VINE AND WINE
OPEN ACCESS JOURNAL

OE N International
/By VES Vltlculture & Enology

*correspondence:
elena.moltchanova@canterbury.ac.nz

Associate editor:
Maria Paz Diago

IES
Received:
16 May 2021

Accepted:
22 November 2021

Published:
3 January 2022

This article is published under
the Creative Commons
licence (CC BY 4.0).

Use of all or part of the content
of this article must mention

the authors, the year of
publication, the title,

the name of the journal,

the volume, the pages

and the DOI in compliance with
the information given above.

DOI:10.20870/0enc-one.2022.56.1.4717

29)

Society

Evaluating sources of variability

in inflorescence number, flower
number and the progression of
flowering in Sauvignon blanc using
a Bayesian modelling framework

Amber K. Parker', Jaco Fourie?, Mike C. T. Trought®, Kapila Phalawatta?, Esther
Meenken*, Anne Eyharts® and Elena Moltchanova®

' Department of Wine, Food and Molecular Biosciences, Lincoln University, Lincoln 7647, New Zealand
?Machine vision team, Lincoln Agritech Lid, Lincoln 7647, New Zealand

3The New Zealand Institute for Plant & Food Research Limited (PFR) Marlborough Research Centre.
New Zealand

4 AgResearch, lincoln 7674, New Zealand

® AgroSup Dijon, Université Bourgogne Franche-Comté, 21000 Dijon, France

¢ School of Mathematics and Statistics, University of Canterbury, Private Bag 4800, Christchurch 8140
New Zealand

ABSTRACT

The time of flowering is key to understanding the development of grapevines. Flowering
coincides with inflorescence initiation and fruit set, important determinants of yield.
This research aimed to determine between and within-vine variability in 4-cane-pruned
Sauvignon blanc inflorescence number per shoot, number of flowers per inflorescence and
flowering progression using an objective method of assessing flowering via image capture
and statistical analysis using a Bayesian modelling framework. The inflorescence number and
number of flowers per inflorescence were measured by taking images over the flowering period.
Flowering progression was assessed by counting open and closed flowers for each image over
two seasons. An ordinal multinomial generalised linear mixed-effects model (GLMM) was
fitted for inflorescence number, a Poisson GLMM for flower counts and a binomial GLMM for
flowering progression. All the models were fitted and interpreted within a Bayesian modelling
framework. Shoots arising from cane node one had lower numbers of inflorescences compared
to those at nodes 3, 5 and 7, which were similar. The number of flowers per inflorescence was
greater for basal inflorescences on a shoot than apical ones. Flowering was earlier, by two weeks,
and faster in 2017/18 when compared to 2018/19 reflecting seasonal temperature differences.
The time and duration of flowering varied at each inflorescence position along the cane.
While basal inflorescences flowered later and apical earlier at lower insertion points on the
shoot, the variability in flowering at each position on the vine dominated the date and duration
of flowering.

This is the first study using a Bayesian modelling framework to assess variability inflorescence
presence and flower number, as well as flowering progression via objective quantification of
open and closed flower counts rather than the more subjective method of visual estimation
in the field or via cuttings. Although flower number differed for apical and basal bunches,
little difference in timing and progression of flowering by these categories was observed.
The node insertion point along a shoot was more important. Overall, the results indicate
individual inflorescence variation and season are the key factors driving flowering variability
and are most likely to impact fruit set and yield.

EGAYLBI oapevine, phenology, inflorescence, flower number, flowering, Bayesian modelling,
yield
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INTRODUCTION

Flowering is a key phenological stage monitored for
understanding the development of grapevines during
the season and for yield component formation. Seasonal
differences in the time of grapevine flowering are
known and flowering is often predicted using the
thermal time (a key driver of vine development) from
a fixed date or a prior phenological stage until 50 %
flowering is reached (Huglin, 1978; Webb et al, 2007;
Garcia de Cortazar-Atauri et al., 2010, Parker et al., 2011,
Parker et al., 2013; Garcia de Cortazar-Atauri et al., 2017;
Morales-Castilla et al., 2020; Prats-Llinas et al., 2020).
Differences in the timing of flowering (and other
phenological stages) also occur among cultivars that also
enables growers to consider using cultivar diversity to adapt
to climate change, by choosing later developing cultivars
(Parker et al., 2013; Garcia de Cortazar-Atauri et al., 2017;
van Leeuwen et al., 2019b; Morales-Castilla et al., 2020;
Parker et al., 2020).

Flowering is typically monitored by visual observation
in the field (Garcia de Cortazar-Atauri et al, 2017,
Destrac-Irvine et al, 2019; van Leeuwen et al., 2019a).
However, monitoring flowering in the vineyard can be
subjective and several factors may influence the outcome for
determining 50 % flowering: the number of vines observed,
the position of vines within a vineyard and the frequency,
accuracy and consistency of observer(s), as well as the
scale used for determining flowering (for example scoring
on a numeric scale such as 1-10, designating an absolute
percentage value, or assigning percentage values in ‘bins’
such as each 10 %). These factors may lead to differences
in determining the time of flowering, our ability to predict
flowering or utilise the information from the flowering
period in models. While flower number has been successfully
counted manually (May, 2000; Poni et al., 2006), or using
image processing techniques and/or automated counting
systems (Diago et al, 2014; Aquino et al, 2015a;
Aquino et al., 2015b; Millan ef al., 2017; Liu et al., 2018;
Tello et al., 2020), no studies to date have counted open and
closed flowers on inflorescences to objectively score the
percentage flowering as a method of flowering assessment to
evaluate flowering variability, which is the method employed
in this current study.

Flowering between vineyards, within a vineyard and within
a vine can be variable and is an important consideration in
vineyard management. Therefore, if vast differences in the
timing of flowering occur, this could lead to yield variation
(Trought et al., 2017) or differences in the duration and the
time to target sugar concentrations (Eltom et al, 2017).
Phenological models which take into account temperature
and can be used to describe variation in the time of 50 %
flowering within and between vineyards, regions and
countries of differing climate influences (Parker et al., 2013;
Verdugo-Vasquez et al., 2019; de Rességuier et al., 2020;
Morales-Castilla et al., 2020). There is less of an
understanding of the variability of flowering within a vine
and how this may affect our assessment of 50 % flowering

and the duration of flowering and its consequences for fruit
set and yield. Trought ef al. (2017) demonstrated that distal
shoots on the cane flowered on average, up to 2.5 days earlier
than shoots proximal to the head of the vine, likewise that
basal inflorescences flowered up to on average, 1.8 days
earlier than apical inflorescences on the shoot. Just as
importantly though, they also demonstrated that there was
great variability in percentage flowering, from 4 to 96 %,
among individual inflorescences early in the season on a
given day of observation. This highlights despite within-
vine mean trends being determined, flowering itself among
inflorescences may be highly variable. Eltom et al. (2017)
also found that basal inflorescences flower earlier than apical
ones, as well as inner arms of inflorescences flowering earlier
than outer arms, indicating that there are also important
within-inflorescence patterns of flowering. The study by
Trought et al. (2017) used an 8-point scale to assess flowering
and Eltom et al. (2017) visually assessed percentages in-
field. The exact counting of the number of open and closed
flowers on individual inflorescences was not carried out at
the various positions in the vine. This proceeding research
did not specifically look at individual shoot positions along a
cane (shoots were classed into broad groupings of proximal,
middle and distal for example in Trought et al., 2017) or
node insertion points of inflorescences up shoot. So, while
these studies indicate sources and the importance of within-
vine variability in flowering, it also presents an opportunity
to complete a more detailed analysis of the within vine
flowering variability by using objective, exact counts of open
and closed flowers from images and considering specific
shoot and node insertion locations of inflorescences that are
monitored.

