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Abstract. Informed assessment of priority genetic traits in plant breeding programs is
important to improve the efficiency of developing cultivars suited to current climate and
industry needs. The efficiency of genetic improvement is critical for perennial crops such
as cranberries, as they usually involve more resources, time, and funding compared with
other crops. This study investigated the relative importance of cranberry producers’
preferences for breeding traits related to fruit quality, productivity, plant physiology,
and resistance to biotic and abiotic stresses. Industry responses revealed that fruit
characteristics affecting fruit quality, including firmness, fruit size and anthocyanin
content, and resistance to fruit rot, were themost desired traits in new cranberry cultivar
release. These traits have the potential to increase the quality standards needed to process
high-value sweetened dried cranberry products, positively affecting price premiums
received by producers, which is critical for the economic viability of the cranberry
industry. Our findings will be useful to breeders and allied scientists seeking to develop an
advancedDNA-based selection strategy that would impact the global cranberry industry.

North America, led by the United States,
is the world’s largest producer of cranberries
(Vaccinium macrocarpon Ait.). In 2016, the
United States produced 68% (419,606 t) of
the global cranberry production, followed by
Canada with 29% (179,574 t) (CMC, 2016;
FAOSTAT, 2016). In 2017, the states with
the highest cranberry production in the United
States were Wisconsin (240,538 t), Massachu-
setts (95,370 t), New Jersey (26,090 t), Oregon
(17,211 t) and Washington (7233 t) (CMC,

2017). In Canada, British Columbia and Que-
bec (CMC, 2017) are the provinces with the
highest cranberry production. The dissemina-
tion of health benefit research findings derived
from cranberry consumption (Forney and Kalt,
2011; Huang et al., 2016; Song et al., 2016)
has led to an increase in consumption and
production in the United States. Cranberry
production in theUnited States increased 46%
from 2004 to 2016 (USDA NASS, 2017a),
positively impacting the economy of the

production regions (Alston et al., 2014). From
2009 to 2012, Alston et al. (2014) estimated
that the processing cranberry industry was
responsible for $3.55 billion annually in
value-added output in the United States and
$411 million in Canada. Employment was
positively affected, as 11,600 jobs were cre-
ated in the United States and 2700 in Canada.
In the United States, over 95% of the cran-
berry production is destined for processing,
whereas only 3% to 5% is used for fresh fruit
consumption (average data for 2014 to 2016,
USDA NASS, 2017b). In the last 25 to 30
years, cranberry products have gone through
continuous diversification. Until 2010, cran-
berry juice cocktail products constituted the
largest market share. However, after 2010,
sweetened-dried-cranberries (SDC) became
the most popular processing product, being
used as a component of breakfast cereals,
energy bars, and baked goods, among others
(Vorsa and Johnson-Cicalese, 2012). Despite
the production increase, the United States
cranberry industry is facing multiple chal-
lenges that are affecting stakeholders’ profit-
ability (FCE, 2015).

Cranberry production increased substan-
tially during the last decade primarily due to
improved management practices and the
adoption of new cultivars. Also during that
time, the cranberry industry shifted from
primarily processing fruit for juice produc-
tion to a duel production stream of juice and
SDCs (Nolte, 2015; Serres, 2017). The latter
product requires specific quality characteris-
tics of individual fruit to maximize the end
product quality and production efficiency.
About 20% to 30% of the annual cranberry
production is diverted from SDC processing
lines to the lower-value single-stream juice
production lines, because those berries do not
meet the quality specifications for SDCs (R.
Serres, personal communication). As a result,
the overall price of cranberry production has
decreased (USDA-ERS, 2017), compromising
producers’ profitability. Another challenge is
the new regulation requiring labeling if the
processed cranberry product has added sugar
(U.S. FDA, 2016). Raw cranberries are espe-
cially tart due to their low sugar content and
high acidity. For this reason, cranberry prod-
ucts have sugars added to make them palat-
able. The risk with the new FDA Nutrition
Facts Label regulation is that consumers will
avoid nutrient dense foods, such as cranberry,
that have added sugars to improve palatability
(U.S. FDA, 2018). Other production chal-
lenges, include increasing disease and insect
pressures with concurrent restrictions on cer-
tain pest control products, as well as climate
change (Vorsa and Johnson-Cicalese, 2012).
Development of new cranberry cultivars exhib-
iting the fruit-quality standards demanded by
the SDC industry, while overcoming other
production challenges, will enhance the growth
of the cranberry industry in North America and
worldwide. It is believed that the release of new
cultivars with increased and consistent yields
and high anthocyanin content were responsible
for the increase in cranberry demand (Vorsa
and Johnson-Cicalese, 2012).
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Traditional cranberry breeding (V. macro-
carpon Ait., 2n = 2x = 24) is a long process,
taking 10 to 30 years from the original cross to
cultivar release. This process often results in the
improvement of only a few traits (Vorsa and
Johnson-Cicalese, 2012). The recent expansion of
genomic resources for cranberry makes the appli-
cation of marker-assisted selection (MAS) a feasi-
ble and cost-effective breeding method for this
crop (Covarrubias-Pazaran et al., 2016; Daverdin
et al., 2017; Schlautman et al., 2017). MAS is
a critical complement for cranberry breeding, due
to lengthy selection cycles for cultivar develop-
ment. In the last 10 years, MAS has become
a cost-effective strategy for crop improvement
programs by increasing selection efficiency, thus
shortening cultivar development time (Yang et al.,
2015). However, the application ofMAS technol-
ogies requires extensive training, knowledge, and
significant initial investment to generate genomic
resources. For this reason, breeding efforts should
focus on traits of maximum value (Alpuerto et al.,
2009; Luby and Shaw, 2001). Determining breed-
ing priorities is challenging, since trait relevance
often varies across the supply chain. As a result,
only a few studies have investigated trait priorities
for plant breeding programs (Gallardo et al., 2012,
2018; Yue et al., 2013).

