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Under climate change, land-use suitability for horticultural production, and other primary industry
production, will change. In this Sustainable Land Management and Climate Change (SLMACC) project
we estimated potential impacts of climate change on the spatial footprint (location and extent) of New
Zealand horticulture under a range of climate-change scenarios. The focus was on New Zealand’s
three major horticultural export industries, viticulture, kiwifruit and apple, as well as avocado, berryfruit
and summerfruit.

This report addresses climate-change impacts on kiwifruit and apple, avocado, blueberry, cherry and
wine grape (Pinot noir and Sauvignon blanc) through:

o Development of a suitability assessment model plus the reasoning for changes made in the
approach chosen.

e Description and discussion of criteria that express climate-, land- and soil-related requirements
for growing kiwifruit and apple, avocado, blueberry, cherry and wine grape (Pinot noir and
Sauvignon blanc).

o Development of phenological modelling for avocado, blueberry, cherry and wine grape.

¢ Adjustment of simulated climate model datasets used for projecting climate-change impacts, to
provide better baselining of suitability maps used for comparing future change.

e Outputs of suitability assessments using our model with current and projected climate data until
the end of the century for kiwifruit and apple, avocado, blueberry, cherry and wine grape (Pinot
noir and Sauvignon blanc) across New Zealand.

e Economic assessment of land-use change for apple and kiwifruit performed using the Land
Use in Rural New Zealand (LURNZ) model.

We have developed a new nonlinear method for assessing land-use suitability criteria, to replace the
commonly used binary assessment of ‘suitable’ and ‘unsuitable’. Our modelling approach uses sliding-
scale scoring functions that express how well locations meet growing requirements on a continuous
scale of O (totally unsuitable) to 1.0 (no limitations to suitability), allowing a more nuanced appraisal of
assessment criteria. Weighted geometric averaging of scores is used to combine suitability scores for
multiple criteria in a manner that reflects the importance of each criterion. This approach enables us to
develop maps that show the suitability of different locations for different perennial crops based on a



weighted appraisal of criteria, to provide relative rankings of locations for horticultural use, and to
identify optimal areas. The assessment scores could be adapted for interpretation in terms of risk, and
in the future could be expressed in terms of potential yields or productivity. The sliding scale system
can be categorised to facilitate discussion, and for convenience we (arbitrarily) refer to suitability
scores in the 0.9 to 1.0 range as “excellent”, 0.8 to 0.9 as “very good”, 0.7 to 0.8 as “good”, and 0.6 to
0.7 as “acceptable”. Where the suitability scores are lower, it indicates lower suitability for a location to
grow that crop and/or more mitigation strategies would be required to reduce risk and improve
production.

We obtained feedback from industry representatives and expert researchers on our initial suitability
maps constructed for growing perennial crops across New Zealand under current climatic conditions.
Through this exercise we have ground-truthed our assumptions for our suitability assessment criteria,
and extended the model by including additional criteria that were identified as important.

Input climate data for ground-truthing the suitability models were modelled historic weather data from
the National Institute of Water and Atmospheric Research’s (NIWA'’s) Virtual Climate Station Network
(VCSN), and soil and topographical data from the Functional Soil Layers (FSL) and New Zealand
Land Resource Information (NZLRI) databases.

At the start of the project it was envisaged that, for projecting climate impacts, we would use modelled
climate data supplied by NIWA and derived from NIWA’s high-resolution Regional Climate Model
(RCM). The RCM was run separately using inputs from six CMIP5 (Coupled Model Intercomparison
Project (CMIP) Phase 5) global climate models (GCMs: BCC-CSM1.1, CESM1-CAM5, GFDL-CMS,
GISS-EL-R, HadGEM2-ES and NorESM1-M). For each GCM, the same four climate-change
scenarios, referred to as Representative Concentration Pathways (RCPs), were considered, giving 24
separate datasets.

However we identified that the RCM datasets were not suitable for our use, since the modelled RCP
Past data did not sufficiently reflect the distributional patterns in the VCSN data. Thus we undertook a
project variation in which we diagnosed differences in the datasets and developed adjusted future
climate data series (one for each RCP and each GCM run) that were more suitable for our purpose.
These 24 datasets were developed specifically for application in this project, and we refer to them as
the “SLM RCP datasets”. The adjustments that we performed were designed to (and did) preserve the
climate change signals from the original RCM datasets, and thus the essential information from the
climate model studies contained in the RCM datasets was preserved.

We projected future change in crop suitability under all four RCPs using the SLM RCP datasets. For
each RCP, we obtained a representative projection by averaging the individual projections from the six
SLM RCP datasets corresponding to the six GCMs. For brevity we have focused on results for the
extremes of the four RCP pathways: RCP 2.6, which represents a low greenhouse gas (GHG)
concentration pathway consistent with significant emissions reductions, and RCP 8.5, which
represents a high GHG concentration pathway consistent with unabated emissions.



Under RCP 2.6, for all crops of apple, kiwifruit, avocado, blueberry, cherry and wine grape, there is
very little difference between the mid-century suitability maps and late-century maps, with most
changes having occurred by mid-century. For each crop considered, the area of land with excellent
suitability (0.9-1.0) is projected to increase modestly by mid-century compared with a historic period
(1972-2005). For crops such as cherry and wine grape, starting with very small areas of land in this
category, the relative increase ranged from 30 to 400%. Between the mid- and late-century, however,
a small loss of excellent suitability land is projected to occur for all crops except avocado, with cherry
dropping below its historic-period level.

Mid-century suitability maps projections under RCP 8.5 show similarities to the late-century maps
projections under RCP 2.6. In comparison with the historic period, the total area of land with excellent
cultivation suitability is projected to halve for apple by the late-century, remain more or less constant
for kiwifruit, have a modest 24% increase for blueberry, double for Pinot noir and have several-fold
increases for Sauvignon blanc, avocado and cherry.

Under RCP 2.6, climate change will reduce average suitability of Hawke’s Bay, Gisborne and the
Waikato for apple, but favour other apple regions such as Central Otago and Nelson, and possibly
open up areas of the Taranaki. Under the RCP 8.5 projections, a reduction in the footprint of apple in
its main growing area of Hawke’s Bay is expected (as well as Waikato and Gisborne), but some new
opportunities for orchard establishment could occur in Southland.

Under RCP 2.6, the kiwifruit heartland in the Bay of Plenty is projected to have an increase in
suitability apart from coastal areas. However, areas from Northland down to the Waikato, the
Coromandel and areas around the East Cape are projected to decrease in suitability, and given that
Northland does not have a high suitability for winter chill, these changes would increasingly favour
low-chill cultivars in this region.

Under RCP 8.5 decreasing suitability in kiwifruit strongholds, such as the Bay of Plenty and Northland,
could see the kiwifruit footprint shift to new locations such as Taranaki and North Canterbury where
suitability is expected to increase.

A modest increase in suitability is expected across most of the country by mid-century under RCP 2.6.
Areas with the highest suitability for avocado will be predominantly in the Northland region and
suitability is projected to increase, some change in land use from kiwifruit to avocado could be
expected in Northland. Areas of higher suitability will expand in Taranaki, Bay of Plenty, Hawke’s Bay
and Waikato regions providing new opportunities.

Under RCP 8.5, suitability for avocado is projected to be very good or excellent in many scattered
locations around the North Island away from the centre of the Central Plateau, offering the opportunity
for a significantly increased footprint. Further and significant land-use change from kiwifruit to avocado
could be expected.



Blueberry is expected to experience a small decrease in its main growing regions under RCP 2.6, but
in the Waikato and Bay of Plenty suitability will remain high, as it is in many locations in both islands of
the country. Thus footprints are unlikely to be significantly affected, with the possible exception of
Northland where lower-chill varieties of blueberry would currently be required. Under RCP 8.5, the
projected reduction in suitability for blueberry in Northland and coastal areas around the North Island
and the increased appearance of highly suitable land across Canterbury, parts of Otago and
Southland could result in a wider distribution of the blueberry production, especially in the South
Island.

Under RCP 2.6 most inland areas of the North Island and nearly the whole of the South Island will see
improved suitability. This will benefit Otago cherry growers in particular. In contrast, Hawke’s Bay is
projected to reduce in suitability, and since lower-chill varieties of cherry are already required in that
region, this could place further limitations on cherry cultivation there. However, significant areas of
very good to excellent suitability land are expected to remain in Hawke’s Bay. Under RCP 8.5,
changes in suitability would show similar spatial patterns to those under RCP 2.6, but would be more
pronounced.

Both the Pinot noir and Sauvignon blanc industries would have the opportunity to substantially
increase their growing footprint under RCP 2.6. Although suitability for Pinot noir decreases a fraction
in parts of Marlborough and Nelson, suitability for Sauvignon blanc increases in the same regions. The
overall suitability for both wine grape cultivars will remain excellent in many areas of the region. Thus
there is little likelihood of a climate-driven change in land use between the cultivars in these areas or
other wine-growing areas.

The warmer late-century temperatures under RCP 8.5 are projected to make most of the North Island
unsuitable for Pinot noir, and greatly reduce the suitability of the Nelson and Marlborough regions,
while opening up a few new areas of land in Canterbury and Otago with very good or excellent
suitability. A similar situation is projected for Sauvignon blanc by late-century under RCP 8.5, with the
North Island and Nelson becoming broadly unsuitable, while areas in Central Otago and South
Canterbury developing excellent cultivation suitability. Although Marlborough (around the Blenheim
area) is projected to experience widespread reductions in suitability, a few locations are expected to
still have very good suitability (reducing from excellent suitability).

Model results from the LURNZ economics model gave projections that by late-century, the national
area of apple orchards will increase slightly from a current value of 9425 ha to 9575 ha under RCP 2.6
but have a small decline to 9125 ha under RCP 8.5. The area of kiwifruit orchards was projected to
have sizeable increases from a current value of 15,600 ha to 17,475 ha under RCP 2.6 and to 18,675
ha under RCP 8.5 over the same period.



A common theme across all the crops studied apart from avocado is that in the future obtaining
adequate winter chill will become more challenging in many areas where these crops are currently
grown, and this will be critical if the future climates resemble those of RCP 8.5 than RCP 2.6. At the
same time, climate change could improve the suitability many locations for other growing criteria (such
as frost risk or warmth during the growing season). Thus there will be both threats and opportunities,
and adaptation strategies will be needed to mitigate threats and capitalise on opportunities. For apple,
some relocation of the industry footprint is likely, while the increased use of low-chill cultivars could be
a suitable adaptation to warmer climates. For kiwifruit, a shift in the industry footprint is also likely with
new areas opening up, and we also expect to see an increase in the cultivation of 'Zesy002’ at the
expense of the green ‘Hayward’ due to winter chill requirements. Selection of new low-chill cultivars
might allow continued cultivation in current areas that become unsuitable for ‘Hayward’. The avocado
industry stands poised to benefit from the declining suitability of Northland for kiwifruit. An increased
used of low-chill cultivars is expected for both the cherry and blueberry industries, especially in the
North Island. Climate change could be problematic for growers of Pinot noir and Sauvignon blanc
since, in addition to the need for winter chill, these grape varieties have relatively tight optimal bands
in their warmth requirements during the growing season; increasing temperatures could push current
locations with excellent suitability outside the optimal warmth band. However, new opportunities for
the industry will arise as locations elsewhere come into scope.
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Private Bag 3230

Waikato Mail Centre
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NEW ZEALAND

Tel: +64 7 959 4430
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New Zealand’s primary sector is vulnerable to a range of weather-related risks and this could be
exacerbated by climate change, with prospects of declining yields and profitability and of adverse
socio-economic impacts as a consequence of unfavourable changes to temperature and rainfall
(Hopkins et al. 2015; Ausseil et al. 2016; Cradock-Henry et al. 2019). However, climate change could
also provide new opportunities. While projected climate changes for New Zealand are less than the
global average, they are expected to have significant impacts because of our mild climate (Manning et
al. 2015). These changes could affect production systems by influencing the soil-based processes
that support plant growth (Orwin et al. 2015), through altering rainfall patterns (Snyder 2017), more
acutely by modulating the virulence of pests and disease (Jones 2016; Trebicki et al. 2017; Wakelin et
al. 2018), and directly through temperature regulation of growth and development (Hatfield & Prueger
2015).

Climate change will affect New Zealand’s diverse range of climatic systems in different ways, with
impacts on horticulture expected to vary with geographical location and the specific requirements of
different horticultural systems (Warrick et al. 2001). Under climate change, some areas may become
less suitable for certain crops, but new opportunities may arise elsewhere. New Zealand’s horticultural
industries are easily capable of adaptation to overcome the challenges of future climate change,
having already demonstrated a history of using a number of strategic adaptations to fight weather-
related damage to crops (Clothier et al. 2012). Thus adaptation strategies are likely to become more
prevalent in the future, in order to maintain horticultural industries, but must be adequately informed to
ensure they provide optimal benefits.

Hall et al. (2018) discussed the importance of understanding the possible impacts and their
implications for horticulture, and presented criteria for the suitability of climate and land for the
production of viticulture, kiwifruit and apple, along with preliminary criteria for avocado, summerfruit
and berries. These criteria were generally developed from a binary perspective of assigning binary
categories of ‘suitable’ or ‘unsuitable’, or in some cases grading into the categories of ‘highly suitable’,
‘suitable’, ‘moderately suitable’ or ‘unsuitable’ as used by Kidd et al. (2015) and Thomas et al. (2019).
Hall et al. (2018) proposed that simulated weather data from future climate change projections could
be used to project how climate change might affect the potential for production in different areas,
when used with soil and topographical information to further refine suitability.

This approach was applied to apple and kiwifruit production by Vetharaniam et al. (2019), who
extended the binary suitability approach to a more flexible continuous scoring system, and modelled
the potential suitability of geographical locations across New Zealand for growing kiwifruit and apple
under future climate change scenarios. These authors additionally identified the need to ensure that
projections of crop suitability under future climate projections are rigorously baselined with predictions
for the contemporary period, in order that differences can be meaningfully compared.



As part of good practice, crop models used for investigating climate change impacts should be
evaluated using historical observed data (Challinor et al. 2018). For this purpose we used historical
climate data from the National Institute of Water and Atmospheric Research’s (NIWA'’s) Virtual
Climate Station Network (VCSN) for the period 2006 to 2016 (“observed data”), to fine-tune and
“ground-truth” these models in conjunction with crop experts, and to develop maps showing the
suitability of different locations across New Zealand for each of the crops. Estimates of how climate
change might affect the suitability of land for crop cultivation, ‘suitability maps’ are obtained by running
the suitability models with modelled climate data that extends from a historic period and are projected
into the future. For reasons of consistency, the impacts of climate change are estimated by comparing
future suitability maps with reference suitability maps that are constructed using data from the historic
period of the climate model simulations. In order that these comparisons have relevance, it was
important to ensure that these reference maps have alignment with maps constructed from observed
historical data. This is also a key requirement for assessing climate change impacts on crop suitability
and adjustments to the climate-model data should be performed to achieve this (Challinor et al. 2018).

We developed a modelling framework implementing the climate- and soil/land-related criteria that
were identified by Hall et al. (2018) as well as additional criteria identified through consultation with
industry and expert researchers. The model was run using weather data from the VCSN, which is
interpolated to a 0.05 x 0.05 degree grid defined in New Zealand Geodatum 1949 (NZGD49) and
further soil and topographical data that we resampled to a finer 0.01 x 0.01 degree grid that matches
the VCSN grid perfectly at 25 cells to 1. The 0.05 x 0.05 degree grid approaches a 5 x 5 km grid (and
the 0.01 x 0.01 degree grid approaches a 1 x 1 km grid) so for readability throughout this report the
term 5 x 5 km grid and its equivalents will be used. It is worth noting that the axes in all the maps
represent latitude and longitude in NZGD49.

These model runs provided suitability assessments of each individual climate-related criterion and of
the combined climate-related criteria at a 25-km? resolution. Suitability assessments of the individual
and combined soil/land-related criteria were performed at a 1 x 1 km resolution. This resolution was
preserved when combining the climate-related and soil/land-related criteria, with the results of the
climate data for each 5 x 5 km grid-square being applied to these 1 km2-grid-squares. Model outputs
include suitability maps for growing apple or kiwifruit across all geographic locations in New Zealand.

This report describes the application of the continuous suitability score modelling methodology
developed by Vetharaniam et al. (2019) and extended by Vetharaniam et al. (2020b) to determine the
suitability of different locations in New Zealand for growing perennial crops, based on climate, soil and
land-related criteria. A number of these criteria had been identified by Hall et al. (2018), and were
supplemented by additional criteria identified through literature searches, industry feedback and
consultation with expert researchers.

For each crop, functions and models were constructed to provide a suitability score for each climate
and soil criterion related to that crop, and suitability scores were combined using weighted geometric
means to provide multifactorial assessments. Models were run using historic weather data from the
VCSN database together with soil and topographical data from the Functional Soil Layers (FSL) and
New Zealand Land Resource Information (NZLRI) databases. These databases are described in
more detail in Sections 2.1.1 and 2.1.3. Maps indicating suitability of locations across New Zealand
were created for both individual criteria and combined criteria, and these were refined after review by
research experts and then presented to industry for further feedback.



NIWA’s VCSN database provides estimates of historic values of daily climate variables for a grid with
a resolution of approximately 5 x 5 km, covering the entire country. The VCSN data are estimates of
daily climate variables based on spatial interpolation of actual observations made at climate stations
spanning the country (Tait et al. 2006; Tait 2008). We used daily maximum and minimum
temperatures, relative humidity (RH) and rainfall data, which were available from 1972 to early 2018.
The maximum temperature for each day is the maximum recorded from 9 a.m. of that day; the
minimum temperature corresponds to the minimum recorded to 9 a.m. of that day; RH is humidity at 9
a.m. The 46 years of data allowed us to assess the impacts of a changing climate by comparing our
model simulations for different time periods.

The modelled climate data were supplied by NIWA, and are derived from NIWA'’s high resolution
Regional Climate Model (RCM), which is applied on a domain that encompasses all of New Zealand.
When the RCM is run, it is constrained by conditions for the boundary of this domain. In alternative
simulations, these ‘boundary conditions’ were provided by outputs from six CMIP5 (Coupled Model
Intercomparison Project (CMIP) Phase 5) global climate models (GCMs): BCC-CSM1.1, CESM1-
CAM5, GFDL-CM3, GISS-EL-R, HadGEM2-ES and NorESM1-M. Each was run under four
Representative Concentration Pathways (RCPs). Each RCP represents a different scenario of future
atmospheric greenhouse gas (GHG) concentrations, and thus four different levels of global and
regional warming were considered.

The daily RCM data start in 1971 and extend until at least 2099, with the end date of simulations
varying with climate model and RCP. Simulations for the period 1971-2005 are considered to be
historical simulations and are referred to as ‘RCP Past’; for each CMIP5 model, all four RCPs share
the same RCP Past dataset. Simulations from 2006 onwards are considered to be future simulations.

The soil- and land-related criteria were assessed using data from the FSL and NZLRI databases
including data on the potential rooting depth (PRD, htips://Iris.scinfo.org.nz/layer/48110-fsl-potential-
rooting-depth/) provided by the soil, soil drainage (https:/Iris.scinfo.org.nz/layer/48104-fsl-soil-
drainage-class/), and land use capability (LUC) class (https://Iris.scinfo.org.nz/layer/48076-nzlri-land-
use-capability/). These related databases contain information for irregular polygons covering the
country. This format is not readily compatible with the gridded climate data. We extracted the
information from these databases with a grid resolution of approximately 1 x 1 km. Information on the
location of urban areas, quarries, rivers and lakes were available in the NZLRI database. Slope
information was obtained from Land Environments of New Zealand (LENZ,
https://Iris.scinfo.org.nz/layer/48081-lenz-slope/) and resampled to our 1 x 1 km grid. Locations of
public conservation areas were obtained from the Department of Conservation (DOC) Public
Conservation Areas database (https://koordinates.com/layer/754-doc-public-conservation-areas/) and
extracted to our 1 x 1 km grid like the other polygon data.
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https://lris.scinfo.org.nz/layer/48081-lenz-slope/
https://koordinates.com/layer/754-doc-public-conservation-areas/

Each grid cell in the VCSN database represents an area of approximately 25 km?, and there could be
significant variation in each weather variable in an area of this size, especially if it contains
microclimates. For example, as we noted in our earlier report (Vetharaniam et al. 2019), Ellenwood
(1941) found differences of 3 to 4°F (1.7 to 2.2°C) between places in neighbouring apple orchards
that had no more than a 7.5 m difference in elevation. The VCSN database does not include
estimates of such variation and provides a single daily value per grid cell for each weather variable in
the database. We conservatively assumed a variation in temperature of +2°C around the nominal
maximum and minimum VCSN temperatures within each VCSN grid cell, which appeared reasonable
in light of comparisons between VCSN data and measurements from independent weather stations
reported by Mason et al. (2017). Similarly, there is likely to be significant variation in each 1 x 1 km
grid cell for the in soil- and land-related databases. Such variation should be considered in land-use
modelling.

The criteria identified by Hall et al. (2018) were presented as threshold requirements for a typical
(currently grown) cultivar of apple or kiwifruit, and with supporting equations that were obtained from
experimental data, which correspond to the “average” kiwifruit or apple. Each of these criteria was
associated with a nominal rule or requirement for satisfactory crop performance. These rules and
requirements were either based on published information or on expert opinion. Growing criteria
provide a useful basis for predicting how well a crop will perform in a particular location.

Triantafilis et al. (2001) described an approach to continuous modelling that provided suitability
assessments on a sliding scale from 0 (unsuitable) to 1 (suitable). This approach allowed different
factors to be assessed together in one score rather than by separate rules and scores. Continuous
suitability approaches have been used for allocation of land use (Santé-Riveira et al. 2008) and in
conjunction with neural networks to assess land suitability for soy (Bagherzadeh et al. 2016).

The continuous suitability approach provides an alternative to more common discrete suitability
assessments, such as that of Kidd et al. (2015) who specified categories of ‘highly suitable’, ‘suitable’,
‘moderately suitable’ or ‘unsuitable’ to characterise the suitability of land for horticultural uses.
Triantafilis et al. (2001) noted that categorical distinctions may not represent the continuity of the land.
Categories also require thresholds for indicator values, which can result in misleading predictions. For
example, similar locations whose indicator values fall either side of a threshold would be assigned
different categories, while dissimilar sites with indicator values at opposite ends of the same range
would be treated as having equal merit. A consequence of this is that very minor climate change
impacts on a crop might be reflected as significant under a categorical approach, while large impacts
may not be detected. However, a categorical approach does have the advantage of unambiguous
delineation of good versus bad, whereas under a continuous scoring system, use or non-use is a
management decision (Triantafilis et al. 2001).