The duration of flowering is also of interest because this can
influence the flowering to fruit set process, as temperatures
and radiation intensity prior, during and post-flowering can
influence the success of pollination, germination, pollen
tube growth for fertilisation and seed and berry weight
(Staudt, 1982; Ebadi et al, 1996; Friend, 2005;
Trought, 2005). Consequently, the duration of the flowering
period and the temperatures characteristics prior, during
and post-flowering have been successfully implemented in
yield predictions models (Trought, 2005; Zhu et al., 2020).
Understanding the variability in flowering duration and how
this may influence within block yield variability among vines
is therefore important to capture when monitoring flowering.

Inflorescence number per shoot and flower number can
also influence final yield. Prior research has already
demonstrated that inflorescence number varies by node
position along a cane and with cultivar (May and Cellier,
1973; Huglin and Balthazard, 1975), and that basal bunches
have more flowers than apical bunches irrespective of
cultivar (May and Cellier, 1973; Huglin and Balthazard,
1975; Eltom et al, 2017), although it appears that the
number of berries per bunch is not different between apical
and basal bunches within a season for a given cultivar (the
percentage fruit set is reduced on basal bunches relative to
apical bunches, Eltom et al., 2017; Trought et al., 2017).
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The pattern of inflorescence number per shoot has not been
characterised for Sauvignon blanc and there is an opportunity
to investigate the relationship of the node insertion point
of inflorescences up a shoot with the time and duration of
flowering.

Most of the above-cited research has used more ‘classical’
maximum likelihood estimation (MLE) methods applied to
ANOVA and regression, or simply exploratory data analysis
to investigate sources of variability inflorescence number,
flower number and the progression of flowering. However,
a Bayesian approach is becoming more and more commonly
used in natural sciences due to its ability to combine prior
information, such as experts’ opinions and results of previous
studies, with the newly collected data, and its flexible
approach to modelling. When using binary and binomial
logistic or Poisson Generalised Linear Models, necessary
when modelling proportions and counts respectively, it
also avoids the potential technical problem of complete
separation encountered in classical maximum likelihood
estimation. Warton and Hui (2011) explain why the use of
the binomial logistic model is recommended over the use of
linear regression when modelling proportions (which is what
percentage flowering represents). The Bayesian approach
also works well with fitting a mixed-effects model adjusting
for repeated measures or other hierarchy within data,
especially in cases of unbalanced design, which is common
when characterising inflorescence presence and number
of inflorescences per various shoot positions within a vine
in the field (i.e., not all shoots exhibit the same number of
inflorescences or locations).

The objective of this research was to determine how
variability in Sauvignon blanc flowering is associated with
the following vine structures: individual vines, canes on
vines, shoot positions along canes, inflorescence positions on
shoot (basal or apical, or node insertion points up a shoot),
using an objective method of assessing flowering via image
capture, and statistical analysis via a Bayesian modelling
framework. The position and number of inflorescences on
the different shoots along the canes was also evaluated; the
number of flowers per inflorescence was also evaluated for
any underlying relationship with regard to the different vine
structures.

MATERIALS AND METHODS

1. Experimental site and vine management

The experiment was conducted over two growing seasons
in the teaching and research vineyard at Lincoln University,
Canterbury, New Zealand (43°38°49”’S, 172°27°28”E) in a
row of Vitis vinifera L., four-caned pruned vertically shoot
positioned (VSP) Sauvignon blanc vines (clone MS, rootstock
SO,). The vines were planted in 1996, with the selected
row orientated in a north-south direction, and between vine
spacing of 1.6 m and vineyard row spacing of 2.5 m. Vines
were pruned to 10 nodes per cane with two renewal spurs.
Canes were wrapped to fruiting wires at a height of 900 and
1000 mm from the soil surface, with four canes attached to

each wire (lower and upper canes), two facing in the north
direction, two in the south direction. Shoots were thinned
pre-flowering so that only one shoot per node was retained.

2. Experimental design

The row was divided into 12 blocks and one vine per block
was randomly selected. Nine vines were initially selected
from these initial 12 vines (three vines were eliminated to
growth issues) for this experiment, of which image data was
successfully captured for eight vines in 2017/2018 resulting
in 287 counts from 89 inflorescences. In 2018/2019 data was
collected for three of the eight vines from the previous season
(138 counts on 37 individual inflorescences).

South-facing canes on the vine were chosen, as it is assumed
that these can also represent the north-facing half of the
vine (assuming equivalent responses for both directions of
the vine and therefore between the south and north-facing
canes). Both the upper and lower south-facing canes were
tagged and monitored for the presence of inflorescences, as
the microclimate of these canes may differ (the lower cane
shoots grow into the fruiting zone of the upper cane in the
4-cane VSP configuration). For each vine, shoots 1, 3, 5 and
7 (1 = shoot closest to the head of the vine) along the lower
and upper south-facing canes were tagged to investigate the
responses at node positions relative to the head of the vine.
Where there was a missing shoot/flag shoot/shoot without an
inflorescence at the designated positions, this was replaced
by another shoot randomly selected along the same cane for
flower counts and flowering progression measurements. The
count values 89 inflorescences (2017/2018) on 37 individual
inflorescences (2018/19) are the sum of the naturally
occurring presence of one, two, or three inflorescences at
each node monitored across all vines in each year. The 287
and 138 counts of individual images/flowering scores for
2017/2018 and 2018/19, respectively, are a function of the
number of inflorescences multiplied by the dates of image
capture, for images from 0 to the first instance of 100 %
flowering.

Flowering variability was investigated between vines, upper
and lower canes, shoot position (along the cane with position
one denoting the shoot most proximal to the head of the vine),
inflorescence position (basal or apical relative to the cane)
and node insertion point of the inflorescence up the shoot
(with node one being the first fully separated node from the
cane). Node insertion points were recorded for the 2017/18
season only (77 inflorescences in total).

3. Flowering observations and counts

Detailed flowering progression was monitored via image
capture: photos were taken approximately bi-weekly from
pre-flowering to bunch closure. A standardised background
was placed behind the inflorescence when the image was
taken, where the grid provided a standardised scale and
visually distinct background and the QR code corresponded
to each vine/cane/shoot/inflorescence identity (alongside
this information also annotated in full on the background,
Figure 1A).
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Open and closed flowers were identified manually from the
photographs: flowers were considered as open when the
base of the cap was detached, whether it had fallen off or
not (Destrac-Irvine et al., 2019) and were identified based on
this characteristic, or a clearly identifiable pistil (where the
cap had fallen off) (Figure 1A). While automated systems
have been developed to count the total number of flowers
on an inflorescence (Diago et al., 2014; Aquino et al., 2015a;
Aquino et al., 2015b; Millan ef al., 2017; Liu et al., 2018;
Tello et al.,, 2020), flowers were manually labelled in our
experiments using Krita 4.2.9 (Krita Foundation and KDE,
Germany), to identify the subtle differences between flowers
with the cap intact or detached; open flowers were labelled
with red dots and closed flowers were labelled with blue dots
(Figure 1B). Labels were placed to avoid overlap so all dots
could be accurately counted. These dots were added as an
overlay to the original image (a completely separate image
of exactly the same size as the original), so the overlay only
contained dots (Figure 1B). The “label connect components™
function of the Scipy library (used in the Python programming
language, USA) was used to extract each individual dot,
whereby all dots were automatically classified from their
colour channel alone and counted as open or closed.

Within an image, if a flower was obscured by flowers in the
first layer of the image, it was not possible to label it open or
closed, and therefore it was necessary to be excluded from the
count. Furthermore, any image containing blurred sections
that compromised the count were eliminated, likewise, all
images post-100 % flowering were eliminated.

4. Temperature

Daily maximum and minimum temperatures were sourced
from the Lincoln University meteorological station.
Accumulated mean daily temperatures from August 29
were used to estimate Sauvignon blanc 50 % flowering,
using the Grapevine, Flowering, Veraison (GFV) model
(Parker et al., 2011).

5. Bayesian models

5.1. Number of inflorescences

An ordinal multinomial regression model was fitted to test
for the possible effects of vine, cane, shoot and inflorescence
position (apical versus basal). The number of inflorescences
per shoot was treated as an ordinal categorical variables
with the categories 0 for blind bud/flag shoot/shoot with
no inflorescence, 1 for 1 inflorescence and 2 for 2 or more
inflorescences.

