darker than the 1.5 acceptabil-
ity threshold when water was limited during the first eight
WAE whereas chip color for both OS and LS were not
(Table 7). This suggests that the critical moisture period to
maintain light chip color is between 5 and 8 WAE, during
early tuber bulking. With French frying cultivars, water stress
during early tuber bulking was associated with poor distribu-
tion of sugars in the tuber resulting in ‘sugar-ends’ as
reviewed by Shock et al. (2007).

Irregular water stress during tuber bulking of fresh market
and French fry cultivars has been associated with various tu-
ber mis-shaping and growth cracking (Painter and Augustin
1976; Robins and Domingo 1956) but most studies have been
on the cultivar Russet Burbank, a French frying and baking
cultivar (Singh 1969). Atlantic, a chip cultivar, did not show
any promotion of mis-shaping by water stress at any period
nor by N in this study (data not shown).

The incidence of common scab was greatest across years
with ES while there was no difference between OS and LS
compared to FI. This strongly indicates that common scab
susceptibility of tubers is between 5 and 8 WAE, early tuber
bulking. This timing corresponds to the development of young

Table 8 Rainfall and temperature between planting and two weeks after emergence of potato cv. Atlantic for Scottsbluff, NE, in 2009,
2010, 2011, and 2012

Period Year

2009 2010 2011 2012

Rainfall: mm (% of 30-year mean)

Planting to emergencea 36 (69 %) 71 (126 %) 53 (80 %) 28 (48 %)

Emergence to 2 WAEb 86 (215 %) 38 (90 %) 23 (73 %) 13 (38 %)

Temperature: oC (+/− deviation from 30-year mean)

Planting to emergence 16.7 (+1.7) 18.9 (+1.7) 17.2 (−0.6) 19.4 (+1.7)

Emergence to 2 WAE 15.0 (−3.1) 19.4 (−1.1) 20.0 (−0.8) 24.4 (+3.6)

a Note that planting and emergence in 2009 was 10 to 14 days earlier than other years; see Table 1 for dates
bWAE = weeks after emergence; 0WAE = 50% emergence. Irrigation application began between 1 and 3WAE depending on previous rainfall to adjust
to schedule
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tubers and the formation of lenticels which are the infection
point of Streptomyces scabies, the pathogen causing common
scab (Lapwood and Hering 1970). Maintaining adequate wa-
ter supply during early tuber growth lowers the incidence of
common scab (Lapwood et al. 1973).

Because the data on black scurf are limited to one year,
little can be concluded but the data from 2009 does suggest
that the critical period for tuber susceptibility is between 8 and
10 WAE when tubers are in mid-bulking.

Weather Comparison Across Years

Plant growth and yield results were similar for 2009, 2010 and
2011 but significantly reduced in 2012. The relative effect of
irrigation was not substantially altered between years. The
rainfall and temperature conditions for these four years are
compared in Table 8. From planting to emergence, rain was
+/− 30 % of the 30-year average for the first three years but
less than half in 2012. Between emergence and 2 WAE, in
2009, rain was twice that of the average resulting in a delay
in irrigation to fit the schedule (Tables 1 and 2) while rain in
2010 and 2011 was below but near the average. However, rain
in 2012 was about a third of the average (Table 8) causing an
earlier than planned start of irrigation. This year is noted for its
extreme drought in the High Plains. However, although rain
was highly variable, the water scheduling was constant be-
tween the years by changing the irrigation scheduling to com-
pliment rain within the regime periods. Therefore, water avail-
ability alone cannot explain the year discrepancy. Besides low
rainfall, the season of 2012 was noted for its high temperature.
During the first two WAE, the temperature was nearly 4 °C
above the 30-year average (Table 8) and this continued
throughout the season (data not shown). Although tempera-
ture could explain some of the year differences, the combina-
tion of low rain and high temperature result in low relative
humidity. Observations were made that in 2012 while
collecting data, there was practically no dew on the leaves.
Dew can be a major source of water uptake to plants in addi-
tion to roots. Could the lack of dew account for the low per-
formance of potato plants in 2012?

Conclusion

The primary objective of this study was to identify when re-
ducing water availability by half, i.e., 15 cm reduction, would
be least deleterious to the chipping potato cultivar Atlantic, to
maintain plant health, yield and marketable tuber quality. The
answer appears to be that it is best to withhold the 15 cmwater
toward the end of the growing season, i.e., the last 5 weeks
before harvest (8 to 13 WAE). The poorest plant growth and
lowest yield occurred when applied water was reduced by half
at tuber initiation through to early tuber bulking period (early

log phase of tuber growth), from 2 to 8WAE. However, when
tuber quality, i.e., chip color and common scab incidence, and
plant health, i.e., LAI, weight and height, are considered as
well then the worst time to reduce water is during the early
tuber bulking period between 5 and 8 WAE. Reducing
or increasing the application of N, by 40% of the recommend-
ed rate, early in the season compared to the recommended
amount for cv. Atlantic, had nomitigating effect on tuber yield
or quality.
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