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Abstract

Early blight is an economically important foliar disease of potato in the
United States. Because of the lack of resistant potato cultivars, fungicides
are applied extensively to obtain adequate control. To manage early
blight, standard protectant fungicides and single-site mode-of-action
“specialty” fungicides are applied either alone or incorporated into a fun-
gicide rotation program. Control efficacy at two crop growth stages
(tuber initiation/early bulking and late bulking/tuber maturation) and
the overall tuber yield response to standard and specialty fungicides were
assessed using network metaanalytic models. Control efficacy of fungi-
cides ranged frommoderate to very high (>30 to 75%) compared with the

nontreated control. For both potato growth stages, specialty fungicides
performed better than standard protectant fungicides. Furthermore, con-
trol efficacy of both fungicides was higher (3 to 9%) at late bulking and
tuber maturation when compared with early bulking crop growth stage.
Specialty fungicide programs increased overall tuber yields by 4 and
9% over standard fungicides and nontreated control, respectively. Based
on the results, more precise fungicide use recommendations and fungi-
cide programs can be developed for early blight management.
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Early blight, caused by the fungus Alternaria solani, is an impor-
tant foliar disease in several potato-growing regions across the globe.
Characteristic foliar symptoms caused by A. solani include small dis-
crete lesions with a concentric ring pattern (Franc and Christ 2001;
Gudmestad et al. 2013). Later in the growing season, early blight le-
sions may coalesce, causing defoliation and thus, reducing potato
yield (Franc and Christ 2001; Rotem 1994). In some instances, sig-
nificant yield loss has been reported owing to early blight epidemics
(Christ and Maczuga 1989; Olanya et al. 2009; Rotem and Feldman
1965; Shtienberg et al. 1990). A 2018 study demonstrated that rela-
tive yield loss owing to early blight severity was higher at the early
bulking stage than the late bulking and tuber maturation stage
(Yellareddygari et al. 2018).
Fungicide applications are the primary method to manage early

blight owing to lack of resistant potato cultivars. Pathogen develop-
ment and disease establishment can be suppressed by the timely ap-
plication of foliar fungicides. In the midwestern United States,
growers frequently begin applying foliar fungicides before disease
inception and continue every 7 to 10 days until the end of potato-
growing season. Standard fungicides, which are less expensive and
have a broad spectrum mode of action (e.g., chlorothalonil and
mancozeb), are traditionally applied for early blight management
(Gudmestad et al. 2013; Holm et al. 2003). However, standard fungi-
cides have reduced efficacy under intense disease pressure conditions,
and this has led to increased use of single site-specific mode-of-action
fungicides (Gudmestad et al. 2013; Pasche and Gudmestad 2008).
Hereafter, single site-specific fungicides will be referred to as “spe-
cialty fungicides” owing to their premium price, higher degree of effi-
cacy, and more narrow spectrum of activity on other foliar pathogens
when compared with standard protectant fungicides. Specialty fungi-
cides, such as azoxystrobin, pyraclostrobin from the quinone outside
inhibitor class (QoI), and boscalid from the succinate dehydrogenase-
inhibiting (SDHI) group, have been extensively used for success-
ful management of early blight suppression in the United States

(Pasche and Gudmestad 2008; Stevenson and James 1999). However,
development of resistant mutations in A. solani has rendered spe-
cialty fungicides ineffective for the management of early blight in
the United States (Bauske et al. 2018a, b; Gudmestad et al. 2013;
Mallik et al. 2014; Pasche and Gudmestad 2008; Pasche et al. 2004).
In a 2016 study, the overall efficacy of specialty fungicide-based

application programs and standard fungicideswas estimatedwith respect
to early blight disease development and potato yield (Yellareddygari
et al. 2016). However, this study only demonstrated whether any sig-
nificant differences existed among specialty-based applications and
standard and control treatments for the study parameters of disease
development and tuber yield. Actual control efficacy and yield re-
sponse differences among treatments were not estimated. Control ef-
ficacy is the effect of fungicide on early blight control as determined
by labeled instructions. A study quantifying the percentage of early
blight control owing to standard or specialty fungicide applications
will provide additional information that may assist producers in mak-
ing management decisions. Therefore, the objective of this study was
to assess whether there is decline or increase in control efficacy of
specialty fungicides compared with standard fungicide programs
and resultant tuber yield. The comparisons were made among fungi-
cide treatments applied at the tuber initiation and early bulking or at
the late bulking-tuber maturation growth stages.

