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Abstract

Climate projection data were applied to two commonly used pome fruit flowering models to
investigate potential differences in predicted full bloom timing. The two methods, fixed thermal time
and sequential chill-growth, produced different results for seven apple and pear varieties at two
Australian locations. The fixed thermal time model predicted incremental advancement of full bloom
while results were mixed from the sequential chill-growth model. To further investigate how the
sequential chill-growth model reacts under climate perturbed conditions, four simulations were
created to represent a wider range of species physiological requirements. These were applied to five
Australian locations covering varied climates. Lengthening of the chill period and contraction of the
growth period was common to most results. The relative dominance of the chill or growth
component tended to predict whether full bloom advanced, remained similar or was delayed with
climate warming. The simplistic structure of the fixed thermal time model and the exclusion of
winter chill conditions in this method indicate it is unlikely to be suitable for projection analyses. The
sequential chill-growth model includes greater complexity, however reservations in using this model
for impact analyses remain. The results demonstrate that appropriate representation of
physiological processes is essential to adequately predict changes to full bloom under climate

perturbed conditions with greater model development needed.

Key words: Australia, apple, pear, sequential chill-growth, springtime warming, climate change, full

bloom, flowering
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1. Introduction

Many plant species, including pome fruit trees, annually cycle through biological events such as
flowering and fruiting in response to climate cues. The timing of these responses is known as the
phenology of the plant (Schwartz 2003). Historical trends in phenological events have been
highlighted as useful indicators of system change in response to human induced climate change
(Cleland et al. 2007; Menzel and Sparks 2006). To provide a global overview of these changes,
Rosenzweig et al. (2008) collated over 28 000 phenological studies across biological and physical
spheres and found the majority of the significant observed changes were consistent with
anthropogenic warming. Such studies have been conducted for historical pome fruit flowering
phenology and generally report an advancement in phase timing (Chmielewski et al. 2004; Fujisawa

and Kobayashi 2010; Grab and Craparo 2011; Kunz and Blanke 2011; Legave et al. 2012).

Adverse effects on production may eventuate if these observed advancement trends continue into
the future. Impacts include increased spring frost risk, interruption to pollination processes and flow
on effects to fruit maturity (Chmielewski et al. 2004; Grab and Craparo 2011; Guedon and Legave
2008; Lopez and Dejong 2007; Miller-Rushing et al. 2007; Zavalloni et al. 2006a). Given these
potential consequences and expected future climate warming (IPCC, 2007) it is important to
guantitatively estimate these impacts to inform appropriate management action. To date, only a few
studies have projected climate change impacts on pome fruit flowering (Atkins and Morgan 1990;

Blimel and Chmielewski 2012; Eccel et al. 2009).

To produce projected impacts, climate-phenology relationships defined by historical analyses must
be used. Different methods have been applied to determine these relationships, including modelling
to springtime temperatures (Chmielewski et al. 2004; Fujisawa and Kobayashi 2010; Grab and
Craparo 2011; Miller-Rushing et al. 2007; Wolfe et al. 2005), incorporation of winter chill and spring
growth effects (Atkins and Morgan 1990; Cannell and Smith 1986; Legave et al. 2008) and
correlation to rainfall (Grab and Craparo 2011). This difference in method selection between studies

is reflective of largely unknown physiological dependences on climate.

Given the various methods available and assumptions that need to be made within these methods it
can be appreciated why few studies have investigated projected flowering phenology conditions.
This study aims to highlight difficulties in constructing such projections due to methodological
selection and restrictions within methods. To demonstrate some of these issues, flowering
phenology was projected using results of a historical assessment for Australia (Darbyshire et al.

2013a). They applied two methods to investigate the dependence of full bloom on temperature; a
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fixed thermal time model and a sequential chill-growth model. The fixed thermal time model
involved relating spring, or segments of spring temperatures, to observed phenophase timing. The
sequential chill-growth method modelled the sequential and independent effects of winter chilling

and sprng growth to determine flowering timing.

Variants of both these methods have been previously used in phenology projection studies. For
instance, Zavalloni et al. (2006b) used a non-linear fixed thermal time approach to project changes
to flowering phenology for sour cherry in Michigan. Their study found a general tendency towards

flowering advancement with an average advancement of 12 days of the tight cluster stage by 2100.

The sequential chill-growth model has also received application in projection analyses, with differing
impacts reported (Atkins and Morgan 1990; Eccel et al. 2009). The mixed results reported are likely
due to the inclusion of a winter chill component. Including winter chill creates less obvious outcomes
from projection analyses as both winter and spring temperature conditions contribute to the

determination of flowering timing.

Three broad outcomes may be expected when applying projected climate data to sequential chill-
growth models. Firstly, warmer winters may delay when chill accumulation begins and extend the
time required to meet chilling requirements. If the time required to meet chilling requirements is
protracted substantially, the start of the growth model will be postponed and may override any
advancement in flowering due to warmer spring conditions. Atkins and Morgan (1990) described
such a delay for pome fruit flowering in New Zealand, predicting later full bloom for pome fruit
species under climate warming scenarios. This delay was attributed to a reduced rate of chill

accumulation.