We applied the continuous suitability score approach developed earlier in this project for evaluating
climate and soil criteria of crops at each location (Vetharaniam et al. 2019). This method differs from
that of (Triantafilis et al. 2001), and provides a novel approach to modelling continuous suitability
scores. This approach can consider differences between cultivars and allow for spatial variations in
climate and soil/land variables that occur within a grid cell but which are not reflected in input data
from databases (Vetharaniam et al. 2019). This is an alternative approach to specifying growing
criteria in terms of thresholds as was presented by Hall et al. (2018) who either considered an



“average” cultivar to represent a crop or specified separate requirements for different cultivars of the
same crop.

We developed a “suitability score” for each criterion. These suitability scores indicate how well a
particular location satisfies the assessment criteria. This approach does not rule locations as suitable
or unsuitable. Rather a lower suitability score indicates higher establishment and/or maintenance
costs with respect to the corresponding criterion, or alternatively a lower potential yield if deficiencies
are not mitigated. By combining the suitability scores for several criteria, we obtain a modular
modelling framework that provides a more representative view of the suitability of a location for
growing a crop, balancing the pros and cons of that location. This also allows a comparison and
ranking between locations.

For each crop considered, VCSN data were used to calculate suitability scores for individual and
combined climate criteria for each of the growing years from 2006 to 2016, using VCSN data from
2006 to 2017 as inputs along with relevant soil- and land-related data. Suitability scores for each
climate-related criterion were calculated for each year and then averaged using an arithmetic mean
over the 2006 to 2016 period for each location. Combining of climate-related suitability scores was
performed by taking weighted geometric means of scores within each year, and then the yearly
combined scores were averaged using an arithmetic mean to get the suitability score of the combined
criteria for the 2006 to 2016 period. The weights used when taking geometric means were chosen to
reflect the relative importance of the different criteria as assessed by horticultural experts.

Similarly, suitability scores for different land and soil criteria were combined with each other by taking
weighted geometric means, to get an overall land/soil suitability score, and an overall cultivation
suitability score was obtained by geometric averaging of the combined climate suitability scores and
combined soil suitability scores.

Resulting maps were used to ground-truth our initial suitability criteria and parameterise the model, in
consultation with experts and industry representatives. In an iterative process, we then ran the
improved model to generate updated maps, until we obtained maps that were considered to
realistically represent the current suitability of different locations across the country for growing crops.

A recurrent theme in the industry consultations was the absence of an evaluation of the risk of pest
and diseases. Hall et al. (2018) had suggested that this would be best handled qualitatively because
of its complexity, noting that the risk factors for damage from pests and diseases vary among
pathogens that damage fruit trees, and different pathogens may be favoured by contrasting conditions
posing a complexity of interactions. However, in our previous report we responded to consultation
feedback by developing a broad-brush approach to model a general risk profile and creating maps
showing the variation in this risk profile across locations (Vetharaniam et al. 2019). At this stage we
have not included the disease module in calculating overall suitability scores precisely because of its
generality. However, we have developed a specific botrytis risk map for wine grape and included it in
overall suitability calculations, since this was considered by our expert researcher to be one of the
major risk factors for wine grape. Whilst control measures exist for botrytis, higher botrytis pressure
and risk makes grape growing significantly more challenging and reduces sustainability.



Growing criteria related to climate or weather patterns are often specified with respect to a particular
development stage, a common example being relating the flowering interval with respect to frost
events, and another being the day of bud burst as a reference date for accumulation of heat units.
Some approaches in the literature have assumed that different plant phenology events occur in fixed
time periods of the year. Alternative approaches seek to predict development stages as a function of
season and climate variables. The choice of approach varies with crop, development stage and
phenological data available. In this project we have used both approaches. In this section we describe
phenological modelling to predict the periods from day of bud burst to open cluster and from bud burst
to fruit ripening in cherry, and also the period from bud burst to harvest in wine grape. Phenological
modelling was used for these crops to correspond to literature-based suitability considerations around
climate. For apple, kiwifruit, avocado and blueberry, suitability rules were formulated on a calendar
basis.

Chmielewski & Go6tz (2016) compared different approaches for predicting the start of cherry blossom,
assessing two growing degree days (GDD) forcing models (with fixed vs optimised starting date) and
a chilling/forcing model, each with and without a day-length term. Hall et al. (2018) used the results of
this work to estimate cherry flowering date based on an accumulation of 295 d°C GDD base 0.4°
starting from 27 August. Chmielewski & G6tz (2016) did not, however, predict the day of bud-burst,
which we used as the start of the period for assessing GDD requirements for maturation. Although
Miranda et al. (2012) calculated thermal time requirements to reach different phenophases including
bud-burst, these authors worked in growing degree hours, which requires hourly temperature
information, whereas we had daily maximum and minimum temperatures. While it is possible to
estimate hourly temperatures from a daily maximum and minimum, this requires assuming how
temperatures will vary over 24-hour periods; thus we chose to work with GDD. Cittadini et al. (2006)
used GDD accumulation when modelling frost risk for sweet cherry in Patagonia, presented thermal
time requirements for a range of cultivars (‘Bing’, ‘Burlat’, ‘Lapins’, ‘Stella’, ‘Sunburst’ and ‘Van’) to
reach different phenological stages: using a reference date of 15 July and a base of 4.5°C, the range
in mean GDD requirements across cultivars to reach the start of bud break and the start of open-
cluster were, respectively, 162 to 186 d°C and 192 to 230 d°C.

Allowing for variation in temperature within a grid cell, we modelled the probability of having started
bud break across cultivars as a sigmoidal function, assigning probabilities of 0.15, 0.5 and 0.85 to
GDD base 4.5°C values of 162, 174 and 186 d°C, respectively, with a reference date of 15 July. The
probability curve for having reached bud burst is used to weight daily GDD from the bud-burst period
to calculate sufficient GDD for maturation before the end of April and hence suitability from a warmth
perspective. Since early stages after bud break are significantly more frost resistant than open cluster
to post-bloom stages (Ballard et al. 1997), we used the GDD requirements to reach open cluster that
were presented by Cittadini et al. (2006). We modelled the probability of having reached open cluster
across cultivars as a sigmoidal function, assigning probabilities of 0.1, 0.5 and 0.9 to GDD base 4.5°C
values of 192, 211 and 230 d°C, respectively, with a reference date of 15 July. As an example,
Figure 1 shows GDD accumulation in a warmer vs a cooler location, and the corresponding
phenological development.
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Figure 1. Cherry: growing degree days (GDD) accumulation and examples of
probability (Pr) that bud break (BB) and open cluster (OC) have occurred over time
from 1 July, shown for warm and cool locations.

The chill hour accumulation period used above (March to August) overlaps the forcing accumulation
period starting on 15 July. While this may appear inconsistent, studies to determine chilling and
forcing phases have found overlaps between the two phases for some cultivars of almond and apple
(Diez-Palet et al. 2019). Dormancy-breaking models could be separated into “sequential” models
involving a period of chilling followed by a period of forcing, and “parallel” models involving
overlapping periods of chilling and forcing (Cesaraccio et al. 2004).

3.1.2  Cherry: period from bud burst to ripening

The post-bud-burst cumulative GDD base 4.5°C is used to develop a probability over time that fruit
have not fully matured on that day. This was done by calculating for each day the cumulative GDD
from the bud-burst period, with the daily GDD contribution weighted by the probability of bud break
having occurred for that day. The GDD suitability function was applied to each daily cumulative GDD,
giving a curve as a function of time that estimates the proportion of crops for each location that has
reached maturity. We interpret 1 minus this proportion curve as a probability curve that fruit has not
sufficiently matured. Multiplying this probability curve by the probability curve for having reached
open-cluster gives a probability window that crops are between open-cluster and maturity and thus at
risk of frost damage, over time from post-bud burst. Examples of a warmer and a cooler location are
shown in Figure 2.
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Figure 2. Cherry: probability (Pr) that fruit is between open cluster and the end of
maturation, shown for warm and cool locations.

3.1.3 Grape: day of bud break

The 1 September reference date used by Hall et al. (2018);seems too late; a 1 July reference date
would be preferable and would correspond to the 1 January reference date that is frequently used in
the literature for northern hemisphere settings. Mcintyre et al. (1982) found that bud break in Pinot
noir occurred 4 days earlier on average than in Sauvignon blanc. Van Leeuwen et al. (2008)
determined that on average, Pinot noir and Sauvignon blanc required 57 and 59 GDD (base 10),
respectively, from 1 January to reach bud break. Zapata et al. (2017) found that the most appropriate
GDD bases for Pinot noir and Sauvignon blanc were, respectively, 8.1 and 7.4°C, with respective
GDD requirements of 79 and 101 from 1 January. For New Zealand conditions, Hall & Blackman
(2019) used a GDD base of 4.5°C and GDD requirement of 450 from 1 July to predict bud break in
three viticulture regions in Australia. Hall et al. (2018) specified rules that estimated date of bud break
based on a GDD base 0°C (GDDO) requirement from 1 September of 380 for Pinot noir and 410 for
Sauvignon blanc, citing unpublished work by A.K. Parker and others.

For calculating bud break in New Zealand situations, a suitable choice would be a 1 July reference
and 4.5°C base, with GDD to bud break being 450 and 500 for Pinot noir and Sauvignon blanc
(Damian Martin, pers. comm.). To reflect variation, we assumed bud break occurred within an interval
of £10% around these nominal GDD requirements, with 1% and 99% of bud break at the lower and
higher range of the interval, respectively. The probability of the two varieties reaching bud break is
plotted over time in Figure 3.

Pinot Noir
— = Sauvignon Blanc | |

Pr bud break occurred

90 95 100 105 110 115 120
Days from 1 July

Figure 3. Grape: simulated probability of bud break having occurred on a particular
day for Pinot noir and Sauvignon blanc compared for an example grid cell.
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3.1.4 Grape: end of the growing season

A suitable rule for modelling the end of the growing season is that the average monthly temperatures
drop to 13°C (Hall et al. 2018). Using a 14-day window, we performed a moving average of mean
daily temperature for each grid cell, over the growing season (Figure 4, upper panel). To reflect
variation within a grid cell we assumed that, when the moving average of mean daily temperature
dropped below 13.5°C, 13°C and 12.5°C for the rest of the season, growth would stop in, respectively,
5, 50 and 95% of vines. This results in growth ceasing earlier in cool locations compared with warm
ones (Figure 4, lower panel). We have assumed that, within a grid, variations in the 14-day averages
of mean temperature are less than the variations in maximum or minimum temperature. With our
probabilistic approach, in very cold regions where average temperatures are not sufficiently high, the
probability that the growing season has not ended may be less than 1.0 on 1 July.
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Figure 4. Grape: fortnightly average of daily mean temperature (upper panel) and the
probability that the growing season has not ended (lower panel) for a warm region and a cool
region.

3.1.5 Wine grape: bud burst to end of fruit ripening window

For each grid location, the daily probabilities of budburst and the daily probabilities of growing up to
fruit ripening are multiplied. The non-zero values define the effective growing season on a probability
basis (Figure 5).
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Figure 5. Wine grape: probability that Pinot noir and Sauvignon blanc are in the growing
season (bud burst to completion of ripening) for an example cell.
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Chilling requirements refer to the minimum period of cold weather needed for plants to break bud and
flower adequately for crop production, after a dormant rest period.

Hall et al. (2018) placed a minimum chill requirement of 500 hours base 7.2°C during May to August
for a mid-season apple. However, the literature reports a wide range of minimum chilling hours for
apple. For example, Rai et al. (2015) considered a range of 1000-1500 (7°C base) as suitable. Guak
and Nielson (2013) reported a mean chill requirement of 970 hours (7.2°C base) for the cultivar ‘Gala’.
Hauagge and Cummins (1991b) found that the mean chill requirement ranged from 218 to 1530 chill
units (CU) depending on cultivar, with ‘Gala’ having a requirement of 1094 CU, and the majority of
cultivars requiring 800 to 1200 CU. These authors used an unconventional calculation for CU
(Hauagge & Cummins 1991a), which cannot be directly compared with 7.2°C base chill hours.
Nevertheless, their results highlight the huge variation in chill requirement between cultivars, with the
lowest chill requirement being 80% less and the highest chill requirement 40% more than the ‘Gala’
requirement, and the requirements for many cultivars ranging from 30% below to 10% above the
‘Gala’ requirement. Thus, a chilling suitability score that switches slowly over a large range of chill
units would be appropriate to reflect this variation.

Table 1. Richardson chill units (RCU) assigned for
different temperature ranges.

T<15 0.0
1.5<sT<25 0.5
25<T<9.2 1.0
9.2<T<125 0.5
125<T<16.0 0.0
16.0=T <18.0 -0.5
T218.0 -1.0

Furthermore, during our consultations, it was recommended that we consider chill in terms of
Richardson chill units (RCU), which are more biologically based. They can be calculated using the
values in Table 1, which were sourced from http://www.harvest.com/support/calculations/.

Calculation of either chill hours base 7.2°C or RCU require hourly temperatures, whereas our data
provided a daily maximum and minimum temperature for each grid-square. To overcome this
limitation, we assumed that temperature would vary sinusoidally over a 24-hour period, which allowed
an estimation of hourly temperatures.

We compared RCU versus chill hours base 7.2°C over an 11-year period for the entire country, and
found a marked difference between the two methods. Locations with the highest RCUs had only
intermediate chill hours base 7.2°C, and locations with the lowest RCUs variously had either the
highest or lowest chill hours base 7.2°C (Figure 6). This is because the chill hour system is binary,
while the RCU system takes a more nuanced approach and allows reversal of chill when
temperatures exceed 16°C. We therefore selected RCU as the preferred option. The calculation of
CU used by Hauagge and Cummins (1991b, a) has a rough equivalence to RCU, which facilitated
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developing our chill curve for RCU (Figure 7). Maps in Figure 8 show mean May to August RCU

accumulations across the country over the 2006—16 period and the corresponding suitability scores.

These maps indicate most areas would provide good chill across a range of cultivars, except for

Northland and upper Waikato and some areas of the Coromandel and East Cape, which would be
suitable only for varieties of apple with low chill requirements. The suitability map shows no conflict

with current apple growing regions.
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Figure 6. Comparison of Richardson chill units (left) and chill hours base 7.2°C (right) for
May to July from 2006 to 2016 across the country.
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Figure 7. Chill score curve for apple as a function of
Richardson chill units (RCU).
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Figure 8. Accumulated Richardson chill units from May to August (left) and corresponding suitability score (right) for apple, mapped across New Zealand. Calculations used Virtual Climate Station Network
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Winter chill requirements for having at least one king flower per winter bud are typically expressed in
mean temperatures. Hall et al. (2018) gave chill requirements as average May to July temperatures
being less than 11.7°C for Actinidia chinensis var. deliciosa ‘Hayward’ and 12.7°C for A. chinensis
var. chinensis ‘Zesy002’ (commonly known as Gold3) (Snelgar et al. 2008; Hall & Snelgar 2014) with
the use of Hi-Cane® raising this threshold by 2.3°C for ‘Hayward’, and by assumption, this would
apply to ‘Zesy002’ also. Bearing in mind that these values are averages from experimental data, and
the likely variable conditions across a 25-km? grid-square, we chose the chilling score to switch slowly
with mean May to July temperatures to reflect the differences between green kiwifruit and gold
kiwifruit, and to accommodate other (including future) cultivars (Figure 9).
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Figure 9. Chill score curve for kiwifruit as a function
of mean May to July temperatures.

Mean May to July temperature is mapped across New Zealand in the left hand panel of Figure 10 and
the resulting chill suitability score is mapped in the right-hand panel.

Most areas would provide good chill except for Northland, which generally would require Hi-Cane® in
most areas, though there are some small areas with good chill. Certainly Hi-Cane® is extensively
used in Northland kiwifruit orchards. The upper Waikato and some areas of the Coromandel are
marginal from a chill perspective, and thus mitigation in the form of Hi-Cane® may be beneficial. New
cultivars that require less chill for good bud break and flowering would also be suitable in these areas,
and of current cultivars, ‘Zesy002’ would be preferable in these areas compared with ‘Hayward’.

Winter chill was not considered a requirement for avocado since it is a warm-climate crop.
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Average chill score for kiwifruit 2006-2016
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Figure 10. Mean May to July temperature for the period 2006 to 2016 for different locations across the country (left), which is used to estimate chill requirements for kiwifruit, and the corresponding chill
suitability score for kiwifruit (right). Calculations used Virtual Climate Station Network (VCSN) data.
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Lowbush varieties are highly sensitive to frost (Hicklenton et al. 2002) and are ignored here since
commercial cultivation appears to centre on Rabbiteye and Highbush varieties. Requirements for
Rabbiteye have been reported as 400—700 chill hours (threshold 6—7°C) (Spiers & Draper 1974),
while Austin & Bondari (1987) found that the chilling requirements for eight Rabbiteye cultivars ranged
from 250 to 650 hours <7°C. Overlapping chill requirements have been reported for Southern
highbush varieties, with ranges of 100—-450 hours <7°C (Lyrene & Sherman 2000) and 200-600 hours
<7°C (Lang 1993). In contrast, Northern Highbush varieties that are adapted to cold mid-winter
temperatures have a chill requirement of 800—1000 hours <7°C (Hancock 2006).

The Department of Primary Industries (DPI) Tasmania gave the chill requirements for blueberry as
more than 800 hours between 0 and 7.2°C from May to August, but did not consider variation
between cultivars (https://dpipwe.tas.gov.au/Documents/BLUEBERRIES.pdf). Blueberries NZ
(https://lwww.blueberriesnz.co.nz/varieties/) gave chill requirements for a range of different cultivars,
ranging from 500 to over 1000: with Rabbiteye and Southern Highbush varieties chill accumulations
being in the lower part of the range, and Highbush varieties requiring chill accumulations at the higher
end. However, no threshold temperatures for chill accumulation were given, which limited using these
values in calculations. Hall et al. (2018) considered chill requirements in terms of low (some
Rabbiteye and Southern Highbush varieties), moderate and high chill varieties of blueberry, with
these groupings, respectively, requiring at least 200, 500 and 800 hours of chill below 7.2°C.

Following Lang (1993), we used daily chill hours below 7°C, and calculated these from daily maximum
and minimum temperatures from May to August, and summed to obtain a total winter chill. Taking into
account spatial variation in temperature within each 25-km?2 grid cell, along with the variation between
bush type and cultivars, we used a sliding-scale suitability score for chill, with values 0.05, 0.5 and
0.95 for, respectively, 150, 550 and 950 accumulated chill hours (Figure 11). A lower chill score for a
location can be interpreted as indicating unsatisfactory chill accumulation, or alternatively as
indicating a reduction in the range of cultivars that will receive adequate chill.
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Figure 12 shows a map of average accumulations of May-July chill for blueberry over the growing
seasons 2006 to 2016 for locations across New Zealand (left panel), and the corresponding chill
suitability scores (right panel). These maps show good chill in most areas, with Northland and coastal
areas of the East Cape down to Gisborne being a significant contrast, with average accumulations of
up to 500 chill hours and thus being suitable for only the very low chill varieties. Although not highly
suitable, other coastal areas of the North Island and the northern Waikato would support moderate
chill varieties as well. This paints a picture of some of the main current growing regions such as
Auckland and Waikato not being ideal from a chill perspective, with mitigation by using low and
medium chill varieties being likely.
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Figure 12. Average May to August chill hour accumulations (left) and corresponding chill suitability scores (right) for blueberry, for locations across the country. Calculations used Virtual Climate Station
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Common models for estimating winter chill are variations of the Utah (Richardson) model, the
Dynamic model (Erez et al. 1990), and chill hours below 7°C (Alburquerque et al. 2008; Palasciano &
Gaeta 2017). Chill hours between 0 and 7°C are also used, reflecting a view that sub-zero
temperatures do not contribute to winter chill (Luedeling 2012), and for New Zealand conditions Hall
et al. (2018) suggested that chill hours between 2 and 12°C be used, specifying a requirement of at
least 700 hours accumulated from May to August. However, Kaufmann & Blanke (2019) found that
temperatures from -5 to 0°C did contribute to winter chill. Although the process-based Dynamic
model is based on speculation, it has been found to be more accurate than other models (Luedeling
2012; Palasciano & Gaeta 2017) but these results were not consistent between sites or years
(Measham et al. 2017). Kaufmann & Blanke (2019) found that, irrespective of the chill model, up to
50% of the chill requirements (depending on cultivar) could be substituted by increased spring forcing.

Here we use hours below 7°C as the chill model, because there is more information in the literature
regarding variation between cultivars for this metric and additionally it allows contributions from sub-
zero temperatures. Seif & Gruppe (1984) found that in a region of Germany winter chill requirements
varied between 733 and 1343 hours below 7°C for 30 sweet cherry cultivars, and between 1051 and
1889 for interspecific cherry hybrids. Those authors noted that winter chill requirements for sweet
cherry reported in the literature varied between 1300 and 1700 hours below 7°C in Turkish studies
and between 2007 and 2272 hours below 7°C in US studies. In an Argentinian study, average chill
requirement between cultivars was 1615 hours at or below 7°C (Hochmaier 2014).

Hortinfo (2010) gave winter chill requirements as 1000-1300 hours below 7°C from 1 June to 31
August. Brunt et al. (2017) categorised Australian-grown cherry cultivars into five categories of chill
requirements: 300-500; 500-750, 750-1000, 1000-1500 and >1500 chill hours accumulated from 1
March to 31 August, with the range in values reflecting variability between locations, rootstocks,
management systems and research methodologies. Taking into account the variability between
cultivars and the potential for new cultivars to be grown in New Zealand, we use a sigmoidal sliding
scale with values of 0.05, 0.5 and 0.95 for, respectively, 500, 900 and 1300 chill hours below 7°C in
the period 1 June to 31 August (Figure 13).

Mean annual chill hours and chill suitability scores for locations across the country are shown in
Figure 14, indicating that most areas of the South Island would provide adequate chill across a range
of cultivars, while the Hawke’s Bay, which has a small but established cherry industry, shows lower
suitability. While there are small pockets of land that would suit high-chill cultivars in the Hawke’s Bay,
in most areas the level of chill would be sufficient only for moderate- and low-chill cultivars, and it is
likely that these are the predominant cultivars in
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Figure 13. Cherry: chill suitability score as a function
of chill hours.
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Figure 14. Mean March to August chill hours (left) and corresponding chill suitability score (right) for cherry, for locations across the country. Calculations used Virtual Climate Station Network (VCSN) data.
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The literature was comparatively sparse on winter chill requirements for grape compared with cherry
and blueberry. Hall et al. (2018) avoided chill hours and specified that the chill requirement for wine
grape is a mean July temperature of below 12°C. (Hortinfo 2010) used chill hours for specifying winter
chill requirements of 100-200 hours below 7°C from 1 June to 31 August. Londo & Johnson (2014)
stated that the cultivated grapevine is adapted to Mediterranean conditions and has chill requirements
of 50—400 hours between 0°C and 7°C, in contrast to wild Vitis species and hybrids, which can have
much higher chill requirements. Although sub-zero temperatures may contribute towards chilling, as
discussed above for cherry, we chose to use the chill hour specification of Londo & Johnson (2014).
To calculate this, we assumed that temperature varies sinusoidally over the day between minimum
and maximum temperature. We expressed the suitability score using a sigmoidal curve that was a
function of chill hours between 0°C and 7°C with approximate values of 0, 0.03, 0.20, 0.8 and 1.0 at O,
50, 100 200 and 400 hours of chill (Figure 15).
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Figure 15. Grape: chill suitability score as a function
of chill hours accumulated from 1 June to 31 August.