To date, no study has been conducted to
determine cranberry stakeholder preferences
for plant and fruit quality traits. Grower
associations and commodity commissions at
the regional level in the United States and
Canada define research priorities providing
useful information on producer’s priorities
relevant to superior cultivars. However, not
all priorities are necessarily focused on prob-
lems that can be addressed through breeding.
Past and current breeding efforts in cran-
berries have prioritized 1) increased and
consistent yields; 2) increased vine vegeta-
tive vigor during establishment years; 3)
increased fruit anthocyanin content; and 4)
disease resistance. However, there is a grow-
ing need to focus on other traits, such as
tolerance to pest and abiotic stress, as well as
to effectively pyramid multiple traits, as they
become relevant to the success of the industry
(Vorsa and Johnson-Cicalese, 2012).

The objectives of this study were to iden-
tify and prioritize cranberry producers’ pref-
erences for fruit and plant quality traits. In
addition, the most important traits are dis-
cussed to capture the status of scientific
knowledge based on published phenotyping
and genetic studies in cranberry. This infor-
mation will provide guidance for the choice of
goals/objectives for breeders and allied scien-
tists to facilitate the selection of improved
cranberry cultivars as perceived by producers.

Methods

Survey design
Research priorities from state/provincial

cranberry commodity groups (Massachu-
setts, Wisconsin, and British Columbia, Can-
ada), and from two national or regional
research organizations (USDA-ARS Na-
tional Clonal Germplasm Repository Small
Fruit Crop Germplasm Committee and the
Cranberry Institute) were extracted from re-
cent grant proposal requests and research
priority recommendations. Thesewere grouped
according to the production-related needs (e.g.,
pest and disease related traits) to identify
clusters of fruit and plant traits that could
directly or indirectly affect cranberry indus-
try profitability. Hereafter, the term ‘‘cranberry
industry’’ refers to nurseries, producers,
packers, processors, breeders, and nonbreeder
researchers. Five trait clusters were derived
from this list, including 1) fruit quality, 2)
disease resistance, 3) arthropod pest resistance
(note that the survey used ‘‘insect pest re-
sistance’’ to refer to arthropod pest resistance,
which we use hereafter, because some pests are
not true insects), 4) plant stress tolerance, and
5) other plant traits. Each cluster of traits
included an ‘‘other trait’’ option in case we
missed an important trait in the list of traits
presented to the respondents. The survey form,
which was approved by the Institutional Re-
view Board, Washington State University IRB
#15708, is available at the Planning Project
webpage https://pgnglab.plantsforhumanhealth.
ncsu.edu/vaccinium-project/survey/.

Firmness, fruit size, anthocyanin content,
shelf life, flavor, and sweetness were in-
cluded in the fruit quality cluster. The disease
resistant traits included bitter rot (Colletotri-
chum spp.), cottonball (Monilinia oxycocci),
cranberry canker (auxin-producing bacteria),
early rot and phyllosticta leaf drop (both
caused by Phyllosticta vaccinii), fairy ring
(Helicobasidium sp.), false blossom (16SrIII
group phytoplasma), field fruit rot (various
fungal species), leaf spots (various fungal
species), nematodes (various species), phy-
tophthora (Phytophthora spp.), storage rots
(various fungal species), upright dieback
(Phomopsis vaccinii), and other diseases.
The arthropod pest traits included were
blackheaded fireworm (Rhopobota naevana),
blunt-nosed leafhoppers (Limotettix vaccinii),
cranberry blossom worm (Epiglaea apiata),
cranberry fruitworm (Acrobasis vaccinii), cran-
berryweevil (Anthonomusmusculus), cranberry
tipworm (Dasineura oxycoccana), red-headed
flea beetle (Systena frontalis), cranberry gir-

dler (Chrysoteuchia topiaria), grubs (Phyl-
lophaga spp. and oriental beetle—Anomala
orientalis), root weevils (black vine
weevil—Otiorhynchus sulcatus; and straw-
berry root weevil—O. ovatus), scale insects
(multiple species including cranberry scale—
Aspidaspis oxycoccus; Dearness scale—Rhizas-
pidiotes dearnessi; Lecanium scale—Lecanium
corni; and Putnam scale—Diaspidiotus ancy-
lus), Sparganothis fruitworm (Sparganothis
sulfureana), spotted fireworm (Choristoneura
parallela), thrips (unknown spp.), cranberry
toad bugs (Phylloscelis atra), and other ar-
thropod pests. The plant stress tolerance traits
included drought resistance, fall and spring
frost tolerance, heat stress, yellow vine, mid-
winter cold hardiness, and other plant stress.
The other plant traits included were early
harvest, flowering/fruit set, yield, runnering
(branching) habit, and others.