Conversely, in cold climates winter warming may have minimal effect on the time needed to reach
threshold chill requirements. In this scenario, warmer spring temperatures would likely advance
flowering. Legave et al. (2008) results agree with this, observing an advancement of early bloom of
apple in France, although the rate of advancement was partly constrained by some lengthening of
the chill period. Thirdly and finally, no change to flowering phenology is also possible. In this
scenario, a lengthening of the time to reach chilling requirements would be balanced by an
equivalent contraction in the time needed to fulfil growth requirements to reach the flowering

phenophase.

This study had two primary aims. Firstly, projections of full bloom day-of-year were constructed
according to two alternative phenology methods (fixed thermal time and sequential chill-growth

modelling) using previously defined relationships for Australian pome fruit (Darbyshire et al. 2013a).
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Comparison of the results from each phenological model allowed assessment of the repercussions of

method selection when projecting pome fruit flowering phenology.

Secondly, additional scrutiny of the sequential chill-growth model under future climate conditions
was conducted via the use of four phenology simulations at five climatically diverse locations. This
allowed greater investigation into the consequences of using sequential chill-growth models in
projection analyses through considering a wider range of climates and a larger range of species

physiological requirements than those in the first analysis.

2. Material and Methods

The two sites used to compare the two phenology models as well as the sites used in simulations of
the sequential chill-growth model are shown in Figure 1. Background climate information for the

study sites in both analyses is contained in Table 1.

2.1. Phenology model comparison

Comparison of two phenology methods (fixed thermal time and sequential chill-growth) under
perturbed climate conditions was conducted. When applying such phenology models it is important
to be aware of the predictive abilities of the models and the empirical nature of their construction.
These models, which are frequently used, are proxies for poorly understood physiological processes
(Campoy et al. 2011). Both the models applied in this study are constrained by several assumptions

of physiological responses to temperature.
For the fixed thermal time method these include:

e Plant responses are restricted to the defined time interval (e.g. spring months) and these do
not vary year-to-year;
e only heat drives phenophase development and;
e generally, higher temperatures accelerate biophysical processes and therefore phenophase
timing.
Assumptions within the sequential chill-growth model include:

e Winter chilling is responsible for the release of buds from dormancy;

the chill model is initiated on the same calendar day each year;
e dormancy is broken after accumulation of a quantifiable amount of chill which does not vary

year-to-year;

subsequent to breaking dormancy, bud development is driven by heat;
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o flowering is determined by the accumulation of a quantifiable amount of heat which does
not vary year-to-year;
e thereis no interaction between the accumulation of chill or heat and;

e the chill and growth models accurately represent the physiological processes.

Observed full bloom data used in the determination of the phenology models (Darbyshire et al.
2013a) were also included in the results to assist with interpretation. These observed data range in
length from 24-28 years and were collected by the growers at Tatura and Yarra Valley. Darbyshire et
al. (2013a) applied both the fixed thermal time and sequential chill-growth models to these historical
observations. The observations determined parameters for the seven datasets according to both
methods through statistical optimisation. These statistically determined parameters were used in
here for climate projection analysis. Additional descriptions are contained in Darbyshire et al.

(2013a).

2.1.1. Fixed thermal time model
The fixed thermal time model predicts full bloom day-of-year using a linear relationship to a

springtime temperature variable. The model has the general form described in Equ 1.
FBaay=bxT;p+cC
Equl

where FByq, is the predicted full bloom day-of-year, b is the springtime coefficient (days/°C), T;, is
the temperature variable, with t representing the temperature factor (e.g. mean maximum

temperature) and p the time period (e.g. September), and c is a constant.

Parameters of the model were determined for several varieties of apple and pear by Darbyshire et
al. (2013a) using historical observations (Table 2). The models determined for each variety had
different coefficients (b), constants (c) and springtime temperature variables (T ,). These differences
represent the differing physiological dependencies of the varieties to temperature to reach full
bloom according to the fixed thermal time approach. All determined models were statistically
significant (p-value<0.05) and recorded r-squared values between 0.61-0.74 (Darbyshire et al.

2013a).

2.1.2. Sequential chill-growth model
The sequential chill-growth model predicts full bloom day-of-year using chill and growth sub-models.

The model has the general form described in Equ 2.

FBday = ChiI/Doy + Heatday



148 Equ 2

149 where FByq, is the predicted full bloom day-of-year, Chillpoy is the day-of-year that chill is satisfied

150 and Heat,, is the number of days needed, from Chillpoy, to satisfy growth requirements.

151  To fit the sequential chill-growth model, two different chill and growth sub-models were tested

152 against the historical full bloom datasets (Darbyshire et al. 2013a). The two chill models were the
153 Dynamic model (Erez et al. 1990; Fishman et al. 1987) and the Modified Utah model (Linvill 1990).
154  The two growth models tested were the growing degree day (GDD) and growing degree hour (GDH)
155 model (Anderson et al. 1986).