Chill hours and suitability scores are mapped at the national level in Figure 16, showing that most
areas of NZ provide good chill for wine grape, although there are dispersed areas in Northland that
provide less than ideal chill, as indicated by the mottling of the suitability map in that region. The main
wine-growing regions, however, fall in the high chill suitability areas.
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Figure 16. Grape: average winter chill hours from June to August (left) and chill scores (right) for locations across NZ for 2006—2016. Calculations used Virtual Climate Station Network (VCSN) data.
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The effects of frosts occurring after flowering and before harvest need to be taken into account for
horticultural production, bearing in mind that mitigation through frost protection including, for example,
windmills, helicopters, frost fans and overhead irrigation is already being used.

For apple trees, Murray (2009) provides an overview of bud kill rates at different bud stages and
temperatures: the most vulnerable stages are from open cluster to full bloom and post bloom, with a
10% loss at —2.2°C and 90% loss at —3.8°C (survival rates of 90% or 10% of fruit after a frost of
—2.2°C or —3.8°C). Based on these data and considering a temperature variability of £2°C around the
VCSN temperature within each 25-km? grid-square, we chose a frost suitability curve corresponding
to a fruit survival rate of approximately 12% at —5°C, and 88% at —-1°C, with a 50% midpoint at -3°C
(Figure 17).
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Based on results published by Ellenwood (1941), we expect at least a 9-day spread between cultivars
in the day of full bloom (DFB), and about a 3-day duration from the start of full bloom until the end,
with about a 5-day period from first bloom to the start of full bloom. Hall et al. (2018) proposed that the
equation published by Austin et al. (2002) be used to calculate DFB. This equation is for the end of
full bloom for ‘Delicious’, which has a DFB roughly in the middle of the spread for cultivars studied by
Ellenwood (1941), with the earliest being 4 days before.

We applied an equation from Austin et al. (2002) to calculate nominal DFB for each location based on
average maximum temperature from August to September. To accommodate the variation between
cultivars, and within a tree, we started the period of frost risk 21 days before nominal DFB. A down-
weighting was applied to this period, in the manner described for kiwifruit, but only for the first week
since frost might kill unopened flower buds. Since early maturing cultivars will be harvested before
April, April poses less of a risk than preceding months. A decreasing weight was placed from April 1
to April 30, so that a frost on April 30 would have little impact. For the period from DFB until harvest
(assumed 30 April the following year), the frost survival score was calculated for each daily minimum
temperature and the values multiplied together to represent the cumulative effect of frosts.

Frost suitability scores calculated for apple are mapped across the country in Figure 18, showing that
many areas in the North Island have good suitability scores for frost risk for apple, although some
areas of the Hawke’s Bay are indicated as having a moderate frost risk. In the South Island, while
large areas of Otago show a high frost risk, there are regions around well know apple-growing areas
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such as Alexandra that have moderate frost risks, indicating the potential for loss from frost in some
years unless frost mitigation is sufficient. Some know central Otago production areas show poor
suitability, most likely due to microclimatic pockets not showing in the 25-km grid, although frost
mitigation in the form of overhead sprinklers, helicopters, and/or frost fans can be used.

Frost suitability score for apple 2006-2016
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Figure 18. Frost suitability scores calculated for apple for locations across the country.
Calculations used Virtual Climate Station Network (VCSN) data.

3.3.2 Kiwifruit

Hewett & Young (1981) found no frost damage to buds on newly formed kiwifruit vine shoots at -1°C,
slight damage at —2°C, and 95% of buds were killed at —3°C. In contrast, dormant buds survived
much colder temperatures. To reflect the large variation that can occur over short distances, we
chose a frost suitability curve corresponding to bud/flower survival rates of approximately 12% at
—-4°C, and 88% at 0°C, with a 50% midpoint at —2°C (Figure 19).
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Since fruit are at risk from autumn frost (or winter frosts if harvested late), we used the same
approach as for spring frost, but with a lower weighting to represent that leaves will provide protection
from the first frosts. For kiwifruit, the frost risk period for fruit yield was considered to be from day of
bud break (DBB) to harvest.

Based on data for A. chinensis var. chinensis ‘Hort16A’, ‘Zesy002’ and ‘Hayward’ provided by Alistair
Hall (pers. comm., June 2019) we estimated the time band from earliest DBB to “typical’ DBB to cover
current and future cultivars. For typical DBB we combined data for ‘Zesy002’ and ‘Hayward’ and
constructed the following equation:

DBB = min(335, 245 + exp(0.267 * Tuw)),

where Twmas is average temperature from May to July, and 335 is an arbitrary cut-off that prevents DBB
occurring later that 1 December. We based the earliest DBB on data for the ‘Hort16A’ cultivar, which
showed little sensitivity to Twmas or to site, and had a DBB ranging from 225 to 245 days from 1
January. Although the ‘Hort16A’ cultivar is no longer grown as a commercial variety, it is useful as a
reference, and we used day 225 as the earliest DBB for any cultivar.

For each year, the frost survival scores were calculated for all days from the earliest DBB (day 225)
until the end of harvest, the end of June in the following year, and a weighted multiplication was
performed to get a survival score for the frost risk period for each growing year. For the period defined
above, we progressively increased the weight from approximately zero at earliest DBB to one at
typical DBB.

Since progressive harvesting from mid-March onwards would decrease the fruit at risk from frosts, the
frost survival score for each day of the harvest period was progressively down-weighted, with a weight
of 0.5 at mid-March decreasing to almost zero at the end of June. The weight of 0.5 instead of one for
mid-March was chosen to reflect the protection that leaves will provide fruit during an autumn harvest.
Frost suitability scores calculated for apple are mapped across the country in Figure 20. Apart from
Northland and the East Cape/Gisborne areas, there is a moderate to high frost risk across the
country. Notably, the current growing areas of Nelson and the Hawke’s Bay have a moderate to high
frost risk indicating growers there will need to engage in frost mitigation in a number of years.
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Figure 20. Frost suitability scores calculated for kiwifruit for locations across the country.
Calculations used Virtual Climate Station Network (VCSN) data.

3.3.3 Avocado

Selim et al. (2018) noted that avocado frost resistance varied with variety, and considered that in
general —5°C was a suitable minimum temperature cut-off. Dubrovina & Bautista (2014) give the frost
resistance of ‘Hass’ as down to —1.1°C (Dubrovina & Bautista 2014). Damage to ‘Hass’ avocado
exposed to temperatures varying between 0 and —3.3°C over 32 hours and 0 and —4.4°C over 51
hours was extensive, with up to 50% foliage killed within 3 weeks and over 80% of foliage killed after
2 months (Malo et al. 1977). We used a curve that took into account a possible 2°C variation around
the nominal grid (e.g. for a nominal temperature of 0°C, the temperatures within the grid would range
from —2 to 2°C). This had the following leaf survival rates: 21% at —4°C, 98% at 0°C, and a 50%
midpoint at —3°C (Figure 21).

Scores were calculated for the years 2006 to 2016 for each location, and the average across years
taken as an indication of location suitability (Figure 22). Northland, East Cape/Gisborne, and areas of
Bay of Plenty and coastal Wairarapa have low frost risk. Other North Island coastal areas and a few in
the South Island have moderate frost risk, whilst most other areas of New Zealand have high frost
risk. This is in line with known growing regions and most regions requiring frost protection on young,
establishing trees that then eventually outgrow the frost risk.
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Figure 21. Avocado: frost survival score vs minimum
daily temperature.
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Figure 22. Avocado: map of location suitability for frost criteria throughout the year,
based on data from 2006 to 2016. Calculations used Virtual Climate Station Network
(VCSN) data.
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Blueberry flower buds were considered the tissues most sensitive to frost damage with an LTso (lethal
temperature for 50% kill) of —7.5°C for some varieties of Highbush flowers (Zydlik et al. 2019). Patten
et al. (1991) found Southern Highbush and Highbush cultivars to be more tolerant of frost than
Rabbiteye. Rejman (1977) found that in a Polish winter young shoots of Highbush varieties were
damaged only when temperatures dropped to —23.4°C, while a spring frost of —8.4°C killed only 9.9
and 6.8% of ‘Blueray’ and ‘Darrow’ flower buds, respectively. The corolla is the most sensitive part of
the flower with the LTso for five Highbush cultivars ranging from —2.1 to —3.3°C, and corolla damage is
likely correlated with reduction in fruit set (Rowland et al. 2013). NeSmith et al. (1999) found that 0,
20% 75% and 100% of ‘Brightwell’ Rabbiteye flowers suffered corolla damage at temperatures of -2,
—2.5, =3 and —-3.5°C. The LTso that corresponds to this response is approximately —2.8°C , which is in
the range observed by Rowland et al. (2013). These last two studies were conducted in controlled
environments with limited cultivars and are not necessarily indicative of outcomes across commercial
enterprises involving different cultivars. For example, a —6°C frost in a warmer-than-usual Polish
spring caused different yield losses in different Highbush cultivars, with reduction in numbers of final
fruit set varying from 89% to 8%, with this variation related to the timing of the frost with the flowering
periods of the cultivars (Lin & Pliszka 2003).

We used a frost survival curve to indicate how to represent how much of potential fruit yield is lost
after a single day of frost, assuming a range of cultivars with different flowering times can be grown in
the location. Assuming a temperature variability of +2°C around the VCSN temperature within each
25-km? grid-square and considering the LTso across studies, with more weight on field observations,
we assigned survival rates of 50% at —4.5°C, 10% at —7.5°C, and 90% at —1.5°C (Figure 23).
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Figure 23. Blueberry frost survival score vs minimum
daily temperature.

Given the spread in flowering time of different cultivars, we have taken the approach of DPI Tasmania
(https://dpipwe.tas.gov.au/Documents/BLUEBERRIES.pdf) and characterised September and
October as risk periods for frost, rather than trying to predict flowering times for each cultivar. The
frost survival score was calculated using the minimum daily temperatures for each day in the frost risk
period. The calculated loss was combined to get a cumulative damage calculation for the total period,
which was used as a frost suitability score (Figure 24). Most of the North Island, except for
mountainous and high elevation inland areas have high frost suitability scores, as well as most
lowland areas of the South Island, and thus the map suggests that most current blueberry growing
areas are not presently faced with high frost risk issues.
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Figure 24. Blueberry: average frost suitability score for locations across the country.
Calculations used Virtual Climate Station Network (VCSN) data.

3.3.5 Cherry

Spring frosts have varying effects on different sweet cherry cultivars and can be a limiting factor to
production (Kappel 2010). However, there is limited quantitative information on cultivar susceptibility
over a range of temperatures. Matzneller et al. (2016) performed controlled-environment experiments
on ‘Summit’ that involved three frost temperatures (2.5, -5.0, —10.0°C), and developed four empirical
functions for calculating frost damage on sweet cherry buds or flowers at four phenological
development stages. None of these functions ranged from 0 to 100%, and we considered that all
behaved unsatisfactorily outside the range —10 to —2.5°C, and thus are not useful for our modelling.

Ballard et al. (1997) provided general kill rate vs temperature for different development stages from
Swollen Bud to Post Bloom, showing that the stages most vulnerable to frost kill are first bloom to
post bloom (with a 10% loss at —2.2°C and 90% loss at —3.8°C), with the open cluster and first white
stages being a little less vulnerable (a 10% loss at —2.8°C and 90% loss at, respectively, —8.3 and
—6.1°C). Assuming a temperature variability of £2°C around the VCSN temperature within each 25-
km? grid-square in conjunction with this range of values, we chose a frost suitability curve
corresponding to a fruit survival rate of approximately 10% at —5.4°C, and 90% at —1.4°C, with a 50%
midpoint at —3.4°C (Figure 25).
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The frost survival score was calculated
using the minimum daily temperatures for
0.8 1 each day in the frost risk period. The
calculated daily loss was weighted by the
probability of being in the frost risk period
0.4 1 described above, and the cumulative
damage calculated for the total period.
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Figure 25. Cherry: frost suitability score as a function after frost events will not be identified as

of minimum daily temperature frost risk areas.

While these areas should be ruled out
under GDD considerations, maps of frost suitability could be misleading. Thus we used a combined
frost and cold suitability score by multiplying the frost suitability score by a ‘bud-break-day suitability
score’, to rule out areas that are too cold for timely bud break to occur. We assumed that if bud break
does not occur by 15 October, then the growing season will be too short. We defined the bud-break-
day suitability score as a function of the number of days from bud break until an arbitrary date of 31
December, 77 days later. The bud-break-day score was assigned values of 0.15, 0.5 and 0.85 for,
respectively, 70, 77 and 84 days from bud break to 31 December (Figure 26), with the latter being
calculated by the weighted sum of days from July to December, with weights being the probability that
bud break has occurred.

A map showing the number of days from bud break until 31 December for different locations across
New Zealand is presented in the left hand panel of Figure 27. Without application of the bud-break-
day suitability score (Figure 26), the dark magenta areas in this map would not be identified as frost
risk areas despite being among the coldest in the country, because of bud-burst being delayed until
outside the frost risk period.

The combined frost and cold suitability that
takes both frost and severely delayed bud-
burst into account is mapped in the right hand
panel of Figure 27. Most of the North Island,
including Hawke’s Bay, have very low to low
frost risk for cherry, with only inland areas
showing moderate to high risk. Coastal areas
of the South Island have very low to moderate
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Figure 26. Cherry: suitability score for bud break as use of frost protection in Central Otago.

a function of effective days from bud break to
31 December.
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Figure 27. Cherry: map of NZ showing number of days from bud break to 31 December (left), which were used along with minimum temperature to calculate the combined frost/cold suitability score (right).

Calculations used Virtual Climate Station Network (VCSN) data.
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The impact of freezing temperatures varies between species, cultivars, locations on the cane and
vine, and is lower in dormant plants compared with actively growing plants, and buds are more
susceptible to freeze damage than canes, trunks and roots (Fennell 2004). In Vitis vinifera cultivars,
bud freezing tolerance from dormancy induction to bud break ranges from -5 to —15°C in mid-autumn
to —20 to —30°C in mid-winter (Fennell 2004). In contrast, green, actively growing tissues can be
damaged by temperatures slightly below 0°C or even higher if radiative cooling leads to sub-zero
tissue temperatures (Ferguson et al. 2014).

Plant tissues become more susceptible to cold injury as grapes develop from bud burst through shoot
development (Poling 2008). For example, LTso values for Pinot noir were —2.2°C at bud break, and
-2.0°C, -1.7°C, and -1.2°C for the first, second and fourth leaf stages, respectively (Gardea (1987)
cited by Ferguson et al. (2014)). Cold damage before bud burst may not reduce yield, depending on
timing with relation to pruning and on the abundance of secondary buds that are less prone to
freezing than primary buds and potentially productive (Fennell 2004). Given New Zealand’s relatively
warm climate, we ignored autumn and winter frost damage.

We assumed that Sauvignon blanc has similar frost tolerance to Pinot noir. Based on the trend in the
LTso described above, we chose —1.7°C as a nominal LTso across all stages for spring frost. The
difference between LTi0 and LToo for ‘Concord’ grape averaged 3°C for the same growth stages
(Proebsting et al. (1978) cited by Ferguson et al. (2014)). Given that ‘Concord’ is more frost tolerant
we would expect the difference in LT1o to LTeo to be less than 3°C in Pinot noir and Sauvignon blanc.
However, temperature variations within a grid will flatten LT responses and thus we assumed that
LT10 and LTeo would vary by 4°C, and took them to be 0.3 and —3.7°C (Figure 28, left panel).

Frost damage is calculated only for the period from bud break (when growing tissue becomes
vulnerable) to 31 December. As was the case for cherry, very cold areas with bud break delayed until
after frost events will not be identified as frost risk areas and might be depicted as warmer than they
really are in frost suitability maps. Thus, we used the same approach for cherry, and multiplied the
frost suitability score by a bud-break-day suitability score to obtain a combined frost/cold suitability
score.
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Figure 28. Grape: Frost suitability score as a function of minimum daily temperature (left) and bud-break-day suitability
score as a function of days from bud break to 31 December (right).



If bud break does not occur by 1 November, the growing season will be too short for grape production
(Damian Martin, pers. comm.). Thus the bud-break-day score (Figure 28, right panel) was assigned
values of 0.15, 0.5 and 0.85 for 53, 60 and 67 effective days from bud break to 31 December, the
latter being the daily probabilities that bud break has occurred from 1 July. Separate maps for Pinot
noir and Sauvignon blanc show effective days from bud break until 31 December (Figure 29), and the
combined frost/cold suitability scores (Figure 30) across New Zealand.

For the most part, frost and cold susceptibility scores for Pinot noir and Sauvignon blanc are
calculated as being similar. As expected, the northern part of the North Island has no frost risk, whilst
areas such as Gisborne and Hawke’s Bay have low to moderate frost risk, as does Marlborough and
Nelson. Canterbury has moderate frost risk, moving slightly higher closer to the Alps and slightly
higher risk for Sauvignon blanc in some pockets. Central Otago shows high frost risk for Sauvignon
blanc, whereas Pinot noir is moderate to high, which would suggest frost mitigation will be essential in
those areas. These calculations of frost risk appears to be mostly in line with what is experienced in
known growing regions, although in practice Pinot noir in Central Otago may be faced with slightly
less frost risk than predicted, and fare much better than Sauvignon blanc.
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Figure 29. Grape: days from bud break to 31 December for locations across the country for Pinot noir (left) and Sauvignon blanc (right). Calculations used Virtual Climate Station Network (VCSN) data.
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Figure 30. Grape: frost suitability scores for Pinot noir (left) and Sauvignon blanc (right). Calculations used Virtual Climate Station Network (VCSN) data.
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Horticultural production requires warm conditions for fruit maturation, and depending on the crop, is
expressed in terms of growing degree days (GDD), growing degree hours (GDH), or mean
temperatures over a period.

For apple production, van den Dijssel et al. (2014) and Clothier et al. (2018) suggested a minimum
GDD requirement of 800 d°C for October to April using a 10°C base. Singh and Bhatia (2012) found
that 10 different cultivars had a 28% variation in GGD (4°C base) requirement. Jangra (2012 ) found a
39% variation between two cultivars in their GDD requirement to maturity.

We used the 10°C base suggested by van den Dijssel et al. (2014), but accommodated the variation
between cultivars found by other authors. Thus we chose a suitability score with a response curve
that was approximately 0.05, 0.5, and 0.95 for GDD values of 500, 800 and 1100 d°C, respectively,
calculated using a 10°C base (Figure 31). The annual calculation uses the October to December
temperatures for that year, and January to April temperatures for the following year (e.g. GGD for
2008 used temperatures from 2008 and 2009).
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Figure 31. Growing degree days (GDD) score
assigned to different GDD values base 10°C for
apple. A higher score indicates a more satisfactory
maturation of fruit.

The accumulation of GDD base 10°C is shown for different locations across the country in Figure 32,
and the corresponding suitability scores for apple are mapped in the left panel of Figure 34 alongside
a map of GDD suitability scores for kiwifruit, which were calculated using the same GDD
accumulations as for apple.

The GDD accumulations look very suitable for maturing apple in the Waikato and further north, and
for the rest of the North Island in all the regions that are not overly elevated, which is reflected in the
correspondingly high GDD scores. For the South Island, good maturity of the fruit can be reached in
pockets around Marlborough, Nelson, Tasman, the West Coast, Canterbury and Central Otago.
These predictions are in line with known growing regions.
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Figure 32. Accumulation of growing degree days (GDD) from October to April using a
10°C base, mapped for New Zealand, and used for calculating GDD suitability scores for
both apple and kiwifruit. Calculations used Virtual Climate Station Network (VCSN) data.

3.4.2 Kiwifruit

Salinger & Kenny (1995) specified GDD requirements for adequate ‘Hayward’ kiwifruit growth to be
1100 d°C accumulated during October to April using a GDD base of 10°C. Interestingly, this base is
higher than the base temperature of 7°C that Salinger et al. (1993) reported for calculating forcing
during flower development. For kiwifruit, the GDD accumulation period, base and thus calculation was
the same as that for apple, and thus the map of GDD accumulation is the same (Figure 32).

In the absence of data of GDD requirements for other cultivars, we used the information for ‘Hayward’
to construct a GDD suitability curve to represent current and future cultivars, assigning the values
0.05, 0.5, and 0.95 respectively for GDD values of 690, 900 and 1110 d°C, base 10°C (Figure 33).
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Figure 33. Growing degree days (GDD) score assigned
to different GDD values base 10°C for kiwifruit. A higher
score indicates a more satisfactory maturation of fruit.

The GDD base 10°C accumulations across New Zealand are mapped in Figure 32. The
corresponding suitability scores for kiwifruit are mapped in the right panel of Figure 34, alongside
those for apple. Kiwifruit require a little more warmth to reach maturity than apple, but the predicted
spatial suitability pattern is overall is very similar to apple. These predictions are in line with known
growing regions, but Nelson might be represented as having a little lower GDD suitability than the
present production might suggest.
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Figure 34. Growing degree day (GDD) suitability scores for apple (left) and kiwifruit (right) corresponding to GDD accumulations shown in Figure 32. Calculations used Virtual Climate Station Network (VCSN)

data.
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Dubrovina & Bautista (2014) noted that the literature has conflicting views on optimal temperature
ranges for avocado, and stated that the limiting temperature factors for avocado are frosts, low
average minimum temperatures during flowering and fertilisation, and heat waves during fruit
development. The lack of consensus may be because of the variation between cultivars depending on
whether they are Type A or Type B. In the Type A cultivars, the flowers open in the morning in the
female stage, close at mid-day and reopen the afternoon of the following day at the male stage, while
in the Type B cultivars, the flowers open in the afternoon at the female stage, close in the evening and
reopen the following morning at the male stage (Davenport 1986). Type B cultivars may be more
sensitive to low temperatures than Type A cultivars (such as ‘Hass’) during pollination (Ish-Am &
Eisikowitch 1991).