The survey included questions asking
participants to rank the relative importance
of individual traits in each of the five trait
clusters (questions 1–5) to obtain a commer-
cially successful cranberry cultivar. Next,
participants were asked to rank the impor-
tance of the five trait clusters (question 6). In
each cluster, we asked respondents to rank
the first, second, third, etc. most important
and the first, second, third, etc. least impor-
tant traits for a successful cultivar. The
ordering number requested (first, second,
third, etc.) varied depending on the number
of traits included in each cluster. For exam-
ple, the fruit quality cluster included seven
traits, hence ranking was requested for the
two most and the two least important fruit
quality traits. The disease resistance cluster
included 13 traits, thus we requested respon-
dents to rank the four most and the four least
important disease resistance traits.

Other questions in the survey asked for
socio-demographic characteristics of the deci-
sion makers and the cranberry operation, in-
cluding the respondent’s role in the supply
chain (e.g., producer, nursery operator, packer,
processor, breeder, and nonbreeder scientist);
the size of the respondent’s cranberry operation
expressed in acres of the cultivated area; the
number of years the respondent had been in-
volved in the decision-making process of the
operation; a list of cranberry cultivars represent-
ing the largest cultivated area in the respon-
dent’s operation; whether new cultivar(s) had
been planted during the last 5 years; the name of
the cultivar(s) planted during the last 5 years;
and the name of the state in which the largest
cultivated area of the operation was located.

Data collection
The cranberry industry survey was con-

ducted at grower meetings in two U.S. states,
New Jersey and Wisconsin, and one Canadian
province, British Columbia, between January
andApril 2017. The names and locations of the
meetings were 1) the Wisconsin Cranberry
School,Wisconsin, Jan. 2017; 2) the American
Cranberry Grower Association Winter Meet-
ing, New Jersey, Jan. 2017; and 3) BC
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Cranberry Conference, British Columbia, Apr.
2017.

At each meeting, a scientist or extension
educator associated with this study presented
the content and the objective of the survey in
a Power Point (version 2013; Microsoft,
Redmond, WA) presentation while the audi-
ence responded to a paper-based survey.

Data analysis
To quantify the importance of traits and

industry related variables across regions, we
analyzed the data using an ordered probit
model given that the dependent variable, the
ranking of traits, was discrete and ordinal as
described by Gallardo et al. (2018). Each
breeding trait described in the previous sec-
tion was included in the econometric model
as a variable, and was assigned a number
according to each respondent’s ranking. For
example, for the trait cluster fruit quality—
including six fruit quality traits—the trait
identified as most important by a respondent
was assigned a ‘‘1,’’ the second most impor-
tant was assigned a ‘‘2,’’ the second least
important trait was assigned a ‘‘5,’’ and the
least important trait was assigned a ‘‘6.’’
Traits not identified by the respondent as
being among the most or the least important
in the trait cluster fruit quality were consid-
ered middle choices and were assigned the
median value, in this case 3. This method has
been used in previous research to elicit the
relative level of importance of product attri-
butes (Davis and Gillespie, 2004; Gallardo
et al., 2018; Greene and Hensher, 2008; Yue
et al., 2013).

The ranking of traits was assumed to de-
pend on the underlying utility or measurement
of preference derived from the presence of
each trait in the cranberry cultivar. The re-
spondents ranked the traits based on a percep-
tion of which ones would provide them with
the most benefits. Here, the benefits are the
present value of all the elements that the
respondent considers when ranking the traits
according to their preferences, which is the
same role represented in the utility. This
approach follows Lancaster’s theory of con-
sumer behavior that states that utility is not
derived from a good, but rather from the
attribute composition of that good (Lancaster,
1966). In this instance, supposeUit is the utility
that respondent i derives from trait t andUit can
be expressed by Rit, which is the ranking
assigned by each respondent to each trait.
The empirical formulation is,

Rn
it = b0 + b1tTraitit + b2Produceri

+ b3Yearsi + b4Sizei + b5NewCultivari
+ b6Cultivari + eit

where Rn
it represents respondent i ranking of

trait t; n is the number of traits in each cluster;
Traitit is the binary variable representing trait
t for respondent i (if trait t is selected as most
important, then for Rit = 1, Traitit = 1,
0 otherwise; if trait t is selected as second
most important, then for Rit = 2, Traitit = 1,
0 otherwise, and so on); Produceri is the

binary variable indicating whether the respon-
dent is a producer; Yearsi is the binary variable
indicating whether the number of years of
experience in the decision-making process of
managing cranberry production is more than
14 (the average number of years in our sample
of respondents); Sizei is the binary variable
indicating whether the operation is >20.2 ha.
According to extension educators, 50 acres
(20.2 ha) is the average minimum operation
size for a producer to send his production to
a processing facility. For operations less than
50 acres, the production is typically sold by
direct marketing; Newcultivari is the binary
variable indicating whether a new cultivar has
been planted in the last 5 years; Cultivari is the
binary variable for the cultivar with the largest
acreage in the operation, q (q = ‘Bergman’,
‘Ben Lear’, ‘Crimson Queen’, etc.); b0 is the
intercept term, b1–b6 are the coefficients to
estimate, and «it is the residual error term that is
not captured by the explanatory variables,
which is assumed to follow a normal distribu-
tion with mean zero and standard deviation s.

Because we conducted separate regres-
sions for six trait clusters (fruit quality,
disease resistance, arthropod pest resistance,
plant stress tolerance, other plant traits, and
all trait clusters) and three regions (New
Jersey, Wisconsin, and British Columbia),
we present results for a total of 18 (6 · 3)
regressions. The model coefficients were
estimated using PROC QLIM in SAS�
v.9.3 (SAS Institute, Cary, NC).