156  To implement the sequential chill-growth model several parameters must be defined within both
157  the chill and growth sub-models. For the chill sub-model, a start day for the model to begin must be
158 defined and a chill threshold must be allocated, which relates the physiological requirement of the
159 species to break dormancy. For the sub-growth model, a base temperature above which growth is
160 effective needs to be defined. This represents the minimum temperature that promotes growth for
161 the species. Secondly, a growth threshold is needed which represents the accumulated exposure to
162  growth promoting temperatures needed to reach the full bloom stage. Thus, four parameters across
163  both chill and growth sub-models need to be defined to implement the sequential chill-growth

164 model.

165  As with the fixed thermal time model, parameters for the sequential chill-growth model were
166  previously determined by Darbyshire et al. (2013a) using historical observations (Table 3). The
167  models determined were all statistically significant (p-value<0.05), recorded r-squared values

168  between 0.75-0.85 and root mean square error between 2.5-4.2 days (Darbyshire et al. 2013a).

169  2.2. Sequential chill-growth simulations

170  Two different chill thresholds and two different growth thresholds were tested within a sequential
171  chill-growth model structure (four simulations in total) and applied to five climatically diverse sites
172 (Figure 1). The simulations all used the Dynamic model for the chill sub-model and the GDH model
173 for the growth sub-model. These two models were used as they were found the best performing

174  models in historical analyses (Darbyshire et al. 2013a).

175  Two different chill thresholds were used to approximate different chill requirements of species; a
176  high chill threshold of 70 chill portions and a low chill threshold of 30 chill portions (Table 4). This

177  was performed as chill requirements to break dormancy are known to vary between species.
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Assessment of numerous pome fruit species chill requirements by Ghariani and Stebbins (1994)

illustrates this variation in chill requirements.

Two different growth thresholds were used to simulate growth requirements; a high growth
requirement of 7000 GDH and a low growth requirement of 4000 GDH (Table 4). Valentini et al.
(2001) demonstrated different growth requirements for 15 apple cultivars finding the species with

the lowest requirement was 70% of the cultivar with the highest requirement.

Other parameters in the sequential chill-growth model were fixed for consistency purposes. Within
the chill component, the start date was set to 15 March and the base temperature within the growth
model was fixed to 6°C. The four simulations created represent cultivars with a high chill and high
heat requirement (HH), high chill and low heat requirement (HL), low chill and high heat

requirement (LH) or a low chill and low heat requirement (LL) (Table 4).

2.3. Climate data

Both historical and projected temperature data were used to perform the projection analyses. As
discussed by Darbyshire et al. (2011), quality historical in situ data are not available at the sites in
this study. Therefore, following Darbyshire et al. (2011) and Darbyshire et al. (2013a), historical daily
minimum and maximum data from 1911-2009 were sourced from 0.05° by 0.05° interpolated

gridded temperature surfaces (Jones et al. 2009).

Climate projection data from six Atmosphere Ocean General Circulation Models (AOGCMs) were
provided by the Queensland Climate Change Centre of Excellence (QCCCE). Darbyshire et al. (2013b)
provide rational for the inclusion of these six AOGCMs (ECHO-G, MIROC3.2_medres, FGOALS-g1.0,
BCCR-BCM2.0, MRI-CGCM2.3.2, CSIRO Mk3.5) following methods outlined by Whetton et al. (2012).
The projection data were supplied as localised monthly minimum and maximum temperature
perturbations per 1°C increase to mean global temperature from the 1975-2004 baseline. At each
site, the projection data differ by month and temperature variable (maximum or minimum
temperature) as interpreted by the AOGCMs. However, projections at all sites are relative to a 1°C
increase in mean global temperatures. For instance, output from the CSIRO Mk3.5 model predicted
maximum (minimum) January temperatures at Batlow would increase by 1.30°C (1.19°C) per 1°C
increase to mean global temperatures. Perturbations at Huonville were less according to the

CSIRO Mk3.5 model with maximum (minimum) January temperature perturbations of 0.93°C

(0.88°C) for a 1°C increase to mean global temperatures.

Using the approach described by Darbyshire et al. (2013b), the 1°C projected daily temperature

datasets were created by the addition of localised minimum and maximum monthly temperature
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perturbations, according to each of the AOGCMs, to the historical dataset (1911-2009). Projections
relative to 2 and 3°C increases to mean global temperatures were created by scaling up the
perturbations through multiplication by 2 and 3 respectively. Similarly to the 1°C projections, these
scaled perturbations were added to the historical daily dataset. This approach assumes historical

variability continues into the future with further details are provided in Darbyshire et al. (2013b).

The Dynamic and Modified Utah chill models and the GDH growth model require hourly
temperature data input. A sine-logarithmic interpolation algorithm was applied to the historical and
projected daily minimum and maximum datasets to estimate hourly conditions (Darbyshire et al.

2011).
2.4. Climate projections

2.4.1. Fixed thermal time model

The climate datasets and the parameters in Table 2 were used to simulate historical and projected
(for 1, 2 and 3°C increases to mean global temperatures) full bloom day-of-year according to the
fixed thermal time model. As 99 future representations were constructed for each AOGCM and for
each level of warming, the 10" and 90" percentiles of these 99 data points were recorded as
estimates of the future range of full bloom day-of-year. The collective projected range per degree
increase in global average temperatures was then presented as the minimum 10" percentile and the

maximum 90" percentile of the six AOGCMs.