5.2. Number of flowers per inflorescence

The observed number of flowers for each inflorescence was
evaluated as the maximum observed number of flowers for
that inflorescence over the study period. For each season,
we compared the model accounting for vine, cane, shoot and
inflorescence position (basal or apical), and vine and shoot
variability (full model) to the model accounting only for cane
and inflorescence position, the model accounting only for the
vine and shoot variability and, finally, the null model, which
did not account for any of the above effects (the null model).

]
e
EpipEEEEAEE!

FIGURE 1. A. Image of inflorescence as captured in the
field, B. Image of an inflorescence annotated for open
(red dots) and closed (blue dots) flowers, C. Overlay
of labelled flowers (dots) based on the image of the
inflorescence used to count the open and closed flowers.

1-5-2 in Figures 1A and B refers to the lower cane [cane 1),
the fifth shoot along the cane counting from the head of the
vine outwards [shoot 5) and the apical inflorescence (1 = basal
inflorescence, 2 = apical inflorescence). The QR code was unique
for each individual inflorescence.
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The number of flowers was modelled using the Poisson
GLMM as Poisson distribution is typically used for modelling
counts. For this, y; was the number of berries observed on
the inflorescence i. We can assume that this number follows
a Poisson distribution:
yi~P0iS(Hi)J

where p; is the expected number of flowers. This Poisson
intensity parameter itself is modelled as follows:

log(u;)) = By + By * cane; + B, x inflorescence; +
Bi1, * cane; * inflorescence; + y * date; +

(vine) (shoot) (id)
gvinei + gshoot,- + Sidi
where cane;=0,1 for the lower and upper canes,

respectively, and inflorescence;=0,1 for the basal and
apical inflorescence, respectively. Normal priors were
assumed for both, random and fixed effects as follows:

Bos Br, B2, P12 ~ N(0,1078),
Euimer. ~ N(0, Tyine),
Esnoot;. ~ N (O, Tanoor),
gi(:;?) ~N(0,7;q).

Note, that the second parameter in the Normal distribution
notation is the precision (inverse variance). They, in turn,
were given non-informative gamma priors:

Tyiner Tshoot» Tia ~ Gamma(0.01,0.01).

5.3. Flowering progression

Flowering progression (from zero to all open flowers) was
assumed to follow a logistic curve. The following three
models were fitted:

1) The model with the effects of cane, inflorescence
position, as well as vine, shoot and the inflorescence-
specific random effect to account for repeated
measures (full model)

2) The model with vine shoot and inflorescence-
specific random effect but not cane or inflorescence
position (random effects only-model)

3) The model with inflorescence-specific random
effect only (null model).

Binomial GLMM was used where y; was the number
of opened flowers and n; be the total number of flowers
(opened and closed) observed on the inflorescence i. We can
assume that the number of opened flowers follows a binomial
distribution:
yi~Bin(p;, n;),

where n; is the total number of flowers and is the expected
proportion of opened flowers. The proportion itself is
modelled as follows:

logit(p;) = By + B * cane; + B, * inflorescence; +
B, * cane; * inflorescence; + y * date; +

(vine) (shoot) (id)
gvinei + gshooti + Sidi

where cane;= 0, 1 for the lower and upper cane, respectively,
and inflorescence;=0,1 for the basal and apical
inflorescence, respectively. The priors were as in the Poisson
GLM. Note that the link function

. A
logit(z) = log (:)
is commonly wused for proportion transformations.
Furthermore, because logit(0.50) = 0,to find the time when
50 % of flowers on a particular cane and inflorescence

position are expected to be opened, one can solve the linear
equation above to obtain:

—(By + By * cane + B, * inflorescence + B, * cane * inflorescence)
Y

To test the influence of node insertion point (node position
of the inflorescence up a shoot, counting the first separated
node from the cane as node 1) on the growth trajectory, we
have fitted the models with and without accounting for node
insertion point to the smaller subset of the 2017/2018 data for
which the information was available.

5oy =

5.4. Model comparisons

The models for the number of flowers (Section 5.1.) and
flowering progression (Section 5.2.) were compared using
the deviance information criterion (DIC) to evaluate model
complexity and fit (Spiegelhalter ez al., 2002). The smaller
DIC corresponds to the better model, and a difference of at
least three indicates sufficient statistical evidence to choose
the more complex model. Bayesian posterior probabilities,
the so-called Bayesian p-values, were used to report the
posterior probability of the truth of a certain statement given
the data (the greater p-values indicate greater statistical
support for a given statement). The posterior distributions
were summarised via posterior means and the 95 % central
credible intervals (CI).

In the absence of prior information, we have used so-called
vague or non-informative priors. WinBUGS software
(Lunn et al., 2000) was used for Bayesian estimation, and
statistical software R (R Core Team, 2013), specifically the
R2WinBUGS package (Sturtz et al., 2005) was used for pre-
and post-processing. For more details on the code please read
the Supplementary material.

A total of 50,000 iterations were run after the burn-in of 1000
with thinning after every five. The resulting posterior sample
of 1000 was used for inference. Convergence was visually
assessed.

RESULTS

1. Number of inflorescences per shoot

The best model for the number of inflorescences per shoot
was found not to include cane indicating the lack of statistical
evidence for the difference between canes (Table 1). The
probability of having a node position without an inflorescence
(i.e., blind bud/flag shoot, or shoot without inflorescence) was
greater at node 1 (closest to the head of the vine) than other
shoot positions further away (shoots 3, 5 and 7) (p = 0.906).
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There were no directional trends observed for an
increased/decreased probability of shoots with one
(p = 0.044) or two inflorescences (p = 0.232) as shoot position
increased. Overall differences among shoot positions 3, 5 and
7 were less pronounced than those with shoot 1 (Figure 2).

TABLE 1. Deviance Information Criterion (DICs) for
the Bayesian ordinal categorical Generalized Linear
Models fitted to explain the differences in the number of
inflorescences per shoot.

Model 2017/2018!
Cane, vine and shoot position 132.865
Cane and vine, no shoot position 139.019
Cane and shoot position, no vine 145.824
Shoot position and vine, no cane 130.594
Shoot position only 141.952
Intercept-only (Null model) 144.302

"The smallest DIC for the best model is in bold.

2. Number of flowers per inflorescence

The observed mean and median number of flowers for each
inflorescence (Table 2) indicated differences between apical
and basal inflorescences as well as canes which was supported
by the model results: for both seasons, the model accounting

2017/2018

for cane and inflorescence position was only marginally
better than the other three models, implying no statistical
effect of any of the considered factors on the flower counts
(Table 3; posterior estimated means and the corresponding
95 % credible intervals are shown in Figure 3). Specific
differences observed were in 2017/2018, basal inflorescences
on a shoot on the lower cane had 50 % higher counts than the
apical inflorescences on shoots found on the upper cane with
no other notable differences among canes or inflorescence
positions (Figure 2). However, in 2018/2019 there were no
differences between the modelled mean counts for different
cane and inflorescence positions, with larger credible
intervals, likely due to fewer vines being measured in this
season (Figure 3).

3. Flowering progression

The null model (inflorescence-specific random effects
only) was the best, indicating the lack of evidence for the
effects of cane, inflorescence position and the variation
among vines and shoots on flowering progression
(Table 4). However, for both seasons, there was a wide
range of dates at which different inflorescences reached
50 % flowering (Figure 4A and B) indicating that the time
taken for all inflorescences to go through 50 % flowering
was highly variable and occurred over several weeks.

1.001

©
~
(6]

e
[N
o

Estimated (cumulative) probability
for the number of inflorescences
-
b

0.00+1

Number of
inflorescences

| E
| K
0

1 3

5 7

Shoot position from the head of the vine

FIGURE 2. The proportion of inflorescences corresponding to zero, one or two or more inflorescences at each
shoot position along the cane relative as estimated via a Bayesian model (adjusted for variation among vines).
Shoot 1 = shoot closest to the head and shoot 7 = furthest from the head of the vine.
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TABLE 2. The observed mean, median and standard deviation of flowers per inflorescence for each cane and
inflorescence position (basal or apical).

