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ABSTRACT. Traditionally, the structure of higher-order data in genotype-by-environment interaction requires simplifi-
cation to use bilinear reduction models. Flexible multiway reduction models have been claimed to be more informa-
tive, as they allow exploration of individual trends and account for the covariance among data modes. In complex
latent traits, such as acclimation response of grapevine (Vitis sp.), these methods may offer increased insight into
plant adaptive processes. In a growth chamber study, data from seven phenotypic traits at 11 photoperiodic times in
the presence of two temperatures of 30 accessions were analyzed. The four-way interaction among these data modes
was isolated and further examined through bilinear singular value decomposition (SVD) and multiway Tucker
decomposition models. A similar set of three latent process traits were identified regardless of model used. The
Tucker decomposition model led to more concise clustering of wild-type accessions, was more interpretable, as trends
could be evaluated separately, and had less indication of overfitting; therefore, the multiway method was preferred
over the standard SVD bilinear method in the investigation of high-order interaction in acclimation response. This
methodology may offer insight into other complex traits, such as phenolic development, drought tolerance, and hori-
zontal disease resistance to improve breeding efforts as other individual mechanisms used by the organism are sepa-
rated, quantified, and compared rather than the culmination of events as an end-product.

The development of cold-hardy grapevine (Vitis sp.) cultivars
in the 1990s created a growing industry in the upper Midwest and
northern Great Plains regions of the United States. However, the
inadequacy in combining overwintering ability with high fruit
quality has limited financial stability of continental viticulture and
its associated wine industry. Climate conditions in non-coastal
regions are relatively unpredictable when compared with more tra-
ditional coastal U.S. and Mediterranean production areas. For this
reason, large temperature fluctuations are likely to impact vine pro-
gress in its transition from active growth to a dormant resting state.
To stabilize production in these northern regions of the United
States through cultivar development, methods are needed to com-
paratively analyze cultivar adaptive capabilities under differing

temperatures during the fall, particularly during short-duration
deviations in plant alterations due to dynamic temperature swings.

Acclimation to winter conditions is an example of a biologi-
cal process and can be categorized as a latent construct. Many
environmental cues influence a vine, causing a cascade of physi-
ological and physical alterations leading to a state of tolerance to
winter stresses with the ability to survive these stresses and reini-
tiate growth on the return of favorable conditions. Grapevine
responses to either photoperiod or temperature have been identi-
fied and extensively studied (Burke et al., 1976; Fennell and
Hoover, 1991; Fennell et al., 2005, 2015; Garris et al., 2009;
Schnabel and Wample, 1987; Smita et al., 2021; Wake and
Fennell, 2000). Gaining a better understanding of comparative
acclimation processes among accessions through time under
dynamic environmental conditions may result in improved bre-
eder selection for local adaptation. Allusions to the potential for
such environmentally adaptive traits have been made in prior
study; however, more foundational investigations have yet to be
reported (Garris et al., 2009). In addition, the complexity of
grapevine acclimation is not unique. Traits such as stress toler-
ance, horizontal disease resistance, and flavor and aroma devel-
opment, as well as metabolic and transcriptomic expression are
areas of importance in numerous crops and are difficult to quan-
tify due to their complexity, latency, and time-dependent nature.
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Tools are needed to adequately separate distinct processes
that lead to similar quantifiable outcomes such that each may be
evaluated individually. Such traits, resulting in similar pheno-
typic outcomes, are typically confounded in traditional evalua-
tions, as only the product of their conjoined effects is quantified.
The quantification of processes is inherently difficult and
involves many inputs leading to varied outcomes that may or
may not be directly quantifiable. These inputs and outcomes are
likely to have multiple levels of correlation with one another
depending on the conditions with varying degrees of covariation
over time. When applied to a natural setting, these influencing
factors are not applied at a constant rate nor do all occur at pre-
dictable timings, causing difficulties in analysis and interpreta-
tion of results. To facilitate selection, the complex process of
grapevine acclimation has been analyzed as a single cause lead-
ing to a single effect (Garris et al., 2009; Fennell and Hoover,
1991; Fennell et al., 2005; Wake and Fennell, 2000). This meth-
odology has been used in other multivariate areas, such as
metabolomics, alongside multivariate methods (Goodacre et al.,
2007). Although the treatment of latent process traits as univari-
ate causes and effects has allowed progress, only a portion of the
genetic potential is being exploited because the intercorrelation
of predictor variables, the intercorrelation of outcomes, and cross
relationships are ignored as the quantitative trait is forced into a
qualitative solution. A more recent evaluation used transcrip-
tomic approaches to assess differential responses in paired acces-
sions of adapted riparian grapevine (Vitis riparia) and a French-
American interspecific hybrid cultivar Seyval (Fennell et al.,
2015). Additional assessments have been made in expression
patterns of an individual riparian grapevine accession as plants
transition from a long-day condition that fostered paradormancy
to a short-day condition that fostered endodormancy (Smita
et al., 2021). Although such studies are important in assessing
the underlying genetic mechanism responsible for differences in
metabolic responses to decreasing photoperiod, such studies are
limited in accession number and environmental scope. In the
current study, under the assumption that more information could
be obtained by observing much of the dataset, bilinear and multi-
way data reduction methods were used to reduce a multivariate
dataset of reactionary responses of a diverse set of interspecific
hybrid grapevines as affected by temperature and decreasing
photoperiod through time.

Traditionally, to evaluate the environmentally dependent rela-
tive performance of cultivars through trait stability analysis,
interactions are dissected using bilinear factor-analytic models
(Flores et al., 1998; Piepho, 1999). One such reduction model
that may be applied to any matrix of arbitrary dimension is
SVD. Although SVD can be used to reduce multiway data arrays
through the concatenation of multiple modes to form combina-
tion-mode matrices, this practice ignores the covariance among
concatenated modes (Cong et al., 2015; Kroonenberg, 2008;
Mørup, 2011). In addition, through multiway decomposition,
each mode is individually reduced into components allowing
easier interpretation of individual data mode trends.

Higher-order decompositions are extensions of bilinear meth-
ods to facilitate multimode datasets and have been applied to the
decomposition of three-way data to deconstruct genotype-by-envi-
ronment interactions in latent composite traits (Chapman et al.,
1997; Van Eeuwijk and Kroonenberg, 1998). Tensor-based multi-
way deconstruction methods also have been applied to timeseries
data. Nesaragi et al. (2021) used multiway decomposition to

investigate time-based interactions among data in medical records
to successfully and reliably predict sepsis. In the current study,
multiway investigation of latent trait genotype-by-environment
interaction was extended to four modes with the addition of time
as the Tucker4 decomposition model to extend the evaluation of
latent composite traits to latent composite processes and will be
compared with traditional evaluation of bilinear decomposition
using combination-modematrices.

