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Abstract The availability and use of crop protectants includ-
ing azoxystrobin in combination with fumigation has extend-
ed the Central Wisconsin effective growing season by 2 to
4 weeks. This study, evaluating the influence of these crop
protection practices on the optimum nitrogen rate and time
of application for Russet Burbank potato (Solanum tuberosum
L.), was established as two 3-year field trials designed as split-
split plot experiments. Both experiments used metam sodium
as the main plots and fungicide treatment (chlorothalonil Zn
alone or chlorothalonil Zn alternated with azoxystrobin for the
first six sprays) as the first split. In-season fertilizer N rate
(179, 224, 269, or 313 kg N ha−1) or in-season N timing (N
split into two, three, or four applications at 269 kg N ha−1) was
the second split. Not fumigating resulted in significantly
higher verticillium ratings and severely repressed crop yield
and tuber quality responses to both fungicide treatment and N
rate. On average, fumigation increased total yield
13.6 Mg ha−1yr−1, U.S. No. 1 tubers by 9 % and U.S. No. 1
tubers >170 g by 5 % over where fumigation was not used. In
2 of the 3 years when azoxystrobin was included in the fun-
gicide program early blight severity was reduced by about
50 %, and on fumigated areas yields were increased
4.8 Mg ha−1, whereas no yield increase was seen from this
fungicide treatment on the non-fumigated plots. In these same
years, fumigation increased optimum N rate by about
50 kg ha−1; however, there was no apparent interaction with

fungicide treatment. Although fumigation, fungicide treat-
ment, and time of N application each influenced tuber yield
or tuber quality in some years, in the two more responsive
years some interactions between these factors were statistical-
ly significant, with benefits generally only seen where plots
were fumigated.

Resumen La disponibilidad y uso de protectores del cultivo,
incluyendo azoxistrobina en combinación con fumigación, ha
extendido efectivamente el ciclo de cultivo por 2 a 4 semanas
en el centro de Wisconsin. Este estudio, evaluando la
influencia de estas prácticas de protección del cultivo en el
nivel óptimo de nitrógeno y tiempo de aplicación para la papa
Russet Burbank (Solanum tuberosum L.), se estableció como
dos ensayos de campo de tres años diseñados como
experimentos de parcelas subdivididas. En ambos
experimentos se usó metam-sodio como la parcela principal,
y el tratamiento con el fungicida (clorotalonil-Zn solo o
clorotalonil-Zn alternado con azoxistrobina en las primeras
seis aspersiones) como la primera división. En el ciclo el nivel
de fertilización nitrogenada (179, 224, 269, o 313 kg N ha-1),
o tiempos de aplicación (el N dividido en dos, tres o cuatro
aplicaciones de 269 kg N ha-1) como la segunda división. La
no fumigación dio como resultado niveles significativamente
altos de Verticillium y rendimiento del cultivo severamente
disminuido, así como en las respuestas en la calidad de
tubérculo a ambos tratamientos de fungicida y de nivel de N.
En promedio, la fumigación aumentó el rendimiento total
13.6 Mg ha-1 año 1, tubérculos US 1 en 9 %, y tubérculos
US 1 > 170 g en 5 % sobre aquellos en donde no se usó
fumigación. En dos de los tres años, cuando se incluyó
azoxistrobina en el programa de fungicidas, la severidad del
tizón temprano se redujo en carca del 50 %, y en las áreas
fumigadas los rendimientos aumentaron 4.8 Mg ha-1,
mientras que no se observó aumento en el rendimiento de este
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tratamiento de fungicida en los lotes no fumigados. En estos
mismos años, la fumigación aumentó el nivel óptimo de N en
cerca de 50 kg ha-1; no obstante, no hubo interacción aparente
con el tratamiento del fungicida. Aun cuando la fumigación, el
tratamiento con fungicida, y el tiempo de aplicación del N
cada uno influenció el rendimiento y la calidad de tubérculo
en algunos años, en los dos años de mayor respuesta, algunas
de las interacciones ent re es tos factores fueron
estadísticamente significativas, con beneficios generalmente
observados solamente donde se fumigaron los lotes.

Keywords Nitrogen rate . Nitrogen timing . Verticillium .

Early blight . Petiole nitrate

Introduction

Nitrogen management is a critical component of potato
(Solanum tuberosum L.) production systems. In addition to
being the primary nutrient affecting crop yield and quality,
nitrogen management has also been shown to influence other
aspects of crop health, including severity of verticillium wilt
(Verticillium dahdiae Kleb.) (Huber and Watson 1974;
Lazarovits et al. 1997; Lambert et al. 2005) and early blight
(Alternaria solani, Jones and Grout) (Barclay et al. 1973;
Marshall-Farrar et al. 1998; Franc and Christ 2001).
Literature suggests that fertilizer N may affect both the plant
resistance to verticillium and the pathogen survival in the soil,
and several studies show that N rate and form can affect dis-
ease incidence and severity (Davis 1985; Davis and Everson
1986; Pennypacker 1989; Davis et al. 1994; Lazarovits et al.
1997; Lazarovits 2010). Reviews by Pennypacker (1989),
Lambert et al. (2005), and Lazarovits (2010) discuss various
possible modes of action, including conversion of ammonium
to ammonia, other nitrogenous conversions, and the influence
of volatile fatty acids and soil pH.