Inflorescence position mean median standard deviation
2017/2018
Basal 138.5 135.0 47.1
Lower cane i
Apical 98.0 113.0 423
Basal 108.0 117.0 41.7
Upper cane .
Apical 83.3 77.5 57.1
2018/2019
Basal 186.8 186.0 24.6
Lower cane .
Apical 149.4 162.0 56.7
Basal 191.6 187.5 43.5
Upper cane .
Apical 112.0 109.0 67.5

TABLE 3. Deviance Information Criterion (DICs) for the Bayesian Poisson Generalized Linear Models fitted to explain
the number of flowers per inflorescence.

2017/2018' 2018/2019
Cane, inflorescence position, vine and shoot (Full model) 749.667 326.461
Vine and shoot 750.268 326.567
Cane and inflorescence position model 748.735 326.268
Null model 749.563 326.501
! The comparison is within each season not between seasons.
2The smallest DIC for the best model is in bold.
4007 a b ab c a a a a
(]
o
c
8 3001
N
o
ko)
=
£
’g_ season
» 200 [] 2017/2018
o || 2018/2019
(o]
o=
Y
o
—
hS
E 100'
=
=z
0

BT A1 B2 A2 B1 Al B2 A2
FIGURE 3. Posterior distributions (violin plots), posterior means and 95 % Credible Intervals (points and segments)
for the average number of flowers per inflorescence. B and A refer to basal and apical inflorescences on lower (1)

and upper (2) canes, respectively. For any two groups within the same season with the posterior estimated mean
counts y; and p,, there is a shared letter 0.025 < Pr(u, > p,|data) < 0.975, i.e., there is no evidence of difference.
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The progression through flowering differed by season with
the odds of flowering estimated to increase 2.51-fold per
day in 2017/2018 (95 % CI: 2.44-2.57) and 1.71-fold per
day in 2018/2019 (95 % CI: 1.68-1.73) (Figure 5A and B,
faster rate/greater slope in 2017/2018). When considering
the average population timing for the 50 % flowering, it
was estimated earlier at 9 Dec (95 % CI 8-10 Dec) in the

2017/2018 season compared with 23 Dec in the 2018/2019
season (95 % CI 22-24 Dec) (Figure 5A and B).

In 2017/2018, the model was also fitted with and without
considering the node insertion point up the shoot of each
inflorescence and it was found that the model with nodes was
significantly better than the one without (ADIC = 32.19).
There was approximately a two-day difference in the

TABLE 4. Deviance Information Criterion (DICs) for the Bayesian Poisson Generalized Linear Models fitted and
parameter estimates for the Generalized Linear Model fitted to explain the differences in flowering progression.

Model 2017/2018' 2018/2019>
Cane, inflorescence position, vine, shoot and
inflorescence-specific random effects (full model) 2803.18 1225.52
Vine, shoot, inflorescences-specific random effects (random-effects only model) 2802.56 1227.20
Inflorescence-specific random effects only (null model) 2801.24 1226.38

Credible intervals’

Parameters’ Mean* sd
2.50 % 50 % 97.50 %
2017/2018
Bo -2.53 0.729 -3.720 —2.597 —-1.029
Y 0.919 0.012 0.895 0918 0.943
B (cane) 0.556 0.856 —-1.198 0.583 2.133
B, (inflorescence) —-1.110 0.915 —2.858 —-1.100 0.790
B2 (cane * inflorescence) -2.246 1.699 —5.557 -2.247 1.099
sd.vine 0.788 0.566 0.106 0.674 2.140
sd.shoot 0.828 0.584 0.100 0.732 2.289
sd.id® 3.682 0.339 3.110 3.660 4.390
2018/2019
Bo -7.210 0.715 —8.737 —7.186 —5.849
Y 0.534 0.009 0.516 0.534 0.553
B (cane) 1.977 0.935 0.287 1.958 3.726
B, (inflorescence) -0.894 0.787 -2.414 -0.909 0.689
B12 (cane * inflorescence) —1.146 1.259 —4.154 -1.053 0.997
sd.vine 0.714 0.894 0.084 0.454 2.741
sd.shoot 0.484 0.412 0.080 0.358 1.648
sd.id® 2.074 0.316 1.577 2.033 2.782

' The comparison is within each season not between seasons.

2 The null model was the best models as there was no decrease in DIC with the other models (difference of 3 or less between the null
model and others).

% B, = intercept, y = relative change in odds of flowering per day, sd = standard deviation, where sd.vine/ sd.shoot/ sd.id provides
standard deviafion of random effects of the model.

“4Positive coefficient indicate flowering is earlier, negative co-efficient correspond to later flowering compared to the average timing. For
example, a negative co-efficient [mean) for B corresponds to the timing of 50 % flowering of the apical inflorescence id delo&ed relative
fo the timing of 50 % flowering of the basal inflorescence; a negative coefficient for B,, corresponds to a delay in apical bunches on
the upper cane being delayed relafive to apical bunches on the lower cane.

°The credible infervals contain 95 % of the posterior probability mass for each parameter. If they include zero, there is no sufficient
statistical evidence for a non-zero effect.

® Greatest variation among individual inflorescences (highlighted in bold).
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A 2017/2018

Individual inflorescences
in order of average flowering time

/
/

Nov-30 Dec-06 Dec-13 Dec-20

B 2018/2019

Dec 17 Dec 24 Dec 31 Jan 07

FIGURE 4. The posterior mean estimated date at which individual inflorescences reach 50 % flowering as determined
by logistic curve fits of data to individual inflorescence open and closed flower counts. Bars are 95 % credible
intervals for the date of 50 % flowering for each inflorescence. The inflorescences have been ordered by the posterior
estimated mean date of reaching 50 % flowering. The posterior estimated population mean is depicted in red.

A. 2017/2018 season. B. 2018/2019 season.

A 2017/2018 B 2018/2019
1.00 J 1.001
0.75 0.751
® B
c =
: :
5 0.50 5 0.501
5 b5
Qo Qo
< <
o . o
0.25 . 0.251
0.00 . 0.004 i ls o

Dec 01 Dec 15 Jan 01

Dec 15 Jan 01 Jan 15

FIGURE 5. Proportion of open flower for individual images (dots) on different days during the progression of
flowering. The population average is depicted in red. A. 2017/2018 season. B. 2018/2019 season.

average 50 % flowering date for node insertion point 3 (the
ecarliest) and node insertion point 5 (the latest) (Figure 6).
Often, where the inflorescence was at a higher insertion
point, there was naturally no apical inflorescence on the same
shoot (47 % of the shoots with basal inflorescences below
the 4th node insertion point has apical shoots, but only 20 %
of those with basal inflorescences at or above the 4th node
insertion point did).

The timing and duration of flowering reflected the
temperature differences in the two seasons. The accumulated

degree days (base 0 °C) calculated from 29 August indicated
that the spring of 2017 was warmer than the average (2016
to 2020) accumulating 1715 degrees by 31 December,
compared to 1558 degrees in 2018. Using the GFV model
(Parker et al., 2011) the estimated dates of 50 % flowering
were 7 and 14 December in 2017 and 2018 respectively
(Figure S1). Despite the earlier flowering in 2017, the mean
daily temperature over the 5 to 95 % flowering period (5 to
12 December) was higher (20.5 °C), when compared to 2018
(17 to 31 December) 16.6 °C.
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Dec 11

Date

Dec 04

ab ab ab

inflorescence

[] basal

apical

A4 A5 B2

B3 B4 B5

FIGURE 6. Posterior distribution (violin plots), posterior means and 95 % Credible Intervals (points and segments) for the
expected date of 50 % flowering for basal (B) and apical (A) inflorescences on cane 1, at insertion points 2-5. For any
two groups with the estimated timing tsg,1 and tsgo , there is a shared letter if 0.025 < Pr(tspy1 > tson2 V data) < 0.975,
i.e., there is no evidence of difference. Note that apical bunches only existed at node insertion points 4 and 5.