2.4.2. Sequential chill-growth model

The climate datasets and the parameters outlined in Table 3 were used to simulate historical and
projected full bloom day-of-year according to the sequential chill-growth model. Again, for each
level of climate warming the estimated future full bloom range was represented as minimum 10"
percentile and the maximum 9o™ percentile of the 99 projected data points according to the six
AOGCMs. Under some projection scenarios chill thresholds were unable to be met. As such, if 20%
or more of the dataset (total of 99 data points) did not meet the chill requirement the AOGCM was
classified as ‘NA’. If one or more AOGCM was classified as NA, the projection results were not

reported as appropriate AOGCM variability could not be resolved.

As the sequential chill-growth method involves two sequential but independent steps, the projected
length of both the chill and growth periods were reported to investigate the contribution of each

component to the predicted full bloom day-of-year.
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The results of the four simulations of sequential chill-growth model, the second aim of this study,
were constructed as described above with the model runs constrained by the parameters in Table 4.
These four simulations were applied to five study sites (Figure 1) for historical and projected 1, 2 and

3°Cincreases to mean global temperatures.

3. Results

3.1. Phenology model comparison

Projected changes to full bloom day-of-year (DOY) according to both the fixed thermal time and the
sequential chill-growth methods are contained in Table 5. Observed full bloom DOY and historical
estimation of full bloom according to historical meteorological data were additionally tabulated to
assist with comparison. Further, the length of the chill and growth periods according to the

sequential chill-growth model were also recorded.

Across the seven phenology data sets analysed the fixed thermal time model predicted a progressive
advancement of full bloom with climate warming (Table 5; Springtime DOY). However, the same
advancement was not evident in the results from the sequential chill-growth model which predicted
minimal change to full bloom (Table 5; Sequential DOY). Figure 2 further illustrates these differences
for Granny Smith apple. For this apple variety at Tatura, observed full bloom occurred between 271—
291 DOY. For a 2°C increase to global temperatures, the fixed thermal time model predicted the full
bloom period will be between 259-276 DOY. However, the sequential chill-growth model indicated

similar or potentially later full bloom compared with historical observations (271-296 DOY).

None of the 3°C projection scenarios were resolved for the sequential chill-growth model (Table 5).
For two species, Williams’ Bon Chretien pear (Tatura) and Granny Smith apple (Yarra Valley), the 2°C
projections were also unable to be produced. This was a result of chilling requirements not being

met under these scenarios.

By separating the chill and growth periods within the sequential chill-growth model it can be seen
that these two effects tend to compensate each other under climate warming (Table 5 and Figure 3).
A progressive lengthening of the chill period with increasing global temperatures is somewhat
balanced by a contraction of the growth period, resulting in limited change to predicted full bloom.
Figure 3 does show that with 2°C warming, lengthening of the chill period is not always fully

compensated by a contraction in the growth period, resulting in a possible delay to full bloom.
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3.2. Sequential chill-growth model simulations

Predicted full bloom day-of-year according to the four simulations of the sequential chill-growth
model were tabulated (Table 6). Progressive lengthening of the chill period and shortening of the
growth period was predicted across all simulations and sites. The impact of this observation did
differ between sites. For instance, the LL simulation at Huonville, a relatively cool site, did not record
an observable shift in full bloom although a gradual lengthening of the chill period and contraction
of the growth period was recorded. Conversely, the same simulation at Manjimup, a relatively warm
site, indicated that the lengthening of the chill period was influential with full bloom likely delayed

with climate warming.

Predicted changes to flowering timing were also observed to differ by simulation within a single site.
For instance, with 3°C warming at Batlow under a LL simulation flowering may be slightly delayed,
minimal change is expected with either a LH or HL simulation while the HH simulation indicated a

slight advancement may be possible (Figure 4), although all these shifts were minor.

Different responses between the simulations were also evident at warmer sites as demonstrated by
results at Manjimup (Figure 5). The LL simulation indicated a delay in flowering is likely while the LH
simulation predicted similar timing to historical conditions, although with 3°C warming the range

also extended towards a delay.

Three sites (Lenswood, Manjimup and Stanthorpe) reported unevaluated simulations for some of
the projected warming scenarios. This was due to insufficient accumulation of chill to reach chilling

requirements with climate warming.

4. Discussion

This analysis has demonstrated that phenological model selection will influence climate impact
assessments, with projections of full bloom day-of-year differing between the fixed thermal time
and sequential chill-growth methods (Table 5). Projections using the fixed thermal time model
recorded progressive full bloom advancement with increasing global temperatures. Conversely, the
sequential chill-growth model produced results with little change or a delay to full bloom with
warming (Table 4). Management decisions based on results using one of these approaches would
significantly differ. If producers were presented with results from the fixed thermal time modelling,
adaptation responses such as investing in frost abatement infrastructure may be deployed.
However, such a reaction would be unlikely if the results from the sequential chill-growth model

were presented as limited change was predicted.