In each regression analysis, the variable
‘‘other trait’’ was set as the base variable.
Hence, the statistical significance of traits
should be interpreted as relative to the base
variable. Since the most important trait was
assigned a rank of 1, the second most impor-
tant was assigned 2, and so on; traits with
significant negative coefficients were likely
to be chosen asmore important and traits with
significant positive coefficients were likely to
be chosen as less important compared with
the ‘‘other trait’’ variable in each cluster. The
magnitude of the coefficient estimates in-
dicates the relative importance of the variable
trait; higher values indicate higher relative
importance compared with the base trait.
Traits determined not to be statistically sig-
nificant (that is, not significantly different
from the base trait) may still be considered of
some importance to producers. Note that we
estimated the probability that a trait would be
ranked in each category (i.e., most important,
second most important, neutral, second least
important, and least important), that is, the
marginal effects. These estimates are not
presented in this manuscript since final in-
terpretation supported coefficient estimates,
but are available upon request to authors.

The number of responses obtained from
each region was different, with 78 from
Wisconsin, 16 from New Jersey, and 22
from British Columbia. Arguably, this dif-
ference in the number of responses would
have an impact on the value of the coeffi-
cient estimates across regions. When pre-
senting the coefficient estimates for all
regressions, the McFadden likelihood ratio

index is included. This is a measure of
goodness-of-fit that depicts the explanatory
power of the model.

Results and Discussion

Summary statistics for respondents by
state/province

Regarding the principal operator, 92% of
respondents were producers, 4% were repre-
sentatives from packing houses, 3% were
representatives from a processing facility,
3% were breeders, and 2% were nonbreeder
researchers. Note that these numbers do not
add up to 100% because some respondents
marked more than one category. The average
size of cranberry operations was 77.7 ha. The
largest operations in acreage were located in
New Jersey (111.3 ha), followed by Wiscon-
sin (75.7 ha), and British Columbia, Canada
(62.7 ha). The average operation size in our
sample for New Jersey was close to cranberry
farm sizes reported by the 2012 Census of
Agriculture, at 102.9 ha (U.S. Department of
Agriculture,Census ofAgriculture, 2012).How-
ever, for Wisconsin the average farm size in our
sample was bigger compared with the 2012
Census figure, at 34.7 ha (U.S. Department of
Agriculture, Census of Agriculture, 2012). The
average number of years involved in the
decision-making process of cranberry operations
was 14 years. Decision makers with the highest
number of years of experience were observed in
New Jersey (16 years), followed by Wisconsin
(14 years), and British Columbia (13 years).

The most predominant cranberry cultivar
in production was ‘Stevens’ (Supplemental
Table 1) while ‘Mullica Queen’ was the most
commonly planted cultivar in newly planted
cranberry fields (Supplemental Table 2).
These results likely reflect historic breeding
efforts and trait improvement in cranberry
cultivars. ‘Stevens’ represents one of the first
cranberry cultivars, released in 1950 as a re-
sult of the first cycle of cranberry genetic
improvement efforts and was previously
documented as the most widely grown culti-
var in the United States (Roper, 2008).
‘Mullica Queen’ was released in 2007 as part
of the second cycle of breeding efforts aiming
to improve fruit quality characteristics (e.g.,
higher anthocyanin content) and productivity
(Vorsa and Johnson-Cicalese, 2012). Our
survey results suggest that ‘Mullica Queen’
has been more frequently chosen over ‘Ste-
vens’ and other cultivars in newly planted
cranberry fields, demonstrating that when
new cultivars with improved traits are avail-
able, producers are willing to change culti-
vars to increase investment returns.

Across all regions and all seven clusters of
breeding traits (Tables 1–6), parameter esti-
mates for the ordered probit model for the
operator, operation, and investment in new
cultivars variables (e.g., producer, years of
experience, size of operation, whether new
cultivars were planted, and the cultivars most
planted) were not statistically significant,
suggesting that differences are mainly
explained by geographical regions and not
by other factors.
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Fruit and plant trait clusters
Overall, 53% of the respondents identified

fruit quality as themost important trait cluster
to improve in cranberry cultivars. Parameter
estimates for the ordered probit model seg-
regating results were different by region
(Table 1). In Wisconsin and British Colum-
bia, fruit quality traits were highest in impor-
tance among the clusters. In New Jersey,
disease resistance was highest in importance,
whereas fruit quality traits were second high-
est. Disease resistance was second highest in
importance in Wisconsin, but not signifi-
cantly different in British Columbia. The
high percent of respondents (>68%) indicat-
ing resistance to fruit rot as the most impor-
tant trait in New Jersey probably explain why
disease resistance ranked higher in this state,
where fruit rot in the field can destroy 50% to
100% of the fruit if the crop is not protected
by fungicides (Oudemans et al., 1998). In
other regions such asWisconsin, Oregon, and
British Columbia, fruit rot is more sporadic,
and losses are lower than those experienced
in the northeast (Oudemans et al., 1998).

Cranberries exhibiting fruit rot damage
and deficiencies in fruit size, anthocyanin
content, and firmness are being redirected
from the SDC to the juice concentrate mar-
ket, directly affecting the prices received by
producers (Nolte, 2015; Serres, 2017;
USDA-AMS, 1997, 2016). Currently, the
demand for SDC is higher than for juice
concentrate, with price premiums paid for the

SDC. Meanwhile, the price for cranberries
used for juice concentrate has decreased due
to accumulation of fruit that cannot be sold at
SDC grades (USDA-ERS, 2017). There is
a need to re-equilibrate the balance between
the cranberry production destined to each
market by improving fruit quality character-
istics that meet SDC standards, including
fruit rot (Nolte, 2015; Serres, 2017).