Floral bud initiation in New Zealand generally occurs in April or May, but could occur in March in the
western Bay of Plenty (Dixon et al. 2006). Temperatures above 20°C inhibit flower initiation (Buttrose
& Alexander 1978; Nevin & Lovatt 1989). In New Zealand, the main flowering period is mid-October to
mid-November (Dixon & Barber 2008). Optimal pollination and yield occurs for a daily temperature
range of 20°C at night to 25°C during the day (Dixon & Barber 2008). At higher temperatures, the
flowering period and number of open flowers decreased in ‘Hass’ avocado (Sedgley & Annells 1981).
Lower temperatures can disrupt pollen tube growth (Sedgley 1977). These studies used specific
temperature bands that represent a small fraction of possible temperature variations, and are not
suitable for developing rules.

Selim et al. (2018) used the suitability criterion that mean temperature during flowing should be
between 10 and 35°C. Optimal growth occurs with a 25/20°C day/night (Sedgley & Annells 1981). We
took the approach of Dubrovina & Bautista (2014) and characterised climates with mean annual
temperatures of 15-20°C as optimal for avocado, with yield decreasing outside this zone, and
climates with mean annual temperatures less than 12°C as unsuitable. Allowing for a 2°C variation
within a grid cell around its nominal temperature, we chose a suitability score curve with approximate
values of 0.15 for mean annual temperatures of 12 and 23°C and 0.9 for mean annual temperatures
of 15 and 20°C (Figure 35). Temperature additionally affects fatty acid composition and other
nutritional qualities of ‘Hass’ avocado (Ferreyra et al. 2016). However, we have not considered
nutritional attributes of the fruit in our suitability modelling.

For consistency with other crops, we performed

‘a'; 1 calculations for the 1 July to 30 June year. Scores

§ 0.8 were calculated for the years 2006 to 2016 for each

g location, and averaged across years to indicate

% 0.6 location suitability (Figure 36). This suitability maps

8 0.4 highlights Northland and Auckland as very suitable for
a growing avocado from a warmth perspective along with
% 0.2 parts of Waikato, the Bay of Plenty and Gisborne.

5 0 Nearby areas are indicated as suboptimal along with

= 5 10 15 20 o5 30 parts of the Hawke’s Bay and Manawatu, but in

practice are likely to have pockets of land with
microclimates suitable for avocado production. The
Figure 35. Avocado: warmth suitability score. South Island is largely unsuitable. These suitability
calculations appear in line with the experience in
known growing regions.
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Figure 36. Avocado: map of location suitability score for warmth criteria (right), based on calculated mean annual temperature (right) using VCSN data from 2006 to 2016. Calculations used Virtual Climate

Station Network (VCSN) data.
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The mean time from 50% flowering to 50% maturity ranged from 75 to 94 days in a trial involving
seven Rabbiteye cultivars, and accumulated GDD base 7°C ranged from 1789 to 2554 d°C (NeSmith
2006). In a trial involving seven Southern Highbush varieties, mean time and accumulated GDD from
50% flowering to 50% maturity ranged from 56 to 83 days and from 587 to 824 d°C (NeSmith 2012).
Mainland (2002) developed a heat unit model analogous to Richardson chill units, in which heat unit
accumulation was increasingly graduated with increasing temperature bands, with negative
accumulation for temperatures below 7.2°C. Celik (2009) gave a thermal time requirement of 120 to
160 GDD for Northern Highbush, but did not indicate a base temperature. Hall et al. (2018) used a
requirement of at least a 600 d°C of accumulation of GDD base 10°C from October to April.

Allowing for a long growing season across cultivars, we assumed a ripening window from October to
April and calculated GDD base 10°C accumulation for this period. We assigned a GDD suitability
score of 0.5 to 700 d°C, which is approximately the average of Southern Highbush range, and values
of 0.25 and 0.75 for values of 600 and 800 d°C, which are approximately the extrema for the Southern
Highbush range above. The corresponding suitability function is shown in Figure 37. The Rabbiteye
GDD requirement seemed excessive and was treated as unreliable.
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Figure 37. Blueberry: growing degree day (GDD)
suitability score as a function of GDD.

Average GDD for locations across the country are the same as for apple and kiwifruit (Figure 32);
however, blueberry are more tolerant in terms of GDD accumulation than apple. Thus while the
suitability scores map for blueberry (shown in Figure 38) has clear similarities with the apple suitability
maps (Figure 34, left panel), it also has extended areas of suitability, which is in line with known
growing regions for blueberry and apple.
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Figure 38. Blueberry: GDD suitability scores for locations across the country. Calculations used
Virtual Climate Station Network (VCSN) data.

3.45 Cherry

The literature is sparse on information on the thermal requirements of cherry during the growing
season. Hall et al. (2018) considered that fruit ripening in cherry requires a GDD base 10°C
accumulation of at least 800 d°C from October to April.

Hochmaier (2014) developed simple phenological models for 'Bing’, 'Van', 'Lapins' and Sweetheart®,
for the phenological stages: swollen bud, visible flower bud, white tip, first bloom, full bloom, petal fall,
fruit set and harvest, and found that the average thermal requirements from swollen bud stage to
harvest ranged from 765 (for ‘Van’) to 916 GDD base 4.5°C (for Sweetheart).

We used a sigmoidal GDD suitability curve that had values of 0.25, 0.5 and 0.75 for, respectively,
765, 840 and 915 GDD base 4.5°C from bud break to the end of April, which we assumed would be
the latest acceptable harvest date. This GDD suitability curve is shown in Figure 39.
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Figure 39. Cherry: Growing degree day (GDD)
suitability score as a function of GDD.

Figure 40 shows mean annual October to April GDD base 4.5°C for locations across the country and
the corresponding GDD suitability scores. The moderate requirements of cherry for warmth to mature
is reflected in all of the North Island, bar the highest peaks, being very suitable in this respect. In the
South Island, the pattern for unsuitability again appears to be dominated by high elevation. This
leaves large areas of land very suitable for cherry production from a GDD perspective.
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Figure 40. Cherry: growing degree days (GDD) base 4.5°C (left) and corresponding GDD suitability score (right) for locations across the country. Calculations used Virtual Climate Station Network (VCSN) data.
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Not all grape cultivars reach maturity at similar sugar levels (Van Leeuwen et al. 2008), and grapes
are harvested at different compositions depending on logistics and requirements. There is not one set
of parameters that equates to maturity (Parker 2012). Since maturity cannot be defined with precision
(Van Leeuwen et al. 2008), we have investigated requirements for veraison and/or maturity. 10°C was
generally considered as the thermal baseline for grapevine development either using growing degree
hours (GDH) (Mohamed & EI-Sese 2009) or days (GDD) (Van Leeuwen et al. 2008; Neethling et al.
2012), although other thermal bases have been investigated (Zapata et al. 2015; 2017). While GDH
may give more precision, given that we have only daily minimums and maximums available, GDD was
a more suitable option. GDD base 10 accumulation from bud break to veraison ranged from 900 to
1025 d°C across 17 cultivars, with 967 and 947 d°C for Pinot noir and Sauvignon blanc, respectively
(Zapata et al. 2017). Van Leeuwen et al. (2008), using European data, found that Pinot noir and
Sauvignon blanc needed heat accumulations of 957 and 1011 d°C from bud break to veraison, with
accumulations for other cultivars ranging up to 1209 d°C, and harvest for Pinot noir when GDD
accumulation reached 1251 d°C.

For New Zealand conditions, a GDD base of 4.5°C is preferable (Damian Martin, pers. comm.)
following the work of Hall & Blackman (2019) who modelled wine grape phenology for regions in
Australia. Although the heat requirements for Sauvignon blanc and Pinot noir that are reported in the
literature are similar, in New Zealand the management of the two cultivars is different, with Sauvignon
blanc typically grown to be more high-producing than Pinot noir and therefore having a higher GDD
requirement by about 150 d°C. Further GDD accumulations that exceed an optimal band reflect areas
that are less suitable for viticulture (Damian Martin, pers. comm.). Thus we used GDD base 4.5°C and
used suitability curves with optimal bands having value 1.0: 1075 to 1325 d°C centred around 1200
d°C for Pinot noir and 1225 to 1475 d°C centred around 1350 d°C for Sauvignon blanc. Suitability
scores declined as GDD accumulations deviated from the band, with the value of 0.6 at 800 and 1600
d°C for Pinot noir and 950 and 1750 d°C for Sauvignon blanc (Figure 41).
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Figure 41. Grape: growing degree day (GDD) suitability score vs GDD for
Pinot noir and Sauvignon blanc.
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To calculate GDD suitability scores, GDD calculated for each day of the growing season (1 Jul to 30
Jun), and weighted by the corresponding daily probability that the growing season was continuing.
The weighted sum of GDD contributions gave the total GDD. This was done separately for Pinot noir
and Sauvignon blanc (Figure 42), with suitability scores shown in Figure 43. The predictions indicate
that large areas of Northland, Auckland, Waikato and the Bay of Plenty are unsuitable, and this will be
because of too much warmth rather than too litle. The patterns of suitability accord with locations
where Pinot noir and Sauvignon blanc are known to be grown.
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Figure 42. Grape: growing degree day (GDD) accumulation for Pinot noir (left) and Sauvignon blanc (right). Calculations used Virtual Climate Station Network (VCSN) data.
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Figure 43. Grape: growing degree day (GDD) suitability scores for Pinot noir (left) and Sauvignon blanc (right). Calculations used Virtual Climate Station Network (VCSN) data.
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Stanley et al. (2000) found that if GDD accumulation in the first 50 days after DFB (DAFB) was
doubled from 120 to 240 d°C, then this resulted in an increase in fruit weight of approximately 90%
and increase in fruit diameter of 20%. Thus to assess suitability of a location for producing sizeable
fruit, we calculated GDD base 10°C (GDDao) for the first 50 days from the same DFB that we
calculated for assessing frost risk.

Chaves et al. (2017) found that different cultivars had different effective GDD reference bases, due to
differences in harvest dates. This suggests that cultivars would vary in their GDD1o requirements for
good sized fruit, which is well suited to a continuous suitability score approach. We chose a suitability
score curve that gave values of approximately 0.05, 0.5, and 0.95 for GDD1o values of 60, 120, 180
d°C, respectively, in the first 50 DAFB (Figure 44).
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Figure 44. Fruit-size score assigned to growing
degree days (GDD) base 10°C in the first 50 days
after full bloom (DAFB) for apple. Lower scores
correspond to smaller-sized fruit.

Figure 45 shows the corresponding fruit size suitability scores for locations across the country. While
total GDD accumulation for maturation could be expected to be correlated with GDD accumulation in
the first 50 DAFB, the correlation is not as strong as might be expected.

While there are many areas where fruit-size suitability and GDD (for maturation) suitability are both
high or both low, some areas had moderate or low fruit-size suitability despite scoring high GDD for
the growing season, which would indicate relatively cooler spring temperatures in these areas despite
good summer warmth. Conversely, some elevated areas throughout New Zealand are indicated as
having moderate to high suitability scores for fruit size despite having low suitability scores for
October-to-April GDD accumulation, which identifies them as cold locations. This apparent
inconsistency can arise because of the calculated DFB in cold locations being considerably delayed
into warmer weather.
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Figure 45. Apple fruit size suitability score mapped for locations across the country for
2006-2016. Calculations used Virtual Climate Station Network (VCSN) data.

3.6 Damage from weather extremes

3.6.1  Apple: Sunburn risk

Air temperature in the shade as an indicator of sunburn risk in apple can be categorised as follows
(http://mvcitrus.org.au/mvcb/wp-content/uploads/2012/09/Sun-Protection-for-Apples-Agnote.pdf):

e Greater than 40°C = High risk of a necrotic patch

e Greater than 35°C = High risk of browning damage

e 30-35°C = Damage is variable, depending on wind, sunlight intensity (cloud cover), humidity
and degree of fruit acclimatisation to sunlight.

For example, in the Goulburn Valley, estimated fruit losses vary from 6 to 30%, depending on the
season and the type of fruit. Losses in susceptible cultivars such as ‘Granny Smith’ and ‘Gala’ fruit
have been reported to be as high as 40-50%.
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We assume that only fruit directly exposed to sunlight are prone to sunburn damage and that the risk
period starts in October and ends in April. Further, we assumed that days of high temperature did not
have to be consecutive to cause cumulative damage. We also introduced a decreased weighting for
sunburn effects occurring later in April. This accounts for early harvested cultivars that are not
exposed to potentially high temperatures occurring after harvest.

We represented the percent of fruit surviving sunburn by a sigmoidal curve with values of 99, 75 and
51% at maximum VCSN temperatures of 29, 37.5 and 46°C, respectively. The sunburn survival score
was then chosen to be one minus twice the survival rate, ensuring a range from zero to one (Figure
46). This assumes, for example, that for a maximum VCSN temperature of 29°C the maximum
temperature for the corresponding 25-km? grid-square ranges from 27 to 31°C.
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Figure 46. Sunburn survival score for apple as a
function of maximum temperature. The higher the
score, the lower is the sunburn risk.

Calculations for sunburn suitability scores are mapped in Figure 47, indicating excess heat resulting in
sunburn in apple is most likely to occur in Canterbury and Otago and to a lesser extent in areas
around the North Island. However, no areas of New Zealand were identified as having a high risk of
sunburn, which is in line with known growing regions.

Sunburn will affect the bottom line but not cause sustained damage and therefore would be expected
to have less impact on overall suitability than the other climate-related criteria that we considered for

apple.
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Figure 47. Apple: sunburn suitability score for locations across the country. Calculations
used Virtual Climate Station Network (VCSN) data.

3.6.2 Kiwifruit: cane damage from extreme cold

Pyke et al. (1986) found that temperatures below —7°C can kill some dormant kiwifruit vines in May,
with frosts of -9°C and —11°C both killing 100% of 1-year-old plants in the same month. However, in
June, no plants were killed by a frost treatment of —7°C, and 17, 33 and 67% of 1-year-old plants were
killed by frost treatments of respectively —9°C, —11°C and —13°C. Weet (1979) found that North
American Kkiwifruit plants when fully dormant can survive —17.5°C. Additionally, Testolin and Messina
(1987) found that the cultivar ‘Hayward’ survived temperatures of —18°C, although with shoot damage.
Based on these findings, we assigned a suitability score of 0.5 to a temperature of —13°C, with a slow
sliding scale as shown in Figure 48.

Calculations for a cold-damage suitability score are mapped in Figure 49, which shows that only the
coldest places in New Zealand could cause cane damage in this context and the bulk of the country is
ideally suited to avoid such damage. None of the known growing regions would be affected at all.
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Figure 48. Cane damage score for kiwifruit as a function of
minimum temperature. A higher score reflects less cane

damage.
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Figure 49. Kiwifruit: cold-kill suitability score for locations across the country. Calculations
used Virtual Climate Station Network (VCSN) data.
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Rain-induced fruit cracking and splitting of fruit is a serious economic concern that occurs during the
later stages of fruit development and is associated with multiple factors including cultivar, rootstock,
growing conditions, soil moisture and irrigation, stage of fruit development and several fruit
characteristics, and high temperatures (Balbontin et al. 2013; Correia et al. 2018). Although rain
cracking is commonly thought to be caused by excessive water uptake, Measham (2011) found that
while initial cracking of fruit coincided with rainfall there was no relationship between the amount of
rain and the incidence of cracking, and that application of excess water to the root zone induced fruit
cracking. Alternative theories include the view that rapid cooling of the fruit surface increases the
tensile stress on its skin (Koumanov 2015), or that rain cracking is caused by localised skin
phenomena involving localised water uptake through microcracks (Winkler et al. 2016; Winkler 2017).
In earlier work, Knoche and Peschel (2006) had identified that surface water aggravated microscopic
cracking in the skin of sweet cherry cuticle, and found that although temperature had no significant
effect, increases in RH increased the number of microcracks, with about a 50% increase when RH
went from 84 to 92%, and over a two-fold increase in cracking as RH went from 92 to 100%. We have
therefore used RH rather than rainfall as a predictor for fruit cracking, in light of Measham’s (2011)
observations that there was no relationship between amount of rain and the incidence of cracking. We
developed a function of fruit surviving cracking with survival rates of 95%, 87.5% and 75% from one
day of exposure to RH of 84, 92 and 100%, respectively (Figure 50). The climate database provide
only one daily RH value (taken in the morning), and this was taken as representative of the day, which
will of course result in a degree of inaccuracy.
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Figure 50. Cherry: fraction of fruit prone to cracking
as a function of relative humidity.

Microcracks can occur on immature and mature sweet cherry fruit, and can subsequently develop into
fruit cracking (Knoche & Peschel 2006). Thus we allowed for the possibility of fruit cracking stemming
from microcracks formed early in the season. Nominal cracking survival was calculated for each day
from 1 November onwards, and losses weighted by the corresponding daily probability that the crop
has not been harvested (based on phenology modelling as illustrated in Figure 2).

The cumulative loss from cracking was then calculated from the daily weighted losses, and the
fraction of surviving fruit used as the suitability score. Resulting fruit cracking suitability scores for
different locations are shown in Figure 51. These calculations indicate very high suitability for a
reduced likelihood of moisture-induced cracking in Northland, Auckland, Gisborne and the Hawke’s
Bay, with plenty of moderately high suitability around the rest of the country including the New
Zealand cherry growing hotspot of Central Otago. This prediction of some moisture-induced cracking
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occurring in Central Otago and very little occurring in the Hawke’s Bay is in line with what is observed
in the industry.

Fruit cracking suitability score for cherry 2006-2016
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Figure 51. Cherry: fruit crack suitability score for locations across the country. Calculations used Virtual Climate
Station Network (VCSN) data.

3.6.4 Wine grape: heat stress

Temperatures greater than 35°C in either the growing season or the maturation period negatively
affect wine-grape production by inhibiting photosynthesis and reducing colour development and
anthocyanin production (Jones 2015). Grapevine susceptibility to yield and quality losses from
extreme heat vary according to development stage, with heat stress at the flowering stage potentially
reducing fruit set, while berries may shrivel or get sunburnt (Hayman et al. 2012). Temperature
treatments of 25, 35 and 40°C during bloom set resulted in, respectively, 83, 85 and 54% fruit set and
berry weights of 1.10, 1.03 and 0.99 g in Pinot noir (Kliewer 1977).
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Maturation may benefit from a few days of temperatures over 30°C, but prolonged periods can induce
heat stress, premature veraison, reduce flavour and lead to loss of berries (Jones 2015). Excessive
temperatures inhibit berry growth, delay sugar accumulation, impede fruit colouration, cause fruit to
shrivel and may cause abnormal pigmentation of white fruit (Hashim-Buckey 2006). However, during
Australian heat waves with air and canopy temperatures exceeding 40°C for 2 weeks, yield was not
significantly affected by high temperatures, although berry damage reduced bunch quality and
reduced wine quality (Greer & Weedon 2013).

The effect of heat waves (five consecutive maximum daily temperatures >35°C or three consecutive
maximum daily temperatures >40°C) varies with location, vineyard management and vine
acclimatisation (Hayman et al. 2012). Losses resulting from heatwaves that were reported by growers
in different regions of Australia ranged from 0 to 48% (Webb et al. 2009). The nature of the
information provided in that reference does not specify an obvious relationship between daily
temperature profiles and loss.

Thus we have developed a sigmoid function to express a decrease in yield with maximum
temperature for each day of the growing season (Figure 52); this gives a yield reduction of 1% for five
non-consecutive days of temperature highs of 30°C and a yield reduction of 7% for three non-
consecutive days of temperature highs of 40°C.
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Figure 52. Fraction of berries surviving heat damage
as a function of maximum daily temperature.

Maps of heat stress averaged over the 2006—16 growing seasons are shown for Pinot noir and
Sauvignon blanc in Figure 53, indicating that heat stress is unlikely to be an issue anywhere in New
Zealand, which is in line with experience in known growing areas.

The loss function in Figure 52 may seem mild in relation to the upper range of the reported losses
discussed above. We have, however, sought to represent average losses. Additionally, since losses
from day-to-day are accumulated, losses over a growing season could potentially be significant in
warmer climates.
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Heatstress suitability score for Pinot Noir 2006-2016

Heatstress suitability score for Sauvignon Blanc 2006-2016
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Figure 53. Heat stress suitability scores for Pinot noir (left) and Sauvignon blanc (right). Calculations used Virtual Climate Station Network (VCSN) data.
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At the time of developing the project proposal, it was planned to deal with the risk of pest and
diseases in a qualitative manner because of the complexity of the interactions between pathogens,
crops and environment. However, during our industry and expert consultations the absence of an
assessment of this risk was a recurring topic. Thus we developed a simple mathematical model to
evaluate a general, broad-brush risk of pest and diseases of perennial crops under projected climate
change scenarios in different geographical locations of New Zealand.

Velasquez et al. (2018) summarised major causes of concern for plant diseases in the context of
climate change: incidence of plant pathogen overwintering, emergence of new pathogenic strains and
rise of aggressive plant disease vectors. Different plant pests and diseases have different optimal
environmental conditions and respond differently to variations in atmospheric CO2 concentrations,
temperature and water availability, which are the environmental factors most likely affected by climate
change. The general understanding how crops, pests and diseases interact with climate change is still
relatively poor (DelLucia et al. 2012; Juroszek & von Tiedemann 2015). Climate simultaneously affects
plant immune response, pathogen virulence and disease development and influences all life stages of
crops and pathogens. Tissue damage from hail or storms offers increased opportunity for microbial
attack, thus the projected increase in intensity and frequency of storm events would be expected to
increase the risk of crop infection. Additionally, climate change occurs on a scale much slower than
the evolutionary speed of microbial life, allowing existing pathogens to adapt to environmental
changes. A warming climate could speed up pathogen life cycles and also allow tropical pathogens to
become a threat in New Zealand. Thus, our current understanding of phytopathology might no longer
be valid under changing climates (Nick Waipara, pers. comm., 13 July 2019).

A number of diseases are common to several crops. For example, grapevines and fruit trees including
avocado and cherry can be affected by white root rot, which is caused by Rosellinia necatrix, a fungus
that has optimal growth at 22—-24°C, does not grow below 5°C or above 32°C, and is favoured by
moderate soil moisture levels and aerobic conditions (Santomauro & Faretra 2002; Pérez-Jiménez
2006). Phytophthora root rot, which can also cause canker in the lower trunk is a threat to avocado
(Everett 2002; Pérez-Jiménez 2008), blueberry (Silva et al. 1999), cherry (Blodgett et al. 1990) and
grapevines (Latorre et al. 2015). Botryosphaeria dieback causes branch canker and dieback in
avocado (Pérez-Jiménez 2008), blueberry (Sammonds et al. 2009) and grapevines (Mundy &
Manning 2010).