Although high rates of N fertilizer have also been
shown to suppress early blight (Davis 1985; Miller and
Rosen 2005), the rate needed to achieve control is typi-
cally higher than that required for maximum yield
(Barclay et al. 1973; MacKenzie 1981). Because a major-
ity of potato cultivars currently grown in North America
are susceptible to both pathogens, growers commonly em-
ploy a variety of control tactics, including fumigation,
crop rotation, fertility adjustment, and fungicide applica-
tion (Rowe and Powelson 2002; Lambert et al. 2005). Soil
fumigation with metam sodium, while shown to be gen-
erally effective for verticillium wilt control (Powelson and
Carter 1973; Tsror et al. 2005; Molina et al. 2014) signif-
icantly influences the soil biota, including the microbes
affecting nitrogen transformations (Macalady et al. 1998;
Ibekwe et al. 2001; Collins et al. 2006). For example,
Collins et al. (2006) showed a significant decrease in soil

N mineralization on fumigated areas and both Wolcott
et al. (1960) and Koike (1961) determined that fumigation
delayed the conversion of ammonium to nitrate-N up to
8 weeks. Where ammonical N sources are used, this could
potentially negatively impact potato production as several
studies have shown reduced tuber yield and/or quality
where potatoes have been supplied all ammonium N
along with a nitrification inhibitor that slows the conver-
sion of NH4

+ to NO3
– (Polizotto et al. 1975; Hendrickson

et al. 1978; Kelling et al. 2011). However, Davis et al.
(1986) reported no yield differences between all ammoni-
um or mixed ammonium-nitrate fertilizers following fumi-
gation at one location and an advantage to the all NH4

+

source at the other. It is also apparent that fumigation
results in more vigorous vegetative growth later in the
season. This has caused growers to ask if they should be
altering their N fertilizer rate or time of application to try
to capture this late-season growth.

Similarly, the use of the protectant fungicide
azoxystrobin for early blight control has resulted in the
observation that potato vines remain green longer com-
pared to potatoes treated with traditional fungicides
(Stevenson et al. 1999; Stevenson 2001; Miller and
Rosen 2005). This appears to be especially true with
late-maturing or indeterminant varieties such as Russet
Burbank. This observation also led to speculation that
azoxystrobin may be interacting with other diseases in-
c lud ing Ver t ic i l l ium (Mi l le r and Rosen 2005) .
Researchers generally agree that N management can influ-
ence the observed severity of early blight (Soltanpour and
Harrison 1974; MacKenzie 1981; Marshall-Farrar et al.
1998). However, although a Minnesota study saw better
disease control at higher N rates even where fungicides
were used, there were conflicting data regarding the N
rate/fungicide interaction (Miller and Rosen 2005). In
year one, yields responded to the highest N rate used
(340 kg N ha−1) and yields and disease control were
highest where azoxystrobin and chlorothalonil were alter-
nated. In year two, there was no yield response to N rate
where this fungicide program was used. The authors con-
cluded that using azoxystrobin did not reduce the recom-
mended N rate nor did keeping plants green longer in-
crease the need for post-hilling N treatments (Miller and
Rosen 2005).

Although the benefits of soil fumigation and the use of
improved fungicide programs have been well established
(Stevenson 2001; Rowe and Powelson 2002), there is little
published research that evaluated the effect of both of these
practices on optimal fertilizer N rates or time of application.
Our primary objective was to determine if the use of metam
sodium fumigant and/or azoxystrobin as a part of the weekly
fungicide program, and therefore contributing to a longer
effective growing season, resulted in increasing or decreasing
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the optimumN rate and fertilizer N use efficiency. In addition,
the second experiment evaluated if the use of these crop pro-
tectants increased the need for N applications later in the
season.

Methods and Materials

From 2000 through 2002, two split-split plot, field experi-
ments were conducted at the University of Wisconsin
Hancock Agricultural Research Station (44o7′N, 89o31′W)
on Plainfield loamy sand soils (sandy, mixed, mesic, Typic
Udipsamments) evaluating the interaction of fumigation,
fungicide program and nitrogen rate or time of application
on potato crop performance. The two experiments included
fumigant as the main plot, fungicide program as the first split
with nitrogen fertilizer rate or time of application as the second
split. The two replications of fumigant treatments were with
and without fall applications of 346 L ha−1 Vapam (metam
sodium) providing 176 kg ha−1 a.i. from AmVac Chemical
Corp. The fungicide programs were weekly sprays of
chlorothalonil Zn at 2.48 L ha−1 (1.24 kg ha−1 a.i., Syngenta
Crop Protection LLC), starting at row closure or
chlorothalonil alternated with azoxystrobin at 45 mL ha−1

(11.2 g ha−1 a.i., Syngenta Crop Protection, LLC) for a total
of three azoxystrobin sprays using four replications. Fertilizer
N rates were 179, 234, 269, or 314 kg N ha−1, applied 33 % at
emergence as ammonium sulfate, 50 % at tuberization as am-
monium nitrate, and 17 % at tuberization + 20 days as ammo-
nium nitrate also using four replications. The nitrogen timing
experiment used one rate of N (269 kg N ha−1) split into two
(33% at emergence and 67% at tuberization), three (described
above), or four (33 % at emergence, 33 % at tuberization,
17 % at tuberization + 20 days, and 17 % at tuberization +
40 days) applications with the emergence application as am-
monium sulfate and the others as ammonium nitrate. Some
plots were used for both experiments. In all cases, the in-
season N fertilizer was hand-applied in approximately a 10-
cm band along the row. The emergence and tuberization treat-
ments were followed by a light hilling. All plots received
34 kg N ha−1 as a part of the starter fertilizer, placed 5 cm to
each side of the seed furrow.