Fruit quality traits. In all three states, fruit
firmness was the most important quality trait
among the list of fruit quality traits presented
and compared with the ‘‘other’’ fruit quality
category (Table 2). In Wisconsin and British
Columbia, fruit size was the second most
important trait, but it was not statistically
significant in New Jersey. In both New Jersey
and Wisconsin, anthocyanin content was
selected as more important than the other
fruit quality traits in this category, but was
selected as second in importance in New
Jersey and third in Wisconsin, and not se-
lected as important in British Columbia.

Shelf life, flavor, and sweetness were
ranked as the least important traits in all states,
compared with the ‘‘other’’ fruit quality cate-
gory. This probably reflects industry trends
that direct a small (3% to 5%) percentage of
production to the fresh market (Vorsa and
Johnson-Cicalese, 2012), while the majority of
producers sell their cranberries to the processing
market. Fruit firmness, size, and anthocyanin
content contribute to the manufacturing effi-
ciency of SDC products. The SDC market

requires fruit with a diameter >1/2 inches;
uniform red color and midrange total anthocy-
anin (TAcy) of 35–50 mg/100 g fresh weight;
round shape; and firm fruit with >450 g/mm
with a good flesh integrity (Nolte, 2015; Serres,
2017). Anthocyanin content is traditionally
expressed as TAcy, mg of anthocyanin /100 g
fresh fruit and is measured using a spectropho-
tometer (Vorsa and Johnson-Cicalese, 2012).
The observed recent increases in demand for
fruit exhibiting these standards could explain
producers’ desire to improve these quality
attributes for new cranberry cultivars.

Fruit firmness is a relatively new quality
trait for the cranberry industry (including
breeders). Firmness depicts the level of re-
sistance or tolerance to compression forces,
a critical characteristic to reduce the risk that
the cranberry fruit will break during the SDC
processing, which involves multiple handling
steps (Nolte, 2015). Cranberry fruit firmness
has been evaluated using the compression
force method (Forney, 2008) and the me-
chanical force method (Jamaly et al., 2017) to
study how storage conditions and nitrogen
affect firmness. Despite the importance of
this trait, it is still unknown which and how
fruit texture characteristics (crispness, hard-
ness, juiciness, and mealiness), fruit anatomy
(skin, flesh, or air pocket) or fruit external
appearance (size and shape) are affecting the
overall firmness and SDC processing effi-
ciency/yield. In addition, since firmness is
a relatively new trait for cranberry breeders,

Table 2. Estimated ordered probit model coefficients for cranberry fruit quality traits and other variables based on a cranberry industry survey conducted in 2017.

Variable

New Jersey Wisconsin British Columbia

Coefficient SE Coefficient SE Coefficient SE

Intercept 1.117** 0.449 1.291*** 0.271 1.240*** 0.291
Anthocyanin content –0.841*** 0.289 –0.470*** 0.127 –0.178 0.235
Firmness –0.974*** 0.290 –0.924*** 0.133 –0.878*** 0.245
Fruit size 0.243 0.274 –0.828*** 0.131 –0.766*** 0.244
Shelf life 0.266 0.284 0.569*** 0.130 0.210 0.235
Flavor 1.615*** 0.313 0.855*** 0.132 0.751*** 0.246
Sweetness 1.695*** 0.315 0.816*** 0.130 0.823*** 0.240
Number of observationsz 119 553 161
Log likelihood –196.9 –981.2 –289.8
McFadden LRIy 0.1498 0.0882 0.0748
zEach trait ranking generated one observation, thus one respondent generated the number of traits in each cluster or clusters. In this case, each of the respondents
generated seven observations.
yLRI means likelihood ratio index, a statistic that indicates the explanatory power of the model; the higher the number the better.
*, **, ***Significant at P # 0.10, 0.05, or 0.01, respectively.

Table 1. Estimated ordered probit model coefficients for cranberry fruit quality and plant trait clusters and other variables based on a cranberry industry survey
conducted in 2017.

Variable

New Jersey Wisconsin British Columbia

Coefficient SE Coefficient SE Coefficient SE

Intercept 1.563*** 0.562 1.225*** 0.339 1.197*** 0.372
Disease resistance –1.516*** 0.379 –0.560*** 0.159 –0.235 0.283
Fruit quality traits –0.931** 0.364 –1.135*** 0.170 –1.191*** 0.287
Arthropod resistance 0.109 0.343 0.094 0.156 –0.223 0.271
Plant stress tolerance –0.166 0.346 0.179 0.158 0.215 0.289
Number of observationsz 85 395 115
Log likelihood –124.1 –597.0 –173.9
McFadden LRIy 0.0927 0.061 0.0602
zEach trait ranking generated one observation, thus one respondent generated the number of traits in each cluster or clusters. In this case, each of the respondents
generated five observations.
yLRI means likelihood ratio index, a statistic that indicates the explanatory power of the model; the higher the number the better.
*, **, ***Significant at P # 0.10, 0.05, or 0.01, respectively.
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the level of phenotypic variation for firmness
in the cranberry germplasm has not yet been
explored.