DISCUSSION

1. Variability in inflorescence position, size
and flowering progression

May and Cellier (1973) and Huglin and Balthazard (1975)
reported differences among cultivars (note: the cultivars
investigated did not include Sauvignon blanc) in their pattern
of inflorescence expression at different shoot positions along
a cane, specifically indicating low basal bud fruitfulness
(fewer inflorescences at shoot positions close to the head of
the vine), a trend towards increased inflorescences as shoot
position increased, but slowly declining again at higher shoot
numbers for many cultivars. There were some differences
in the number of inflorescences and the patterns by cultivar
indicating the importance of understanding the genetic
component of this phenomenon. Prior studies including these
two, indicate that the presence or absence of an inflorescence
primordia is determined the season prior to its expression,
and this is determined by temperature, carbohydrate
availability, light and associated plant growth regulators (for
detailed reviews on this refer to Vasconcelos et al., 2009
and Li-Mallet et al., 2016), although a lack of carbohydrate
availability at bud burst may result in inflorescence abortion
(Eltom et al., 2013). The timing of inflorescence initiation has
been shown to depend on the position of bud on the shoot (and
therefore along the resulting cane) (Vasconcelos ef al., 2009;
Eltom et al., 2014). Given that Sauvignon blanc is considered

an early-mid cultivar for phenology (Parker et al., 2013),
a genetic component may have contributed to poor bud
fruitfulness at shoot position one, but it is also plausible
that the conditions at the time of inflorescence primordia
formation at position one in the two seasons were cool,
favouring the absence of an inflorescence. Interestingly at
the other positions (3, 5 and 7), there were either one or two
inflorescences per shoot and little differences among these
positions similar to that observed by Eltom et al. (2014),
indicating either little environmental differences at the time
of development and/or a genetically determined frequency
relatively consistent across these positions. Future research
could consider the same measurements in a warmer climate
to determine if the extent of the genetic versus environmental
basis for low basal bud fruitfulness. Nonetheless, the results
highlight that basal bud fruitfulness is a key source of
variability for the yield component of inflorescence number
per shoot for Sauvignon blanc when considering cane-pruned
vines in the climate where this research was conducted, and
the importance to characterise this for different cultivars,
climates and pruning systems.

When flower number per inflorescence was counted
using our objective assessment method and analysed
by the Bayesian model, our results indicated
more flowers on basal inflorescences than apical
inflorescences supporting prior findings (Huglin and
Balthazard, 1975; Eltom et al., 2017; Trought et al., 2017).
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As flower primordia develop pre-budburst until a few weeks
prior to flowering (Dunn and Martin, 2000; Dunn and
Martin,2007;Petrieand Clingeleffer,2005; Kellerezal.,2010),it
is plausible that micro-climate/photosynthetic differences
during this period may have contributed to the measured
difference of more flowers on basal inflorescences on the
lower cane compared with the apical inflorescences on the
upper cane in 2017/2018. It has been demonstrated that
flower number and temperature combined influence fruit
set (Ebadi et al., 1995). A full understanding of factors
determining the number of flowers on an inflorescence has
still to be elucidated. The number of flowers is the product
of the number of branches on the inflorescence and the
number of flowers on those branches. The majority of first-
order branching appears to be completed by the onset of
bud dormancy (May, 2000; Eltom et al, 2017), although
Jones et al. (2009) reported that Pinot noir inflorescence
primordia increased in size and branch number between the
onset and end of the dormancy period. It is not yet known
how branching is controlling inflorescence size and flower
number (Vasconcelos et al., 2009), however, increasing the
temperature shortly before budburst reduced inflorescence
flower number (Eltom et al., 2017) suggesting flower initials
are developing at this time. Differences in the timing of branch
and flower initiation in the developing inflorescences may
explain the lack of consistency when relating inflorescence
primary branch number to inflorescence flower number.
May (2004) indicated that branch number per inflorescence
is not a good indicator of flower number; however, Dunn
and Martin (2007) subsequently found an association
between primary branching and the number of flowers per
inflorescence. Understanding the relationship between
branching and flower number as well as the influence of
cultivar, microclimate and training system warrants further
investigation in the future. When considering the importance
of flower number for yield formation, increased flower
numbers do not correspond to increased berry number, where
greater flower numbers have been associated with reduced
percentage fruit set within a given season (Huglin and
Balthazard, 1975; Keller et al, 2010; Eltom et al., 2017).
This indicates a self-regulation of fruit set across all
inflorescences on a vine in response to seasonal conditions.
Furthermore, no association has been found between the
number of berries per bunch with regard to the node insertion
point up a shoot within a season (Eltom et al, 2017).
Therefore, although we observed differences between apical
and basal inflorescences, the implications of differences in
flower number for yield variability require an understanding
of the flowering variability at the block, vine, cultivar and
within vine level whereby environmental factors at the time
of flowering may influence fruit set and yield.

Eltom et al. (2017) and Trought et al. (2017) demonstrated
that the duration from 50 % flowering to target sugar
concentrations and berry weights differed depending on
the timing of flowering; understanding the sources of this
variation is important for yield formation and reaching
desired quality targets. Our research demonstrated that
there were the greatest differences in the rate of flowering

progression between the seasons and that the greatest source
of variability in flowering within a season was associated
with individual inflorescences more so than between vine
differences or within vine position effects. While there were
some measured differences in timing as a result of node
insertion point up shoot, the number of day’s difference here
was a lot less than the day’s difference among the difference
inflorescences within a vine to reach 50 % flowering. Given
the importance of temperature during the flowering period
for germination and fertilisation (Staudt, 1982), this means
that fruit set could be highly variable among inflorescences
within a vineyard block irrespective of where they occur
within a vine. Within a vine, Eltom er al. (2017) also
observed that duration from 50 % flowering to target sugar
concentrations was greater for outer versus inner arms on
inflorescences, rather than the inflorescences at set shoot
positions themselves. So while we have demonstrated that
at the whole inflorescence level there is a greater degree of
variability associated with inflorescences alone rather than
their position, the common method of assessing flowering
for whole inflorescences may mask some important within-
vine variability that would influence the time of maturity and
potentially yield at harvest.

2. Implications for phenology monitoring and
yield predictions

The collection of more accurate and representative data
for vineyard blocks is becoming increasingly important to
understand the consequences of climate change on phenology
and yield and for the development of phenology and yield
models. The great variability in flowering progression between
seasons and among inflorescences within a season indicate that
to accurately track flowering, it would be important to sample
intensively throughout a block, rather than rely on tracking
one or two shoots per vines, or a few neighbouring individual
vines to determine flowering, although it is recognised this
may not be feasible in a commercial context. However,
research by Bramley and Hamilton (2004), Bramley (2005),
Trought and Bramley (2011), Verdugo-Vasquez et al. (2016)
and Bramley et al. (2019) demonstrate that through precision
viticulture techniques, it is possible to sample within a block
and implement the method of kriging to interpolate estimates
of un-sampled sites within the block; these approaches can be
used for characterising phenology and yield. This represents a
potential way to determine approaches to monitor phenology
and yield at the block level. Bramley & Hamilton (2004) and
Bramley (2005) also demonstrated that yield has a spatial
structure and that sampling can be improved if completed
with information about the spatial structure of variation,
notably soil property differences. Therefore, suitable
phenology monitoring by sub-plots within a block would
need to be considered for adequate implementation in the
kriging methodology context. Verdugo-Vasquez et al. (2019)
also developed a spatio-temporal model of within-field
phenology, representing another potential avenue to
determine sampling size and location. When considering
the within vine variability in flowering progression, this
may still be important for maturity as demonstrated by
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Eltom et al. (2017) and Trought et al. (2017) but potentially a
lesser contributor than general variation among inflorescences
and between seasons. However, our research indicates that a
range of inflorescence positions in the canopy (determined
by node insertion points up a shoot) should be captured
when monitoring phenology and yield. Furthermore,
distinct patterns in inflorescence number per shoot for cane
pruned vines were observed, indicating for this particular
yield component it would be important to ensure that any
monitoring captures this. Keller et al. (2010) demonstrate
that as flower number increases, fruit set decreases and
Eltom et al. (2017) demonstrated that inflorescences with
different flower numbers, often converged to the same berry
number within a site and within a season. Therefore, while
we observed some differences in patterns of flower number
per inflorescence associated with vine structures of cane or
inflorescence position (basal or apical), the true implications
of this are unknown for yield formation. Further research is
warranted to model the flowering to fruit set process for these
factors.