Materials and Methods
A total of 12 field trials were conducted in North Dakota and

Minnesota from 2003 to 2014 under an overhead irrigation system.
The experimental design for all field trials was a randomized com-
plete block design with four replications per treatment. The early
blight susceptible cultivar Russet Burbank potato was planted during
2003 to 2007 trials, and susceptible cultivar Ranger Russet was
planted in the 2008 to 2014 field trials. All agronomic practices rel-
evant to potato-growing regions of North Dakota and Minnesota
were performed by our research group or grower cooperator (Bohl
and Johnson 2010). Pathogen inoculations for disease development
and subsequent fungicide applications were performed as previously
described (Pasche and Gudmestad 2008; Yellareddygari et al. 2016).
Experimental units consisted of four rows ~7.0 m2 in size, with dis-
ease severity visually assessed at the plot level in four 1-m areas from
the center two rows. For 12 trials, disease severity was rated by a sin-
gle evaluator (R. J. Taylor). Early blight severity was assessed as
percentage of foliage (in 1-m areas) showing chlorotic lesions and se-
nescent foliage typical of A. solani infections. The percentage of
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early blight severity from four 1-m areas was averaged. As described
elsewhere, 11 weekly disease ratings were performed over the crop-
growing season (Yellareddygari et al. 2016, 2018). Disease ratings
were low (<5%) during vegetative growth and flowering crop growth
stages (weeks 1 to 6), and they were not considered for metaanaly-
sis, because the results may be biased (Dalla Lana et al. 2018; Reis
et al. 2008). For each trial, weekly ratings were averaged into two
stages of potato development: tuber initiation to early bulking (weeks
7 to 9) and late bulking-tuber maturation (weeks 10 and 11) (Miller
and Hopkins 2008; Yellareddygari et al. 2018). Therefore, fungicide
control efficacy was estimated separately at two growth stages. At the
end of the growing season, vines were mechanically flailed, and tuber
yield was recorded ~1 week later. Although disease was measured at
two crop growth stages, only overall tuber yield response was esti-
mated relative to treatment applications over the entire growing
season.
Selection criteria. Trials included in this study satisfied the cri-

teria of having similar experimental design and treatment types.
Overall, 10 fungicide applications were performed during each
potato-growing season. Studies evaluating specialty fungicides, stan-
dard protectant fungicide, and nontreated control were selected. Fur-
thermore, specialty fungicides were classified based on QoI and
SDHI group chemical fungicides; they were always applied in rota-
tion with other fungicide classes and hereafter, will be referred as
group 1 and group 2 specialty fungicides, respectively (Table 1).
Each specialty group fungicide treatment included three and seven
applications of single-site mode-of-action fungicide and standard
protectant, respectively.
Overall efficacy and yield response. For each trial, separate lin-

ear mixed models were fitted to estimate mean disease severity and
yield for all treatments evaluated. In the mixed model, treatment
was considered as a fixed effect, and block was considered as a ran-
dom effect. The estimates and residual variance for each trial were
obtained using SAS Mixed procedure (Littell et al. 2006). The treat-
ment estimates and residual variance were used for network meta-
analysis (Dalla Lana et al. 2018).
Separate network (multitreatment) metaanalysis was fitted for se-

verity index and yield response after log transformation was applied
to the estimated means (Madden and Paul 2011; Paul et al. 2008).
The SASMIXED procedure was used to fit the models as previously
described (Madden et al. 2016; Paul et al. 2008). The mixed models
can be written as (Dalla Lana et al. 2018):

Yi~N
�
m++ Si

�

where Yi is the vector of log mean-transformed mean response (dis-
ease severity or yield) for the treatments for the ith study, N repre-
sents multivariate distribution, m represents the mean Yi across all
studies, + represents between-study variance matrix, and Si is the
within-study variance for the ith study.
The overall log mean response ratios (fungicide to nontreated con-

trol) and respective confidence intervals (CIs) were estimated for

each fungicide relative to the nontreated control for disease (�LSev)
and yield (�LYld) using estimate statements in Mixed procedure in
SAS (Dalla Lana et al. 2018). This procedure was repeated to obtain
log mean response ratios (specialty fungicide to standard fungicide)
and respective CIs for the specialty fungicide relative to standard fun-
gicide. Overall mean percentage of early blight disease control
(�CSev), tuber yield response (�YYld), and their corresponding 95%
CIs were obtained by back transforming the log data (Dalla Lana
et al. 2018; Paul et al. 2008). Back transformation is applied for over-
all mean percentages of early blight control and tuber yield response
as �CSev = [1 − (exp(�LSev)] × 100 and �YYld = [1 − (exp(�LYld)] × 100,
respectively. The presence of heterogeneity among studies was not
studied, because metaanalysis included only a small number (12)
of studies.