10



302
303
304
305
306
307
308
309
310
311

312
313
314
315
316
317

318
319
320
321
322
323
324
325
326

327
328
329
330
331
332
333

4.1. Fixed thermal time model

This analysis indicated that the fixed thermal time model predicts continuously earlier full bloom as
climate warming progresses. This result is related to the assumption that a fixed period of time is
responsible for driving phenophase development. Such an outcome seems unrealistic especially
when the potentially delaying influence of a longer time to break dormancy is considered (e.g. for
meadow vegetation; Yu et al. (2010)). Further, the fixed time period assigned to driving phenological
development is unlikely to remain stable with the advent of climate change. Specifically, it is likely
that time periods different to historical conditions will be important for phenological development
under future climates and use of historical relationships will not adequately represent those

changes.

Recently, many of the assumptions of the fixed thermal time model in relation to predicting
phenology under climate change have been challenged (Blimel and Chmielewski 2012). The authors
reported that the fixed thermal time model tended to predict ‘too early’ bud burst, as was also
observed in this analysis. Given the observations from this analysis and those by Bliimel and
Chmielewski (2012), application of the fixed thermal time model for projection analyses is not

recommended.

4.2. Sequential chill-growth model

The structure of the sequential chill-growth model is more physiologically oriented than the fixed
thermal time model as it incorporates both winter and spring responses, an aspect notably missing
in the fixed thermal time model. To further investigate the sequential chill-growth model, four
physiological simulations were applied to five climatically diverse sites to investigate the model with
a wider range of chill and growth parameters and more diverse climates. This is important as the
sequential chill-growth model has received wide application in historical flowering studies (Atkins
and Morgan, 1990; Caffarra and Eccel, 2011; Cesaraccio et al. 2004; De Melo-Abreu et al. 2004;
Farajzadeh et al. 2010; Legave et al. 2008; Mankotia et al. 2004; Rea and Eccel, 2006).

Depending on the study site and simulation, the model predicted full bloom to advance (e.g. Batlow;
HH), remain steady (e.g. Huonville; LL) or be delayed (e.g. Manjimup; LL). The results (Table 6)
further indicated that with climate warming modelled changes to full bloom may differ not only
between sites but also between varieties within a site. For instance, at Lenswood with 2°C warming,
a LH parameterisation indicated a potential advancement in full bloom while, a HL parameterisation
demonstrated little change. Some consistency across the simulations and sites was present with all

predicted results trending towards an extension of the chill period and a contraction of the growth

11
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period. This is in agreement with recent results of historical Golden Delicious apple data investigated

across Western Europe (Legave et al. 2012).

Different outcomes for different parameter choices within the sub-models highlight the need to
adequately represent plant physiology. In the historical analysis of Australian pome fruit phenology
(Darbyshire et al., 2013a), differently parameterised models often performed statistically similarly.
For instance, the model for Josephine pear (Tatura), with 60 CP and 7500 GDH parameters,
performed similarly to a model with 50 CP and 4000 GDH parameters. The simulations indicate that
projections using such different parameter assumptions could lead to different predications. Correct
parameterisation, based on physiology rather than statistical optimisation, is therefore necessary to

create robust projections.

These results do clearly show a deficiency in the sequential chill-growth model when applied to
projected climate conditions. Many of the model runs were unable to be evaluated (‘NA’ in Table 5
and Table 6) due to an inability to meet chilling requirements. For some sites this should not be
cause for alarm. For instance, Manjimup is a mild location and does not currently cultivate high chill
species so an inability to reach high chill requirements under future scenarios is of little
consequence. However, for other locations such as Tatura and Yarra Valley where high chill species
are grown this may become problematic and require management intervention such as the

application of dormancy breaking chemicals (Petri et al. 2008; Sheard et al. 2009).

These unevaluated scenarios have two contrasting implications. Firstly, assuming the model

structure adequately represents physiology, chilling requirements will no longer be met and impacts
on production would be expected; delayed and protracted flowering, light and uneven ripening, and
poor fruit development (Oukabli et al. 2003; Saure 1985; Voller 1986). Secondly, the sequential chill-

growth model is unable to capture the physiological response under climate change conditions.

This potential inability to represent physiology under future climates is likely due to the inherent
rigidity of the sequential chill-growth model and the numerous assumptions needed to implement
the model. The model stipulates that chill be fully satisfied prior to allowing any response to growth
promoting temperatures. Under current climate circumstances this may be representative if chill
requirements are satisfied in early to mid winter, prior to the onset of warmer temperatures.
However, as chill accumulation becomes protracted interaction with warmer growth promoting
temperatures is likely. The sequential chill-growth model has no mechanism to balance the

countering influences of the accumulation of winter chill and spring growth responses.

12
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Another limitation to the implementation of the sequential chill-growth model is the need to define
parameters within the model. In the analysis of the historical data (Darbyshire et al. 2013a) many
possible values for the initiation of the chill period, the chill threshold, the base temperature and the
growth threshold were tested. This was necessary as field experimentation to determine these
values has not been conducted. As such, the parameters used in this analysis were selected based on
statistical performance in these historical assessments, not physiologically tested responses. Thus,
actual parameters may differ from those used here and different projected results may be obtained.
Further, some of the parameters are unlikely to remain stable in a changing climate. For instance, a

fixed date to initiate the chill model is likely unrealistic, especially with future climate warming.