Developing high precision and cost-
effective strategies to evaluate traits such as
fruit size and anthocyanin content is impor-
tant since many factors, including environ-
mental conditions and management practices
(Roper, 2006), can affect their expression.
Also, cranberry exhibits useful genetic vari-
ation for these traits (Vorsa and Johnson-
Cicalese, 2012), suggesting opportunities to
identify associated molecular markers that
can be used to improve fruit characteristics
important for the industry (Daverdin et al.,
2017; Georgi et al., 2013; Schlautman et al.,
2015).

Traditionally, cranberry fruit size has
been evaluated by approximation of average
fruit weight (Diaz-Garcia et al., 2016), and
anthocyanin content (qualitative and quanti-
tative) has been evaluated through high-
performance liquid chromatography (HPLC)
(Vorsa and Johnson-Cicalese, 2012). How-
ever, these methods are time-consuming,
expensive, and cannot measure how uniform
the anthocyanin (color) is distributed on the
fruit epidermis. Furthermore, fruit size and
anthocyanin content are negatively corre-
lated (Vorsa and Welker, 1985), increasing
the need to further understand how these
correlations affect cranberry fruit utilization
and price. Recently, high-throughput and
accurate methods based on imaging analysis
were developed to evaluate several cranberry
fruit characteristics including size, color, and
shape (Diaz Garcia et al., 2016). Integrating
these methods into large-scale studies repre-
sents an opportunity for extensive character-
ization of plant phenotypes, by studying their
genetic makeup and their interaction with the
environment more effectively.

Disease and arthropod pest resistance
traits. In all regions, resistance to fruit rot
was the highest in importance among the list
of diseases presented and compared with the

‘‘other’’ disease category (Table 3). In gen-
eral, field fruit rot is of economic concern in
most areas of cranberry production in the
United States and Canada (Polashock et al.,
2009). In Massachusetts and New Jersey,
producers need to apply broad-spectrum fun-
gicides four to six times per year to nearly all
cranberry acreage (Oudemans et al., 1998). In
Wisconsin, Oregon, Washington, and south-
ern Canada, where the incidence of the
disease is low, fungicides are needed only
in specific areas or years (McManus et al.,
2003). Because of the near-zero tolerance for
fruit rot in the SDC market, losses associated
with this disease are due to the rejection or
downgrading of affected fruit loads (Nolte,
2015).

In 2015, during the Northeastern IPM
cranberry fruit rot working group meeting,
scientists and industry representatives iden-
tified studying the impact of fruit rot on fruit
firmness as the top research priority need
(Oudemans and Rojas, 2015). Sources of
resistance to fruit rot have been identified in
cranberry germplasm, and the trait is being
introgressed into genetic backgrounds with
higher yields, as well as good berry size and
color (Johnson-Cicalese et al., 2015). Re-
cently, molecular markers associated with
fruit rot resistance were identified (Daverdin
et al., 2017) opening the opportunity to de-
velop and implement a MAS strategy to
accelerate the development of new cranberry
cultivars resistant to fruit rot.

Besides fruit rot, the rest of the disease
resistance traits included in the list were
assigned different rankings of importance
according to the region, probably due to the
different environmental conditions which can
influence the prevalence of specific types of
diseases and potential disease vectors (Colhoun,
1973). For example, in New Jersey, fairy ring
was the second most important disease resis-
tance trait, but not in Wisconsin or British
Columbia, where it was listed among the least
important problems.

Similarly, results for arthropod pest re-
sistance traits differed across regions
(Table 4). Among the list of arthropod pests
presented and compared with the ‘‘other’’
arthropod pest category, blunt-nosed leafhop-
per was themost important pest resistance trait
in New Jersey, cranberry fruit-worm in Wis-
consin, and cranberry tip-worm in British
Columbia. Higher variation for pest and arthro-
pod pest resistance responses were expected,
since differences in environmental conditions
in different production regions impact the type
of arthropod pests and pest pressures (DeLucia
et al., 2012).

Abiotic stress traits. Differences across
regions in the ranking of abiotic stress traits
were observed (Table 5). In New Jersey,
tolerance to heat stress was selected as the
most important abiotic stress, whereas in
Wisconsin and British Columbia tolerance
to fall frost and spring frost were selected as
the most important traits, among the list of
abiotic stress traits presented and compared
with the ‘‘other’’ abiotic stress category. The
different environmental conditions of the
geographic locations represented in the sur-
vey combined with cranberry physiological
characteristics explain these results. Optimum
growth for cranberry occurs when the temper-
ature is between 16 �C and 30 �C, and
excessive heat (>33 �C) during summermonths
has been associated with poor yields (Roper,
2006). Of all the cranberry production areas in
North America, conditions in New Jersey
expose the cranberry plants to the highest heat
stress (Roper, 2006). Indeed, to mitigate heat
stress in this region, the use of irrigation
systems is recommended for cooling (Caron
et al., 2017). In contrast, the period of freezing
temperatures and overall lower temperatures
that cranberry plants are exposed to inWiscon-
sin and British Columbia explain why frost
protection is a concern for producers in these
regions. However, standardized methods to
evaluate tolerance to abiotic stresses and
the identification of genetic mechanisms

Table 3. Estimated ordered probit model coefficients for cranberry disease resistance traits and other variables based on a cranberry industry survey conducted in
2017.