Results
Early bulking crop growth stage. Early blight severity varied

considerably among treatments. At early bulking growth stage, the
difference between low- and high-severity median values was
25.13% (Table 2). Disease severity was higher for standard fungi-
cides compared with that of specialty fungicides. Median early blight
severity values in nontreated control were >7 and 49% in more than
three-quarters and one-quarter of the studies, respectively.
Networkmetaanalysis results demonstrated that all fungicide treat-

ments significantly reduced early blight disease severity compared
with the nontreated control (�LSev < 0; P value < 0.05) (Table 3). Com-
pared with standard fungicides, specialty-based fungicide applica-
tions significantly lowered early blight disease severity (�LSev < 0;
P value < 0.05). Estimates of mean disease control efficacy �CSev

(obtained after back transforming �LSev) were high (>64%) for spe-
cialty fungicides compared with the nontreated control followed by
comparison with standard fungicides (>30%). Standard fungicide
applications resulted in 49% improved control compared with the
nontreated control.
Late bulking and tuber maturation crop growth stage. Early

blight severity and yield response varied substantially among treat-
ments and trials. Median disease severity and yield among treatments
ranged from 18.25 to 90.93% and from 55.35 to 59.95 mt/ha, respec-
tively (Table 2). The difference between low- and high-severity me-
dian values was 72.68%, andmaximum andminimum yields differed
by 5.25 mt/ha. Median early blight severity values in the nontreated
control were >36 and 99% in more than three-quarters and
one-quarter of the studies, respectively. Also, tuber yields were
>48 and <60 mt/ha in three-quarters and one-quarter of the stud-
ies, respectively.
During late bulking and tuber maturation stage, all treatment appli-

cations significantly lowered disease severity when compared with
the nontreated control (�LSev < 0; P value < 0.05) (Table 4). Further-
more, specialty-based fungicides significantly reduced early blight
disease severity compared with standard fungicide (�LSev < 0; P value
< 0.05). Mean disease control estimates (�CSev) of all fungicides

Table 1. Treatments evaluated in a network metaanalysis of 12 field trials conducted in North Dakota and Minnesota from 2003 to 2014a

Year SF group 1 (active ingredient) SF group 2 (active ingredient) StdF (active ingredient)

2003 Pyraclostrobin + mancozeb Boscalid + mancozeb Chlorothalonil
2004 Famoxadone + mancozeb Boscalid + chlorothalonil Mancozeb
2005 Pyraclostrobin + pyremethanil + chlorothalonil Boscalid + famoxadone + chlorothalonil Mancozeb
2006 Famoxadone + pyremethanil + mancozeb Boscalid + pyraclostrobin + chlorothalonil Mancozeb
2007 Pyraclostrobin + pyremethanil + chlorothalonil Boscalid + famoxadone + mancozeb Chlorothalonil
2008 Pyraclostrobin + pyremethanil + mancozeb Boscalid + famoxadone + mancozeb Mancozeb
2009 Pyraclostrobin + pyremethanil + mancozeb Difenoconazole + mandipropamid + chlorothalonil Chlorothalonil
2010 Fenamidone + pyremethanil + chlorothalonil Difenoconazole + mandipropamid + chlorothalonil Mancozeb
2011 Fenamidone + pyremethanil + chlorothalonil Difenoconazole + mandipropamid + chlorothalonil Chlorothalonil
2012 Fenamidone + pyremethanil + chlorothalonil Boscalid + famoxadone + mancozeb Chlorothalonil
2013 Fenamidone + pyremethanil + chlorothalonil Boscalid + pyraclostrobin + chlorothalonil Chlorothalonil
2014 Fenamidone + pyremethanil + chlorothalonil Fluopyram + pyremethanil + mancozeb Mancozeb

a The plus sign indicates alternation with fungicides with different active ingredients. There was nontreated treatment for all trials. SF, specialty fungicide;
StdF, standard fungicide.
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Table 3. Effect size estimates, associated statistics, and percentage disease control of potato early blight for fungicides applied at early bulking growth stage
evaluated in 12 field trials conducted from the 2003 to the 2014 potato crop-growing seasons