A recent study provides a methodology that removes the need to test various options for many of
the parameters in the sequential chill-growth model. Luedeling and Gassner (2012) proposed using a
statistical method, Partial Least Squares (PLS) regression to evaluate spring phenology records for
walnuts. This method was shown to be useful in identifying time periods that relate to effective chill
and growth phases and assisted to remove the need to make several parameter assumptions, like

those made by Darbyshire et al. (2013a).

PLS regression is a novel approach to investigate chill and growth parameters and wider application
is needed to further illustrate the robustness of the method. An important caveat to using PLS
regression is the requirement to use historical phenological records, with at least 15 years
recommended (Luedeling et al. 2012). PLS is still a statistical method to represent plant physiology
and although may be an improvement to methods used in the historical analysis of this data,
physiological understanding is still needed. As demonstrated by the low representation of
agricultural phenological records in the Southern Hemisphere (Rosenzweig et al. 2008), field
monitoring and recording of phenological events remains critically important for future research

needs.

4.3. Further research

This analysis has shown that use of the fixed thermal time model for climate projection analysis is
likely to produce unrealistic results, further supporting the Blimel and Chmielewski (2012) critique
of this method. The sequential chill-growth method was more convincing than the fixed thermal
time model. Further investigation into this model structure is needed, especially in regard to climate
change impact research. Investigation is needed to determine if different chill and growth sub-model
choices will further influence projections using the sequential chill-growth phenology modelling
structure. For instance, direct comparisons between the Dynamic and Modified Utah chill models

and the GDD and GDH growth models. Greater investigation into the sequential model under climate
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change conditions considering the chill model start date and the base temperature in the growth
model, which were fixed in the simulations here, will also assist in better understanding of the

applicability of the sequential chill-growth model under climate perturbed conditions.

Even in lieu of further investigations into the sequential chill-growth model, this study has shown
that the model structure has constraints when used to project future phenology conditions. Other
models of flowering phenology have been proposed and may assist in creating meaningful climate
projections of spring flowering phenology. For instance, Cannell and Smith (1983) proposed thermal
time-chilling curves where chill and heat accumulation can moderate each other. The method
assumes that for high chill seasons less heat will be required to reach bud burst and conversely for
low chill years more heat will be needed. Minimum chill and growth thresholds are still incorporated
and if either is not met it is assumed bud burst will not occur. Some rigidity still exists, with Cannell
and Smith (1983) and Harrington et al. (2010) both defining time periods when the chilling and

growth functions are effective, however these two windows can overlap.

A combination of several existing methods may be an improvement on current approaches. The
early work by Cannell and Smith (1983) using thermal-chill curves contains an appealing structure
due to more flexible chill and growth threshold requirements and interaction between these values.
Building on the thermal-chill curve approach including aspects of the Dynamic chilling model may
also prove beneficial. This chill model was derived from a physiological perspective and is gaining
support for its physiological structure (Campoy et al. 2011; Luedeling 2012; Luedeling and Brown
2010; Luedeling et al. 2011). Development of a growth model with a similar structure to the Dynamic
model would be an appropriate option to allow integration of the two effects. Ideally, a whole-of-
tree model needs to be developed to assess future impacts on pome fruit trees incorporating multi-

year and interacting physiological effects.

5. Conclusions

Given phenology models are proxies for unknown physiological processes, projection results
including those in this study rely on these models being good representations of tree physiology.
This assumption needs greater testing as do the structures of the models to advance climate impact

analyses of fruit flowering phenology.

It is apparent from the results of this study that phenological method selection will influence
projected pome fruit flowering predictions. As such, impacts and adaptation strategies may differ

dependent on the approach employed and could lead to mismanagement or maladaptation. Notable

14



430
431
432
433
434
435

436
437
438
439
440

441

442
443
444
445
446

447

448
449

450
451

452
453

454
455

456
457

458
459

460
461

differences in results from alternative methods are likely to manifest in locations, such as Australia,
where incremental warming will begin to affect the likelihood of meeting chilling requirements. The
fixed thermal time method was found to produce unrealistic results due to the simplistic
assumptions in this model. The sequential chill-growth model may better capture the process,
however it still contains structural rigidity and the stability of parameter selections under future

climates is questionable.

Thus, greater research into the adequacy of phenology models in representing tree physiology is
needed. To address the likely impacts of climate change on pome fruit flowering phenology, and
other species with chill and growth response mechanisms, better understanding and modelling of
the underlying physiological process is required. To fulfil this need, more detailed field and

laboratory work aimed at extending current modelling options is required.
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Figure Captions

Figure 1 Sites used to compare phenology methods (asterisks) and for sequential chill-growth model simulations (points).

Figure 2 Observed and modelled historical and projected full bloom timing for Granny Smith apple (Tatura) using the fixed
thermal time and the sequential chill-growth models (day-of-year, DOY).