Variable

New Jersey Wisconsin British Columbia

Coefficient SE Coefficient SE Coefficient SE

Intercept 1.541*** 0.329 1.702*** 0.199 1.745*** 0.224
Field fruit rot –1.978*** 0.273 –1.653*** 0.121 –1.361*** 0.208
Fairy ring –1.102*** 0.260 1.022*** 0.121 0.818*** 0.272
Early rot/phyllosticta leaf drop –0.972*** 0.258 –1.081*** 0.114 –0.260 0.284
Phytophthora –0.772*** 0.234 0.228 0.144 –0.127 0.257
False blossom –0.627* 0.361 0.527*** 0.151 0.296 0.301
Storage rots –0.085 0.281 0.445*** 0.119 –0.364 0.232
Upright dieback 0.338 0.335 –0.198* 0.116 –0.959*** 0.218
Cranberry canker 0.858*** 0.322 0.858*** 0.129 0.724*** 0.258
Leaf spots 0.897*** 0.263 0.675*** 0.126 0.399 0.246
Bitter rot 1.396*** 0.276 –0.125 0.119 1.105*** 0.263
Cottonball 1.600*** 0.254 –0.389*** 0.118 0.419 0.296
Nematodes 1.624*** 0.362 1.071*** 0.124 0.386 0.248
Number of observationsz 221 1027 299
Log Likelihood –494.7 –2,420.0 –717.9
McFadden LRIy 0.1272 0.0814 0.0639
zEach trait ranking generated one observation, thus one respondent generated the number of traits in each cluster or clusters. In this case, each of the respondents
generated 13 observations.
yLRI means likelihood ratio index, a statistic that indicates the explanatory power of the model; the higher the number the better.
*, **, ***Significant at P # 0.10, 0.05, or 0.01, respectively.
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controlling these traits, which could assist
breeding programs, are still not available.

Other plant traits. In all three regions,
improved plant yield and flowering/fruit set
were selected as the most and second most
important other plant trait (Table 6). Yield is
a complex trait affected by genetic and
environmental factors, and has historically
been a major focus of the cranberry breeding

programs (Daverdin et al., 2017; Georgi
et al., 2013; Roper, 2006; Schlautman et al.,
2015; Vorsa and Johnson-Cicalese, 2012).
Yield is currently estimated by harvesting
and weighing all the fruit from square foot
samples. This method is not time effective
and does not work well for juvenile plantings
or small plots due to increased standard
errors. In addition, several plant characteris-

tics (e.g., upright density, inflorescence bud
set, flower number/upright, gametic fertility)
affect fruit yield, including fruit set, which
has been identified as a key characteristic to
target in breeding programs to improve yield
performance (Vorsa and Johnson-Cicalese,
2012), and probably explains why fruit set
ranked as the second most important trait.
Despite the complexity of this trait, genetic

Table 5. Estimated ordered probit model coefficients for cranberry abiotic stress tolerance traits and other variables based on a cranberry industry survey
conducted in 2017.

Variable

New Jersey Wisconsin British Columbia

Coefficient SE Coefficient SE Coefficient SE

Intercept 1.216** 0.547 1.102*** 0.307 1.198*** 0.337
Heat stress –1.397*** 0.410 –0.006 0.143 –0.370 0.247
Drought resistance –0.080 0.361 0.203 0.142 0.510** 0.251
Fall and spring frost tolerance –0.154 0.361 –1.343*** 0.165 –1.535*** 0.284
Yellow vine 1.835*** 0.406 0.808*** 0.148 1.090*** 0.260
Midwinter cold hardiness 1.974*** 0.413 0.708*** 0.146 0.545** 0.257
Number of observationsz 102 474 138
Log likelihood –141.1 –761.9 –214.5
McFadden LRIy 0.228 0.1029 0.1325
zEach trait ranking generated one observation, thus one respondent generated the number of traits in each cluster or clusters. In this case, each of the respondents
generated six observations.
yLRI means likelihood ratio index, a statistic that indicates the explanatory power of the model; the higher the number the better.
*, **, ***Significant at P # 0.10, 0.05, or 0.01, respectively.

Table 6. Estimated ordered probit model coefficients of other cranberry plant traits and other variables based on a cranberry industry survey conducted in 2017.

Variable

New Jersey Wisconsin British Columbia

Coefficient SE Coefficient SE Coefficient SE

Intercept 1.997*** 0.622 1.477*** 0.345 1.811*** 0.439
Yield –2.502*** 0.453 –1.649*** 0.177 –2.235*** 0.374
Flower/fruit set –1.187*** 0.382 –0.919*** 0.160 –1.306*** 0.336
Early harvest 0.206 0.345 0.182 0.154 1.512*** 0.332
Runnering habit 0.731** 0.360 0.999*** 0.161 0.849*** 0.317
Number of observationsz 85 395 115
Log likelihood –105.0 –527.6 –131.8
McFadden LRIy 0.2322 0.1701 0.288
zEach trait ranking generated one observation, thus one respondent generated the number of traits in each cluster or clusters. In this case, each of the respondents
generated five observations.
yLRI means likelihood ratio index, a statistic that indicates the explanatory power of the model; the higher the number the better.
*, **, ***Significant at P # 0.10, 0.05, or 0.01, respectively.

Table 4. Estimated ordered probit model coefficients for cranberry arthropod pest resistance traits and other variables based on a cranberry industry survey
conducted in 2017.