Fungicidea

Effect sizeb Percentage disease controlc

�LSev SE CILower CIUpper P value �CSev YLower YUpper

SF1 versus Ctl –1.069 0.240 –1.557 –0.581 <0.0001 65.67 78.93 44.07
SF2 versus Ctl –1.034 0.244 –1.531 –0.538 0.0002 64.45 78.37 41.59
StdF versus Ctl –0.672 0.209 –1.098 –0.247 0.0029 48.94 66.64 21.85
SF1 versus StdF –0.397 0.135 –0.672 –0.122 0.006 32.77 48.95 11.47
SF2 versus StdF –0.362 0.143 –0.653 –0.071 0.0163 30.39 47.97 6.86

a Ctl, nontreated control; SF1, specialty fungicide group 1; SF2, specialty fungicide group 2; StdF, standard fungicide.
b Overall mean log response ratios (�LSev) for the effect of treatment versus treatment comparison on early blight severity, associated standard error (SE), lower
(CILower) and upper (CIUpper) limits of the 95% confidence interval, and probability value (P value).

c Mean percentage control (�CSev) estimated by back transforming (�LSev) and associated lower (YLower) and upper (YUpper) limits of the 95% confidence interval.

Table 2. Summary statistics for early blight severity and tuber yield for treatments evaluated in a network metaanalysis of 12 field trials conducted in North
Dakota and Minnesota from 2003 to 2014 using cultivars Russet Burbank and Ranger Russeta

Fungicide: code and active ingredient N

Severity (%) at tuber
initiation-early bulking

Severity (%) late bulking-
tuber maturation Yield (mt/ha)

Median Q1 Q3 Median Q1 Q3 Median Q1 Q3

Nontreated
– 48 30.2 7.4 49.6 90.9 36.3 99.7 55.4 48.7 59.5

SF group 1
Pyraclostobin/famoxadone + fenamidone +
pyrimethanil + chlorothalonil/mancozeb

48 5.4 2.5 9.3 18.3 5.3 85.6 60.0 52.9 64.3

SF group 2
Boscalid/fluopyram + pyrimethanil +
difenoconazole + pyraclostrobin/
famoxadone + chlorothalonil/mancozeb

48 5.0 1.3 8.4 23.9 5.3 91.5 58.6 54.7 61.9

StdF
Chlorothalonil/mancozeb 48 8.3 3.8 22.6 39.1 11.6 95.8 55.9 50.2 61.4

a The plus sign indicates alternation with fungicides with different active ingredients. For any given field trial, two different active ingredient specialty fungicides
were rotated with either of the standard protectant fungicides (except in 2003 and 2004 trials). Q1, quartile 1; Q3, quartile 3; SF, specialty fungicide; StdF,
standard fungicide.

Table 5. Effect size estimates, associated statistics, and calculated tuber yield response for fungicides evaluated in 12 field trials conducted from the 2003 to 2014
potato crop-growing seasons

Fungicidea

Effect sizeb Yield responsec

�LYld SE CILower CIUpper P value �YYld YLower YUpper

SF1 versus Ctl 0.089 0.013 0.062 0.116 <0.0001 9.29 6.37 12.28
SF2 versus Ctl 0.090 0.014 0.060 0.119 <0.0001 9.40 6.22 12.67
StdF versus Ctl 0.047 0.012 0.023 0.071 0.0004 4.81 2.29 7.40
SF1 versus StdF 0.042 0.008 0.026 0.058 <0.0001 4.27 2.59 5.98
SF2 versus StdF 0.043 0.010 0.023 0.063 0.0001 4.37 2.30 6.49

a Ctl, nontreated control; SF1, specialty fungicide group 1; SF2, specialty fungicide group 2; StdF, standard fungicide.
b Overall mean log response ratios (�LYld) for the effect of treatment versus treatment comparison on early blight severity, associated standard error (SE), lower
(CILower) and upper (CIUpper) limits of the 95% confidence interval, and probability value (P value).

c Mean percentage control (�YYld) estimated by back transforming (�LYld) and associated lower (YLower) and upper (YUpper) limits of the 95% confidence interval.

Table 4. Effect size estimates, associated statistics, and percentage disease control of potato early blight for fungicides applied at late bulking and tuber
maturation growth stage in 12 field trials conducted from the 2003 to 2014 potato crop-growing seasons

Fungicidea

Effect sizeb Percentage disease controlc

�LSev SE CILower CIUpper P value �CSev YLower YUpper

SF1 versus Ctl –1.372 0.131 –1.639 –1.105 <0.0001 74.65 80.59 66.88
SF2 versus Ctl –1.423 0.174 –1.776 –1.070 <0.0001 75.90 83.07 65.69
StdF versus Ctl –0.733 0.143 –1.024 –0.441 <0.0001 51.93 64.09 35.65
SF1 versus StdF –0.640 0.110 –0.864 –0.415 <0.0001 47.25 57.85 33.99
SF2 versus StdF –0.690 0.160 –1.015 –0.366 0.0001 49.86 63.77 30.62

a Ctl, nontreated control; SF1, specialty fungicide group 1; SF2, specialty fungicide group 2; StdF, standard fungicide.
b Overall mean log response ratios (�LSev) for the effect of treatment versus treatment comparison on early blight severity, associated standard error (SE), lower
(CILower) and upper (CIUpper) limits of the 95% confidence interval, and probability value (P value).