Russet Burbank seed pieces were machine-planted on 22 to
24 April each year with 30-cm in-row spacing. Individual
plots were four rows wide (92 cm between rows) by 6.1 m
long and were arranged in randomized blocks. A new field
that did not have potato for the previous 2 years was used each
year and field corn was the immediately preceding crop. Other
fertilization, pest management, and irrigation practices were
performed by research station personnel and were according
to UW recommendations, and common to grower practices
used in the region.

Starting at about 40 days after emergence (dae), 40 of the
most recently matured petioles (fourth or fifth from the top of
the plant) were sampled from each plot and samplings contin-
ued every 8 to 12 days for four samplings. Petioles were dried
at 65 °C and ground to pass a 0.63-mm screen. Samples were
extracted with distilled water with analyses performed using a
Lachat autoanalyzer (Lachat Instruments 1996).

Mid-season disease evaluations were conducted twice each
year for early blight and verticillium wilt by visually examin-
ing four 1.0-m2 areas from the center two rows of each plot for
symptoms of each disease. Each area was rated separately for
severity of wilt and early blight on a modified Horsfall-Barratt
scale (Horsfall and Barratt 1945), where 0 is no disease, 1 = 1
to 3 %, 2 = 4 to 6 %, 3 = 7 to 12 %, 4 = 13 to 24 %, 5 = 25 to
50%, 6 = 51 to 76%, 7 = 77 to 88%, 8 = 89 to 94%, 9 = 95 to
97 %, 10 = 98 to 99 %, and 11 = 100 % foliage exhibiting
disease symptoms. The four disease symptom ratings in each
plot were converted to disease severity ( %).

Potato tubers from the two center rows of each plot were
mechanically harvested in late-September each year. The tu-
bers were graded into U.S. No. 1, undersize (not retained on a
5.1-cm screen), and cull (off-shape, green, diseased or
blemished). The U.S. No. 1 tubers were electronically size
graded into <113, 114 to 170, 171 to 284, 285 to 370, 371
to 454, and >454 g categories. Tuber specific gravity was
determined by weighing about 3.6 kg of washed U.S. No. 1
tubers in air and again suspended in water (Kleinschmidt et al.
1984) and specific gravity values converted to tuber dry mat-
ter (USDA 1964). Fifteen of the largest tubers were evaluated
for internal defects. Tuber total N content was measured after
drying (60 °C) an 800-g subsample of U.S. No. 1 tubers,
grinding (<1 mm), and Kjeldahl digestion (Nelson and
Sommers 1973) using a Lachat autoanalyzer (Lachat
Instruments 1992).

Data (tuber total yield, quality parameters, petiole NO3-N,
disease evaluations, tuber N concentration) were statistically
analyzed using PROC ANOVA for a three factor split-split
plot design with fumigation as the main plot, fungicide at
the first split, and N rate or N timing as the final split in
randomized blocks (SAS Institute 1999). Data were analyzed
for each year separately since rainfall and insect pressure were
very different in 2002. Optimum N rates were determined by
regression of total yield for each fumigation/fungicide combi-
nation and year and subsequently choosing the best fit model
(SAS Institute 1999).

Results and Discussion

Nitrogen Rate Study As shown in Table 1, significant tuber
yield and quality increases were seen when the plots were
fumigated. Total yield increased an average of 13.6 Mg ha−1

with fumigation across the 3 years, while percent grade U.S.
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No. 1 increased 9 % and percent of the U.S. No. 1 tubers
greater than 170 g increased 5 %. These are about the same
magnitude of increases seen for fumigation by other re-
searchers (O’Sullivan and Reyes 1980; Ben-Yephet et al.
1983; Davis et al. 1986; Tsror et al. 2005). In addition, in
2000 and 2001, both N rate and fungicide program at times
also positively increased yield and/or quality. However, due to
the sometimes overriding influence of the fumigant, the ben-
efits of higher N rates or using azoxystrobin as a part of the
fungicide program were only seen or were larger when fumi-
gant was used. For example, averaged across 2000 and 2001,
the use of azoxystrobin without fumigant resulted in no
change in total yield (34.9 Mg ha−1 without versus
34.1 Mg ha−1 with azoxystrobin), whereas when fumigant
was used and azoxystrobin included in the fungicide program
total tuber yields increased from 47.0 to 51.8 Mg ha−1.