Additionally, avocado is affected by pythium root rot that causes necrosis of feeder roots, while stem-
end rot and anthracnose are post-harvest diseases that damage fruit, with the latter also affecting
leaves (Pérez-Jiménez 2008), with the latter two diseases, such as botryosphaeria dieback, being
significant in New Zealand (Everett 2002). Cercospora (black spot) and scab both affect leaves,
stems and fruit in avocado (Pérez-Jiménez 2008), but have not been recorded in New Zealand
(Everett & Siebert 2018). Two other avocado diseases currently not in New Zealand are laurel wilt,
which causes wilting of terminal leaves, defoliation and eventual death of the tree over a period of
weeks to several months, and Avocado sunblotch viroid (ASBVd), which renders fruit unsaleable by
causing skin distortions and chlorotic patches, as well as similarly affecting leaves and shoots (Everett
& Siebert 2018). The ASBVd could readily become established in New Zealand, and laurel wilt could
become a threat if New Zealand becomes sufficiently warm under climate change (Everett & Siebert
2018).

Blueberry plants are also susceptible to phomopsis twig blight or stem canker. They can suffer from a
range of fungal leaf spots, which are generally minor diseases but some fungi can cause severe



dieback of young stems. Further, blueberry is susceptible to a range of viruses, which are insect
vectored rather than associated with climate (Fulcher et al. 2015).

In addition to Rosellinia necatrix, Armillaria mellea can cause root rot in cherry and cause significant
damage in orchards (Santomauro & Faretra 2002). In cherry, the fungus Blumeriella jaapii causes
cherry leaf spot, which under humid conditions, can lead to severe defoliation later in the growing
season (Holb et al. 2010). Brown rot blossom blight caused by Monilinia spp., which attacks cherry, is
favoured by the presence of moisture and temperatures in the 4 to 30°C range with an optimal
temperature of 25°C (Holb 2008). Post-harvest loss in cherry can be caused by a number of different
fungi, including Botrytis (Aminifard & Mohammadi 2013).

Wine grape is at risk from a number of diseases in addition to those discussed above. There is
economic risk from fungal pathogens such as Botrytis, which causes significant damage to grapes in
New Zealand and international vineyards (Elmer & Reglinski 2006). Grapevine trunk diseases include
esca, which is associated with a range of fungi, eutypa dieback and petri disease (Mundy & Manning
2010). Surveys at a global level, indicated that downy mildew and powdery mildew were regarded as
the most damaging diseases, ahead of botrytis (Bois et al. 2017).

Different plant pests and diseases vary in their optimal environmental requirements, and there is
limited understanding on how they will respond to variations in environmental factors such as
atmospheric COz concentrations, temperature and water availability caused by climate change
(DeLucia et al. 2012; Juroszek & von Tiedemann 2015). The range of current and potential diseases,
and the complexity of their interaction with environmental factors precludes modelling of individual
pathogens and diseases in a project of this nature, and this topic is better handled via qualitative
discussion (Hall et al. 2018). Thus here the disease modelling has been pitched at a broad-brush
approach.

Nevertheless, since industry feedback was that disease is a major consideration, we developed a
general mathematical model and suitability score for disease risk. This does not include the risk of
root diseases, which is reflected in consideration of soil properties.

In addition to this general model, since the wine industry expressed a strong desire for botrytis risk to
be modelled (Hall et al. 2018), we developed an additional botrytis risk suitability score specifically for
grape.

Moisture availability is a common factor for many trunk diseases and botryosphaeria dieback
infections can occur in the temperature range 15 to 26°C with an optimal infection range of 23 to 26°C
(Mundy & Manning 2010). Humidity has a significant role in grapevine infection by powdery mildew,
with an optimum RH of 85% and an infection range of 39 to 98% in the optimal temperature band 23
to 27°C (Carroll & Wilcox 2003). Kadam et al. (2014) stated that downy mildew is favoured by
temperatures of 10 to 23°C or 23 to 27°C if RH is greater than 80%. However, Williams et al. (2007)
found that although downy mildew zoospores germinated at temperatures from 5 to 30°C, infection
occurred mainly in the range of 10 to 25°C, but not at 30°C or higher and rarely at 5°C, and that
optimal infection occurred at 20°C in a dark environment. In avocado, since stem-end rot can be
caused by diverse organisms (Pérez-Jiménez 2008), the conditions that favour it vary with the
causative pathogen (Everett 2002). However, other avocado diseases such as anthracnose,
cercospora (black spot) and scab are favoured by high humidity or rainfall (Pérez-Jiménez 2008).
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These issues preclude a detailed projection of how climate change might affect disease risk at the
national level, thus we took a broad-brush approach using moisture and temperature as input
variables. RH was used as a proxy for moisture availability, since some studies have found it a more
reliable indicator than rainfall (Creasy 1980). Wilks & Shen (1991) used a risk threshold for RH of
>90%, while Beresford et al. (2016) used a value of 81%. Following our sliding-scale approach, we
developed a sigmoidal curve to represent relative microbial threat as a function of RH (assuming
temperature is optimal for microbial attack), with values of 0.5 and 0.99 at RHs of 80 and 95%,
respectively.

We note that some plant-pathogen interactions are enhanced by low moisture conditions, but these
are exceptions (Velasquez et al. 2018). Instead, most promulgate at high moisture conditions.
Different pathogens also have different optimal growing temperatures, thus there will be a microbial
threat over a band of temperatures (Nick Waipara, pers. comm., 13 July 2019). Therefore, we used a
temperature risk curve (assuming RH is optimal for microbial attack) with the value 1.0 for the range
15 to 25°C, and then falling off to zero as temperatures deviated from that range.

Multiplying the RH risk curve and the temperature risk curve gives disease risk as a function of RH
and temperature. The overall disease suitability score is the inverse of the disease risk, and was
obtained by subtracting disease risk from 1.0. Thus a disease risk close to zero corresponds to a
disease suitability score close to 1, and a disease risk close to 1.0 corresponds to disease suitability
score close to 0 (Figure 54).
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Figure 54. Disease risk (left) and disease suitability score (right) as functions of relative humidity and temperature. A higher
disease suitability score (yellow) corresponds to less risk of disease (green) and is more desirable, whereas a lower score
(magenta) indicates greater disease risk (red) and is less desirable. The highest disease risk is identified as high relative
humidity (95-100%) at moderate temperatures (15—25°C), and this receives a low disease suitability score close to 0.
Calculations used Virtual Climate Station Network (VCSN) data.

Disease suitability scores are shown for locations across the country in Figure 55, indicating that
generally there seems to be some disease risk in any growing region for any crop, and that the risk
increases with warmer temperatures in the north and more humid conditions in the west. This follows
the general pattern experienced in the different growing regions.

In our earlier progress report on apple and kiwifruit we had made this decision to exclude the general
disease suitability score from our overall climate suitability model, because the RCP vapour pressure
data were not bias adjusted and were required to calculate RH. Subsequently, in anticipation that this
issue would be rectified, we included the general disease suitability score in climate suitability scores
for avocado, blueberry, cherry and wine grape.
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Our view now, despite bias adjused future RH data becoming available (see Section 6), is that a
generic disease risk model is useful for indicative purposes, but has no real predictive power for the
risk of individual pathogens, given the disparate nature of potential pathogens with contrasting
environmental requirements. Feedback from industry workshops did not support the inclusion of the
generic disease suitability score for projecting the impact of climate change on future land suitability
for cultivation of crops. Thus we exclude the generic disease risk from climate suitability calculations,
although we include botrytis risk as a factor in climate suitability for grape.

Generic disease suitability score 2006-2016
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Figure 55. Generic disease suitability score for locations across the country. Calculations used Virtual Climate
Station Network (VCSN) data.
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Trials showed that while late season rainfall and mean daily rainfall were strongly correlated with
botrytis severity at harvest, they were poor predictors of botrytis when used in models, and more
reliable prediction is obtained by considering duration of surface wetness and temperature during
wetness (Edwards et al. 2009). In a factorial trial, Thomas et al. (1988) investigated botrytis under air
speeds from 0 to 2 km/h, RH of 69 to 94% and temperatures from 16 to 30°C, and found that botrytis
development occurred if the evaporative potential of the air was below a temperature-dependent
threshold, with air speed and RH having a greater effect on evaporative potential than temperature.

Broome et al. (1995) performed trials to develop an infection model for botrytis development based on
surface-wetness duration and temperature, finding that risk peaked at temperatures around 20°C and
increased with duration of wetness. Hill et al. (2018) investigated a number of climatic factors as
predictors of botrytis and found that combining RH and wetness duration provided the most consistent
predictions of botrytis outbreaks, while combining temperature and wetness duration provided good
but less consistent prediction. Estimation of the duration of surface wetness of grape berries is not
feasible, thus we used temperature together with RH as a proxy for moisture availability.

For botrytis, we investigated using the inverse of the Bacchus model (see Kim et al. (2007) and Hill et
al. (2018)) for calculating the botrytis threat with hourly temperature. This equation had been
formulated to give an infection risk for each hour with surface wetness. We adapted this to our
purpose by scaling it to have a maximum value of 1.0, and interpreting it in the context of relative daily
threat calculated from average daily temperatures. Ciliberti et al. (2015) found that botrytis incidence
was 30 and 15 times higher at 100 and 90% RH, respectively, than at 80%, with no incidence of
botrytis at 65% RH. Thus we used a sigmoidal curve to represent relative botrytis threat as a function
of RH, with values of 1.0, 0.5 and 0.03 at RHs of 100%, 90% and 80%, respectively.

However, this approach using temperature and humidity did not yield satisfactory results for predicting
the relative risk of botrytis for different locations across the country, based on expert knowledge of
wine-growing regions in New Zealand. This is likely because of the limitations of using a daily (9 a.m.)
RH value and daily mean temperature in the absence of hourly RH and temperature data. Thus we
used total rainfall for March and April as a predictor instead, developing a sigmoidal curve with values
of 0.95, 0.5 and 0.05 for March—April rainfalls of 90, 160 and 250 mm, respectively, based on expert
parameterisation (Figure 56).

This curve was applied to March—April rainfall data and mapped across the country (Figure 57),

indicating botrytis risk is very low in the wine-growing region of Central Otago and low to moderate in
the wine-growing regions of Marlborough,
Hawke’s Bay and Martinborough, which is in
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Figure 56. Grape: botrytis suitability score as a function purposes.
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Figure 57. Wine grape: Total rainfall for March and April period, averaged from 2006-2016 (left) and botrytis suitability scores based on rainfall for different locations across the country. A higher score indicates a
lower botrytis risk and a more suitable location for growing wine grapes. Calculations used Virtual Climate Station Network (VCSN) data.
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The development of continuous suitability scores, in preference to binary rules, offers the opportunity
to combine assessments for different criteria in a way that takes into account the relative importance
of each criteria. For this purpose we chose to take weighted geometric means of individual scores as
an appropriate approach to calculating a combined score. The higher the weight used for a criterion,
the greater the influence of its suitability score on the combined score. Conversely, using a lower
weight diminishes the influence of a suitability criterion, and a weight of zero removes it from the
combined score altogether.

For each climate criterion, suitability scores were calculated for each year of the period 2006 to 2016
and the arithmetic mean taken to obtain an average suitability score for the period. When combining
scores, we chose not to use these average suitability scores. Rather, we combined suitability criteria
by combining their individual scores for each year by taking the weighted geometric means of those
scores to provide an overall climate suitability score for that year. The yearly climate suitability scores
were then averaged over a period of years using arithmetic means to provide a climate suitability
score for the period.

By combining suitability criteria scores on a yearly basis, we obtain a better reflection of the
production loss that could be incurred over a period, than by combining the average criteria scores for
the period, since the latter approach will not distinguish between different criteria having poor
suitability in the same years or different years. For example, if a location incurred heavy production
losses due to severe frost in 2 out of 10 years, and heavy production losses due to poor winter chill in
2 out of 10 years, this could result in the number of poor production years ranging from 2 to 4 out of
10 depending on whether losses from the two criteria occurred in the same years or not.

The weights assigned to the different suitability criteria were assigned based on the opinion of
horticultural experts and thus were subjective and reflective of varied experiences. The same criterion
could be weighted significantly differently for different industries. For example, frost damage was
considered a significant risk by some experts while others considered it minor risk that can be
mitigated. Conversely while insufficient GDD accumulation cannot be mitigated, some experts
considered it a minor risk while others considered it a significant risk.
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3.8.1 Apple

For apple, we chose weights of 1.0 for the chill, GDD and fruit-size suitability scores, 2.0 for the frost
suitability score and 0.5 for the sunburn suitability score. The frost suitability score was given a larger
weight because of the expert view that it was the major risk to crop loss, while damage from sunburn
was considered to be of minor importance. Lower GDD or chill could be mitigated to some extent by
selecting cultivars that require less winter chill to produce satisfactory bud break and flower or fewer
GDD to reach maturity, respectively. The resulting map is shown in Figure 58 and accords with the
main apple growing regions of Hawke’s Bay, Nelson and Central Otago, with apple cultivation also
taking place in other areas that are indicated as suitable around the North Island and in Canterbury.

Climate suitability score for apple 2006-2016
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Figure 58. Climate suitability score map for apple. Calculations used Virtual Climate Station Network (VCSN)
data.
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3.8.2

Kiwifruit

For kiwifruit, we chose weights of 1.0 for the chill, GDD and frost suitability scores, and a weight of 2.0
for the cold-damage suitability score. The latter was given an increased weight because damage to
canes could have long-term consequences for vine health. The resulting map is shown in Figure 59

and is in line with the kiwifruit-growing heartland of the Bay of Plenty and strong production in

Northland, Gisborne, the Hawke’s Bay and Nelson, although climate suitability may be a little less in
Nelson than some might expect.
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Figure 59. Climate suitability map for kiwifruit. Calculations used Virtual Climate Station Network (VCSN) data.
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3.8.3 Avocado

A weighting of 3 was used for each of warmth and frost scores when taking the geometric mean
(these were the only two climate-related suitability criteria for avocado). The resulting suitability map
is shown in Figure 60. This strongly accords with Northland being the avocado-production heartland
of Northland and strong production in some areas of the Bay of Plenty and Gisborne.

Climate suitability score for avocado 2006-2016
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Figure 60. Avocado: map of overall climate suitability. Calculations used Virtual Climate Station Network (VCSN)
data.
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3.8.4 Blueberry

We chose weight of 2 for each chill, frost and GDD; the resultant map is shown in Figure 61. Although
frost or GDD deficiency can be mitigated by a tunnel house, this mitigation would be expensive,
hence the increased weight. Much of the North Island and large areas of Canterbury and the West
Coast are indicated as having high suitability. The decreased suitability in Northland is associated
with lower winter chill suitability, which could be mitigated by using low-chill cultivars. The Waikato
and Bay of Plenty, which are significant blueberry growing regions, have areas of good to very high
suitability.

Climate suitability score for blueberry 2006-2016

_34 —_
1
_36 =
1 0.8
- - --1-
38+ L 0.6 7 # o
L .
= 3
o
‘®
c - L
[} -
0.4 g '
40 2
[}
-
=]
=
!
]
|
_42 =
_44 =
_46 L
Water
Il Urban
_48 1 | 1 1 | | |
166 168 170 172 174 176 178 180

Longitude

Figure 61. Blueberry: map of overall climate suitability score. Calculations used Virtual Climate Station Network
(VCSN) data.
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3.8.5 Cherry

We chose weights of 1 for the chill and frost suitability scores, and a weight of 2 for the GDD and fruit
cracking suitability scores (Figure 62). Very few areas of good or higher suitability are indicated for
cherry. However, areas of Central Otago, which represent the bulk of New Zealand’s cherry industry,
are indicated as having high suitability scores, with the Hawke’s Bay, which has a smaller cherry
footprint, having lower but still good suitability.

Climate suitability score for cherry 2006-2016
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Figure 62. Cherry: overall climate suitability score. Calculations used Virtual Climate Station Network (VCSN)
data.
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Weights were 1 for frost and heat damage, 0.5 for winter chill, and 3 for GDD and botrytis risk (Figure
63). The footprint of suitable land shown in Figure 63 (left panel) for Pinot noir highlights North
Canterbury, Central Otago, parts of Marlborough around the Wairau Valley and the Southern Valleys,
parts of the Wairarapa, the Hawke’s Bay and, to a lesser extent, Nelson, all of which are established
Pinot noir regions. Additionally areas in the Manuwatu and Waikato are indicated has having
moderate suitability. The map in Figure 63 (right panel) for Sauvignon blanc shows small suitability
footprints in the Marlborough, North Canterbury, Nelson, Hawke’s Bay and Wairarapa regions, which
encompass the bulk of the Sauvignon blanc growing regions. The suitability footprint for Central
Otago is very small compare with Pinot noir. The Manuwatu and Waikato are indicated as having
pockets of land with moderate suitability.
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Figure 63. Grape: climate suitability for Pinot noir (left) and Sauvignon blanc (right) for locations across the country. Calculations used Virtual Climate Station Network (VCSN) data.
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In our previous work (Vetharaniam et al. 2019; Vetharaniam et al. 2020b) we used the following four
soil- and land-related criteria common all crops, although with different requirements for each crop:

1. Sufficient potential rooting depth (PRD)

2. Adequate drainage

3. Slope of the land not too steep

4. Appropriate land use capability (LUC) class.

The first three of these had been identified by Hall et al. (2018) as important crop-growing
factors, while we had identified the fourth as a useful indicator for the industry, during the
ground-truthing process. In addition, we developed suitability scores for avocado and
blueberry, corresponding to another soil-related criteria:

5. Soil pH (avocado and blueberry).

A further potential criterion for avocado is soil texture and structure. Ticho & Gefen (1965) considered
a medium texture soil to be best suited for avocado. Dubrovina & Bautista (2014) further classified
sandy loam, silty loam and loamy sand textures to be more suitable than other soil textures, and a
fine to medium structure to be more suitable than other structures. However, McCarthy (2001) also
identified a rich sandy loam as ideal, but noted that avocado can be grown successfully in a range of
soils from light sands to well-drained clays providing there is suitable management, and good
drainage and soil depth were far more important. Thus we have not included soil texture and structure
in considerations.

We used extracted LRI data on PRD, drainage quality, slope and LUC to calculate suitability scores
for the soil/land-related criteria for different geographical locations in New Zealand with a 1 x 1 km
grid resolution. The locations of urban areas, quarries, rivers and lakes were indicated in the LRI data
and these locations did not have soil data. Other areas lacked LUC or drainage information, and
many of these were in conservation areas (identified in DOC Public Conservation Areas database).
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4.1 Potential rooting depth

Information on potential rooting depth (PRD) was presented in terms of depth of topsoil to an
impervious barrier (e.g. rock or tight clay). Values are mapped in Figure 64.

Potential rooting depth
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Figure 64. Depth of sail to an impermeable layer (potential rooting depth) in metres.

41.1 Apple and kiwifruit

Based on expert opinion, we chose a suitability curve to give values of 0.15, 0.5 and 0.8 for PRDs of
0.25, 0.45 and 0.65 m, respectively (Figure 65). This reflects that while a deeper soil is preferable,
both apple trees and kiwifruit vines can perform well over a range of different soil depths, and that a
shallow PRD can be mitigated, for example, by mounding or by irrigation. Corresponding potential
rooting depth scores for apple and kiwifruit are mapped in Figure 66. This shows that the Hawke’s
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Bay, Nelson and especially Central Otago, all of which have strong apple industries, have large areas
with low scores for rooting depth suitability, although they also contain some very high-suitability
locations. The mottled appearance of some areas

o ! indicates a high variability in soil properties. Orchards in
§ @ 0.8 these locations may have required mitigation of shallow
=22 06 soils by, for example, mounding. For the main kiwifruit
= 0O . . .
ﬁ @ production area of Northland and strong production areas
28 0.4 of Northland and Gisborne, rooting depth suitability
g 8 02 scores are high. For the Hawke’s Bay and Nelson,
o 0 limitations and mitigation requirements will be the same

0 0204 06 08 1 12 14 as for apple in those regions.

PRD (m)

Figure 65. Rooting depth score vs potential
rooting depth (PRD) for both apple and kiwifruit.

Rooting depth score for apple and kiwifruit
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Figure 66. Apple and kiwifruit: Rooting depth suitability scores for locations across the country.
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41.2 Avocado

1
0]
Hall et al. (2018) considered PRD 20.9 m to be optimal, 3 @08
following Griffiths et al. (2003). McCarthy (2001) considered 1 =~ > ic’ 06
m a minimum depth for good performance, with 2 m being % g~
preferable. Dubrovina & Bautista (2014) classified PRD £ 5 04
greater than 1 m as highly suitable, 0.8—1 m as suitable, 0.5— 8 E 02
0.8 m as low suitability and below 0.5 m as unsuitable. We c="
0

chose a suitability score curve that gave values of 0.25, 0.5,
0.85 and 1 for PRDs of 0.5, 0.65, 1.0 and 2.0 m, respectively
(Figure 67).

0 0.5 1 1.5 2 2.5
Potential rooting depth (PRD, m)

Figure 67. Avocado: rooting depth suitability

Scores were calculated for each location (Figure 68), showing 0 .\c potential rooting depth.

good PRD suitability in Gisborne and Bay of Plenty, and varied
suitability in Northland, which might require mitigation, for
example through irrigation.

Rooting depth score for avocado
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Figure 68. Avocado: rooting depth suitability scores for locations across the country.
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41.3 Blueberry

Blueberry is shallow rooted, with the depth of the main

root mass from 5 to 35 cm (Zydlik et al. 2019), and can g 1

be grown in soils of 0.45 m PRD or deeper (Griffiths et o @08

al. 2003). Hall et al. (2018) required PRD 215 cm; g % 0.6

Masabni (2007) gave the minimum soil depth for ﬁ 2

blueberry cultivation as 24 inches (0.61 m), while ER= 04

Williamson et al. (1997) recommended a minimum depth £ 2 02

of 18 inches (46 cm). We used a suitability score with o 0

values of 0.15, 0.5 and 0.9 for PRDs of 0.2, 0.35 and 0.6 0 05 1 15 2 25
m, respectively (Figure 69), with resulting suitability PRD (m)

scores shown in Figure 70, showing very high rooting ) _

depth suitability for most locations across the country. Eﬂgﬁif %'f igﬁgﬁ;ﬁy;ggﬁ'g %gstm;lgg)e- asa

Rooting depth score for blueberry
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Figure 70. Blueberry: rooting depth score for locations across the country.
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41.4 Cherry

Dawson et al. (2001) found that in 2-year-old cherry whips, the depth
distribution of white roots was affected by competition from grass
roots and varied with time, but the majority of roots were in the top
30 cm of soil. Long & Kaiser (2013) considered that soil depths 0.9
to 1.5 m are required for semi-dwarfing root stocks. Bonomelli et al.
(2012) found that in the ‘Bing’ cultivar on ‘Gisela 6’ rootstock, white
roots in the top 90 cm of soil grew up to 1.6 m in length, though
these authors did not give a root density distribution. We assigned a
suitability curve with values of 0.05, 0.5, 0.9 and 1.0 for potential
rooting depths of 0.3, 0.6, 0.9 and 1.5 m, respectively (Figure 71).
Suitability scores for locations across the country are shown in
Figure 72, indicating poor rooting depth suitability in Central Otago
and part of the Hawke's Bay, suggesting mitigation strategies may
have been required for orchard establishment in those areas.