Many of the vine traits that affect vineyard production, reli-
ability, and quality are best described as processes. Understand-
ing of how end-products are reached, rather than merely their
final value, will be paramount to moving from breeding for high
phenotypic performance to breeding for consistent performance
as the underlying mechanisms resulting in similar outcomes are
separated and critically evaluated. In this study, a flexible higher-
order multiplicative model was compared with a more traditional
bilinear SVD model. Emphasis was placed on their relative abili-
ties to model a four-way interaction effect to separate riparian
grapevine and nonriparian grapevine acclimation types, ability to
interpret their resulting trends, and their ability to define a stable
subspace in which comparisons could be made.

Materials and Methods

PLANT MATERIAL. Thirty accessions were propagated for
investigation. Several S0 progenitor grapevines, non-inbred inter-
specific grapevines resulting from crosses of non-inbred parents,
were used to derive several S1 progeny as the result of S0 self-
pollination. These S1 progeny vines were derived from ‘Valiant’
(64 and 73), ‘MN 1131’ (900, 903, and 906), ‘St. Croix’ (909,
911, 913, and 914), ‘ES 8-2-24’ (917, 920, and 924), and ‘ES 8-
2-43’ (936, 937, 938, 939, and 940). Although it was intended to
have five progenies from each family, due to rooting or vernali-
zation failure, some accessions were eliminated through the
course of the study. ‘Valiant’ and ‘St. Croix’ are of fox grapevine
(Vitis labrusca), riparian grapevine, and common grapevine (Vitis
vinifera) descent; whereas ‘MN 1131’, ‘ES 8-2-24’, and ‘ES 8-2-
43’ are largely of riparian and common grapevine descent having
less fox grapevine parentage [Hemstad, 2015; Hemstad and
Luby, 2000; Swenson, 1982; U.S. Department of Agriculture,
Agricultural Research Service (USDA-ARS), 2022]. ‘Valiant’ is
a first-generation descendent of a riparian grapevine from eastern
Montana, whereas ‘MN 1131’, ‘ES 8-2-24’, and ‘ES 8-2-43’ are
first-generation descendants of the riparian grapevine 89, a wild
vine collected in Minnesota and parent used extensively in north-
ern grapevine breeding noted not to acclimate early in Minne-
sota; however, having early leaf senescence (USDA-ARS, 2022).
‘MN 1131’, ‘Marquette’, and ‘Frontenac’ were included as
regional industry standard checks.

Several native riparian grapevine accessions were used to
emulate trait diversity of vines exhibiting fitness for survival in
important production regions of North Dakota, including loca-
tions near the Red River of the North and portions of northwest-
ern North Dakota and northeastern Montana. Vine fitness was
assessed as those collected vines having large-caliper trunks and
showing significant old-wood above any prospective snowline
indicating several years of growth without significant winter kill,
or an accession having substantial use in cold-climate grapevine
breeding. These accessions were included to compare interspe-
cific hybrid responses to the wild-type responses of vines proven
successful in the northern Plains region of the United States.
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Accession 1002 was collected near the Sheyenne River near
Kindred, ND. Accessions 1001 and 1003 were collected near the
Red River of the North near Abercrombie and Fargo, ND,
respectively. Accession 1004 was received under the designation
Rip 821 and originated near Burlington, ND. Accession SD 62-
8-160 (PI 588269) is documented as having early maturity and
leaf senescence and originating by the Missouri River near Cul-
bertson, MT (USDA-ARS, 2022). SD 62-8-160 has its origin
consistent with the parentage of ‘Valiant’, whereas the geo-
graphic origins of all other tested riparian grapevines were inter-
mediate between that of the parentage of ‘Valiant’ and other
tested accessions and related families derived from sources in
Minnesota (riparian grapevines 89 and Carver).

A collection of california grapevine (Vitis californica) was
added as an outgroup (956, 958, 961, 962, and 965), as several
attempts to evaluate genetic relationships within the grapevine
genus have placed the california grapevine as an outgroup of the
North American species (P�eros et al., 2011; Tr�ondle et al., 2010;
Wan et al., 2013; Zecca et al., 2012). In addition, the species
provided examples of a North American native species from a
region having a Mediterranean climate more typical of the
Eurasian common grapevine species. The seed of the california
grapevine accessions was obtained commercially (Sheffield
Seed Co., Locke, NY). Because the seed was obtained from a
commercial source, the likelihood of potential genetic contami-
nation from introduced species, such as common grapevine or
riparian grapevine, is unknown, as well as the degree of inbreed-
ing within the obtained seed.

GROWING CONDITIONS. Regardless of the material source, indi-
vidual mother plants were used to propagate test plants. Propa-
gules were rooted using green shoot tip cuttings in 100% perlite
while being treated with 0.1% indole-3-butyric acid powder
(Hormodin 1; OHP, Midland, PA). While rooting, all cuttings
from the same mother plant were placed within a single 8.89-cm
plastic pot. Pots were placed in a plastic film chamber and
received constant bottom heat using a heating cable and were
periodically misted using a household humidifier. Well-rooted
plantlets were selected and planted in cone-shaped containers
[6.35 cm diameter, 25.4 cm height (D40H Deepots; Stuewe and
Sons, Tangent, OR)] with soilless medium (Sunshine Mix #1;
Sun Gro Horticulture, Agawam, MA). Of rooted vines, the most
homogeneous plantlets within each accession were retained for
observation. Before the initiation of each growth chamber run,
plants were vernalized for 6 weeks in a cooler at 3 �C to induce
budbreak. On removal from cold treatment, plants were pruned
to four-node spurs as near to soil level as possible and root
pruned to a length of �10.2 cm to prevent root binding and were
replanted in the same container as they were vernalized. Plants
were then placed in a walk-in growth chamber [�500
mmol·m�2·s�1 (model no. WE-95; Percival Scientific, Perry,
IA)] for the duration of the experiment. Each plant was restricted
to a single shoot arising nearest to soil level and was trained to a
bamboo stake. Tying to promote upward growth occurred
weekly and as needed based on individual vine vigor. Vines
were irrigated daily to capacity and were given weekly applica-
tions of 20N–4.4P–16.6K water-soluble fertilizer following data
collection at a rate of 400 g·L�1 N to support growth. Vines
grew for 3 weeks at a photoperiod of 16 h daylight and a temper-
ature of 27 �C before any reduction in photoperiod or tempera-
ture treatment initiation.

EXPERIMENTAL DESIGN. Plants were evaluated at 10 and 27 �C
at separate times in the same chamber. Within each replication-
by-temperature run of the growth chamber, four sample vines of
each accession were evaluated. Each test vine was randomly
assigned to one of four blocks within each experimental run-by-
temperature combination consistent with a randomized complete
block design combined across experimental run-by-temperature
combinations.