Variable

New Jersey Wisconsin British Columbia

Coefficient SE Coefficient SE Coefficient SE

Intercept 1.979*** 0.307 2.453*** 0.185 1.789*** 0.206
Blunt-nosed leafhoppers –1.677*** 0.277 1.366*** 0.151 1.393*** 0.269
Cranberry blossom worm –1.262*** 0.343 0.820*** 0.185 1.074*** 0.280
Blackheaded fireworm –1.168*** 0.261 –0.845*** 0.114 –0.870*** 0.222
Cranberry fruitworm –0.989*** 0.320 –2.071*** 0.122 –0.707** 0.293
Sparganothis fruitworm –0.857*** 0.262 –1.405*** 0.117 –0.345 0.300
Grub –0.370 0.283 1.041*** 0.164 1.644*** 0.416
Cranberry tipworm –0.080 0.419 –0.924*** 0.134 –1.409*** 0.224
Spotted fireworm 0.264 0.291 0.865*** 0.252 –0.174 0.303
Cranberry weevil 0.479 0.337 1.001*** 0.177 0.091 0.350
Flea beetle 0.687** 0.284 –0.690*** 0.116 1.142*** 0.330
Girdler 0.797** 0.335 –0.463* 0.261 –1.095*** 0.216
Scale insects 1.413*** 0.268 1.354*** 0.134 –0.167 0.232
Root weevil 1.533*** 0.340 0.870*** 0.147 –0.009 0.258
Thrips 1.804*** 0.295 1.246*** 0.128 0.580** 0.262
Toadbugs –0.141 0.285 1.860*** 0.123 1.299*** 0.246
Number of observationsz 272 1264 368
Log likelihood –683.7 –3,063.0 –936.7
McFadden LRIy 0.0935 0.1261 0.0819
zEach trait ranking generated one observation, thus one respondent generated the number of traits in each cluster or clusters. In this case, each of the respondents
generated 16 observations.
yLRI means likelihood ratio index, a statistic that indicates the explanatory power of the model; the higher the number the better.
*, **, ***Significant at P # 0.10, 0.05, or 0.01, respectively.
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gains for increased yield and consistent year-
to-year yield have been realized in cranberry
since the first cycle of hybrids were released
back in 1950 (Vorsa and Johnson-Cicalese,
2012). Recently, molecular markers have
been associated to fruit rot resistance and
other related traits, including sound fruit
yield, which represent the amount of fruit
harvested that are nonsoft and nondiseased
by fruit rot (Daverdin et al., 2017). Besides
fruit rot resistance, the phenotype sound fruit
yield may also be indicative of fruit firmness
and can possibly be used in the breeding
programs to select superior genotypes that
produce fruit with improved firmness and no
disease (by fruit rot). These two traits/param-
eters are both used to sort fruit that can and
cannot be used for SDC production. To
ensure profitable returns and the long-term
sustainability of the cranberry industry, time
and cost effective strategies and methods to
estimate SDC usable yield, which takes into
account quality standards used by the pro-
cessing industry, should be established.

Summary and Conclusions

This study is the first report of the most
impactful cranberry fruit and plant traits for the
industry in major growing areas in the United
States and Canada. The study determined the
importance of a selected number of plant and
fruit traits to assert which should be included in
new improved cultivars to warrant success in
the market place. The survey that was con-
ducted in New Jersey, Wisconsin, and British
Columbia (Canada) predominantly targeted
producers responsible for the decision making
in their business operation. We grouped the
trait responses in five clusters: fruit quality,
disease resistance, arthropod pest resistance,
plant stress tolerance, and other plant traits.
Industry responses were mixed and varied
across regions. In Wisconsin and British Co-
lumbia fruit quality was the most important
trait cluster, whereas in New Jersey it was
disease resistance. Among fruit quality traits,
fruit firmness, size, and anthocyanin content
were ranked the most important due to the
emergence and higher profitability of the SDC
market. While high-throughput methods to
measure cranberry fruit size and color have
been developed, they need to be implemented
on a large scale. Methods to evaluate fruit
firmness relevant to SDC production also need
to be developed. The different environmental
conditions amongst regions influenced the
differences observed in the ranking of traits
which were considered important.

Results from this study will aid academia,
government, and industry interested in en-
hancing the economic profitability of the
cranberry industry in North America. The
outcomes provided cues where investment in
research and development should focus to
lessen the challenges affecting this industry.
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Supplemental Table 1. Number of respondents indicating which cultivars represented the largest acreage in their operation and which cultivars were planted in the
last 5 years with the largest acreage based on a cranberry industry survey conducted in 2016 and 2017.

Current varieties being planted with the largest acreage, with number of responses

Stevens Early Black Bergman Ben Lear Mullica Queen Pilgrim Sundance
New Jersey 8 8 0 0 0 0 0
Wisconsin 62 0 0 2 1 1 2
British Columbia 15 0 2 0 1 1 0
Total 85 8 2 2 2 2 2

Newly planted varieties with the largest acreage, with number of responses

Stevens Mullica Queen Sundance
New Jersey 0 7 0
Wisconsin 11 20 7
British Columbia 2 5 0
Total 13 32 7

Supplemental Table 2. Replanting distribution of current cranberry cultivars with new cranberry cultivars
based on an industry survey conducted in 2016 and 2017.

Current cultivar

Newly planted cultivar

Stevens Mullica Queen Sundance

Percentage of respondents
Stevens (N = 85) 13 32 7
Early Black (N = 8) 0 38 0
Ben Lear (N = 2) 50 0 0
Mullica Queen (N = 2) 0 100 0
Pilgrim (N = 2) 0 50 0
Sundance (N = 2) 50 0 50
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