Similarly, the yield increase from higher N rates was much
more evident where fumigant was applied in 2001. In that
year, average yields for the four N rates without fumigant were
31.6, 34.9, 34.4, and 33.6 Mg ha−1, respectively, and 47.6,
49.2, 52.4, and 54.2 Mg ha−1 with fumigant. Although yields
were increased with N rate in 2000, the fumigant x N rate
interaction was not significant. O’Sullivan and Reyes
(1980), using the variety Kennebec, concluded that response
to N was independent of fumigation. Regression of yield
against N rate for 2000 and 2001 (Fig. 1) shows no yield
increase from more than 220 kg N ha−1 where the plots were
not fumigated even when azoxystrobin was included in the
fungicide program. However, where fumigant was used,
yields continued to increase to at least 275 kg N ha−1 for both
fungicide programs. In addition, azoxystrobin provided about
a 4.8Mg ha−1 yield advantage across all N rates in these years.

Table 1 Effect of fumigant, fungicide and nitrogen rate on Russet Burbank yield and grade at Hancock, Wisconsin, 2000 to 2002

Fumiganta Fungicideb In-season Total yield U.S. No. 1 U.S. No. 1 > 170 g

N rate c 2000 2001 2002 2000 2001 2002 2000 2001 2002

kg ha−1 ———Mg ha−1 ——— —————————————— Mg ha−1 ———————————————

– C 179 29.7 30.3 30.8 20.5 10.3 14.5 5.1 3.0 1.7

– C 224 37.9 38.7 32.3 28.0 15.1 15.2 11.2 5.9 3.0

– C 269 38.2 34.4 31.3 29.8 11.6 14.4 11.0 3.4 1.9

– C 314 38.0 32.0 30.5 28.1 10.6 12.2 10.9 3.2 2.3

– C+A 179 33.2 33.0 32.7 22.9 10.9 14.4 5.0 2.5 1.4

– C+A 224 39.0 31.1 26.9 30.0 11.5 10.8 13.2 2.3 1.5

– C+A 269 32.0 34.4 28.9 22.4 12.7 12.4 10.5 3.9 1.4

– C+A 314 34.7 35.1 31.2 23.6 11.6 12.2 8.0 3.9 2.9

+ C 179 44.4 47.0 39.4 35.1 17.9 24.4 11.9 4.1 5.1

+ C 224 43.3 44.4 43.6 32.9 16.4 25.2 14.2 4.1 5.3

+ C 269 47.2 50.4 42.1 38.2 19.7 25.7 14.9 5.7 7.7

+ C 314 46.5 53.0 38.2 36.7 17.0 20.2 19.8 5.4 5.3

+ C +A 179 47.3 48.2 40.3 35.0 18.3 25.4 8.1 4.0 4.3

+ C +A 224 50.3 54.0 41.7 38.2 23.8 23.4 16.4 8.1 5.1

+ C +A 269 52.9 54.4 40.1 42.8 23.9 23.7 19.3 9.1 6.9

+ C +A 314 52.3 55.4 43.0 43.4 21.0 25.8 22.1 8.2 5.9

Statistically significant factors (P ≤ 0.05)
Fm Fm Fm Fm Fm Fm Fm Fm Fm

N Fg N N N N

FmxFg N FmxN

FmxFg

FmxN FmxFgxN

FmxFgxN

aMetam sodium, fall applied at 346 L ha-1 (Fm)
bWeekly sprays with chlorothalonil (C) at 2.48 L ha−1 , starting at row closure or chlorothalonil alternated with azoxystrobin (0.45 L ha−1 ) (C + A) for a
total of three azoxystrobin sprays (Fg)
c All plots received 34 kgN ha−1 banded near the seed furrow at planting. In-seasonN applied 33% at emergence, 50% at early tuberization, and 17% at
tuberization + 20 days (N)
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These data are similar to the Russet Burbank responses seen
by Miller and Rosen (2005), where in year 1 of their 2-year
Minnesota study, they saw no interaction between N rate and
fungicide program, with yield increasing to the highest N rate
and about the same advantage to using azoxystrobin as was
seen in this experiment. However, in year 2 of their work, N
provided a yield increase where chlorothanonil was used but
no N response where azoxystrobin was included.

As is apparent from the tuber yield and quality data in
Table 1, in 2002 the crop was negatively impacted by factors
other than the imposed treatments. In addition to a 5.8 cm rain
on 10 June, a severe storm of 33.5 cm fell over the 3-day
period of 20 to 22 June. This was after the tuberization (T)
fertilizer N treatment, but before the T + 20 day treatment.
Since this soil only holds about 2.5 cm of water in the top
30 cm of soil (Starr et al. 2005) and this is the zone that
contains most of the potato roots (Tanner et al. 1982), it is
likely that a significant amount of the previously applied N
leached out of the root zone in that year. Furthermore, the
2002 plots were bordered by a Colorado potato beetle exper-
iment. In spite of multiple diverse insecticide treatments, it
was not possible to keep the beetle population in check after
mid-July. For these reasons, treatment effects were much less
apparent in that year than in 2000 and 2001.

Table 1 also shows that fumigation and N had a significant
effect on the yield of U.S. No. 1 tubers and those greater than
170 g. Averaged over all three experiment years, fumigation
increased the percent U.S. No. 1 tubers by 9 % per year,
resulting in an average yield increase of U.S. No. 1 tubers of
10.4Mg ha−1. Results of increasing the N rate on yield of U.S.
No. 1 tubers were inconsistent as an increase was seen in
2000, but there was no significant effect of N in 2001 or
2002. Fumigation increased the yield of the U.S. No. 1 tubers

>170 g from 9.4 to 15.8 Mg ha−1in 2000 and 2.0 to
5.7 Mg ha−1 in 2002, but this parameter was not affected in
2001. Increasing N rate, however, resulted in more large tu-
bers in all years, averaging 4.7, 7.5, 8.0, and 8.2 Mg ha−1 U.S.
No. 1 > 170 g for the four respective N rates. Like the Miller
and Rosen (2005) experiment, this study showed that either
fungicide program resulted in about the same proportion of
tubers >170 g; however, the Minnesota work showed that
where no fungicide was applied this percentage was lower.