Figure 3 Modelled historical and projected chill and growth period lengths and full bloom timing using the sequential chill-
growth model for Granny Smith apple (Tatura). The first panel is the chill period length (number of days from 15 May to
reach the chill threshold), the second panel is the growth period length (number of days between chill satisfaction and heat
threshold) and the final panel is predicted full bloom timing (day-of-year, DOY).

Figure 4 Full bloom simulations at Batlow according to low chill and low heat (LL), low chill and high heat (LH), high chill and
low heat (HL) and high chill and high heat (HH). The chill period was measured in days from March 15 to reach the chill
threshold, the growth period was measured in days from chill satisfaction to when growth threshold was met, and full
bloom timing was measured in day-of-year (DOY).

Figure 5 Full bloom simulations at Manjimup according to low chill and low heat (LL) and low chill and high heat (LH). The
chill period was measured in days from March 15, the growth period was measured in days from chill satisfaction to when
growth threshold was met, and full bloom timing was measured in day-of-year (DOY). Note the high chill simulations were
unable to be projected.
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Table 1 Historical climate conditions at the study sites based on data 1911-2009.

Mean winter Mean spring
Study site Elevation (m) temperature range (°C) temperature range (°C)
Tatura* 112 7.8-9.9 12.9-17.1
Yarra Valley* 182 7.4-9.2 11.6-14.5
Batlow 787 3.8-6.2 8.1-15.0
Stanthorpe 801 7.6-10.3 13.2-17.0
Lenswood 430 7.6-9.9 11.5-15.1
Huonville 7 6.7-8.8 9.8-12.7
Manjimup 287 9.6-12.4 12.0-15.3

*sites used for phenology model comparison only

Table 2 Fixed thermal time model parameters determined by Darbyshire et al. (2013a). The two variables in the springtime
parameters represent the mean temperature variable used (Tmean is mean daily temperature and Tmax is mean maximum
daily temperature) and the time period the temperature variables are applied to (AugSep is August and September, Sep is
September).

Location  Variety Springtime Springtime Springtime
parameters (t, p) coefficient (b) constant (c)
(days/°C) (days)
Granny Smith apple Tmean, AugSep -6.5 -0.4
Josephine pear Tmax, AugSep -4.3 -0.3

Tatura -
Packham’s Triumph pear Tmean, AugSep -6.4 -0.0
Williams’ Bon Chretien pear Tmean, Sep -6.1 -0.6
Yarra Golden Delicious apple Tmax, AugSep -5.5 -0.1
Valley Red Delicious apple Tmean, AugSep -7.5 -0.0
Granny Smith apple Tmean, AugSep -7.7 0.1

Table 3 Sequential chill-growth model parameters determined by Darbyshire et al. (2013a). Description of the chill
parameters; the model used, the day-of-year the model starts (start date) and the threshold amount of chill required to
break winter dormancy (Threshold). CP is chill portions and CU is chill units. Description of the growth parameters; the
model used, the base temperature (Base T) and the threshold growth units required to reach full bloom (Threshold). GDH
and growing degree hours, GDD are growing degree days.

Chill parameters Growth parameters
Location  Variety Chill model Start date Threshold Growth BaseT Threshold
model
Granny Dynamic 15-May 60 CP GDH 4°C 8500 GDH
Smith apple
Josephine Dynamic 15-Apr 60 CP GDH 4°C 7500 GDH
pear
Tatura Packham’s Dynamic 15-Apr 60 CP GDH 4°C 7500 GDH
Triumph
pear
Williams’ Dynamic 15-Apr 70 CP GDD 7°C 210 GDD
Bon Chretien
pear
Yarra Golden Dynamic 1-Apr 75 CP GDH 8°C 5000 GDH
Delicious
Valley
apple
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Red Dynamic 15-Apr 75 CP GDH 5°C 7500 GDH

Delicious

apple

Granny Modified 15-Mar 1150 CU GDH 4°C 8500 GDH
ith I

Smith apple Utah

Table 4 Parameter definitions for the four simulations of the sequential chill-growth model. The dynamic chill model and
growing degree hour growth model were used for all simulations. CP is chill portions and GDH are growing degree hours

Chill parameters

Growth parameters

Simulation Simulation Start date Threshold Base T Threshold
code (fixed) (fixed)
High chill/ High HH 15 March 70 CP 6°C 7000 GDH
heat
High chill/ Low HL 15 March 70 CP 6°C 4000 GDH
heat
Low chill/ High LH 15 March 30CP 6°C 7000 GDH
heat
Low chill/ Low LL 15 March 30CP 6°C 4000 GDH

heat

Table 5 Observed, modelled historical and projected full bloom timing (day-of-year, DOY) using the fixed thermal time and
sequential chill-growth model. Chill length and growth length indicate the length in days of the chill and growth
components applicable to the sequential chill-growth model only.