The method used for monitoring phenology was counting
open and closed flowers from images and this is the first report
of detailed analysis of flowering progression by this method.
While this has enabled an objective and detailed approach
to assessing flowering progression it does present some
limitations: the image capture may not always maintain the
exact angle of photo for each point in a time series, especially
as overall growth can alter the position of the inflorescence
between one day and the next (leading to potential differences
in total flower number per inflorescence); it is time-
consuming to manually count open and closed flowers in
each image; not all images are useable due to operator error
with image capture (resulting in blurry images); it requires
two people to capture the image (one to hold a background/
position leaves away from the inflorescence so the image
can be captured). For this study, we have assumed that the
proportion of open and closed flowers visible within the
image is a suitable estimation of the flowering progression.
However, one potential limitation is that more compact
inflorescences, where there are several layers of flowers,
may have been underestimated in the overall flower counts
due to the flowers in the first layer of the photo obscuring or
partially obscuring those in subsequent layers, or subsequent
layers being out of focus. This is one limitation of the image
capture process, although the human eye may also miss these
flowers in the field for similar reasons.

While blurry images, time and personnel may be difficult
to overcome, the future opportunity exists to investigate the
ability to automate the processing of images via models or
artificial intelligence. This could extend beyond flowering to
berry counts and berry size analysis for yield predictions.

3. Application of the Bayesian modelling
framework

Fifteen years ago, Ellison (2004) explained the philosophy
behind Bayesian inference and expressed the opinion
that the popularity of the Bayesian approach among
ecologists may be hindered by computational difficulties

and the lack of wuser-friendly software. Although
these difficulties still exist, the Bayesian approach is
gaining ground. Examples of recent applications of the
Bayesian approach include modelling seed germination
(Popova et al., 2016; Moltchanova et al, 2020); plant
physiology (Ogle and Barber, 2008; Mora et al., 2016) and
conservation biology (Wade, 2000). The data collected in
this study represents what is observed in the field, rather
than selecting shoots with pre-determined numbers of
inflorescences (e.g., Trought et al., 2017) or using cutting
techniques to investigate the phenomenon of interest (e.g.,
May and Cellier, 1973). While all represent valid methods,
the measurements made here reflect the in-situ variability
that exists within a vineyard. As a result, the representation
of inflorescences at different vine structures was not equal
across vines, shoots and inflorescence positions, leading
to an unbalanced dataset. The monitoring of flowering
repeated measures over time on the inflorescences of
interest also represents a repeated measurement data
collection. Consequently, the Bayesian approach employed
here, worked well to deal with fitting a mixed effect model
with repeated measures and hierarchy within the data and
unbalanced design as a result of measuring specific within
vine structures. Therefore, the approach used to analyse
the variability in this study is another example of applying
a Bayesian modelling framework to investigate variability
in biology. It should be noted that the Bayesian approach is
especially useful in dealing with logistic regression as it does
not suffer from the consequences of complete separation.
In addition, the interpretation of Bayesian P-values as
“the probability that a statement/hypothesis is true given the
evidence/data” is much more intuitive than the definition of
a classical p-value (i.e., probability of observing something
at least as extreme as the data given that the null hypothesis
is true) and allows one to interrogate the model in a natural
and flexible way. Having successfully implemented this
type of analysis to understand variability in inflorescence
number, flower number and flowering progression, it could
be envisaged a similar approach could be used for other
phenological stages of interest (e.g. veraison), the degree
of fruit set, or yield. The method could also be applied to
investigate trends in inflorescence position, flower number
and flowering progression for different cultivars as well as
Sauvignon blanc in different climates or terroirs. To make
our methods more accessible we have also attached the code
for the models which can be run using the freely available
WinBUGS software (Lunn et al., 2000).

CONCLUSIONS

Using objective counting of open and closed flowers in
images of grapevine inflorescences, and a Bayesian modelling
framework, sources of between and within vine variability in
inflorescence number per shoot position along a cane, flower
number per inflorescence and the progression of flowering
could be evaluated for 4-cane pruned Sauvignon blanc vines.
The most proximal shoot position closest to the head of the vine
had low bud fruitfulness for cane-pruned Sauvignon blanc.
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Flower number per inflorescence was greater for basal
compared to apical inflorescences, but this was not always
detectable in different seasons. Flowering progression varied
the most by season and the individual trajectory of each
individual inflorescence, rather than in a prescribed pattern
relating to the vine, cane or shoot position in the vine, or
basal or apical position up a shoot; however, there was some
association with earlier flowering of inflorescences at lower
nodes numbers on a shoot. These findings highlight the
importance of adapting observation methods to reflect these
trends for monitoring flowering and yield development in the
grapevine.

ACKNOWLEDGEMENTS

Sam Whitley and Anne Eyharts are recognised for their
contributions to the manual counting of open and closed
flowers on images used for this study. The authors thank
the field staff from Lincoln Agritech Limited who assisted
with image capture. The authors acknowledge the Precision
Grape Yield Analyser (GYA) science research programme
led by Lincoln Agritech Limited with project partners of
Lincoln University, University of Canterbury, Plant and Food
Research and CSIRO. The programme receives major funding
from the Ministry of Business, Innovation and Employment
(MBIE) through an Endeavour programme (LVLX1601)
The GYA project also acknowledges the financial support
provided through the Bragato Research Institute (BRI).

REFERENCES

Aquino, A., Millan, B., Gaston, D., Diago, M.-P., & Tardaguila, J.
(2015a). vitisflower®: development and testing of a novel android-
smartphone application for assessing the number of grapevine
flowers per inflorescence using artificial vision techniques. Sensors,
15(9),21204-21218. https://doi.org/10.3390/s150921204

Aquino, A., Millan, B., Gutierrez, S., & Tardaguila, J. (2015b).
Grapevine flower estimation by applying artificial vision techniques
on images with uncontrolled scene and multimodel analysis.
Computers and Electronics in Agriculture, 119, 92-104. https://doi.
org/10.1016/j.compag.2015.10.009

Bramley, R. G. V., Hamilton, R. P. (2004). Understanding
variability in winegrape production systems. Australian
Journal of Grape and Wine Research, 10 (1), 32-45. https://doi.
org/10.1111/.1755-0238.2004.tb00006.x

Bramley, R. G. V. (2005). Understanding variability in winegrape
production systems 2. Within vineyard variation in quality over
several vintages. Australian Journal of Grape and Wine Research,
11 (1), 33-42. https://doi.org/10.1111/j.1755-0238.2005.tb00277.x

Bramley, R. G. V., Ouzman, J., Trought, M. C. T., Neal, S. M.,
Bennett, J. S. (2019).Spatio-temporal variability in vine vigour
and yield in a Marlborough Sauvignon Blanc vineyard. Australian
Journal of Grape and Wine Research, 25, 430-438. https://doi.
org/10.1111/ajgw.12408

Destrac-Irvine, A., Barbeau, G., de Rességuier, L., Dufourcq, T.,
Dumasi, V., Garcia de Cortazar-Atauri, 1., Ojeda, H., Saurin, N.,
van Leeuwen, C., & Duchéne. E. (2019). Measuring the phenology
to more effectively manage the vineyard. /VES Technical Reviews
vine & wine. https://doi.org/10.20870/IVES-TR.2019.2586

de Rességuier, L., Mary, S., Le Roux, R., Petitjean, T., Quénol, H.,
& van Leeuwen, C. (2020). Temperature Variability at Local Scale
in the Bordeaux Area. Relations With Environmental Factors and
Impact on Vine Phenology. Frontiers in Plant Science, 11, 515.
https://doi.org/10.3389/fpls.2020.00515