Rooting depth score for cherry
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Figure 71. Cherry: rooting depth suitability
as a function of potential rooting depth
(PRD).
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Figure 72. Cherry: rooting depth score for locations across the country.
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Root density and distribution in the top layer of soil, down to 1 or 2 m, are influenced by a number of
soil properties including depth to an impermeable layer and in turn have a strong influence on
grapevine performance and grape quality (Smart et al. 2006; Tomasi 2014). Soil depth, along with
water holding capacity and drainage are more important for wine quality than soil composition
(Jackson & Lombard 1993).

Although van Leeuwen et al. (2018) noted that some studies found shallower soil gave higher quality
grapes, they considered that roots in the top 20 cm of soil are undesirable because of uptake of
excessive nitrogen and also excessive water uptake may dilute grape components after rainfall
events. However, the validity of this reservation would very much depend on soil type and the
distribution of water and nutrients across soil depth. Deeper root systems would confer better
protection from water stress during drought or in soils with low absorption and high surface run-off
(Jackson & Lombard 1993).

Optimal soil depths may be 0.8 to 1.0 m for non-irrigated vineyards and 0.4 m for irrigated vineyards
(Lanyon et al. 2004). Since we are not considering irrigated and non-irrigated vineyards separately,
we chose a sigmoidal suitability score as a function of PRD with a value 0.5 for a PRD of 0.4 m and a
value of 0.95 for a PRD of 0.9 m (Figure 73). This is a considerably deeper depth requirement than
that specified by Hall et al. (2018) who required PRD =15 cm with the note that growers could mound
soil if needed.

Application of our suitability curve to locations across New Zealand gave the map in Figure 74, which
suggests poor rooting depth suitability in many of the major Pinot noir and Sauvignon blanc growing
areas. Given the mixed assessments in the literature on rooting depth for wine grape, the poor PRD
score for grape may not pose major limitations.
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Figure 73. Grape: rooting depth suitability
score as a function of potential rooting
depth (PRD).
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Rooting depth score for wine grape
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Figure 74. Grape: rooting depth suitability score for wine grape for locations across the country.

4.2 Drainage

Drainage was available for the same locations as PRD, and reported as one of the following drainage
classes: well, moderate, imperfect, poor and very poor. These classifications take into account a
number of factors, including soil structure, depth, and permeability, and water-table depth. We
assigned numerical suitability scores from 0 to 1 to the drainage classes, with the numerical
assignment for each class potentially differing between crops (Table 2). While a lower score indicates
less suitability, it does not rule out an area for a crop, but rather indicates that extra effort and cost
would be needed for successful crop production. This could include, for example, improving soil
drainage through subsoil ploughing, installation of surface or subsurface drainage systems, mounding
or long-term improvements of soil health through application of soil amendments, and minimising soil
compaction through reducing traffic in orchards.
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Table 2. Drainage scores assigned to drainage class descriptors for different crops

Well Moderate Imperfect Poor Very Poor
Apple 1 1 0.6 0.3 0
Kiwifruit 1 0.9 0.4 0.1 0
Avocado 1 0.9 0.4 0.1 0
Blueberry 1 0.75 0.3 0.1 0
Cherry 1 0.9 0.4 0.2 0
Wine grape 1 0.9 0.4 0.1 0

The values in Table 2 were used to calculate individual drainage suitability maps, which are described
in the next subsections. These maps generally indicated favourable drainage, apart from large parts

of Northland, significant parts of the Waikato and the Manuwatu, and scattered areas across the
Hawke’s Bay, Wairarapa and parts of the South Island. These patterns showed more strongly for
crops with poor waterlogging tolerance and more patch and less intense for more tolerant crops.

421 Apple

For apple, we assigned score values of 1, 1, 0.6, 0.3, and 0, respectively, to the drainage classes
well, moderately, imperfectly, poorly and very poorly drained (Table 2), with the resulting map shown

in Figure 75.
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Figure 75. Apple: drainage suitability score for locations across the country.

4.2.2

Kiwifruit, avocado and wine grape

Kiwifruit was considered by horticultural experts to be of higher sensitivity to waterlogged conditions
than apple, and thus it was expected that suitability scores would be comparatively lower for drainage
class other than “Well drained’. Avocado does not tolerate water logging and requires good drainage
(Ticho & Gefen 1965; McCarthy 2001; Dubrovina & Bautista 2014). Wine grape was assessed by
horticultural experts as being similarly susceptible to waterlogged conditions as kiwifruit and avocado.
Thus for these three crops we assigned score values to the drainage classes of, respectively, 1, 0.9,
0.4, 0.1 and 0 (Table 2). The resulting drainage suitability map for kiwifruit, avocado and wine grape is
shown in Figure 76.
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Drainage score for kiwifruit, avocado and wine grape
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Figure 76. Kiwifruit: drainage suitability score for locations across the country.

4.2.3 Blueberry

Blueberry is highly sensitive to water-logged conditions (Hayes 1988) and duration of flooding events
were significantly related to the severity and extent of Phytophthora infection causing root rot (Silva et
al. 1999), which can be a significant cause of plant mortality when drainage is marginal or worse. In
areas where soil is poorly drained, this necessitates planting blueberry in raised beds (Williamson et
al. 1997). Griffiths et al. (2003) noted that blueberry should be planted only on either well-drained soils
or moderately well-drained soils with artificial drainage. Thus we assigned suitability score values to
these drainage classes of, respectively, 1, 0.75, 0.3, 0.1 and 0 (Table 2), with a resulting suitability
map shown in Figure 77.
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Drainage scores for blueberry
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Figure 77. Blueberry: drainage suitability score for locations across the country.

4.2.4 Cherry

Cherry trees (and more so the deeper-rooted cultivars) are very susceptible to waterlogging and often
do poorly or die in heavy soils with poor drainage, with the moist soil conditions favouring pathogens
such as Phytophthora (Blodgett et al. 1990), with the extent of damage increasing with the duration of
waterlogging (Wilcox & Mircetich 1985). Additionally, waterlogging can cause hypoxia by lowering
oxygen availability to root systems (Pérez-Jiménez et al. 2017). Interestingly, trees with hypoxia-
tolerant rootstocks showed less stress from waterlogging when the ambient CO2 concentration was
increased (Pérez-Jiménez et al. 2017). Drainage was available for the same locations as PRD, and
reported as: well, moderately, imperfectly, poorly and very poorly drained. These classifications take
into account factors such as soil structure, depth and permeability, and water table depth. While there
is variation between cherry rootstocks in their tolerance to waterlogging, we have emphasised that
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good drainage is required by assigning scores that significantly favour the better drainage classes,
using respective values of 1, 0.9, 0.4, 0.2 and 0 (Table 2). Figure 78 shows suitability scores for
locations across the country.

Drainage scores for cherry
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Figure 78. Drainage score for locations across the country.

4.3 Slope

Rowland et al. (2016) state that slopes greater than 30° are not suitable for machinery, and that for
well-managed horticultural crops, only slopes greater than 30° pose an erosion risk. In any 1-km?2 grid-
square, there will likely be a range of slopes, some suitable for cultivation even if the central latitude
value indicates otherwise. Database values for slope are shown in Figure 79. In any 1-km? grid-
square, there will likely be a range of slopes, some suitable for cultivation even if the central latitude
value indicates otherwise.
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Slope of land in degrees
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Figure 79. Slope (degrees) for locations across the country.

4.3.1 Apple

We assigned a suitability curve with a mid-point value
occurring at a slope of 19° for apple, with high values for
slopes <8.5°, with a rapid descent to zero as slope
increases past the mid-point slope values (Figure 80).
The requirements for apple may need to be modified if
and when new systems requiring more complex
structures become common. The slope suitability score
map for apple is shown in Figure 81, showing generally
very high suitability across the country.
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Figure 80. Slope suitability score assigned to
slope for apple.
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Slope suitability score for apple
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Figure 81. Apple: slope suitability score for locations across the country.

4.3.2 Kiwifruit

Since structures for kiwifruit are currently more difficult to ® 1

construct on slopes, a more restrictive slope suitability é 5 08

score is appropriate for kiwifruit compared with apple. ; 3

Thus, we assigned a suitability curve with a mid-point % § 06

value occurring for a slope of 12°, high values for slopes § E; 0.4

<8.5°, and a rapid descent to zero as slope increases past g 8 o2

the mid-point slope values (Figure 82). The corresponding c%

suitability map is shown in Figure 83, showing many 00 5 10 15 20 25 30

locations in Gisborne have slopes that could pose Slope (°)
limitations to growing kiwifruit, but otherwise good

o S . Figure 82. Sl itabilit igned t
suitability in other kiwifruit growing areas. 9ure ope sultabiity score assigned fo

slope for kiwifruit.
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Slope suitability score for kiwifruit
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Figure 83. Kiwifruit: slope suitability score for locations across the country.

4.3.3 Avocado

Griffiths et al. (2003) stipulated that the maximum suitable slope for growing avocado is 8.5% or 5°. In

contrast, Selim et al. (2018) considered slopes less
than 15° to be suitable for growing avocado, and
slopes greater than 15° to be more difficult and
expensive to farm, and more prone to erosion. Hall
et al. (2018) considered slopes <7° as optimal,
slopes <15° as marginal, and slopes >15° as
unsuitable. However, we are aware of at least one
New Zealand avocado orchard established on a 30°
slope. Thus, we assigned a suitability curve with a
mid-point value of 19° for avocado, high values for
slopes <8.5°, and with a rapid descent to zero as
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Figure 84. Avocado: slope suitability score vs slope.
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slope increases past the mid-point slope value (Figure 84). Calculated suitability scores are mapped
across New Zealand in Figure 85, showing generally very high slope suitability across locations.

Slope suitability score for avocado
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Figure 85. Avocado: slope suitability scores for locations across the country.

4.3.4 Blueberry

Griffiths et al. (2003) state that blueberry should only be grown on flat to gently sloping land to ensure
safe and easy access for workers, machinery, installation of infrastructure, and to minimise erosion.
Hall et al. (2018) required that slope <15°. Balancing these positions with that of Rowland et al. (2016)
who considered that slopes of 30° or less are suitable for well managed crops, we assigned a sliding
score with a mid-point value of 12° with a rapid descent to zero as slope increases past the mid-point
slope value (Figure 86). Suitability scores for locations across the country are shown in Figure 87.
Large areas of land across the country show good slope suitability for blueberry, especially in the
Waikato and Bay of Plenty where blueberry production is strong.
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Figure 86. Blueberry: slope suitability score as a
function of slope.
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Figure 87. Blueberry: slope suitability score for locations across the country.
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Cherry tree planting systems can be tailored to suit the steepness of the land (Brown 1932), thus
higher slopes should not be a limitation to establishing orchards. For example, cherry and apple
orchards have been established on sites with maximum and mean slopes of 30° and 13° in Australia
(Oliver et al. 2012), and cherry and apricot orchards on slopes of 15° in Lebanon (Zurayk et al. 2001),
and the suitability of slopes of <30° is supported by Rowland et al. (2016).

We assigned a sliding score with a mid-point value of 15° with a rapid descent to zero as slope
increases past the mid-point slope value (Figure 88). Slope suitability scores for locations across the
country are shown in Figure 89. For both Central Otago and the Hawke’s Bay, which contain the
majority of the cherry industry footprint, slope suitability is high.
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Figure 88. Cherry: slope suitability score as a
function of slope.
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Figure 89. Cherry: suitability score for slope for locations across the country.

43.6 Wine grape

Hall et al. (2018) stipulated a maximum slope of 11.3°, reduced to 8.5° if mechanical harvesting was
to be used, a value considerably lower than the 30° limit that Rowland et al. (2016) gave for the use of
machinery. However, since support structures for grape may be more difficult to construct on slopes,
and because of the need for mechanised harvest, we assigned a suitability curve with mid-point
values of 12°. The curve has high values for slopes <8.5°, with a rapid descent to zero as slope
increases past the mid-point slope values (Figure 90). Slope suitability scores across New Zealand
are shown in Figure 91, reflecting good suitability of slope in locations where the wine industry is
established.
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Figure 90. Grape: slope suitability score as a
function of slope.
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Figure 91. Grape: slope suitability scores for locations across the country.
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4.4 Land use capability class

Land use capability (LUC) class descriptors are divided into eight main categories (humbered 1 to 8),
with 1 indicating land classes that are considered to have virtually no limitations for arable use and 8
indicating land classes considered to have very severe limitations or hazards that make it unsuitable
for cropping, pasture or forestry. However, some crops are better grown on land with a higher LUC
category, depending on their requirements.

There is also some overlap between LUC class descriptors and the slope, PRD and drainage
information, However, LUC class also contains extra information regarding the soil properties, thus it
is important to consider all four of the land-related requirements above.

We assigned suitability scores to LUC classes to facilitate the development of sliding-scale or
continuous suitability scoring (Table 3). LUC classes 4 to 6 that are typically not considered suitable
for horticulture were generally given moderate to moderately low scores rather than very low scores,
in order to be consistent with what could be happening on the ground. For example, data on known
apple orchard locations indicated that less than 90% of these orchards were on LUC 1 to 3, with the
remainder mostly on LUC 4 and 6.

Table 3. Land use capability (LUC) scores assigned to LUC classes, for different crops.

LUC1 LUC2 LUC3 LUC4 LUCS5 LUC6 LUC7 LUCS

Apple 1 0.95 0.9 0.8 0.65 0.5 0.05 0
Kiwifruit 1 0.95 0.9 0.8 0.65 0.5 0.05 0
Avocado 1 0.95 0.9 0.8 0.65 0.5 0.05 0
Blueberry 1 0.95 0.9 0.8 0.6 0.4 0.2 0
Cherry 1 0.95 0.9 0.8 0.65 0.5 0.05 0
Wine grape 1 0.95 0.9 0.8 0.7 0.65 0.6 0

441 Apple, kiwifruit, avocado and cherry

For apple, kiwifruit, avocado and cherry, LUC classes 1 to 8 were (in discussion with crop experts)
assigned the respective score values of 1, 0.95, 0.9, 0.8, 0.65, 0.5, 0.05 and 0 (Table 3), and the
resulting suitability map is shown in Figure 92. Large areas of the main growing regions for avocado
and kiwifruit have quite low LUC suitability scores, although there are some locations that have high
LUC suitability scores, and these are distributed in a somewhat mottled fashion. Orchards may be
more predominantly situated in these higher suitability score locations, or there may be considerable
variation within individual grid cells that cannot be reflected by a single grid value. The Nelson,
Central Otago and Hawke’s Bay regions have large areas of high LUC suitability, which is line with
the main apple footprints, and also the main cherry footprint which occurs in the latter two locations.
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Figure 92. Land use capability (LUC) suitability scores for apple, kiwifruit, avocado and cherry.

4

4.2

Blueberry

For blueberry, we assigned the respective score values of 1, 0.95, 0.9, 0.8, 0.6, 0.4, 0.2 and 0, after

discussion with crop experts (Table 3). The resulting map is shown in Figure 93, indicating that large
areas of the country are unsuitable for blueberry. However, the Waikato has large areas of high LUC
suitability land, as does the Bay of Plenty, which represent the main centres for blueberry production.
Many scattered locations around the North Island also have high LUC suitability for blueberry, which
is consistent with strong production distributed around the North Island.
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LUC scores for blueberry
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Figure 93. Blueberry: land use capability (LUC) class suitability score for locations across the country.

4.4.3 Wine grape

Hall et al. (2018) reported that LUC classes 1 to 3, or LUC 4s to 7s were suitable for grape. The LUC
Survey Handbook (Lynn et al. 2009) represents LUC classes 1 to 7 as having decreasing suitability
for viticulture, and class 8 as unsuitable. However, successful wine grape cultivation occurs in some
areas considered marginal. Classes 1 to 8 were assigned the respective score values of 1, 0.95, 0.9,
0.8, 0.7, 0.65, 0.6 and 0 (Table 3). LUC suitability scores for locations across the country are shown in
Figure 94, with high or moderately high LUC suitability locations being distributed around the wine-

growing regions.
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LUC scores for wine grape
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Figure 94. Grape: land use capability (LUC) suitability scores for locations across the country.

4.5 Soil pH

451 Avocado

Griffiths et al. (2003) state that the ideal soil pH for avocado is 6.0 to 6.5, with the range 5.5 to 6.9
being satisfactory. In contrast, Dubrovina & Bautista (2014) classified a soil pH of 6.7 to 7.3 as highly
suitable, with ranges 5.5 to 6.7 and 7.3 to 8.0 considered suitable, 4.5 to 5.5 and 8.0 t0 9.0
considered low suitability, and <4.5 or >9.0 being unsuitable. Selladurai & Awachare (2020) noted that
in alkaline soil there is a risk of zinc deficiency, and in soils with a pH <6 there is a risk of manganese
toxicity if manganese levels are high. These authors recommend that soil should be neutral or slightly
acidic in reaction, and alkaline conditions are not suitable for avocado. We chose a pH suitability
score with value 1 at pH 6.5, value 0.9 at pH 6 and 7, and value 0.1 at pH 4.5 and 8.5 (Figure 95).
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Scores for each location are mapped across New Zealand in Figure 96, showing a huge contrast from

high pH suitability to low suitability between neighbouring locations in Northland, large areas of land in
the Gisborne region with low suitability but

1 interspersed with locations of high suitability, and

0.8 ] generally favourable soil pH conditions in many

parts of the Bay of Plenty. These three regions

contain the bulk of the New Zealand avocado

0.4 footprint, and in Gisborne and Northland, orchard

location may strongly coincide with the higher

suitability locations or require ongoing mitigation to

0 adjust pH.
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Figure 95. Avocado: soil pH suitability score vs soil pH.
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Figure 96. Avocado: soil pH suitability scores for locations across the country.
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Both Highbush and Rabbiteye blueberry exhibit optimal growth in organic soils when soil pH is
between 4 and 5, but in mineral soils, because of the potential for aluminium and manganese being
bioavailable at low pH, best growth occurs in soil pH of 5 to 5.5 (Hayes 1988). For blueberry, Griffiths
et al. (2003) give a soil pH requirement of 4.0 to 5.5, Masabni (2007) gives a range of 4.5 to 5.2, while
Zydlik et al. (2019) give a pH requirement of 3.5 to 4.0 in peat soils. Jiang et al. (2019) found that at
soil values of pH 5.5 and 6.0, the decrease in yield compared with pH 4.5 was 20 and 92% in cultivar
‘Climax’ and 32 and 76% in ‘Chaoyue No. 1. However, the optimal pH can vary with the medium used
for planting, and in trials with five clonal lines, using four different types of potting media with varied
pH, optimal growth occurred at pH values at 4.2, 4.9, 5.0 and 5.5 (Hall et al. 1964). Blueberries New
Zealand give a pH requirement of 4.0 to 5.5, and state that the optimum pH is 4.8
(https://www.blueberriesnz.co.nz/industries/growing).

We used a suitability score that had values 20.99 in the soil pH band 4 to 5 (1.0 at 4.5), and sharply
declining outside that range, with a value of 0.65 and 0 at pH 5.5 and 6.0, respectively. The function is
symmetrical and would give a suitability score of 0.65 at pH 3.5, although the pH values in the
database do not go that low (Figure 97). Figure 98 shows suitability scores for locations across New
Zealand, indicating many areas of high suitability for soil pH distributed across the country, with large
areas of the Waikato being favourable. The Bay of Plenty is generally less favourable, indicating that
orchards located there may require some mitigation of unfavourable soil pH.
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Figure 97. Blueberry: pH suitability score as a
function of soil pH.
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Figure 98. Blueberry: suitability score for soil pH for locations across the country.

4.6 Combined soil/land-related suitability criteria

We used extracted LRI data on PRD, drainage quality, slope and LUC to calculate suitability scores
for the soil/land-related criteria for different geographical locations in New Zealand with a 1 x 1 km
grid resolution. The location of urban areas, quarries, rivers and lakes were indicated in the LRI data
and correspondingly were not associated with data. Other areas lacked LUC or drainage information,
and many of these were in conservation areas (identified in DOC Public Conservation Areas
database).

Suitability scores for slope, drainage, PRD, LUC and pH (where appropriate) were combined for each
grid-square by taking weighted geometric means of the scores to provide an overall land suitability
score. As with combing the climate criteria scores, a higher weight reflects a higher significance
placed on the corresponding criterion. Weights were finalised after feedback from the consultation
process.
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4.6.1 Apple

For apple, the suitability scores for PRD and LUC were given weights of 1.0 while a weight of 2.0 was
used for drainage, indicating the importance of drainage for good plant health and survival. Slope
suitability was weighted 0.5, reflecting that this was considered to have less importance. The resulting
map of land suitability is shown in Figure 99.
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Figure 99. Land/soil suitability score map for apple.
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4.6.2 Kiwifruit

For kiwifruit, a weight of 2.0 was used for drainage suitability, while weights of 1.0 were used for PRD
and LUC and slope. The higher weight for the latter compared with apple reflects the impediment that
slopes pose for constructing supporting structures for kiwifruit. Maps of land suitability for the country
are shown for both, kiwifruit and apple in Figure 100.

Land suitability score for kiwifruit
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Figure 100. Land/soil suitability score map for kiwifruit.
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4.6.3 Avocado

We used a value of 0.25 for the weight for the slope score to reflect reduced importance, while giving

drainage a weighting of 3. Rooting depth, LUC and soil pH were given weights of 1 (Figure 101).

Land suitability scores for avocado
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Figure 101. Avocado: overall land/soil suitability scores for locations across the country.
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4.6.4 Blueberry

We used weights of 0.5 for slope, and 1 for LUC and rooting depth, 3 for drainage and 2 for soil pH
(Figure 102). While drainage and soil pH are critical, these parameters can be mitigated by growing
blueberry in containers; however, this would entail extra setup costs and hence the weights are set
relatively high. Similarly, rooting depth can be mitigated by container growing or mounding.

Land suitability scores for blueberry
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Figure 102. Blueberry: overall soil suitability for locations across the country.
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4.6.5 Cherry

We chose weights of 0.5 for slope, 1 for rooting depth and LUC, and a weight of 2 for drainage. This
gave the overall land suitability map in Figure 103.

Land suitability scores for cherry
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Figure 103. Cherry: overall soil suitability for locations across the country.

The New Zealand Institute for Plant and Food Research Limited (2021) Page 107



Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

4.6.6 Wine grape

We chose weights of 1 for slope and drainage, 0.5 for PRD and 0.25 for LUC (Figure 104).