Dormancy was evaluated similar to previous studies with
modifications (Fennell and Hoover, 1991; Fennell et al., 2005;
Garris et al., 2009; Wake and Fennell, 2000). For each of the
four run-by-temperature combinations, test plants were subjected
to decreasing photoperiod starting with 15 h daylight followed
by 9 h darkness. Light hours were reduced weekly by 0.5 h for
10 weeks to an ending photoperiod of 10 h daylight and 14 h
darkness. Acclimation measures were quantified at the end of
each week for each 0.5 h decrease in photoperiod resulting in 11
photoperiodic data collection periods.

For data collection, plants were removed from the growth
chamber where they were evaluated for shoot length (centi-
meters), number of nodes, number of mature nodes, number of
lateral shoots, tip growth cessation (0–5 scale), and periderm
development (centimeters and number of nodes encompassed).
Shoot length was measured from the base of the actively grow-
ing shoot to its tip. Number of nodes was counted as the number
of buds along the actively growing shoot. Mature nodes were
counted at the first signs of mature woody tissue development
on bud scales. Presence of lateral shoots was determined at the
time of its first unfurled leaf. Tip abscission was visibly assessed
on a scale of 0 (full active growth) to 5 (complete tip abscission).
Intermediary responses were assessed as decreasing levels of tip
elongation (1–2) and increasing levels of meristem browning
and necrosis (3–4). Mature periderm was measured as both a
length and as buds encompassed. Mature periderm length was
measured as the distance from the base of the actively growing
shoot to the extent of shoot showing mature woody periderm.
Mature periderm development as nodes encompassed was mea-
sured as the count of nodes that were encompassed by this mea-
sured length of stem having mature periderm. Mature periderm
as nodes encompassed was included as an easier implemented
alternative to length measurements. In addition, it was thought
that counting of nodes encompassed by stem periderm develop-
ment would be less biased by natural vine stature, thus both
measurements of periderm development were included. Last,
node maturation and periderm development measured as nodes
encompassed were functionally different, as many accessions
demonstrate periderm development encompassing nodes before
any indication of woody development of bud scales at such
nodes or have buds mature before periderm development. Fol-
lowing data collection, vines were arbitrarily replaced within
their designated replications to ensure overall homogeneous con-
ditions per vine. Within the chamber, vines were placed in con-
tiguous rows, each spaced one pot width apart, thus each vine
was given a 6.4 × 19.1-cm area in which to grow.

STATISTICAL ANALYSIS. Within each trait, least squares means
were estimated for mode combinations using the MIXED proce-
dure of SAS statistical software (version 9.4; SAS Institute,
Cary, NC). Estimated means were used to construct the four-
mode dataset (run-by-accession, measures, photoperiods, and
temperatures). The modes relating to runs of the experiment and
accessions were concatenated to create a mode termed “sample”
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to retain each experimental replication as a replication of acces-
sions for further comparison between models. To isolate the four-
way interaction, data were fiber centered for each mode and meas-
ures were scaled to a common variance due to their differing units
using the nprocess function of the N-way Toolbox for MATLAB
(version R2015a; MathWorks, Natick, MA) (Andersson and Bro,
2000). The quadruple centering of the data effectively removed all
main effects and lower-level interactions leaving only the effects
of the four-way interaction (Kroonenberg, 2008). As the compari-
son among accessions in relative reaction trends between tempera-
tures was the focus of this study, lower-level interactions were not
reintroduced to the dataset and only the four-way interaction was
interpreted.

When SVD was used, the modes of measures, photoperiods,
and temperatures were concatenated, resulting in a wide combi-
nation-mode matrix of dimension 60 × 154. SVD was conducted
using the svds procedure of MATLAB statistical software as
follows:

X5USV '1E

where X was the n-x-m matrix containing the original data. U
was the n-x-k matrix containing n sample scores relating to the k
reduced axes, S was the diagonal k-x-k matrix containing singu-
lar values of the k reduced dimensions relating U to V, and V
was the m-x-k matrix containing m variable loadings of the k
reduced dimensions. E was the n-x-m matrix containing resid-
uals of the model created from the reduction in dimensionality.
The number of retained axes was determined as the best compro-
mise between explained variance and model complexity by the
visible evaluation of a scree plot.
A Tucker4 decomposition, an extension of the Tucker3 model,
was applied to the four-mode data array [samples (A) × measures
(B) × photoperiods (C) × temperatures (D)] of dimension 60 × 7 ×
11 × 2 using the tucker function of the N-way Toolbox for MAT-
LAB. The Tucker4 model takes the following form:

Xa 5AGa½D� ðC � BÞ�'1Ea

where Xa was the n-x-m-x-p-x-q multiway array of centered and
scaled interaction effects, Ga was a multiway array of size a-x-b-
x-c-x-d containing the singular values of the associations
between the reduced number of retained axes of mode matrices
A (n-x-a), B (m-x-b), C (p-x-c), and D (q-x-d). The Kronecker
product of two matrices was represented by �, and Ea was the
n-x-m-x-p-x-q multiway array containing residuals of the model
due to the reduction in dimensionality of the four respective data
modes. The number of axes retained for each mode was deter-
mined by visible inspection as the compromise between model
complexity and retained variance of all mode axis combinations.

Following each data reduction, the sample scores were inter-
preted using analysis of variance (ANOVA). This method for
interpretation of factors from decomposition was accomplished
before and has been termed principal component analysis (PCA)-
ANOVA (L�eg�ere and Samson, 1999; Luciano and Næs, 2009;
Nomme and Harrison, 1991; Teh et al., 2010; Tomic et al.,
2016). ANOVA was completed using the MIXED procedure of
SAS statistical software as a randomized complete block design
with two runs of the experiment treated as random replications of
the 30 accessions, which were considered fixed effects. Mean
values for S1 families, species, combined S1s, checks, and all
nonriparian grapevine accessions were estimated. Single df con-
trasts were used to compare estimated mean values of accessions

and groups of interest with the mean value of tested riparian
grapevines to draw conclusions on their similarity.

To evaluate the grouping of riparian grapevines, data were
also clustered using the DISTANCE and CLUSTER procedures
of SAS statistical software using Euclidean distance among
accession mean values with Ward’s minimum variance method
of linkage. Last, to compare the relative accuracy and consis-
tency of the models, the sum of squared deviations from
observed values as well as from the full model solutions, those
containing all observed samples, were estimated for excluded
samples in each of 10,000 iterations of resampling with replace-
ment (50 train to 10 test) and compared using estimated 95%
confidence intervals. Deviations from observed four-way inter-
action effects were used as an indicator of model fit, whereas
deviations from full model solutions were used as an indicator of
subspace stability.

Results

The centering of all data modes combined with two tempera-
tures resulted in the mode’s reduction to a single vector, as each
value was half the distance from the mean. This occurred before
the reduction of the data, as data were centered, and resulted in a
functional reduction of the data to a three-mode dataset of differ-
ences between temperatures (temperature/2). For this reason,
axes relating to temperature are not further discussed in either
model.