Diago, M. P., Sanz-Garcia, A., Millan, B., Blasco, J., & Tardaguila, J.
(2014). Assessment of flower number per inflorescence in grapevine
by image analysis under field conditions. Journal of the Science of
Food and Agriculture, 94 (10), 1981-1987. https://doi.org/10.1002/
jsfa.6512

Dunn, G. M. & Martin, S. R. (2000). Do temperatures conditions
at budburst affect flower number in Vitis vinifera L. cv.
Cabernet Sauvignon? Australian Journal of Grape and Wine
Research, 6, 116-124. https://doi.org/10.1111/j.1755-0238.2000.
tb00169.x

Dunn, G. M. & Martin, S. R. (2007). A functional association in
Vitis vinifera L. cv. Cabernet Sauvignon between the extent
of primary branching and the number of flowers formed per
inflorescence. Australian Journal of Grape and Wine Research, 13,
95-100. https://doi.org/10.1111/j.1755-0238.2007.tb00239.x

Ebadi, A., May, P., & Coombe, B.G. (1996). Effect of short-term
temperature and shading on fruit-set, seed and berry development
in model vines of V. vinifera, cvs Chardonnay and Shiraz.
Australian Journal of Grape and Wine Research, 2, 2-9. https://doi.
org/10.1111/j.1755-0238.1996.tb00087.x

Ebadi, A., May, P., Sedgley, M., & Coombe, B. G. (1995). Effect
of low temperature near flowering time on ovule development
and pollen tube growth in the grapevine (Vitis vinifera L.) cvs.
Chardonnay and Shiraz. Australian Journal Grape and Wine
Research, 1, 11-18. https://doi.org/10.1111/.1755-0238.1995.
tb00072.x

Eltom, M., Trought, M., and Winefield, C., (2013). The effects
of cane girdling before budbreak on shoot growth, leaf area
and carbohydrate content of Vitis vinifera L. Sauvignon Blanc
grapevines. Functional Plant Biology, 40(7), 749-757. https://doi.
org/10.1071/FP12278

Eltom, M., Winefield, C. S., Trought, M. C. T. (2014). Effect of
pruning system, cane size and season on inflorescence primordia
initiation and inflorescence architecture of Vitis vinifera L.
Sauvignon Blanc. Australian Journal of Grape and Wine Research,
20 (3), 459-464. https://doi.org/10.1111/ajgw.12097

Eltom, M., Trought, M. C. T., Agnew, R., Parker, A. &
Winefield, C. S. (2017). Pre-budburst temperatures influences the
inner and outer arm morphology, phenology, flower number, fruitset,
TSS accumulation and variability of Vitis vinifera L. Sauvignon
Blanc bunches. Australian Journal Grape and Wine Research, 23,
280-286. https://doi.org/10.1111/ajgw.12260

Ellison, A. M. (2004). Bayesian inference in ecology. Ecology letters,
7(6), 509-20. https://doi.org/10.1111/§.1461-0248.2004.00603 .x

Friend, A. P. (2005). Berry set and development in Vitis vinifera L.
PhD thesis, Lincoln University, New Zealand.

Garcia de Cortazar-Atauri, 1., Chuine, 1., Donatelli, M., Parker, A.,
& van Leeuwen, C. (2010). A curvilinear process-based
phenological model to study impact of climatic change on grapevine
(Vitis vinifera L.). Proceedings of Agro 2010: the 11th ESA
Congress, 907-908.

Garcia de Cortazar-Atauri, 1., Duchéne, E., Destrac-Irvine, A.,
Barbeau, G., de Rességuier, L., Lacombe, T., Parker A. K.,
Saurin, N., & van Leeuwen, C. (2017). Grapevine phenology in
France: from past observations to future evolutions in the context
of climate change. OENO One, 51(2), 115-126. https://doi.
org/10.20870/0eno-one.2016.0.0.1622

OENO One | By the International Viticulture and Enology Society

2022 | volume 56-1 ] 13


https://oeno-one.eu/
https://ives-openscience.eu/

Amber K. Parker et al.

Huglin, P. (1978). Nouveau mode d’évaluation des possibilités
héliothermiques d’un milieu viticole. Comptes rendus des Séances
de I’Académie d’Agriculture de France, 64, 1117-1126.

Huglin, P. & Balthazard, J. (1975). Variabilité¢ et fluctuation de
la composition des inflorescences et des grappes chez quelques
variétés de V. vinifera. Vitis, 14, 6-13.

Jones, J. E., Menary, R. C., & Wilson, S. J. (2009). Continued
development of V. vinifera inflorescence primordia in winter
dormant buds. Vitis, 48(3), 103-105.

Keller, M., Tarara, J. M. & Mills, L. J. (2010). Spring temperatures
alter reproductive development in grapevines. Australian Journal
Grape and Wine Research, 16 (3), 445-454. https://doi.org/10.1111/
j-1755-0238.2010.00105.x

Liu, S., Li, X., Wu, H., Xin, B., Tang, J., Petrie, P. & Whitty, M.
(2018). A robust automated flower estimation system for grape
vines. Biosystems Engineering, 172, 110-123. http://www.robotics.
unsw.edu.au/srv/publication/liu2018flowerestimation.pdf.  https://
doi.org/10.1016/j.biosystemseng.2018.05.009

Li-Mallet, A., Rabot, A., & Geny, L. (2016). Factors controlling
inflorescence primordia formation of grapevine: their role in latent
bud fruitfulness? A review. Botany, 94 (3), 147-163. https://doi.
org/10.1139/¢jb-2015-0108

Lunn, D. J., Thomas, A., Best, N., & Spiegelhalter, D. (2000).
WinBUGS - a Bayesian modelling framework: concepts, structure,
and extensibility. Statistics and Computing, 10, 325-337. https://doi.
org/10.1023/A:1008929526011

May, P. (2000). From bud to berry, with special reference to
inflorescence and bunch morphology in Vitis vinifera L. Australian
Journal of Grape and Wine Research, 6 (2), 82-98. https://doi.
org/10.1111/§.1755-0238.2000.tb00166.x

May, P. (2004). Flowering and Fruitset in Grapevines. Lythrum
Press, Adelaide.

May, P. & Cellier, K. M. (1973). The fruitfulness of grape buds. II.
The variability in bud fruitfulness in ten cultivars over four seasons.
Annales de ['amélioration des plantes, 23, 13-26.

Millan, B., Aquino, A., Diago, M. P., & Tardaguila, J. (2017).
Image analysis-based modelling for flower number estimation in
grapevine. Journal of the Science of Food and Agriculture, 97 (3),
784-792. https://doi.org/10.1002/jsfa. 7797

Moltchanova, E., Sharifiamina, S., Moot, D. J., Shayanfar, A., &
Bloomberg, M. (2020). Comparison of three different statistical
approaches (non-linear least-squaresregression, survival analysisand
Bayesian inference) in their usefulness for estimating hydrothermal
time models of seed germination. Seed Science Research, 30 (1),
64-72. https://doi.org/10.1017/S0960258520000082

Mora, F., Concha, C.M., & Figueroa, C.R. (2016). Bayesian inference
of genetic parameters for survival, flowering, fruitset, and ripening
in a germplasm collection of Chilean strawberry using threshold

models. Journal of the American Society for Horticultural Science,
141 (3), 285-91. https://doi.org/10.21273/JASHS.141.3.285

Morales-Castilla, 1., Garcia de Cortazar-Atauri, 1., Cook, B. 1.,
Lacombe, T., Parker, A., van Leeuwen, C., Nicholas, K. A.,
& Wolkovich, E. M (2020). Diversity buffers winegrowing
regions from climate change losses. Proceedings of the National
Academy of Sciences, 117, 2864-2869. https://doi.org/10.1073/
pnas.1906731117.