Fumigation consistently increased tuber dry matter, aver-
aging 17.8 versus 18.6 % without and with fumigant, respec-
tively (data not shown). Miller and Rosen (2005) also ob-
served an increase in tuber specific gravity where
azoxystrobin was included, whereas we did not. Soltanpour
and Harrison (1974) also saw an increase in specific gravity
where a fungicide was used. Examination of tubers for internal
defects (hollow heart or internal brown spot) showed low
occurrence (<2 %) and no measurable differences between
treatments (data not shown).

In general disease pressure from both diseases was consid-
ered moderate in 2000 and 2001 and more severe in 2002
because of the very wet weather in that year. Although disease
ratings were done twice each year, only the later rating is
shown for 2000 and 2001 as values for the first were generally
low and non-discriminating. At the second evaluation, as
shown in Table 2, early blight severity ratings were signifi-
cantly reduced by including azoxystrobin in the fungicide
program, in both 2000 and 2001. Early blight severity aver-
aged 2.9 % in 2000 and 15.8 % in 2001 where chlorothalonil
was used compared to 1.8 and 7.1 % in those years where
azoxystrobin was included. Interestingly, although the differ-
ence was relatively small, fumigation also affected the early
blight evaluation in 2000 and 2001, averaging 8.3 % without

Fig. 1 Interactive effects of
nitrogen rate and metam sodium
fumigation (– or +) and
chlorothalonil alone (C) or
alternated chlorothalonil and
azoxystrobin (C +A) on average
Russet Burbank yield, 2000 to
2001 at Hancock, Wisconsin
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and 5.5 % with fumigation. As expected, fumigation also sig-
nificantly decreased Verticillium ratings in 2001 and 2002 (the
plots were not rated for Verticillium in 2000). For example,
average ratings on 31 July 2001 without fumigation were 46.6
versus 9.8 % for the fumigated plots. By the time of the final
evaluation in 2002 (13 August), the vegetation was in such
poor condition that it was not possible to distinguish between
early blight or Verticillium symptoms. Similar to the data of
O’Sullivan and Reyes (1980) and Platt and Arsenault (2001),
N rate did not consistently affect either the early blight or
verticillium disease ratings except for the overall rating in
2002 where there was a trend (p = 0.11) for less severe symp-
toms with increasing N rates (93.3, 92.6, 89.9, and 83.4 % for
the 179 to 314 kg ha−1 N rates). Miller and Rosen (2005)
noted reduced levels of early blight at higher N rates even
when azoxystrobin was used, and other researchers saw a
suppression of early blight at higher N rates (Barclay et al.

1973; Soltanpour and Harrison 1974; MacKenzie 1981; Davis
1985). Also, unlike the data from our study and those of
O’Sullivan and Reyes (1980), several researchers reported a
suppression of Verticillium at higher N rates (Davis 1985;
Pennypacker 1989; Davis et al. 1990; Davis and Huisman
2001).

Table 3 shows mid-season and late-season petiole NO3-N
concentrations and tuber N concentration were influenced by
fumigation/fungicide program, and fertilizer N rate. Mid-
season petiole NO3-N levels were significantly affected by
N rate in all years, with average concentrations of 1.05,
1.23, 1.42, and 1.55 % NO3-N for the respective 179 to
314 kg ha−1 N rates; however, these levels, although sampled
at about the same stage of growth, varied substantially from
year-to-year. For example, in 2000 only the highest N rate
showed a sufficient amount of N in the petioles, whereas in
2001 all rates were above the sufficiency level of 1.2 to 1.6 %

Table 2 Effect of fumigant, fungicide and nitrogen rate on early blight and/or Verticillium disease severity at Hancock, Wisconsin, 2000 to 2002