Singular value decomposition
The optimum number of axes was three, on visible inspection

of a scree plot of explained variance (Table 1). These compo-
nents combined to recover 74.4% of the variation in the centered
and scaled data, accounting for 34.1%, 29.5%, and 10.8% of the
variance, respectively. Tabulated variable weights were visibly
evaluated to determine that Axis 1 related to relative differences
in tip abscission progression through photoperiodic time from
15.0 to 10.5 h of daylight between the two temperatures
(Table 2). Axis 2 related to the relative transition in relative
amounts of active growth and tissue maturation between early
and late season between temperatures. In addition, this axis con-
trasted tip abscission progress at 14.5 h with 11.0 h of daylight.

Table 1. Singular value decomposition singular values, eigenvalues,
proportions, and cumulative proportions of the total variance
resulting from the reduction of higher-order interaction effects
of grapevine response to simulated fall conditions between dif-
fering temperatures through photoperiodic time.

Axisz
Singular
value Eigenvalue

Proportion
(%)

Cumulative
(%)

1 9.81 96.2 34.1 34.1
2 9.12 83.1 29.5 63.6
3 5.52 30.5 10.8 74.4
4 3.41 11.6 4.1 78.5
5 3.07 9.4 3.3 81.9
6 2.93 8.6 3.0 84.9
7 2.41 5.8 2.1 87.0
8 2.27 5.1 1.8 88.8
… y … … … …
Total (154) 67.92 282.0 1 1
zBolded components were retained for further interpretation.
yRows relating to axes 9–154 were omitted.
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Axis 3 was associated with parabolic distortion of the Axis 2
through photoperiodic time across the two tested temperatures.
The axis also contrasted tip abscission progress at 12.5 h with
that at 10.0 h of daylight. When these axes were tested with
ANOVA, using runs of the experiment as replications, acces-
sions differed across all three retained axes (Axis 1, P5 0.0076;
Axis 2, P5 0.0211; and Axis 3, P5 0.0432).

When means of accessions, populations, groups, and species
were compared with the mean of tested riparian grapevines, sig-
nificant deviations occurred along all three axes (Table 3). Ripar-
ian grapevines were positively associated with all three axes. Of
the included check cultivars, Frontenac did not differ from the
mean of tested riparian grapevines along any axis. Both ‘MN
1131’ and ‘Marquette’ deviated from the response of the tested
native accessions along Axis 1, whereas ‘Marquette’ also devi-
ated along Axis 2. Axis 1 tended to be most associated with the
accessions ‘Frontenac’ and 917, and most negatively associated
with ‘MN 1131’ and its progeny. Only accessions having large
negative values differed in response from riparian grapevines.

Axis 2 tended to be positively associated with ‘MN 1131’, its
progeny 900, and the mean of riparian grapevines. The axis was
negatively associated with progeny of ‘ES 8-2-43’, except for
937. In addition, 73 and ‘Marquette’ also differed from the mean
of riparian grapevines along the axis.

Axis 3 was predominately associated with riparian grapevines
as well as 900, and negatively associated with several accessions

arising from diverse families (64, 906, 911, 920, 937, and 940).
Of the included checks, all three were found to have positive val-
ues and none were found to significantly depart from the values
of the tested native accessions. Only two accessions, ‘Frontenac’
and 917, were similar to the mean of tested riparian grapevine
accessions across all three retained axes.

Two distinct groups formed when the mean values of the 30
tested accessions were clustered using Euclidean distance with
Ward’s minimum variancemethod of linkage (Fig. 1). ‘Marquette’
and ‘Frontenac’ clustered together, whereas ‘MN 1131’ differed.
The tested riparian grapevines were split among groups; however,
representatives in either group tended to cluster together within
subgroups. In the group associated with ‘Marquette’ and ‘Fron-
tenac’; riparian grapevines, SD 62-8-160, and 1002 grouped along
with ‘Frontenac’, 917, and 73, whereas ‘Marquette’ was associ-
ated with four of the five progenies of ES 8-2-43, 920, and 911.
Within the ‘MN1131’ group, two subgroups pertaining to riparian
grapevine and nonriparian grapevine classes existed. The three
remaining riparian grapevines clustered together, whereas ‘MN
1131’ clustered tightly with its progeny, as well as the remaining
accessions derived from other families.

Tucker decomposition
On evaluation of the explained variance, all combinations of

components for all modes, it was determined that the best fit was
found using the reduced dimensions of 3 × 2 × 2 × 1 for the origi-
nal 60 × 7 × 11 × 2 dataset. This solution explained 72.0% of the

Table 2. Factor weights of seven predictor variables across photoperiodic time determined using singular value decomposition of higher-
order interaction effects in grapevine response to simulated fall conditions under differing temperatures for the first three retained axes.

Daylight (h)

Axis Traitz 15.0 14.5 14.0 13.5 13.0 12.5 12.0 11.5 11.0 10.5 10.0
1

L 0.32y 0.19 �0.01 �0.20 �0.18 �0.19 �0.25 �0.12 0.02 0.14 0.28
N 0.69 0.55 0.30 0.07 �0.16 �0.30 �0.36 �0.31 �0.23 �0.17 �0.09
MAT 0.06 0.26 0.33 0.35 0.50 0.34 0.32 �0.24 �0.52 �0.67 �0.72
LAT 0.25 �0.14 �0.58 �0.63 �0.74 �0.37 �0.36 0.25 0.53 0.77 1.03
TIP �2.33 �2.16 �1.7 �1.45 �1.03 0.23 0.90 1.60 2.05 2.14 1.74
PL 0.53 0.68 0.85 0.98 0.88 0.19 �0.20 �0.64 �0.98 �1.13 �1.15
PN 0.48 0.63 0.81 0.88 0.73 0.10 �0.05 �0.54 �0.88 �1.07 �1.09

2
L 1.01 1.08 0.95 0.67 0.30 �0.32 �0.83 �0.87 �0.84 �0.67 �0.48
N 1.41 1.43 1.26 0.99 0.24 �0.40 �0.91 �1.08 �1.16 �0.94 �0.76
MAT �1.03 �0.92 �0.90 �0.69 �0.07 0.23 0.82 0.59 0.65 0.62 0.68
LAT 1.98 1.73 1.29 0.89 0.11 �0.51 �1.31 �1.22 �1.24 �0.92 �0.80
TIP �0.91 �1.11 �0.67 �0.28 �0.24 0.20 0.13 0.62 1.10 0.75 0.44
PL �1.39 �1.27 �1.15 �0.96 �0.32 0.41 1.12 1.14 0.93 0.79 0.69
PN �1.06 �0.94 �0.78 �0.54 �0.02 0.39 0.98 0.81 0.56 0.36 0.24