c Mean percentage control (�CSev) estimated by back transforming (�LSev) and associated lower (YLower) and upper (YUpper) limits of the 95% confidence interval.
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increased by >9% when compared with treatments applied at early
bulking crop growth stage. At this growth stage, specialty-based ap-
plications resulted in 47 to 49% estimated mean control efficacy
compared with standard fungicides. All fungicides resulted in higher
mean control efficacy (>50%) compared with the nontreated control.
Tuber yield response was also significantly increased by all fungi-

cides compared with nontreated control (�LYld > 0; P value < 0.05)
(Table 5). Potato tuber yields were increased significantly for specialty-
based fungicides relative to standard fungicides. Specialty-based ap-
plications and standard fungicides demonstrated >9 and 5% overall
tuber yield response relative to the nontreated control, respectively.
Also, specialty-based fungicides resulted in a 4.2 to 4.3% higher
yield response compared with standard fungicides.

Discussion
This is the first attempt to quantify percentages of disease control

efficacy between standard protectants and specialty-based fungicide
application programs for potato early blight management. From a
disease management and crop economics standpoint, the results are
important for growers and researchers in making appropriate recom-
mendations for timely fungicide applications to maximize effective
disease control and economic return.
Percentage control efficacy of fungicides at both potato growth

stages was significantly different when compared with the nontreated
control. This high percentage (>30 to 75%) of disease control indi-
cates that a fungicide application is warranted throughout the
potato-growing season for adequate management of early blight.
Several fungicides categorized into various chemical groups are
readily available for disease management. For both crop stages,
specialty-based fungicide application programs have superior perfor-
mance in combating early blight. Overall, efficacy control of spe-
cialty fungicides is 29 to 35% higher than standard protectant
fungicides. The higher cost of specialty fungicides may be negligible
owing to their high-percentage control of disease severity when com-
pared with less expensive standard protectant fungicides. A detailed
cost–benefit analysis on the economics of fungicide costs versus
yield benefits is warranted, because it is likely influenced by the spe-
cific market sector (table versus process) within the potato industry.
Compared with the early bulking growth stage, standard protectant

fungicides and specialty group fungicides applied at late bulking crop
growth stages resulted in 3 and 10%greater early blight control than the
nontreated control, respectively. This indicates that treatments signifi-
cantly improved disease control even under high-disease pressure con-
ditions. Early blight severity is high later in the growing season when
senescing leaves/plants are easily infected, resulting in necrosis (Holm
et al. 2003). Furthermore, specialty-based fungicide applications signif-
icantly outperformed standard fungicides, having 17% higher efficacy
at late bulking and tuber maturation growth stage. This indicates that
specialty-based fungicide application continues to be effective until
the end of the crop -growing season. However, a previous study pre-
dicted that yield loss owing to early blight severity at early bulking crop
stage is 13% higher than during the late bulking growth stage (Yellar-
eddygari et al. 2018). Despite the fact that both fungicide groups have
high early blight control efficacy at the late bulking crop growth stage,
it is not surprising that the timing of fungicide applications at early
bulking crop stage is critical for maximizing tuber yield, because this
foliage has the highest potential for accumulating dry matter compared
with senescing foliage later in the growing season.
Fungicide applications increased tuber yields by 4 to 9% compared

with the nontreated control. Also, tuber yield significantly improved by
4% for specialty fungicide groups compared with standard protectant
fungicides. The improved disease control and higher tuber yields are
consistent with previous study results, demonstrating an inverse rela-
tionship between early blight and yield (Yellareddygari et al. 2016,
2018). Improved yields may be the direct result of fungicide applica-
tion minimizing the loss of green area of the leaf and thereby, improv-
ing plants’ ability to photosynthesize and store tuber constituents
(Horsfield et al. 2010). Future studies analyzing the overall control ef-
ficacy and tuber yields separately for each specialty fungicidemay pro-
vide detailed information on benefits of fungicide rotation programs.

In the study reported here, it is clear that specialty fungicides in ro-
tation with other fungicides result in significant improvement of early
blight disease control as well as an increased tuber yield response.
Fungicide rotation programs are necessary to manage early blight se-
verity below a level that substantially impacts yield (Yellareddygari
et al. 2016). Furthermore, continuous monitoring of resistance in the
pathogen populations is key for safeguarding existing fungicides and
recommending new fungicide rotation programs.
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