Fumiganta Fungicideb In-season Disease severity d

27 July ‘00 31 July ‘01 24 July ‘02 13 Aug ‘02

N ratec Early blight Early blight Verticillium Early blight Verticillium overall

kg ha−1 —————————————————— % ———————————————————

– C 179 3.2 23,4 53.1 0.6 2.6 97.1

– C 224 3.8 23.4 48.8 1.5 2.0 93.6

– C 269 3.8 13.5 22.3 2.0 2.3 92.7

– C 314 2.3 17.0 61.7 0.9 2.1 92.4

– C+A 179 2.3 7.6 41.2 1.8 1.2 94.1

– C+A 224 2.0 7.6 60.9 1.5 1.8 97.1

– C+A 269 1.5 10.5 31.8 0.9 4.4 100.0

– C+A 314 2.6 8.2 53.1 0.9 0.9 86.5

+ C 179 2.9 2.6 14.1 2.3 0.9 92.7

+ C 224 2.3 2.9 2.3 1.8 1.2 89.2

+ C 269 2.6 9.1 16.4 1.8 0.6 84.8

+ C 314 1.8 19.4 7.6 1.8 0.0 87.7

+ C +A 179 2.0 6.4 16.4 2.6 0.3 89.5

+ C +A 224 0.6 6.4 6.7 0.6 1.5 90.2

+ C +A 269 1.1 3.8 6.4 0.9 1.8 82.4

+ C +A 314 1.8 5.9 3.8 1.2 0.0 66.8

Statistically significant factors (P ≤ 0.05)
Fm Fm Fm Fm Fm

Fg Fg

aMetam sodium, fall applied at 346 L ha-1 (Fm)
bWeekly sprays with chlorothalonil (C) at 2.48 L ha−1 , starting at row closure or chlorothalonil alternated with azoxystrobin (0.45 L ha−1 ) (C + A) for a
total of three azoxystrobin sprays (Fg)
c All plots received 34 kgN ha−1 banded near the seed furrow at planting. In-seasonN applied 33% at emergence, 50% at early tuberization, and 17% at
tuberization + 20 days (N)
dDisease severity ratings based on Horsfall and Barratt (1945) index of 0-11 converted to a percentage

538 Am. J. Potato Res. (2016) 93:533–542



T
ab

le
3

E
ff
ec
to

f
fu
m
ig
an
t,
fu
ng
ic
id
e,
an
d
in
-s
ea
so
n
ni
tr
og
en

ra
te
on

pe
tio

le
N
O
3
-N

le
ve
ls
an
d
tu
be
r
N
up
ta
ke

at
H
an
co
ck
,W

is
co
ns
in
,2
00
0
to

20
02

Fu
m
ig
an
ta

Fu
ng
ic
id
eb

In
-s
ea
so
n

Pe
tio

le
ni
tr
at
e-
N
le
ve
ls

T
ub
er

N

49
–5
5
da
ys

af
te
r
em

er
ge
nc
e

71
–7
4
da
ys

af
te
r
em

er
ge
nc
e

co
nc
en
tr
at
io
n

N
ra
te

c
5
Ju
ly
’0
0

9
Ju
ly
’0
1

9
Ju
ly
’0
2

26
Ju
ly
’0
0

25
Ju
ly
’0
1

2
A
ug
’0
2

20
00

20
01

20
02

—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

%
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

—
—
—
—
—
—

%
—
—
—
—
—
—

kg
ha

-1

–
C

17
9

0.
71

1.
90

0.
43

0.
08

1.
05

0.
69

1.
42

1.
60

1.
46

–
C

22
4

0.
98

1.
91

1.
17

0.
40

1.
05

0.
98

1.
44

1.
63

1.
77

–
C

26
9

1.
09

2.
02

1.
33

0.
28

1.
30

0.
97

1.
30

1.
81

1.
83

–
C

31
4

0.
94

2.
18

1.
33

0.
25

1.
48

0.
99

1.
39

1.
99

1.
78

–
C
+
A

17
9

0.
81

1.
93

0.
81

0.
25

0.
96

0.
62

1.
23

1.
54

1.
07

–
C
+
A

22
4

1.
07

1.
98

0.
81

0.
46

1.
11

1.
00

1.
36

1.
72

1.
91

–
C
+
A

26
9

1.
30

2.
19

1.
33

0.
50

1.
33

0.
71

1.
37

1.
68

1.
94

–
C
+
A

31
4

1.
54

2.
11

0.
58

0.
81

1.
02

1.
29

1.
51

1.
80

1.
77

+
C

17
9

0.
63

2.
00

0.
57

0.
10

1.
05

0.
05

1.
27

1.
72

1.
15

+
C

22
4

0.
97

2.
02

0.
56

0.
53

1.
19

0.
57

1.
43

1.
55

1.
37

+
C

26
9

0.
88

2.
09

0.
67

0.
20

1.
17

0.
58

1.
33

1.
58

1.
53

+
C

31
4

1.
50

2.
16

1.
22

0.
48

1.
45

0.
81

1.
43

1.
77

1.
81

+
C
+
A

17
9

0.
73

1.
74

0.
35

0.
06

0.
92

0.
21

1.
34

1.
44

1.
09

+
C
+
A

22
4

0.
90

1.
80

0.
50

0.
18

1.
09

0.
27

1.
37

1.
54

1.
59

+
C
+
A

26
9

1.
09

2.
17

0.
95

0.
15

1.
34

0.
51

1.
36

1.
46

1.
88

+
C
+
A

31
4

1.
63

2.
33

1.
03

0.
59

1.
22

0.
67

1.
47

1.
48

1.
78

St
at
is
tic
al
ly

si
gn
if
ic
an
tf
ac
to
rs
(P
r≤

0.
05
)