3
L 1.40 0.65 0.07 �0.88 �1.91 �2.18 �1.30 0.01 0.75 1.49 1.91
N 1.14 0.41 �0.35 �0.90 �1.99 �2.15 �1.21 �0.01 0.78 1.97 2.31
MAT �1.60 �1.17 �0.24 0.49 2.00 2.12 1.31 �0.08 �0.75 �0.71 �1.37
LAT 1.16 1.13 0.00 �1.33 �2.6 �3.12 �1.51 0.38 1.42 2.01 2.46
TIP 0.11 1.21 1.29 1.88 1.38 0.85 0.36 0.84 �0.56 �3.04 �4.32
PL �1.21 �1.29 �0.66 0.06 0.91 1.84 1.08 �0.28 �0.35 �0.27 0.16
PN �0.99 �0.96 �0.11 0.67 2.21 2.64 1.28 �0.85 �1.30 �1.45 �1.14

zL 5 stem length (centimeters); N 5 number of nodes; MAT 5 number of mature nodes; LAT 5 number of lateral shoots; TIP 5 tip
abscission progress visible rating (0–5), where 0 relates to full active growth and 5 relates to loss of meristem; PL 5 periderm develop-
ment length (centimeters); and PN 5 number of nodes enveloped by periderm development.
yIncreasing green and red hues indicate increasingly positive and negative associations between the axis with the trait measure at the pho-
toperiodic time, respectively.
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variation that existed in the original interaction data. The solution’s
core-array suggested that four relationships among the resulting
components had the greatest influence on the dataset (Table 4).

MEASURES. Using the Tucker model, two axes were defined
from the initial seven phenotypic traits measured (Table 5). Axis
1 largely contrasted measures of growth with tissue maturation.
Stem length, number of nodes, and number of lateral shoots
were positively associated with the axis, whereas the number of
mature buds and measures of periderm development were nega-
tively associated. The strongest positive association with the axis
was with measures of periderm development, whereas the most
negative association was with measures of number of lateral
shoots. This axis was considered the relative progress of the tran-
sition from active growth (negative) to the maturation of tissues
(positive).

Axis 2 was most strongly and positively associated with pro-
gress toward tip abscission. The axis was marginally, negatively
associated with the number of nodes. Axis 2 was characterized
as progress toward tip abscission and the cessation shoot tip
growth.

PHOTOPERIODS. Two significant axes were found for photope-
riodic time from the original 11 time points collected. Axis 1
was interpreted to be general progress through time with photo-
period 14.5 h of daylight being positively and 10.5 h of daylight
being negatively associated with the axis with a gradual transi-
tion between these photoperiodic extremes. Axis 2 was inter-
preted as a parabolic distortion from the linear trend through
time and was centered around 12.5 h of daylight.

VARIABLE WEIGHTS. When the full set of the reduced pheno-
typic axes was used to construct the variable effects associated

Table 3. Comparison of mean accession scores obtained through singular value decomposition and Tucker decomposition resulting from
the reduction of higher-order interaction effects of grapevine response to simulated fall conditions between differing temperatures
through photoperiodic time.

Singular value decomposition Tucker decomposition

Accession Axis 1 Axis 2 Axis 3 Axis 1 Axis 2 Axis 3
64 �0.008 �0.034 �0.152 ** �0.005 �0.027 0.145
73 0.139 �0.088 * 0.053 0.142 �0.084 * �0.042
900 �0.164 **z 0.195 0.102 �0.168 ** 0.186 �0.086
903 �0.164 ** 0.039 0.055 �0.163 ** 0.034 �0.030
906 �0.097 * 0.064 �0.121 ** �0.099 * 0.064 0.116
909 �0.133 ** �0.022 �0.057 * �0.131 ** �0.019 0.027
911 0.019 �0.023 �0.158 ** 0.019 �0.023 0.157
913 �0.050 0.079 �0.056 * �0.051 0.072 0.047
914 �0.127 * 0.026 �0.031 �0.130 * 0.020 0.035
917 0.155 0.033 �0.047 0.153 0.038 0.042
920 0.059 �0.046 �0.129 ** 0.060 �0.040 0.139
924 0.087 �0.061 �0.052 * 0.088 �0.055 0.043
936 �0.024 �0.137 ** �0.055 * �0.019 �0.135 ** 0.045
937 �0.136 ** 0.045 �0.130 ** �0.138 ** 0.044 0.126
938 �0.004 �0.089 * 0.042 �0.002 �0.091 * �0.047
939 �0.079 * �0.143 ** �0.017 �0.076 �0.145 ** 0.037
940 0.013 �0.090 * �0.128 ** 0.016 �0.089 * 0.129
‘Frontenac’ 0.157 �0.053 0.009 0.159 �0.045 �0.014
‘MN 1131’ �0.192 ** 0.101 0.018 �0.198 *** 0.092 �0.020
‘Marquette’ �0.106 * �0.083 * 0.043 �0.106 * �0.090 * �0.048

Estimated family means

‘Valiant’y 0.065 �0.061 * �0.049 * 0.069 �0.055 * 0.052
‘MN 1131’ �0.141 **** 0.100 0.012 �0.143 **** 0.095 0.000
‘St. Croix’ �0.073 ** 0.015 �0.076 *** �0.073 ** 0.012 0.067
‘ES 8-2-24’ 0.100 �0.025 * �0.076 ** 0.100 �0.019 * 0.075
‘ES 8-2-43’ �0.046 ** �0.083 *** �0.058 *** �0.044 * �0.083 *** 0.058

Estimated mean effect of important groups of accessions

Checks �0.047 * �0.011 0.023 �0.048 * �0.014 * �0.027
All S1s �0.030 ** �0.015 ** �0.052 **** �0.03 ** �0.015 ** 0.052
Non-V. ripx �0.015 * �0.018 ** �0.020 ** �0.014 * �0.019 ** 0.021
V. calix 0.057 �0.034 ** 0.063 0.058 �0.037 ** �0.054
V. ripx 0.074 – 0.091 – 0.099 – 0.071 – 0.095 – �0.106 –
P valuew 0.0076 0.0211 0.0432 0.0072 0.0254 0.0976
z*, **, ***, and **** signify that the value is significantly different from that of the mean of riparian grapevines within the associated
component at alpha 5 0.05, 0.01, 0.001, and 0.0001, respectively.
yEstimated mean of S1 progeny of the listed S0 parental vine.
xNon-V. rip 5 nonriparian grapevine, V. cali 5 california grapevine; V. rip 5 riparian grapevine.
wProbability of a greater F from analysis of variance of each axis using the respective model. Comparisons with riparian grapevines were
only evaluated in axes where accessions were found to vary (a 5 0.05).
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Fig. 1. Cluster of Euclidean distances between grapevine accession means from the decompositions of the four-way interaction effects of grapevine accessions
grown under differing temperatures through photoperiodic time using (A) singular value decomposition and (B) Tucker decomposition using Ward’s mini-
mum variance method of linkage. Presence of * indicates riparian grapevine accessions.
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with each of the retained genotypic axes, similar relationships
were determined as with SVD; however, the photoperiodic tim-
ing of events was altered (Table 6). Axis 1 related to relative tip
progress through photoperiodic time from 15.0 to 14.5 h of day-
light to 11.0 to 10.5 h of daylight across the tested temperatures.
Axis 2 contrasted the relative amounts of active growth and tis-
sue maturation early in the season to those later. This axis also
associated tip abscission progress as a trait having a similar trend
to that of tissue maturation in contrast with the SVD model.
Last, Axis 3 was associated with a parabolic distortion of Axis 2
through linear time between the two tested temperatures. The
axis was also related to contrasts of late tip abscission progress
between 13.0 and 10.0 h of daylight.