Location Variety Projection Springtime Sequential Chill Growth
(DOY) (DOY) length length
(# days) (# days)
Observed 271-291
Granny Historical 275-285 273-286 82-90 52-65
Smith apple +1°C 267-280 271-283 85-103 41-58
+2°C 259-276 271-296 89-131 30-53
+3°C 251-272 NA NA
Observed 262-281
Josephine Historical 267-276 263-275 98-112 53-67
bear +1°C 260-273 261-275 102-127 40-60
+2°C 253-270 261-284 110-150 29-52
Tatura +3°C 247-267 NA NA
Observed 262-283
Packham’s Historical 264-278 263-275 98-112 53-67
Triumph +1°C 254-274 261-275 102-127 40-60
pear +2°C 245-269 261-284 110-150 29-52
+3°C 235-264 NA NA
. Observed 268-289
Williams’ - -
Bon Historical 270-283 270-284 111-127 46-63
Chretien +1°C 263-279 267-286 117-151 30-55
pear +2°C 255-275 NA NA
+3°C 248-271 NA NA
Yarra Observed 272-299

21



599
600

601

602
603

Valley

Golden Historical 278-290 278-295 115-132 61-80

Delicious +1°C 271-286 275-293 120-144 47-72

apple +2°C 263-282 274-298 126-173 31-62
+3°C 256-276 NA NA

Red Observed 272-298

Delicious Historical 279-290 280-295 109-121 58-77

apple +1°C 271-286 275-292 113-133 45-66
+2°C 262-281 275-298 117-160 32-58
+3°C 254-277 NA NA
Observed 270-292

Granny Historical 273-285 270-287 113-138 70-91

Smith apple +1°C 265-280 268-288 122-163 47-78
+2°C 256-276 NA NA
+3°C 278-271 NA NA

For reference, the ranges of DOY for each month are: August 213-243; September = 244-273; October = 274-304. Chill
and growth length (number of days) are in regard to the sequential chill-growth model only.

Table 6 Chill length, growth length and full bloom (day-of-year, DOY) for each of the four simulations for historical and 1°C,
2°C and 3°Cincreases to average global temperatures.

Chill length Growth length Full bloom

Location Simulation  Projection (days) (days) (DOY)
Historical 61-78 65—-106 203-250

L 1°C 65-88 70-106 216-260

2°C 69-99 68-103 221-261

3°C 74-108 58-96 228-260

Historical 61-78 114-145 252-291

LH 1°C 65-88 107-140 256-291

2°C 69-99 96-134 258-291

Batlow 3°C 74-108 81-125 254-286
Historical 115-131 61-82 256-280

HL 1°C 119-142 53-78 257-280

2°C 123-152 40-75 257-281

3°C 128-165 28-66 257-278

Historical 115-131 87-110 284-309

HH 1°C 119-142 74-103 283-307

2°C 123-152 59-96 279-304

3°C 128-165 44-87 275-301

Historical 59-74 71-90 209-233

L 1°C 63— 82 65—85 210-236

2°C 68-92 57-82 208-238

3°C 72-103 48-76 208-239

Huonville Historical 59-74 115-134 254-274
LH 1°C 63-82 104-127 250-272

2°C 68-92 89-119 245-272

3°C 72-103 75-109 241-269

HL Historical 113-129 59-76 254-269
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1°C 118-138 49-69 251-268
2°C 123-149 39-62 249-270
3°C 127-165 29-55 248-272
Historical 113-129 85-105 283-300
HH 1°C 118-138 72-97 277-297
2°C 123-149 59-87 271-296
3°C 127-165 45-79 269-294
Historical 72-91 77-102 231-259
L 1°C 78-102 61-93 225-256
2°C 85-113 45-82 220-254
3°C 93-126 35-72 218-252
Historical 72-91 108-134 266-289
LH 1°C 78-102 89-123 257-286
2°C 85-113 70-109 249-281
Lenswood 3°C 93-126 54-98 244-277
Historical 124-144 50-75 258-280
HL 1°C 130-156 36-64 255-278
2°C 139-179 25-52 254-282
3°C NA
Historical 124-144 73-99 282-303
HH 1°C 130-156 55-88 276-300
2°C 139-179 40-75 274-298
3°C NA
Historical 98-118 41-59 219-241
L 1°C 104-135 32-51 220-244
2°C 113-161 24-44 225-260
3°C 122-201 18-39 229-294
Historical 98-118 68-90 252-268
LH 1°C 104-135 54-78 250-269
2°C 113-161 41-68 249-277
Manjimup 3°C 122-201 30-59 250-305
Historical 157-189 25-42 269-289
HL 1°C NA
2°C NA
3°C NA
Historical 157-189 41-63 287-307
HH 1°C NA
2°C NA
3°C NA
Historical 93-112 43-60 215-236
L 1°C 99-125 34-54 218-240
Stanthorpe 2°C 105-145 24-49 222-247
3°C NA
LH Historical 93-112 69-87 244-262
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1°C 99-125 54-80 243-261

2°C 105-145 38-73 244-262

3°C NA

Historical 152-177 22-38 261-274
HL 1°C NA

2°C NA

3°C NA

Historical 152-177 36-56 276-290
HH 1°C NA

2°C NA

3°C NA

604 LL is low chill low heat; LH is low chill high heat; HL is high chill low heat; HH is high chill high heat

605
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Granny Smith apple (Tatura)

Springtime Warming
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