Land suitability scores for wine grape
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Figure 104. Grape: overall soil suitability scores for locations across the country.
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5 Cultivation suitability

A cultivation suitability score was computed as the geometric mean of the land suitability score and
average climate suitability score, weighted by a function of the underlying criteria weights. Cultivation
suitability maps constructed from the LRI data and VCSN data for the period from 2006 to 2016 are

shown for all crops in Figure 105 to Figure 110 below.

5.1 Apple
Cultivation suitability score for apple 2006-2016
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Figure 105. Cultivation suitability scores for apple across New Zealand when all climate- and
soil/land-related scores are combined. This map is in line with the main apple growing regions of
Hawke’s Bay, Nelson and Central Otago with growing also taking place in other areas found
suitable around the North Island and in Canterbury. Additionally, Taranaki is indicated has having

high suitability. Calculations used Virtual Climate Station Network (VCSN) data.
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5.2 Kiwifruit

Cultivation suitability score for kiwifruit 2006-2016
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Figure 106. Cultivation suitability scores for kiwifruit across New Zealand when all climate- and soil/land-
related scores are combined. The map prediction reflects the current kiwifruit footprint, which has its main
production area in the Bay of Plenty and strong production in Northland, Gisborne, the Hawke’s Bay and
Nelson. Additionally, Taranaki is indicated as having high suitability for kiwifruit, with some areas of North
Canterbury predicted to have moderately high suitability. Calculations used Virtual Climate Station Network
(VCSN) data.
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5.3 Avocado

Cultivation suitability score for avocado 2006-2016
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Figure 107. Avocado: overall cultivation suitability scores for locations across the country. The map is consistent
with avocado production having its main production area in Northland but with strong production in the Bay of
Plenty and Gisborne. Calculations used Virtual Climate Station Network (VCSN) data.
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5.4 Blueberry

Cultivation suitability score for blueberry 2006-2016
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Figure 108. Blueberry: overall cultivation suitability for locations across the country. This map is in line with
blueberry production occurring around the North Island and parts of the South Island, with the main production
areas being located in the Waikato and to a lesser extent in the Bay of Plenty. Calculations used Virtual Climate
Station Network (VCSN) data.
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5.5 Cherry

Cultivation suitability score for cherry 2006-2016
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Figure 109. Cherry: overall cultivation suitability for locations across the country. This map is in line with cherry
having a small footprint with its main production areas being Central Otago, and with strong production in the
Hawke’s Bay. Calculations used Virtual Climate Station Network (VCSN) data.
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5.6 Wine grape

Cultivation suitability score for Pinot Noir 2006-2016

34 Cultivation suitability score for Sauvignon Blanc 2006-2016
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Figure 110. Overall cultivation suitability scores for Pinot noir (left) and Sauvignon blanc (right) for location across the country. These maps are consistent with current Pinot noir production occurring
mainly in Marlborough, Central Otago, North Canterbury, Nelson, the Wairarapa and Hawke’s Bay, and with current Sauvignon blanc production occurring mainly in Marlborough, the Hawke’s Bay, North
Canterbury, Nelson, the Wairarapa and Gisborne. Calculations used Virtual Climate Station Network (VCSN) data.
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For purposes of consistency when assessing climate-change impacts on crop suitability, suitability
maps that are developed using data from the future period of climate model simulations should be
compared with suitability maps developed using data from the historical period of the same climate
model simulations. However, for such comparisons to provide meaningful estimates of future change,
the latter maps must closely resemble suitability maps developed from observed data for the same
historical period. If this is not the case, then it is imperative to make adjustments to the climate model
data (Challinor et al. 2018).

The modelled climate data were supplied by NIWA, and were derived from NIWA'’s high resolution
Regional Climate Model (RCM), which was applied on a domain that encompasses all of New
Zealand. When the RCM is run, it is constrained by conditions for the boundary of this domain. In
alternative simulations, these ‘boundary conditions’ were provided by outputs from the six CMIP5
GCMs: BCC-CSM1.1, CESM1-CAM5, GFDL-CM3, GISS-EL-R, HadGEM2-ES and NorESM1-M. Each
was run under four RCPs. Each RCP represents a different scenario of future atmospheric GHG
concentrations, and thus four different levels of global and regional warming were considered.

The daily RCM data start in 1971 and extend until at least 2099, with the end date of simulations
varying with climate model and RCP. Simulations for the period 1971 to 2005 are considered to be
historical simulations and are referred to as ‘RCP Past’; for each CMIP5 model, all four RCPs share
the same RCP Past dataset. Simulations from 2006 onwards are considered to be future simulations.

The Raw RCM data were “bias corrected” with the aim that they would reflect the same climatology as
the observed data (VCSN), although year-to-year variability would be different (Ministry for the
Environment 2018). Such corrections are necessary because inherent errors in the representation of
local surface conditions and processes in RCMs can lead to considerable systematic biases in RCM
data, and reducing these biases will increase the confidence of regional climate impact studies (Sood
2015). Two corrections were performed. The first addressed errors in the probability distribution of
model data by determining correction factors for a training period (1980-1999) at a coarse model
resolution (30 km), and then applying them consistently to RCM data for the historical period and the
future projections. The second calculated, at each grid point, the mean bias between observations and
model data over the period 1986 to 2005, and subtracted it from the entire model dataset for the
historical and future periods (Ministry for the Environment 2018).

Crop suitability rules are generally sensitive to extremes in temperatures, as well as means of
maximum and/or minimum temperatures. Thus a minimum requirement for agreement in baseline
maps generated from different climate datasets is that the climate datasets have similar statistical
properties. However, in an investigation into the cause of the differences between the RCP Past and
VCSN Past maps (Vetharaniam et al. 2020a), we found differences in statistics between the climate
model datasets and the VCSN datasets, and identified these as the main cause of the observed
biases in maps.
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6.3 Statistical differences between RCM and VCSN data

Here we present some of our key findings from Vetharaniam et al. (2020a), where we found that the
means and variances of annual maximum and minimum temperatures for all six climate model
datasets showed notable differences from those calculated for the VCSN data.

6.3.1 Bias and variance ratio for annual daily maximum and minimum temperatures

For each RCM climate dataset, we calculated the mean and variance for annual daily maximum
temperature for the 1972-2000 period, individually for each location, and from these calculated the
mean bias and variance ratio with respect to the corresponding VCSN statistics ratio (Vetharaniam et
al. 2020a). We performed the same calculations for annual daily minimum temperature study, and
found that for both maximum and minimum temperature, mean biases were small across the
locations, but variance ratios varied widely across locations and could be appreciably different from
unity for elevations under 500m, which are more likely than higher elevations to be suited for
horticulture (see Table 4). The period 1972-2000 was chosen to coincide with another climate model
data series that was under examination in that study; the differences were similar if calculations were
performed on the entire 1972—-2005 RCP Past period.

Table 4. Mean bias and variance ratio for maximum and minimum temperature, calculated for six Regional Climate
Model datasets with respect to the Virtual Climate Station Network (VCSN) data, calculated across all VCSN grid
locations with elevations below 500m, for the years 1972—-2000. Adapted from Vetharaniam et al. (2020a). Minimum
and maximum values represent the extreme cases and correspond to only a few grid locations.

Dataset Mean Bias Variance ratio

Min. Max. Mean Min. Max. Mean

Maximum temperature

BCC-CSM1.1 -0.02 0.02 -0.01 0.58 2.13 0.96
CESM1-CAM5 -0.02 0.00 -0.01 0.58 2.15 0.94
GFDL-CM3 -0.02 0.02 0.00 0.58 217 0.97
GISS-EL-R -0.03 0.01 -0.01 0.60 2.21 0.98
HadGEM2-ES -0.04 0.01 -0.01 0.57 214 0.95
NorESM1-M -0.01 0.03 0.00 0.58 217 0.98

Minimum temperature

BCC-CSM1.1 -0.01 0.02 0.00 0.56 1.39 0.88
CESM1-CAM5 -0.02 0.01 0.00 0.56 1.36 0.87
GFDL-CM3 -0.01 0.03 0.01 0.55 1.40 0.88
GISS-EL-R -0.02 0.02 0.00 0.56 1.38 0.88
HadGEM2-ES -0.03 0.01 -0.01 0.55 1.37 0.88
NorESM1-M -0.02 0.02 0.00 0.56 141 0.89

These results show that although the previous bias correction of the RCM datasets (Ministry for the
Environment 2018) ensured agreement with the VCSN dataset on annual mean temperatures, it did
not ensure that the agreement in the range of temperatures about the means at all locations. For
example, a variance ratio of 0.5 corresponds to roughly a 30% reduction in temperature spread about
the mean, while a variance ratio of 2.0 corresponds to approximately a 40% increase in the
temperature spread about the mean. Furthermore, we found differences between the RCP Past
datasets and the VCSN Past datasets in the distribution of monthly minimum and maximum
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temperatures, and since many crop suitability rules are sensitive to seasonal or monthly temperatures,
this would also be a major contributor to the differences in the baseline suitability maps.

We have identified that a large component of the differences between the RCP-Past-based crop
suitability maps and VCSN-based crop suitability maps arise from differences in the statistical
properties between the RCP Past and VCSN datasets, despite the RCP Past datasets being bias
corrected to the VCSN datasets. In our previous report investigating this, we suggested that the main
statistical differences between the RCP Past datasets and the VCSN dataset related to both (i)
differences in the distributions of annual means for maximum and minimum temperature within the
bias-correction period and (ii) differences in the variances of yearly maximum and minimum
temperatures within the bias-correction period, and suggested that adjustments to address these
differences would provide closer agreement in past-period suitability maps (Vetharaniam et al. 2020a).

However, we found that although performing adjustments to yearly statistics improved the alignment of
climate model suitability scores with the VCSN suitability scores, adjustment on quarterly data
statistics gave more improvement overall (Vetharaniam et al. 2020a). Subsequent to that report, we
chose to perform adjustment of the RCP Past temperature data at the level of monthly statistics, which
would also ensure better alignment for quarterly and annual levels. Since adjustment for bias in annual
mean temperatures does not guarantee zero bias for monthly mean temperatures, our adjustment
included bias adjustment for each month.

In adjusting the RCP data to the VCSN data, we have assumed that the latter provide a reasonable
representation of New Zealand weather patterns. The biases for means and variance ratios in the
RCP data with respect to the VSCN data are considered to be due to errors inherent in representing
local surface conditions and processes (Ministry for the Environment 2018), and it is assumed that
these biases are invariant over time. The adjustments we applied were designed to maintain trends in
the RCP data, and be compatible with non-stationary climates.

Challinor et al. (2018, Supplementary material) noted that a variety of bias adjustment methods exist
but none can fully correct the errors that are inherent in all GCMs without compromising the climate
change physics. Those authors recommended using multiple correction methods if possible. However,
we used only one method (adjustments of monthly means and adjustments of variance on two time
scales) for temperature, a simple mean bias adjustment for RH, and a simple scaling of rainfall, which
we found gave satisfactory improvement in alignment of baseline suitability scores for our purpose.
When discussing unresolved issues and limitations of bias correction, Maraun et al. (2017) raised the
possibility that adjusting data might alter climate change signals. We present an evaluation of the
impact of our adjustments in Section 6.5.

We have refrained from presenting equations in earlier sections of this report and used graphs to
represent relationships, in order to improve accessibility. However, the use of equations is required in
this subsection for precision and clarity.

The approach that we developed for adjusting the daily temperature time series in the RCP datasets
incorporates the variance-scaling-of-temperature methods described in the literature (Chen et al.
2011; Teutschbein & Seibert 2012) but applies successive variance adjustments to adjust for
differences in intra-month variance (Step 1) and inter-year monthly variance (Step 2), for maximum



and minimum temperature. The inter-year monthly adjustment scales monthly means around the trend
in monthly means. This was then followed by a standard mean bias adjustment (Maraun 2016) but on
a monthly rather than annual level (Step 3). The adjustments are applied separately for each month
from January to December. A schema to explain Steps 1 and 2 below is presented in Figure 111.

1. Adjustment for differences between each RCP dataset and the VCSN dataset in the mean
variance of daily maximum and minimum temperatures for each month:
Ti.' - (Ti: -T;) “Ouy [Ogp T T,, for each day, j, of the month and year, i = 1972, ...,2005
a) T/ is the maximum or minimum temperature on the jt day of the month in year i
b) T, is the mean daily maximum or minimum temperature for the month in year i
C) oy, is the standard deviation of daily RCP maximum or minimum temperature for the month,
calculated over the 1972—2005 period using the formula
P —\2
Ugi,R = % pi 27;1 %'
with N being the numk;er of years and n; being the number of days in the month for year i.
d) o,y Is the standard deviation of daily VCSN temperatures for the month over the same
period, calculated by applying the equation in b) to the VCSN data.

2. Adjustment for the difference between each RCP dataset and the VCSN dataset in the variation of
monthly mean maximum or minimum temperature around the corresponding monthly mean for the
period :

T) - T — AT,
AT; = (T; =T = 6y /Omg), Where:

a) Tl.j and T, are the same as in 1a) and 1b) above
b) T_f is the value at year i of the spline smooth to the entire 1972-2099 data series

c) onpg is the standard deviation of the RCP monthly mean of individual years around T;,
calculated as:

0%p = ﬁZ{"zl(Ti - T)Z where T is the mean of T; for the 1972-2005 period

d) o,,, is the standard deviation of VCSN mean (maximum or minimum) temperature for the
month over individual years, calculated around the VCSN mean monthly (maximum or
minimum) temperature over the 1972—-2005 period using an analogous equation to that in 1 b).

3. Bias adjustment with respect to monthly means for RCP maximum and minimum temperature
T/ - T/ — (T — V), where

T and V are RCP and VCSN mean (maximum or minimum) temperature for the month over the
entire1972-2005 period.

Quantities pertaining to the adjustments for maximum and minimum temperatures are summarised in
Figure 112 for elevations under 500m. There is little difference between the six RCP datasets in the
pattern of their anomalies because the different RCP datasets were simulated using the same RCM
but forced by different GCMS providing inputs at the spatial boundary of the simulation.

Additionally, we adjusted for an anomaly in the RCP data where some locations and some days, the
value for the maximum temperature was lower than the value of the minimum temperature. We
addressed this by swapping the values in such instances.
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Trend in monthly mean == Original distribution === Adjusted for variance in daily temperatures === Adjusted for variance in monthly means

Temperature

Month M, year i Month M, year i+1  Month M, year i+2 Month M, year i Month M, year i+1  Month M, year i+2

Figure 111. Schema showing the effect of Steps 1 and 2 in the adjustment procedure in Section 6.4.1. For each calendar month, M, Step 1 (left hand side) scales daily temperatures around their mean by the
same scale factor, S;, for each year. Step 2 (right hand side) scales the monthly means around the trend in the monthly mean by the same scale factor, S,, for each year. This results in a translation of the
temperature distributions for each month and year that is proportional to the scale factor and the deviation of the mean from the trend, without affecting the variance of the daily temperatures.

The New Zealand Institute for Plant and Food Research Limited (2021) Page 119



Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Mean bias in daily Tmax, 1972 to 2005 Mean bias in daily Tmin, 1972 to 2005

1 L
05t E

0.5

0.5
L 1 1 1 1 1 _1 [ L L L 1 L L 1 1 L 1
J A 5 O N D J F M A M J J A o N
Variance ratio of monthly mean Tmax, 1972 to 2005 Variance ratio of monthly mean Tmin, 1972 to 2005
0.8
1 .............................................
¥ BCC-CSM1.1
0.8 i CESM1-CAMS 067
* i GFDL-CM3
06+ ¥ GISSEL-R s
. HadGEM2-ES 0.4
0l r T NorESM1-M 1 I
0.2F
{)_2— 1 1 1 1 1 1 1 1 1 1 ! ! ! 1 ! ! 1 L ! !
JF M A M J J A 5 O N D J O F M A M J J A O N
Variance ratio of daily Tmax each month, 1972 to 2005 Variance ratio of daily Tmin each month, 1972 to 2005
T. T 1.4+
121 TIT _ - -
12} - T
1 il. ..... * Wt
! |
L 1. SEERIE . = SRR o TR 1 TP B Y R I J5/ S 14 X7 R 1§ ) ‘.‘.
'y
08t m
I 0.8 |
08 . e osp Al Ml 1| il
JF M A M J J A 5 O N D JoF M A M O J J A O N

Figure 112. Distribution of mean biases and variance ratios for maximum and minimum temperatures for the RCP data series with respect to the VCSN data series, used in the adjustment of the RCP

temperature data. Each error bar shows the mean and +1 standard deviation over grid locations with elevations below 500 m across the country.
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While the VCSN datasets provide RH values, the RCP datasets instead contain daily vapour pressure
data from which we calculated RH. The vapour pressure data had not been bias corrected, thus this
bias is transferred to the RH data. Data on bias and variance ratio for RH values derived from the six
RCPs with respect to the VCSN RH data are shown in Figure 113 for elevations under 500m.
However, because RH is bounded above and below by 100 and 0%, performing the adjustments in
Steps 1 and 2 for the temperature data was not appropriate. We investigated performing these
adjustments on unbounded transformations of the RH data, but this approach was susceptible to
numerical rounding issues. Thus for RH, we performed only a mean bias adjustment (analogous to
Step 3 for the temperature data adjustments).

The rainfall data in the RCP datasets had been bias corrected on an annual basis. Means and
standard deviations of mean biases and variance ratios for RCP rainfall values with respect to the
VCSN rainfall data are shown in Figure 113, for grid locations with elevation below 500 m. Small mean
biases in daily rainfall scale up when considering rainfall at the monthly level, and can be significant
when calculating suitability scores that are rainfall dependent. Rainfall data are bounded below by
zero, and also have a binary aspect of no rain versus rain. None of the adjustments applied to the
temperature data were appropriate here, thus we obtained agreement in monthly rainfall by applying a
scaling factor (Maraun 2016) to ensure agreement in mean rainfall.

The adjustments to the RCP Past temperature data in Steps 1 and 2 of Section 6.4.1 were applied to
the RCP future temperature data using the same standard deviation ratios calculated for the Past
period. The use of spline-smooth values in Step 2 ensures the extension of the adjustment to the
future is consistent. The adjustments to the RH and rainfall data in Section 6.4.2 were also extended
to the future, using the statistics calculated for the RCP Past period. To distinguish the new climate
model datasets, we refer to them as “SLM RCP” data.

Ministry for the Environment (2018) calculated climate change signals for the RCP Past data by
comparing how key climate statistics changes from a reference period of 1986—2005 to the periods
2031-2050 and 2081-2100. We calculated differences between the SLM RCP datasets and RCP
datasets in their change signals for the same time periods to gauge the impact of our bias adjustments
on climate change signals. The SLM RCP datasets were calculated to only 2099 because not all of the
24 RCP datasets extended past 2099. Thus we used a late-century period of 2080-2099.

Climate signals for maximum and minimum temperatures and for RH were calculated by subtracting
annual means for 1986-2005 from those for 2031-2050 and 2080-2099. Variance signals for
maximum and minimum temperatures were calculated by taking annual variance ratios for 2031-2050
and 2080-2099 with respect to 1986—2005.

The change signal for rainfall was calculated as a percentage change from mean 1986—2005 rainfall
to mean 2031-2050 and mean 2080-2099 rainfall. Change signals were calculated for each of the six
GCM-driven datasets within each RCP, and also for the ensemble of datasets within each RCP.
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Figure 113. Distribution of mean biases and variance ratios for relative humidity (RH) and daily rainfall (rain) for the RCP data series with respect to the VCSN data series, used in the adjustment of the
RH and rain data in the RCP datasets. Each error bar shows the mean and +1 standard deviation for mean bias or variance ratio over grid locations with elevations below 500m across the country.
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Bias-adjustment impacts for ensembles are presented in Table 5, showing generally very little impact
on locations with elevations below 500m, which are more likely than locations with higher elevations to
be used for horticulture. Ranking the impacts on change signals across locations by magnitude, the
first percentile (P;) of impacts for minimum temperature ranged across RCPs from —-0.03°C to -0.02°C
for both the 2031-2050 and 2080-2099 periods, and the corresponding 99t percentile (Pyo) ranged
from 0.00°C to 0.02°C (Table 5). That is, the bias adjustments affected the change signal for minimum
temperature by at most a magnitude of 0.03°C for 98% of locations with elevations below 500m.
Impacts on change signals were of similar magnitude for maximum temperature, and slightly smaller
for mean temperature (Table 5). For all elevations, the P, for impacts on change signals for minimum
and maximum temperature ranged from —0.06°C to —0.01°C across RCPs for both periods, and the
P,y varied from 0.00°C to 0.06°C; the lowest extremum across RCPs and periods was —0.21°C and
the highest was 0.21°C (Table 5), which in the context of our continuous suitability rules would have
little significance. Across all elevations and periods, the impact on the change signals for mean annual
temperature was very small (Table 5) because of the impacts of opposing sign cancelling when
averaging minimum and maximum temperature.

In Section 6.4.1, the monthly mean bias adjustment in Step 3 will not affect annual change signals that
are calculated as differences. Neither will the variance adjustment in Step 1 affect mean annual
trends, since it scales around monthly means. In principle, the variance adjustment in Step 2 should
not affect mean trends; however, a fitted spline may have small deviations from the average over a
period, and this is likely the cause for the slight impacts on change signal for temperature. While a
moving average could have been used instead of a spline, it would have been subject to end-point
problems preventing symmetrical averaging near the beginning and end of the data series.

Impacts on change signals for annual temperature variance ratios tended to be small. For elevations
under 500m, across RCPs and periods, for minimum temperature P; varied between -0.04 and 0.00
and Py, varied from 0.00 to 0.04 for minimum temperature and for maximum temperature varied P,
between —0.05 and —-0.02 and Py, varied between 0.00 and 0.02 (Table 5). For all elevations, across
RCPs and periods, for minimum temperature P, varied between —0.04 and -0.02 and P, varied from
0.00 to 0.04 and for maximum temperature P, varied between -0.05 and —-0.02 and P,y varied
between 0.00 and 0.02 (Table 5). The magnitude of impacts increased with RCP number, and tended
to be skewed towards negative change (see Section 33 in the supplementary material). A few
locations experienced an impact on the change signal for annual temperature variance that was
significantly lower than the P; value, and some of these were for elevations lower than 500m, and for
RCPs 6.0 and 8.5 the lower extrema were, respectively, —0.12 and —0.15 and occurred for the 2080—
2099 period (Table 5 and see Section 33 in the supplementary material).

The monthly variance adjustments are expected to have an impact on the change signal for annual
temperature variance since the adjustment factors vary with month of the year. When these monthly
adjustment factors are applied to the future period of the RCP data, they scale monthly variance
change signals differently for each month of the year. Unless variances for each month of the year are
changed over time by the same factor, this will result in an impact for the annual variance change
signal, although monthly change signals are not affected.