ACCESSIONS. When the Tucker model was used, three signifi-
cant axes contributing 33.69%, 28.78%, and 9.52% of the total
variation, respectively, were found to describe the 60 accession-
by-run combination samples. Two of these axes showed signifi-
cant variation among accessions following ANOVA (Table 3).
The resulting axes had similar relationships to those discovered
through SVD. Axis 1 was positively associated with ‘Frontenac’,
917, and 73 while being negatively associated with ‘MN 1131’
and its progeny (900, 903, and 906), 909, 914, and 937. Themean
of tested riparian grapevines was found to be moderately and pos-
itively associated with the axis. The remaining check vine,
‘Marquette’, was moderately negatively associated with the axis
and differed from themean of tested riparian grapevines.

Axis 2 was associated with 900, ‘MN 1131’, and riparian
grapevines. This axis was negatively associated with four of the
five progenies derived from ‘ES 8-2-43’, 73, and ‘Marquette’.
The remaining check vine, ‘Frontenac’, was slightly negative
along the axis, but did not differ from the mean of riparian
grapevine accessions. Overall, several accessions did not statisti-
cally differ from riparian grapevines along both axes having sig-
nificant variation among accessions. These included accessions
derived from ‘St. Croix’ (911 and 913) and ‘ES 8-2-24’ (917,
920, and 924) along with 64 as well as ‘Frontenac’.

Distinct riparian grapevine and nonriparian grapevine groups
were defined when all three retained components were clustered
using the Euclidean distance and Ward’s minimum variance
linkage (Fig. 1). ‘Frontenac’ and all five wild riparian grapevines
clustered together. ‘MN 1131’ and ‘Marquette’ each defined
subclasses of the nonriparian grapevine group. ‘MN 1131’

tended to cluster with its progeny, whereas ‘Marquette’ tended
to cluster with members of the ‘ES 8-2-43’ family.

Comparison of model relationships
When resampling with replacement was used to test the con-

sistency of the predictions, differences were found between the
methods in their accuracy in comparison with observed values,
as well as in subspace consistency. The sum of squared devia-
tions from observed values was significantly higher and the sum
of squared deviations from the full model solution using all sam-
ples was lower for Tucker decomposition when compared with
SVD (Table 7).

Discussion

MODEL COMPARISON. Following quadruple centering of the
data, all that remained was the effect of the four-way interaction,
as all main-effect means, two-way interactions, and three-way
interactions were removed (Kroonenberg, 2008). Through the qua-
druple centering of data, the two investigated temperatures were
reduced to reciprocals of one another, as either was equidistant
from the mean. This effectively reduced the solutions of each anal-
ysis to a three-mode dataset of differences across temperatures.

Table 4. Tucker decomposition core-array of relationships between
grapevine accession, predictor trait measures, and photoperiod axes
resulting from the reduction of higher-order interaction effects of
grapevine response to simulated fall conditions between differing
temperatures through photoperiodic time.

Predictor trait measures

Photoperiod Accessions Axis 1 Axis 2 Axis 1 Axis 2
Axis 1 Weight Weight2

Axis 1 23.89z 8.40 15.11 70.62
Axis 2 8.19 2.97 67.14 8.82
Axis 3 0.60 1.87 0.36 3.51

Axis 2
Axis 1 �3.04 0.18 9.26 0.03
Axis 2 �2.28 �0.15 5.18 0.02
Axis 3 4.50 1.64 20.28 2.70

zBolded combinations contributed greatest to the variation of the
dataset.

Table 5. Tucker decomposition loadings by mode for measured traits,
photoperiodic times, and applied temperatures resulting from the
reduction of higher-order interaction effects of grapevine response
to simulated fall conditions between differing temperatures.

Axis 1 Axis 2

Mode Level Axis score
Measured traits

Stem length (cm) �0.313 �0.144
Nodes (no.) �0.350 �0.297
Mature buds (no.) 0.346 �0.029
Lateral shoots (no.) 20.544z �0.037
Tip abscission (0–5 scale) 0.010 0.901
Periderm (cm) 0.456 �0.208
Periderm (no. nodes) 0.394 �0.186

Portion of total variation (%) 41.61 30.39
Photoperiodic times (daylight h)

15.0 0.384 20.384
14.5 0.387 �0.248
14.0 0.34 �0.045
13.5 0.284 0.154
13.0 0.166 0.408
12.5 �0.045 0.445
12.0 �0.199 0.383
11.5 �0.291 0.079
11.0 �0.355 �0.11
10.5 �0.354 �0.295
10.0 20.318 20.387

Portion of total variation (%) 58.71 13.28
Applied temperatures (�C)

10 0.7071
27 20.7071

Portion of total variation (%) 100.00
zBolded values indicate local minimums and maximums for each
axis.
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Both investigated methods, SVD and the Tucker, identified a
similar set of three accession axes. Factors related to the relative
tip abscission progress rate, progression rate from active growth
to maturation of tissue, and a parabolic trend relating growth and
tissue maturation through time. The trait identified to explain the
largest portion of the variance of the dataset was the differences
in relative tip progression through photoperiodic time between
temperatures for the tested accessions relative to the average of
accessions. This axis had a linear trend through time and distin-
guished those accessions that had relatively increased rates of tip
abscission at 27 �C relative to 10 �C as compared with acces-
sions that had relatively increased rates at 10 �C relative to

27 �C. Native accessions and similar interspecific hybrids tended
to have an amplification of tip abscission progress under warmer
conditions, whereas dissimilar accessions tended to have similar
or decreased rates of tip abscission progress under 27 �C relative
to 10 �C.

The contrast between relative growth and tissue maturation
was divided into a linear and a parabolic trend in time as two
axes in either model. The linear trend contrasted the rates of
change in either trait as they differed across the two temperatures
early vs. late in the season and was interpreted as the rate of tran-
sition from active growth to tissue maturation. The parabolic
trend was explained as a distortion from the linear trend compar-
ing the relative ratio of growth to tissue maturation due to the
differing photoperiodic timing of the induction of acclimation
responses across the tested accessions. Similar distortions are
often a consequence of fitting linear models to nonlinear trends.
These may be caused by the shift of a monotonic curve in time.
In this instance, the trend was determined to be the consequence
of differing initiation points of the morphological transition, or
the comparative timing of acclimation initiation as it differed
between the two temperatures among cultivars.