Ogle, K., & Barber, J. J. (2008). Bayesian data - model integration
in plant physiological and ecosystem ecology. In: Liittge, U.,
Beyschlag, W., & Murata, J. ed. Progress in Botany, Vol. 69.
Springer-Verlag, Berlin, Heidelberg. pp. 281-311. https://doi.
org/10.1007/978-3-540-72954-9 12

Parker, A., Garcia de Cortazar-Atauri, 1., Chuine, 1., Barbeau, G.,
Bois, B., Boursiquot, J-M., Cahurel, J-Y., Claverie, M., Dufourcq,
T., Geny, L., Guimberteau, G., Hofmann, R., Jacquet, O., Lacombe,
T., Monamy, C., Ojeda, H., Panigai, L., Payan, J-C., Rodriquez-
Lovelle, B., Rouchaud, E., Schneider, C., Spring, J-L., Storchi,
P., Tomasi, D., Trambouze, W., Trought, M., & van Leeuwen, C.
(2013). Classification of varieties for their timing of flowering and
veraison using a modelling approach. A case study for the grapevine
species Vitis vinifera L. Agricultural and Forest Meteorology, 180,
249-264. https://doi.org/10.1016/j.agrformet.2013.06.005

Parker, A. K., Garcia de Cortazar-Atauri, 1., Trought, M. C. T.,
Destrac, A., Agnew, R., Sturman, A., & van Leeuwen, C. (2020).
Adaptation to climate change by determining grapevine cultivar
differences using temperature-based phenology models. OENO One,
54(4), 955-974. https://doi.org/10.20870/0eno-one.2020.54.4.3861

Parker, A., Garcia de Cortazar-Atauri, 1., van Leeuwen, C., &
Chuine, 1. (2011). General phenological model to characterise the
timing of flowering and veraison of Vitis vinifera L. Australian
Journal of Grape and Wine Research, 17, 206-216. https://doi.
org/10.1111/5.1755-0238.2011.00140.x

Petrie, P. R. & Clingeleffer, P.R. (2005). Effects of temperature
and light (before and after budburst) on inflorescence morphology
and flower number of Chardonnay grapevines (Vitis vinifera L.)
Australian Journal of Grape and Wine Research, 11, 92-109.
https://doi.org/10.1111/j.1755-0238.2005.tb00279.x

Popova, E., Moltchanova, E., Han, S. H., Saxena, P., & Kim, D.
H. (2016). Cryopreservation of Prunus padus seeds: emphasising
the significance of Bayesian methods for data analysis. Canadian
Journal of Forest Research, 46 (6), 766-74. https://doi.org/10.1139/
¢jfr-2016-0020

Poni, S., Casalini, L., Bernizzoni, F., Civardi, S., & Intrieri, C.
(2006). Effects of early defoliation on shoot photosynthesis, yield
components, and grape composition. American Journal of Enology
and Viticulture, 57 (4), 397-407.

Prats-Llinas, M. T., Nieto, H., DeJong, T. M., Girona, J., & Marsal, J.
(2020). Using forced regrowth to manipulate Chardonnay grapevine
(Vitis vinifera L.) development to evaluate phenological stage
responses to temperature. Scientia Horticulturae, 262. https://doi.
org/10.1016/j.scienta.2019.109065

R Core Team (2013). R: 4 language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria. URL http://www.R-project.org.

Spiegelhalter, D. J., Best, N. G., Carlin, B. P., & Van Der Linde, A.
(2002). Bayesian measures of model complexity and fit. Journal of
the royal statistical society: Series b (statistical methodology), 64
(4), 583-639. https://doi.org/10.1111/1467-9868.00353

Staudt, G. (1982). Pollen germination and pollen tube growth in
vivo and the dependence on temperature (m. engl. Zus.). Vitis, 21,
205-216.

Sturtz, S., Ligges, U., & Gelman, A. (2005). R2ZWinBUGS: A
Package for Running WinBUGS from R. Journal of Statistical
Software, 12 (3), 1-16. https://doi.org/10.18637/jss.v012.i03

Tello, J., Herzog, K., Rist, F., This, P., Doligez, A. (2020). Automatic
flower number evaluation in grapevine inflorescences using RGB
images. American Journal Enology and Viticulture, 71 (1), 10-16.
https://doi.org/10.5344/ajev.2019.19036

Trought, M. C. T. (2005). Fruitset - possible implications on wine
quality. In: Garis K. D., Dundon, C., Johnstone, R., & Partridge,
S. ed. Transforming flowers to fruit, Mildura, Australia. Australian
Society of Viticulture and Oenology. pp. 32-36.

14 | volume 56-1 | 2022

OENO One | By the International Viticulture and Enology Society


https://oeno-one.eu/
https://ives-openscience.eu/

Trought, M. C. T., & Bramley, R. G. V. (2011). Vineyard
variability in Marlborough, New Zealand: characterising spatial
and temporal changes in fruit composition and juice quality in the
vineyard. Australian Journal Grape and Wine Research, 17, 77-89.
https://doi.org/10.1111/j.1755- 0238.2010.00MNa120.x.

Trought, M. C. T., Naylor, A. P., & Frampton, C. (2017). Effect
of row orientation, trellis type, shoot and bunch position on
variability of Sauvignon blanc (Vitis vinifera L.) juice composition.
Australian Journal Grape and Wine Research, 23, 240-250.
https://doi.org/10.1111/agjw.12275.

van Leeuwen, C., Destrac-Irvine, A., de Rességuier, L., Garcia de
Cortazar-Atauri, 1., & Duchéne, E. (2019a). Phenology: Follow the
internal clock of the vines. IVES Technical Reviews vine & wine.
https://doi.org/10.20870/IVES-TR.2019.2587

van Leeuwen, C., Destrac-Irvine, A., Dubernet, M., Duchéne, E.,
Gowdy, M., Marguerit, E., Pieri, P., Parker, A. K., de Rességuier,
L., & Ollat, N. (2019b). An update on impacts of climate change in
viticulture and potential adaptations. Agronomy, 9, 514. https://doi.
org/10.3390/agronomy9090514

Vasconcelos, M. C., Greven, M., Winefield, C. S., Trought, M. C. T.,
& Raw, V. (2009). The Flowering Process of Vitis vinifera: A Review.
American Journal of Enology and Viticulture, 60 (4), 411-434.

Verdugo-Vasquez, N., Acevedo-Opazo, C., Valdés-Gomez, H.,
Araya-Alman, M., Ingram, B., Garcia de Cortazar-Atauri, 1., &

Tisseyre, B. (2016). Spatial variability of phenology in two irrigated
grapevine cultivar growing under semi-arid conditions. Precision
Agriculture, 17, 218-245. https://doi.org/10.1007/s11119-015-
9418-5

Verdugo-Vasquez, N., Acevedo-Opazo, C., Valdés-Gomez, H.,
Ingram, B., Garcia de Cortazar-Atauri, 1., & Tisseyre, B. (2019).
Towards an empirical model to estimate the spatial variability of
grapevine phenology at the within field scale. Precision Agriculture.
https://doi.org/10.1007/s11119-019-09657-7

Wade, P. R. (2000). Bayesian methods in conservation biology.
Conservation biology, 14 (5), 1308-16. https://doi.org/10.1046/
3.1523-1739.2000.99415 x

Warton, D. 1., & Hui, F. K. (2011). The arcsine is asinine: the
analysis of proportions in ecology. Ecology, 92 (1), 3-10. https://
doi.org/10.1890/10-0340.1

Webb, L. B., Whetton, P. H., & Barlow E. W. R. (2007). Modelled
impact of future climate change on the phenology of winegrapes in
Australia. Australian Journal of Grape and Wine Research, 13, 165-
175. https://doi.org/10.1111/j.1755-0238.2007.tb00247.x

Zhu, J., Fraysse, R., Trought, M. C. T, Raw, V., Yang, L.,
Greven, M., Martin, D., & Agnew, R. (2020). Quantifying the
seasonal variations in grapevine yield components based on pre-
and post-flowering weather conditions. OENO One, 54 (2), 213-
230. https://doi.org/10.20870/0eno-one.2020.54.2.2926.

OENO One | By the International Viticulture and Enology Society

2022 | volume 56-1 | 15


https://oeno-one.eu/
https://ives-openscience.eu/

	_Hlk82962507
	_Hlk82443083