N
N

N
F
m

F
m

F
m

N
N

F
g

F
gx
N

F
gx
N

Fm
xF

gx
N

N

N
Fg

xN

Fm
xF

g

Fm
xN

Fg
xN

Fm
xF

gx
N

a
M
et
am

so
di
um

,f
al
la
pp
lie
d
at
34
6
L
ha

−1
(F
m
)

b
W
ee
kl
y
sp
ra
ys

w
ith

ch
lo
ro
th
al
on
il
(C
)
at
2.
48

L
ha

−1
,s
ta
rt
in
g
at
ro
w
cl
os
ur
e
or

ch
lo
ro
th
al
on
il
al
te
rn
at
ed

w
ith

az
ox
ys
tr
ob
in

(0
.4
5
L
ha

−1
)
(C

+
A
)
fo
r
a
to
ta
lo

f
th
re
e
az
ox
ys
tr
ob
in

sp
ra
ys

(F
g)

c
A
ll
pl
ot
s
re
ce
iv
ed

34
g
N
ha

−1
ba
nd
ed

ne
ar

th
e
se
ed

fu
rr
ow

at
pl
an
tin

g.
In
-s
ea
so
n
N
ap
pl
ie
d
33

%
at
em

er
ge
nc
e,
50

%
at
ea
rl
y
tu
be
ri
za
tio

n,
an
d
17

%
at
tu
be
ri
za
tio

n
+
20

da
ys

(N
)

Am. J. Potato Res. (2016) 93:533–542 539



NO3-N for Russet Burbank at 50 dae as defined by Kelling
(2000). This variation was likely due to the amount of early
season nitrogen leaching that had occurred in the respective
seasons on this very sandy soil, as there were four rainfall
events greater than 2.5 cm between emergence and this petiole
sampling in 2000 versus only one in 2001. In 2002, treatment
variables other than N rate also affected petiole NO3-N con-
centrations, with sufficient amounts present only occurring at
the high N rates where crop growth and perhaps tuber bulking,
were slowed by no fumigation and not using azoxystrobin.
Clearly, the major storm event of 33.4 cm of rainfall on 20
to 22 June 2002 significantly affected crop growth. In addi-
tion, there were two other events greater than 2.5 cm earlier in
June of that year.

By the late-season petiole sampling in late July/early
August, petiole NO3-N concentrations averaged across all
years for the various N rates were 0.50, 0.74, 0.75, and
0.92 %, respectively. However, sufficient N rates (defined as
0.5 to 0.8 % NO3-N for Russet Burbank at 70 dae; Kelling
2000) were present in all treatments in 2001 but only the three
higher N rate treatments without fumigant in 2002. Although
the fungicide x N rate interaction term was significant at this
sampling time in both 2000 and 2001, the results were

inconsistent as NO3-N concentrations generally increased
with increasing N rates, but tended to be higher where
azoxystrobin was used in 2000 and lower for these
treatments in 2001. Miller and Rosen (2005) also saw no
effect of fungicide on petiole NO3-N concentrations, al-
though they concluded their sampling occurred before early
blight pressure was severe. Fumigation generally resulted in
lower petiole NO3-N levels in 2002 for this later sampling, but
was interactive with fungicide and N rate. Similarly,
O’Sullivan and Reyes (1980) also reported lower petiole
NO3-N levels from fumigated plots. It is likely the
fumigation-stimulated increased growth resulted in some di-
lution of tissue nitrate.

Fumigation significantly increased tuber N uptake (to-
tal yield x percent dry matter x tuber N concentration) in
all 3 years of the study, mostly because of the effect of
fumigation on tuber yield as fumigation had less effect on
tuber N concentrations (1.38, 1.72, and 1.69 % N without
fumigant and 1.37, 1.57, and 1.52 % N with fumigant for
each of the 3 years). Nitrogen rate only increased tuber N
concentration in one of three years (Table 3), and the 3-
year tuber N averages were 1.31, 1.53, 1.58, and 1.66 %
N for the four respective N rates.

Table 4 Effect of fumigant, fungicide and in-season nitrogen timing on Russet Burbank yield and grade at Hancock, Wisconsin, 2000 to 2002

Fumiganta Fungicideb N splits c Total yield U.S. No. 1 U.S. No. 1 > 170 g Tuber N concentration