The two models differed in the contribution of either’s third
axis to the variance among accessions, as it was found to be sig-
nificant using SVD and was not while using the Tucker model,
having P values of 0.0432 and 0.0976, respectively. Overall,
SVD did account for a greater proportion of the variance among

Table 6. Factor weights of seven predictor variables across photoperiodic time determined using Tucker decomposition of higher-order
interaction effects in grapevine response to simulated fall conditions under differing temperatures for the first three retained axes.

Daylight (h)

Axis Traitz 15.0 14.5 14.0 13.5 13.0 12.5 12.0 11.5 11.0 10.5 10.0
1

L 0.26y 0.17 0.03 �0.11 �0.28 �0.31 �0.26 �0.05 0.08 0.21 0.27
N 0.61 0.51 0.32 0.12 �0.17 �0.37 �0.46 �0.31 �0.22 �0.08 0.02
MAT 0.15 0.26 0.37 0.46 0.52 0.30 0.07 �0.28 �0.51 �0.65 �0.68
LAT �0.05 �0.22 �0.40 �0.57 �0.72 �0.48 �0.20 0.29 0.61 0.84 0.9
TIP �2.12 �2.15 �1.90 �1.60 �0.97 0.21 1.08 1.62 2.00 2.01 1.82
PL 0.60 0.75 0.84 0.91 0.87 0.35 �0.12 �0.68 �1.05 �1.24 �1.24
PN 0.53 0.66 0.74 0.79 0.76 0.30 �0.11 �0.60 �0.92 �1.09 �1.09

2
L 1.25 1.17 0.92 0.64 0.17 �0.40 �0.76 �0.81 �0.85 �0.73 �0.58
N 1.54 1.45 1.14 0.82 0.24 �0.47 �0.93 �1.01 �1.08 �0.94 �0.76
MAT �1.18 �1.10 �0.85 �0.58 �0.12 0.41 0.74 0.75 0.78 0.65 0.50
LAT 1.94 1.81 1.40 0.96 0.22 �0.66 �1.20 �1.24 �1.29 �1.09 �0.85
TIP �0.98 �0.96 �0.82 �0.66 �0.34 0.17 0.53 0.71 0.84 0.81 0.71
PL �1.38 �1.27 �0.96 �0.64 �0.09 0.51 0.88 0.86 0.87 0.70 0.53
PN �1.19 �1.09 �0.83 �0.55 �0.08 0.44 0.75 0.74 0.74 0.60 0.45

3
L �1.20 �0.61 0.22 1.01 1.97 1.87 1.42 �0.01 �0.90 �1.71 �2.06
N �1.31 �0.57 0.44 1.41 2.56 2.33 1.68 �0.16 �1.31 �2.32 �2.75
MAT 1.37 0.83 0.04 �0.73 �1.69 �1.75 �1.44 �0.20 0.58 1.32 1.67
LAT �2.13 �1.24 0.06 1.31 2.87 2.89 2.32 0.22 �1.09 �2.32 �2.88
TIP �0.17 �0.73 �1.34 �1.88 �2.38 �1.59 �0.65 0.98 2.02 2.76 2.97
PL 1.85 1.24 0.31 �0.61 �1.79 �2.02 �1.79 �0.44 0.39 1.22 1.65
PN 1.60 1.07 0.27 �0.51 �1.53 �1.73 �1.54 �0.39 0.32 1.04 1.40

zL 5 stem length (centimeters); N 5 number of nodes; MAT 5 number of mature nodes; LAT 5 number of lateral shoots; TIP 5 tip
abscission progress visible rating (0–5), where 0 relates to full active growth and 5 relates to loss of meristem; PL 5 periderm develop-
ment length (centimeters); and PN 5 number of nodes enveloped by periderm development.
yIncreasing green and red hues indicate increasingly positive and negative associations between the axis with the trait measure at the pho-
toperiodic time, respectively.

Table 7. Comparison of decomposition method effect on observed
values and full model predictions using 10,000 iterations of resam-
pling with replacement (50 train: 10 test) validation in the reduc-
tion of higher-order interaction effects in grapevine responses to
simulated fall conditions under differing temperatures across photo-
periodic time quantified through multiple predictor traits.

Observed values Full model predictionz

SSDy

Tucker decomposition 13.876 ± 0.046 0.11679 ± 0.00187
Singular value

decomposition
13.687 ± 0.045 0.28998 ± 0.00324

zPredicted values through decompositions using all observed samples.
yAverage sum of squared deviations ± 95% confidence interval.
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samples (74.4%) in comparison with the Tucker reduction
(72%). The modeling of this additional information may account
for the ability to detect significance of Axis 3 of the SVD reduc-
tion in comparison with the Tucker solution.

Similar traits were identified in previous study (Stenger and
Hatterman-Valenti, 2017). Stenger and Hatterman-Valenti
(2017) used Tucker decomposition to identify important accli-
mation trends of cold-climate grapevines under field conditions
in mature vines. Overall, similar axes related to the rate of tip
abscission and the transition from active growth to dormant tis-
sue development were identified in related cultivars. This previ-
ous work did not identify the parabolic trend related to the
timing of acclimation response similar to that reported by Garris
et al. (2009). However, the field study did not include accessions
from the V. riparia × ‘Seyval’ background. ‘Seyval’ is a French-
American interspecific hybrid grapevine with its majority of par-
entage derived from common grapevine with lesser portions of
American native Vits rupestris and Vitis aestivalis used to derive
disease resistance. In addition, the prior study only accounted for
a small set of cultivars, thus may not have included genetics
associated with the trait. The current research provides a more
encompassing model of temperature adaptive acclimation traits
uniting the findings of Stenger and Hatterman-Valenti (2017)
and Garris et al. (2009) by identifying all described traits in a
single study.

When clusters using all three retained axes for each model
were compared, differences existed in the ability of the model to
retain logical clusters of the tested riparian grapevines. The
Tucker solution clearly grouped all riparian grapevines together,
whereas SVD split these accessions among groupings. Based on
the goal of identifying riparian grapevine-like accessions, the
most concise clustering was created by use of the Tucker model.

Either reduction method led to similar axes; however, the
total percent variation and the allocation of error in these axes
differed, as all three axes contained significant variation in SVD,
whereas the Tucker model resulted in a reduced set of two axes.
Similarity among identified axes between bilinear and multiway
methods has been reported in the past. Dyrby et al. (2005) con-
cluded that despite such similarities, multiway analysis was still
advantageous as results were more interpretable as each mode
was decomposed separately. In the current study, the Tucker
solution was better in separating wild-type and interspecific
hybrid samples compared with bilinear modeling using a combi-
nation-mode matrix. In addition, repeated sampling demon-
strated that although SVD consistently explained more variance,
the subspace it defined was more variable, indicating that the
model was overfitting to the data and may be less accurate when
predicting performance of new populations. Last, in agreement
with previous comparisons, it was determined that because of
the ability of the Tucker model to separate trends, results were
more easily interpreted and had greater meaning compared with
those obtained through SVD of a combination-mode matrix.

COMPARISON OF ACCESSIONS. The environmental responses of
riparian grapevine derived cold-climate hybrids were similar to
those found in Populus hybrids. Tanino et al. (2010) outlined two
methods of temperature-photoperiod related dormancy induction.
In Populus hybrids, they found that night temperature was corre-
lated with days to growth cessation, rate of growth cessation,
depth of dormancy, and both the rate and depth of cold hardiness;
whereas only rate of dormancy development was significantly
correlated with daytime temperatures. In the current study, the

cold-climate adapted riparian grapevines showed a large increase
in responsiveness when temperature was increased, particularly
in tip abscission and the rate of growth cessation and mature tis-
sue development across the two temperatures when compared
with those accessions exhibiting alternate responses. In hybrid
progeny of riparian grapevine crossed with nonadapted types,
these abilities were separable. All tested industry checks pre-
formed similarly to riparian grapevines in the timing of the transi-
tion from active growth to tissue maturation. This is reasonable,
as investigations into early initiation of acclimation response
have occurred for some time (Fennell and Hoover, 1991; Fennell
et al., 2005; Garris et al., 2009; Wake and Fennell, 2000).
Adapted types ‘Frontenac’ and ‘MN 1131’ displayed additional
but separate alternate temperature-based responses in common
with riparian grapevines in effect of temperature on the rate of tip
abscission and growth cessation and rate of mature tissue devel-
opment, respectively. In addition, these traits were combinable,
as accession 917 had temperature reactive acclimation traits
indistinguishable from riparian grapevines and contrasting those
of ‘Marquette’ (Fig. 2). This demonstrates that breeding of culti-
vars having more similar fall response profiles to wild-type ripar-
ian grapevine is possible.

On comparison of clustering based on the data reduction, the
california grapevines did not create an outgroup as intended,
despite their lack of relationship to the remaining accessions on
the species level. It was hypothesized that the species would react
differently in comparison with riparian grapevines because of the
differing climates of their geographic origins. These results sug-
gest commonality among riparian and california grapevines in
acclimation responses, particularly in the rate of tip abscission
through time, as well as the timing of transition from active
growth to tissue maturation tested between temperatures.
Included is the suspected photoperiodic response, which was
identified as a parabolic distortion in time, and was tied to differ-
ences in genotypic trends in lateral shoot development (Fennell
and Hoover, 1991; Fennell et al., 2005; Garris et al., 2009; Wake
and Fennell, 2000). Previous research has shown california grape-
vines to be genetically distinct from the North American and
Eurasian species of grapevine (P�eros et al., 2011; Tr�ondle et al.,
2010; Wan et al., 2013; Zecca et al., 2012). This study demon-
strates a similar early occurrence of feed-forward response to
photoperiod in the Mediterranean california grapevine species,
as was found in the continental species riparian grapevine.
California grapevines tended to be distinct from riparian grape-
vine along the axis relating to rate of transition from active
growth to tissue maturation, as their axes differed for both tested
models. This adaptationmay afford california grapevines the abil-
ity to take advantage of extended cool seasons, as growth and tis-
sue maturation were not hindered; whereas riparian grapevines
had increased benefit in growth cessation and tissue maturation
when temperatures were increased to force early acclimation in a
relatively unstable native continental climate.

Overall, beyond the early photoperiod-based induction that
was previously described, the rate of transition from active
growth to tissue maturation was a discernable trait of riparian
grapevine. In addition, the trait contributing greatest to the varia-
tion in the dataset was the differences in tip abscission progress
rate between the two temperatures over photoperiodic time.
Those grapevines similar in response to riparian grapevines
tended to be temperature sensitive in their responses, having
greater increases in reaction across the two temperatures when
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compared with an average vine. ‘MN 1131’ was found to be an
adaptive type that combined early acclimation response with tem-
perature adaptive progression in its transition from active growth
to tissue maturation. ‘Frontenac’ displayed an alternative adapted
method, as it had early induction of acclimation response coupled
with temperature adaptive tip abscission rate across the tested
temperatures. ‘Marquette’ did not differ from riparian grapevines
in acclimation initiation timing where the trait was found to

statistically differ across accessions; however, it did differ for the
additional adaptive responses involving the influence of tempera-
ture on the rate of progress of both tip abscission and the transi-
tion from active growth to tissuematuration.

The conclusions of this study indicate, in part, that the inclu-
sion of either rate adaptive response of tip progression or transi-
tion from active growth to tissue maturation, along with early
acclimation initiation may enable productive cultivars in the

Fig. 2. Comparison of the trends of response differences to simulated fall conditions of selected grapevines (A) ‘Marquette’, (B) 917, and (C) the mean of
riparian grapevines between temperatures for seven predictor variables across photoperiodic time (15 to 10 h of daylight). Tip abscission progress visible rat-
ing was on a 0 to 5 scale, where 0 relates to full active growth and 5 relates to loss of meristem. Black and gray arrows indicate trends consistent with and
those opposed to identified responses of riparian grapevines, respectively.
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northern Plains region of the United States. However, the exclu-
sion of both rate adaptive responses, even with early initiation,
may leave cultivars unreliable in the region. ‘Frontenac’ and
‘MN 1131’ had additional temperature reactive traits over that
of ‘Marquette’, aligning with pre-experiment perceptions of the
regional adaptation of the cultivars (Hatterman-Valenti et al.,
2016). In addition, the accession 917 was found to be indistin-
guishable from riparian grapevines demonstrating the potential
for wild-type adaptation feature reconstruction in interspecific
hybrid backgrounds.

Conclusions

The overall similarity of the identified axes, increased ability
to differentiate riparian grapevines from other accessions, defin-
ing of a more stable subspace, and simplification of the interpre-
tation of the identified axes suggests that the Tucker model will
be more practical for investigating high-order trait response pro-
files as compared with bilinear models. The characterization of
multiway trends through the decomposition of higher-order reac-
tions was an efficient and relatively high-throughput method for
characterizing samples in a controlled repeatable experiment and
has plant breeding implications. The method identified traits
characterized in previous studies in a single more encompassing
model. The reduction of higher-order interaction was found to
be useful in gaining insight into the relative effects of multiple
environmental cues on a particularly difficult to characterize trait
in photoperiod-based acclimation response. The use of the meth-
odology described here is likely to have further utility in the
characterization of many complex traits in other crops and bio-
logical systems. Overall, the inclusion of such methodologies for
crop improvement for a wide array of difficult-to-quantify adap-
tation, resistance, quality, and developmental processes may
have benefit in Vitis as well as in other woody, perennial, or
annual crops. Such methods may aid in preserving diversity in
quantitative traits as compromises in trait similarities are made.
Overall, the evaluation of process traits may aid to improve
breeding for the future, especially when applied to the adaptation
of germplasm to nontraditional growing regions. Such methods
can have further utility in other areas of plant science, from aid-
ing in the characterization of plant genetic expression and physi-
ology to landscape-level ecological systems as a multiway
extension of reaction norms.
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