2000 2001 2002 2000 2001 2002 2000 2001 2002 2000 2001 2002

———Mg ha−1 ——— ———————— Mg ha−1 ———————— ———— % ———

– C 2X 40.4 27.5 30.3 29.9 9.1 14.5 13.2 2.5 1.4 1.35 1.60 1.66

– C 3X 38.2 34.4 31.3 29.8 11.7 14.4 11.0 3.4 1.9 1.30 1.81 1.83

– C 4X 32.4 31.0 29.3 22.0 9.0 11.4 6.6 2.5 0.9 1.51 1.74 1.84

– C +A 2X 37.0 26.5 31.7 27.4 7.4 15.8 12.6 2.4 2.9 1.34 1.88 1.81

– C +A 3X 32.0 34.3 28.9 22.4 12.7 12.4 10.5 3.9 1.4 1.36 1.68 1.94

– C +A 4X 33.2 31.7 30.7 24.2 8.6 10.1 9.0 2.7 1.3 1.43 1.75 1.91

+ C 2X 47.3 55.7 41.1 37.8 22.8 24.9 18.9 6.2 6.5 1.27 1.63 0.95

+ C 3X 47.3 50.3 42.1 38.3 19.6 25.7 14.9 5.7 7.4 1.33 1.59 1.53

+ C 4X 48.3 49.5 39.6 37.1 20.3 22.6 14.9 7.1 4.5 1.41 1.78 1.51

+ C +A 2X 55.2 58.5 37.1 43.1 24.0 21.1 22.0 9.1 3.6 1.15 1.57 1.65

+ C +A 3X 52.9 52.6 41.1 42.8 23.1 24.2 19.3 9.0 3.4 1.36 1.46 1.88

+ C +A 4X 48.3 56.6 40.1 37.2 20.9 21.2 16.4 6.5 4.5 1.24 1.66 1.71

Statistically significant factors (P ≤ 0.05)
Fm Fm Fm Fm Fm Fm Fm Fm Fm Fm Fm Fm

Fg FmxNt Nt Nt Fg
FgxNt

Fg
Nt

Nt
FmxNt

FmxFg FmxNt

aMetam sodium, fall applied at 346 L ha−1 (Fm)
bWeekly sprays with chlorothalonil (C) at 2.48 L ha−1 , starting at row closure or chlorothalonil alternated with azoxystrobin (0.45 L ha−1 ) (C + A) for a
total of three azoxystrobin sprays (Fg)
c All plots received 34 kg N ha−1 banded near the seed furrow at planting and 269 kg ha−1 of in-season N banded on the hill with 2X = 33 % at emergence
(E) and 67 % at tuberization (T); 3X = 33 % at E, 50 % at T, and 17 % at T + 20 days; 4X = 33 % at E, 33 % at T, 17 % at T + 20 days, and 17 % at T +
40 days (Nt)
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Nitrogen Timing Study The influence of splitting a single
rate of in-season fertilizer N (269 kg ha−1) into two, three,
or four applications on crop performance is shown in
Table 4. As with the N rate experiment, these data show
that fumigation significantly increased tuber yield and
quality in all 3 years, and in one of the years using
azoxystrobin increased yields on the fumigated plots.
Where N timing effects were significant, splitting the N
especially into four applications tended to reduce yields
(2000 p = 0.07, or in 2001 on fumigated areas) or U.S.
No. 1 (2002) and large tubers (2000 or 2001 where
azoxystrobin was used). Apparently at this rate of N, the
last fertilizer N application at tuberization plus 40 days
was too late to maintain yield or quality in spite of the
significant amount of leaching that occurred in 2000 and
2002. It is also likely that the Colorado beetle problem in
2002 kept the crop from being able to effectively utilize
this mid-July application. Other studies on this soil have
also seen lower tuber yields and/or quality where N ap-
plications are after mid-July (Kelling and Speth 1998;
Kelling et al. 2015).

Since the emergence application of N was made as ammo-
nium sulfate and since potatoes tend to perform better with
nitrate or a mixture of forms (Hendrickson et al. 1978; Cao
and Tibbitts 1993; Kelling et al. 2011), these data provide
some indirect evidence that fall fumigation does not impede
potato use of early-season applied ammonium-N. Other re-
searchers also observed no difference in yield when various
N forms were used following fumigation (Davis et al. 1986).
Reviews by Pennypacker (1989) and Lazarovits et al. (1997)
report several studies where plants fertilized with ammonium
sulfate showed a delay in Verticillium symptoms and senes-
cence. In the experiment reported here, the timing of the N
applications had no measurable effects on any of the disease
evaluations in any of the years (data not shown). Miller and
Rosen (2005) also concluded that post hilling N applications
were not effective in managing disease or improving yield;
however Davis et al. (1994) observed reduced verticillium
severity where N was split versus a single application.

In general, the treatments that increased yield (fumi-
gant and azoxystrobin in some years) resulted in de-
creased tuber N by dilutions with higher yields in 2000
and 2002, whereas application of N later in the season
resulted in higher tuber N concentrations (Table 4).
Apparently this later applied N moved into the tuber, but
was not in place in time to increase total yield.

Conclusions

These experiments showed that fumigation substantially in-
creased tuber yield by an average of over 13Mg ha−1, and this
treatment also increased tuber grade, size, and dry matter. In 2

of the 3 study years where fumigant was not used, little re-
sponse was seen to better early blight control with
azoxystrobin or using higher rates of N fertilizer; however,
with fumigation, including azoxystrobin in the fungicide pro-
gram increased yields by 4.8 Mg ha−1 and yields responded to
an additional 50 kgN ha−1. Most of these improvements could
be attributed to an increase in tuber size. In the third year,
severe N leaching and incomplete late-season Colorado potato
beetle control restricted these responses. It is clear that the
benefits of extra N and more effective blight control can only
be expressed when other yield-limiting factors such as
Verticillium or insects are adequately controlled. Disease eval-
uations showed the effectiveness of the various fumigation
and fungicide treatments, but unlike other studies, additional
N did not reduce Verticillium on Alternaria symptom expres-
sion. Nitrogen rate distinctly increased petiole NO3-N and in
1 year tuber N concentrations; however, fumigation and/or
azoxystrobin treatment tended to reduce plant N concentra-
tions due to dilution by more growth. As has been seen in
other studies on this soil, excessive splitting of the N (espe-
cially in non-leaching years) reduced yield and quality, sug-
gesting that most of the N should be applied by early bulking.

These experiments confirm that fumigation and the use of
azoxystrobin can increase yields substantially and this in-
crease in yield potential necessitates increased levels of fertil-
izer N. Application of the majority of the in-season N should
be made by early bulking even where crop protectants are
used to extend the growing season.
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