Similarly, the adjustment to rainfall involved adjustment factors that varied by month and thus will
impact the change signal for annual rainfall (expressed as a percent change), although the change
signal for monthly rainfall will not be, unless all monthly rainfall change signals are the same.
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Table 5. Impact on climate change signals of the bias adjustments, expressed for each representative concentration pathway
(RCP) as the difference in change signals between the ensemble of six adjusted “SLM RCP” datasets and the ensemble of six
original RCP datasets. Change signals were calculated for 2031-2050 and 2080-2099 using a reference period of 1986—2005.
Change signals for temperature and relative humidity were calculated as differences between period means, while change
signals for temperature variances were calculated as the ratio of variances. The change signals for rain were calculated as a
percentage change. Change signals were calculated individual for each location. Statistics are for all grid locations mapping the
country. P; and Py, are the first and 99" percentile values, and LE and UE are the lower and upper extrema, respectively.

Elevations <500m All elevations

2031-2050 2080-2099 2031-2050 2080-2099

P, Poo P, Poo P, Poo LE UE P, Py, LE UE

Annual minimum temperature signal impact (°C)

RCP 2.6 -0.02 0.02 -0.02 0.01 -0.04 0.02 -0.17 0.03 -0.04 0.02 -0.20 0.02
RCP 4.5 -0.03 0.00 -0.03 0.01 -0.06 0.00 -0.19 0.01 -0.05 001 -0.17 0.01
RCP 6.0 -0.03 0.02 -0.02 0.02 -0.04 0.02 -0.19 0.02 -0.04 002 -021 0.02
RCP 8.5 -0.02 0.02 -0.02 0.01 -0.04 0.02 -0.20 0.03 -0.05 001 -021 0.01
Mean annual maximum temperature signal impact (°C)

RCP 2.6 -0.01 0.02 -0.01 0.02 -0.01 0.06 -0.02 0.22 -0.01 0.06 -0.03 0.19
RCP 4.5 -0.02 0.01 -0.01 o0.01 -0.03 0.02 -0.06 0.13 -0.01 0.04 -0.03 0.16
RCP 6.0 -0.01 o0.01 -0.01 0.02 -0.01 0.04 -0.02 0.18 -0.01 0.06 -0.03 0.21
RCP 8.5 -0.02 0.02 -0.01 0.02 -0.02 0.05 -0.03 0.20 -0.01 0.05 -0.03 0.18
Mean annual mean temperature signal impact (°C)

RCP 2.6 -0.01 0.01 -0.01 o0.01 -0.01 0.02 -0.02 0.04 -0.01 0.02 -0.03 0.05
RCP 4.5 -0.02 0.00 -0.01 0.00 -0.03 0.00 -0.06 0.01 -0.02 0.01 -0.03 0.02
RCP 6.0 -0.02 0.01 -0.01 o0.01 -0.02 0.01 -0.04 0.03 -0.01 0.02 -0.03 0.03
RCP 8.5 -0.01 o0.01 -0.01 o0.01 -0.01 0.02 -0.03 0.05 -0.01 0.01 -0.03 0.01
Annual minimum temperature variance ratio signal impact (1)

RCP 2.6 -0.02 0.00 -0.02 0.01 -0.02 0.00 -0.05 0.01 -0.02 001 -0.04 0.01
RCP 4.5 -0.02 0.01 -0.02 0.01 -0.02 0.01 -0.03 0.02 -0.02 0.01 -0.04 0.03
RCP 6.0 -0.02 0.01 -0.03 0.02 -0.02 0.01 -0.05 0.01 -0.03 0.02 -0.05 0.03
RCP8.5 -0.03 0.01 -0.04 0.04 -0.02 0.01 -0.05 0.02 -0.04 0.04 -0.07 0.06

Annual maximum temperature variance ratio signal impact (1)

RCP 2.6 -0.02 0.00 -0.03 0.00 -0.04 0.00 -0.08 0.00 -0.03 0.00 -0.07 0.01
RCP 4.5 -0.02 0.01 -0.03 0.01 -0.03 0.01 -0.08 0.02 -0.05 0.01 -0.09 0.02
RCP 6.0 -0.02 0.00 -0.04 0.01 -0.03 0.00 -0.08 0.01 -0.06 0.02 -0.12 0.03
RCP8.5 -0.02 0.01 -0.05 0.02 -0.04 0.01 -0.10 0.02 -0.07 0.03 -0.15 0.05

Mean annual rainfall signal impact (%)

RCP 2.6 -1.28 0.02 -1.44 -0.05 -1.28 -0.01 -179 041 -1.42 011 -2.04 044
RCP 4.5 -165 0.12 -1.70  0.03 -159 023 -270 0.62 -1.64 0.07 -258 0.52
RCP 6.0 -1.33 0.04 -2.23 0.01 -1.32 0.03 -187 0.39 -2.15 016 -3.11 0.49
RCP 8.5 -1.66 0.02 -2.78 0.73 -155 0.04 -236 0.38 -2.65 082 -354 151

Mean annual relative humidity signal impact (%)

RCP 2.6 -0.04 0.06 -0.07 0.05 -0.08 0.07 -0.19 0.12 -0.10 0.05 -0.18 0.10
RCP 4.5 -0.06 0.09 -0.04 0.07 -0.11 0.09 -024 0.14 -0.16 0.07 -0.35 0.23
RCP 6.0 -0.03 0.06 -0.05 0.09 -0.10 0.07 -024 0.14 -0.18 0.09 -041 0.25
RCP 8.5 -0.08 0.09 -0.05 0.08 -0.14 0.09 -0.29 0.15 -0.27 0.09 -0.56 041
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Across both periods and locations with elevations under 500m, P; for impacts on the rainfall signal
varied from —1.3% to —2.8%, while P, varied from -0.05% to 0.73%. These ranges were not
significantly altered when all locations were considered. The upper extremum of 1.5% occurred for a
very high elevation, while the lower extremum of —3.5% occurred for a very low elevation (Table 5)
and see Section 33 in the supplementary material). When change signals have been negatively
affected by bias adjustments this will be due to downward adjustments for means having higher values
in the RCP data than in the VCSN data for that location, and vice versa for positive impacts.

Change signals for relative humidity were slightly affected by the bias adjustments with P, and Pyq
across all RCPs and both time periods having magnitudes under 0.1% for elevations under 500m, and
magnitudes under 0.3% for all elevations. Upper and lower extrema across all RCPs and both time
periods had magnitudes under 0.6% (Table 5).

The sizes of the impacts on change signals would have little effect in the context of our continuous
suitability models.

The new SLM RCP datasets that resulted from the adjustments to the RCP data showed closer
statistical agreement with the VCSN data and generally resulted in improved agreement between
suitability scores derived from the new data and the VCSN-based suitability scores for the Past period.

As an example, we consider a case study on September temperatures for three locations and their
relevance to a frost risk assessment that was presented in our earlier investigation (Vetharaniam et al.
2020a) for the original RCP data, and extend it to include the SLM RCP dataset.

Three example locations of Alexandra, Hamilton and Whangarei were chosen for their differing
climates. Histograms of mean and variance for September maximum and minimum temperatures for
the period 1972—-2005 were constructed for the original six RCP Past datasets, the SLM RCP dataset
and the VCSN dataset.

For all locations, the mean maximum and mean minimum September temperatures from all six original
RCP Past datasets showed a smaller spread than the VCSN data, and generally had smaller
variances in September maximum and minimum temperatures, which can be seen in the left hand
side (LHS) panels in Figure 114, Figure 115 and Figure 116. This was more pronounced for the
minimum temperatures, with the climate models having more representation in the higher range of
minimum temperatures than the VCSN data, and less or no representation in the lower range of
minimum temperatures. For Alexandra, the climate model data tended to have lower mean September
maximum temperatures than the VCSN data (LHS of Figure 114), while for Hamilton and Whangarei
the climate model data tended to have higher means (LHS of Figure 115 and Figure 116)

In contrast, the SLM RCP Past temperature data showed a closer agreement with the VCSN
temperature data than the original RCP Past data, having an increased range of mean September
temperatures over the 1972—2005 period, as well as an increased range of temperatures within the
month (right hand side panels of Figure 114, Figure 115 and Figure 116). This is as expected.

The relevance of the discrepancies between the RCP data and the VCSN data for calculation of
suitability scores was demonstrated by using the example of frost risk. Although we have developed
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continuous suitability scores, for the purpose of this demonstration we used a binary risk model with a
—-2°C threshold since this provides outcomes that are conceptually easier to understand. In this binary
model, a frost event occurs when the daily minimum temperature is —2°C or lower, otherwise the day

is considered to be frost-free.

Using the binary frost-risk model with September daily minimum temperatures from the original RCP
Past datasets for the three locations of Alexandra, Hamilton and Whangarei, showing that the number
of September frosts was significantly under-predicted for Alexandra by the RCP Past datasets
compared with the VCSN dataset (Table 6). Whereas the VCSN dataset predicted 74 frosts events
less than or equal to —2°C for Alexandra over the period 1972-2005, the RCP Past predictions for
Alexandra for the same period ranged from 14 frost events (NorESM1-M) to 21 frost events (CESM1-
CAMDb). Thus all RCP datasets underestimated the frost risk for Alexandra by 70 to 80% compared
with the observation-based VCSN datasets. This result is not surprising and is consistent with our
assessment in Section 6.3.

Table 6. Number of predicted September frosts < -2°C from 1972 to 2005 for Alexandra, Hamilton and Whangarei, using the
VCSN and six original RCP Past datasets (from Vetharaniam et al. (2020a)).

Alexandra Hamilton Whangarei
VCSN 74 2 0
BCC-CSM1.1 15 0 0
CESM1-CAM5 21 0 0
GFDL-CM3 19 0 0
GISS-EL-R 15 0 0
HadGEM2-ES 19 0 0
NorESM1-M 14 0 0
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Figure 114. Distribution of annual means and variances of September maximum and minimum temperatures for Alexandra from different climate datasets for the period 1972-2005. Left panel: comparison of
original RCP Past and VCSN data. Right panel: comparison of SLM RCP Past and VCSN data.
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Figure 115. Distribution of annual means and variances of September maximum and minimum temperatures for Hamilton from different climate datasets for the period 1972-2005. Left panel: comparison of
original RCP Past and VCSN data. Right panel: comparison of SLM RCP Past and VCSN data.

The New Zealand Institute for Plant and Food Research Limited (2021) Page 128



Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Whangarei 1972-2005 Whangarei 1972-2005
Il VCSN Il BCC-CSM1.1 [[] CESM1-CAM5 [ GFDL-CM3 I VCSN B SLM BCC-CSM1.1 [[] SLM CESM1-CAMS [ SLM GFDL-CM3
[ GISS-EL-R [ HadGEM2-ES [l NorESM1-M [0 SLM GISS-EL-R [l SLM HadGEM2-ES [l SLM NorESM1-M
Mean Sep Tmax Mean Sep Tmax
15 15
= €
510 S 10
3 S
O g 5
0 1 a | | | 0
14 15 16 17 18 14 15 16 17 18
OC DC
Variance of Sep Tmax Variance of Sep Tmax
12 12
10 10
g 8 € 8
3 6 3 6
O 4 O 4
2 2
0 0 I Il mm
1 2 3 4 5 6 1 2 3 4 5 6
oc2 oc2
Mean Sep Tmin Mean Sep Tmin
20 20
o 15 o 15
c c
310 3 10
O o
5 5
0 n ml I iul 1 0 -‘Ih o inl
6 7 8 9 10 11 6 7 8 9 10 11
OC °C
Variance of Sep Tmin Variance of Sep Tmin
15 15
€ 10 € 10
= =
o o
O 5 ©s
0 a I ul Il 0
2 4 6 8 10 12 2 4 6 8 10 12
oc2 oc2

Figure 116. Distribution of annual means and variances of September maximum and minimum temperatures for Whangarei from different climate datasets for the period 1972-2005. Left panel: comparison of
original RCP Past and VCSN data. Right panel: comparison of SLM RCP Past and VCSN data.
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The VCSN data depicts two frosts < -2°C for Hamilton, while all original RCP Past datasets depict
zero frosts. For the warmer location of Whangarei the VCSN and all RCP Past datasets depict zero
frosts. The apparent improvement of the RCP datasets in depiction of frosts for warmer locations is
purely due to the lack of frost events due to the warmer climate; examination of Figure 115 and Figure
116 show that mean minimum September temperatures from the RCP Past datasets were higher than
from the VCSN datasets for Hamilton and even more so for Whangarei, as was the case for
Alexandra. VSCN minimum temperatures were also more variable than RCP Past minimum
temperatures, increasing the likelihood of dropping below a threshold.

In contrast, the SLM RCP Past datasets showed similar or slightly more variability than the VCSN data
and depict more September frosts from 1972 to 2005 than the VCSN data (see Table 7). While the
SLM RCP data tended to over-represent the frost risk for Alexandra and Hamilton compared with the
VCSN data, the difference is not hugely significant, and in the context of a 34-year period would not
affect suitability scores. Thus we considered the new data to be more suitable for representation of
these very cold temperatures.

Although our example only used minimum temperatures, it demonstrates that it is important that
climate model datasets exhibit similar variability in daily temperatures as the observed historic dataset,
in order for better baselining of suitability scores that are sensitive to temperature extremes. This is in
addition to the requirement for agreement in mean temperatures. Also, it is important that the
agreement in temperature statistics is for individual months of the year, rather than over a long period
of years.

Further comparisons of RCP Past and SLM RCP Past are shown in Appendix 1 for annual and May
temperatures for the same three locations, demonstrating the effectiveness of the data adjustment that
we have developed.

Table 7. Improved prediction of number September frosts < -2°C from 1972 to 2005 for Alexandra, Hamilton and Whangarei,
using the Virtual Climate Station Network (VCSN) and six SLM RCP Past datasets.

Alexandra Hamilton Whangarei
VCSN 74 2 0
SLM BCC-CSM1.1 74 2 0
SLM CESM1-CAM5 80 2 0
SLM GFDL-CM3 73 6 0
SLM GISS-EL-R 87 5 0
SLM HadGEM2-ES 77 2 0
SLM NorESM1-M 86 4 0

6.6.2 Improvement in agreement of suitability scores

In our previous investigation into the differences between the RCP-past-based suitability maps and
VCSN-based maps, we used one-to-one graphs to indicate the level of agreement for locations across
the country (Vetharaniam et al. 2020a). Below we compare one-to-one graphs for scores from the
RCP-past vs VCSN datasets with one-to-one graphs for scores from the SLM RCP Past vs VCSN
datasets. In these graphs, each point represents the average suitability score over the period 1972-
2005 for a single grid location, and every grid location across New Zealand is represented. Thus the
graphs include locations with elevations of 500m or higher for which confidence in the VCSN data is
lower than for elevations below 500m.For both apple and kiwifruit, baseline agreement for overall
climate suitability score was improved by using the SLM RCP Past datasets, with less deviation from
the one-to-one line and a reduction in bias being very noticeable for kiwifruit (Figure 117). Although
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the apple one-to-one scores for the original RCP Past datasets appear to show little bias, this is purely
fortuitous since overall suitability is calculated by averaging scores for individual suitability criteria, and
some of these underlying scores had significant biases that cancelled out due to differences in their
sign and because of the particular (subjective) weightings used when averaging across individual
scores.
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Figure 117. One-to-one graphs comparing performance of the original RCP Past datasets (left panels) and SLM RCP Past
datasets (right panels) in terms of baseline agreement with the Overall climate suitability score for apple (upper panels) and
kiwifruit (lower panels).

For apple, we considered bias in two common alternatives to calculating winter chill. Using the SLM
RCP Past datasets provided a notable improvement over using the original RCP Past dataset in
baselining the 7.2°C base chill suitability score (see the top panels of Figure 118); this requires a
better estimation of the range of both daily maximum and daily minimum temperatures in order to
better estimate hours per day below 7.2°C.

Interestingly, the Richardson-chill suitability scores showed more bias for the SLM RCP Past than for
the original RCP Past data (middle panel of Figure 118). The apparently better performance of the
original RCP Past data is due to anomalies in that data: for some locations, and a small fraction of
days, the value for the maximum temperature was lower than the value of the minimum temperature,
leading to significant negative contributions to the calculated chill units and fortuitously lowering an
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otherwise over-calculated result. These anomalies had been detected and addressed when we
developed the SLM RCP data.
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Figure 118. One-to-one graphs comparing performance of the original RCP Past datasets (left panels) and SLM RCP Past
datasets (right panels) in terms of baseline agreement in apple for conventional chill-hours suitability score with a 7.2°C base
(top panels), Richardson chill units suitability score (middle panels) and frost survival suitability scores (lower panels).
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RCU are a non-linear function of the temperature profile over the course of a day, and to improve
agreement in RCU calculation between climate model datasets and the VCSN dataset would require
investigation of the covariance between daily maximum and daily minimum temperatures in the
different datasets, which is outside the scope of this study.

The improvement in frost suitability scores for apple (lower panel of Figure 118) and kiwifruit (upper
panel of Figure 119) are to be expected given the case study in Section 6.4.2.

Kiwifruit chill score was calculated in terms of mean winter temperature, and the improvement in
baseline agreement of the SLM RCP dataset (lower panel of Figure 119) reflects the benefit of
performing adjustments to the means and variance of maximum and minimum temperature for
individual months of the year rather than on annual averages over a period.
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Figure 119. One-to-one graphs comparing performance of the original RCP Past datasets (left panels) and SLM RCP Past
datasets (right panels) in terms of baseline agreement in kiwifruit for mean-winter-temperature-based chill suitability score
(top panels) and frost-survival suitability (lower panels).

Similarly, Figure 120 shows that_there was an improvement in baseline agreement for apple GDD
suitability (top panel), which requires both maximum and minimum daily temperatures to be
appropriately distributed, and also an improvement in baseline agreement for apple fruit size suitability
scores, which depends on the first 50 days of GDD accumulation during the season. The much tighter
agreement for GDD suitability scores compared with the fruit size suitability scores suggests that
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biases in the early stages of calculated GDD accumulation were balanced out by subsequent biases
of the opposite sign. GDD suitability scores for kiwifruit showed very similar behaviour to those for
apple and are not presented.
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Figure 120. One-to-one graphs comparing performance of the original RCP Past datasets (left panels) and SLM RCP Past
datasets (right panels) in terms of baseline agreement in apple growing degree day (GDD) suitability score (upper panels)
and GDD-based apple fruit size score (lower panels).

Consistent with their representation of variability of temperatures, the SLM RCP Past datasets
provided better agreement with the VCSN-based predictions for apple sunburn suitability score (Figure
121, upper panels), which is sensitive to extreme warmth, and for kiwifruit cold kill suitability score
(Figure 121, lower panels).

Much of the focus has been on temperature-dependent suitability scores, since these are the most
common factors in climate-related suitability considerations across crops, and much of our focus has
been on the representation of maximum and minimum temperatures in the climate model datasets.
However, our formulation of a generic disease suitability score to act as a non-specific indicator of
disease risk trends across crops is dependent on both RH and temperature, and the wine-grape-
specific botrytis suitability score is dependent on rainfall, and the adjustments we made to both RH
and rainfall have contributed to improved baselining.
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Figure 121. One-to-one graphs comparing performance of the original RCP Past datasets (left panels) and SLM RCP Past
datasets (right panels) in terms of baseline agreement in apple sunburn suitability score (upper panels) and kiwifruit cold-kill
score (lower panels).

Using the SLM RCP Past dataset provided moderate improvements over using the RCP Past dataset
for obtaining agreement in baselines for the botrytis suitability score (Figure 122, upper panels). This
reflects that the only adjustment that we made to rainfall data was scaling to ensure agreement with
the VCSN data in mean rainfall for each month of the year, and did not address agreement of the
variance. Although we adjusted the RH humidity data in the SLM RCP Past dataset only for mean
bias, this together with the temperature adjustments provided a good improvement in baseline
agreement (Figure 122, lower panels).
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Figure 122. One-to-one graphs comparing performance of the original RCP Past datasets (left panels) and SLM RCP Past
datasets (right panels) on baseline agreement of suitability scores for botrytis (upper panels) and disease (lower panels).

6.7

Effect of adjustments on Contemporary period baselining

The adjustments that we made to the RCP dataset were applied consistently to the entire dataset from
1972 to 2099, although the adjustment parameters were calculated from RCP and VCSN data for the
Past period (1972-2005). These adjustments provided significant overall improvement in suitability
maps between the new SLM RCP datasets and the VCSN dataset, for the Past period.

The RCP future time frames include a period (2006—2017) for which we had observed (VCSN) data.
For convenience we refer to this as the “Contemporary” period (corresponding to the growing years
2006-2016). In a previous Progress Report (Vetharaniam et al. 2019) we found that biases in RCP-
based suitability maps were significantly worse for the Contemporary period than for the Past period.
While a 12-year period of climate data is a short period upon which to calculate statistics, we had
anticipated that SLM-RCP-based suitability maps would show significant improvement over RCP-
based suitability maps in their agreement with the Contemporary VCSN-based maps. However, while
there was some improvement, it was not as great as expected based on the outcomes for the RCP
past suitability scores. Figure 123 shows the degree of improvement for climate suitability score for

apple.
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Figure 123. One-to-one plots of Contemporary-period apple climate suitability scores calculated from RCP datasets (left
panels) and SLM RCP datasets (right panels) vs VCSN-based scores.
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This worsening in agreement for the SLM RCP datasets when going from the Past period to the
Contemporary period, is consistent with that experienced with the original RCP datasets. Our
adjustments were designed to not affect the climate trends in the RCP data, and so each SLM RCP
dataset has essentially the same trends as its counterpart RCP dataset. Thus we attribute this
worsening of bias to a short-term divergence in climate trajectory between the climate model data and
the VCSN data.

Bias correction is often unavoidable for studies on climate-change impacts because uncorrected RCM
simulations are a source of large uncertainties, but the choice of adjustment method is an additional
source of uncertainty (Teutschbein & Seibert 2013). Considering alternative adjustment methods as
suggested by Challinor et al. (2018) would allow more insight into the impacts of the individual
methods.

The RCM simulations to produce the RCP datasets were run for the years 1972—-2005 with inputs
reflecting known variables and factors that can affect weather patterns. These variables and factors
that affect climate include solar variability, volcanoes, other human-produced and natural emissions of
GHGs and aerosols, as well as carbon-dioxide levels (Buis 2020). For the years 2006 onwards, the
RCM simulations were not informed by such information, and thus were less likely to show the
fluctuations in mean temperature found in observation data. Certainly for the period from about 2007
to 2015, observed temperature changes tracked below the ensemble mean from a range of climate
models, but from 2016 onwards tended to track above (Buis 2020). Since we have performed a
systematic alignment of the RCP data to the VCSN data for the Past period, we consider that large
divergence between the SLM RCP datasets and the VCSN datasets for the contemporary period
reflects natural variability.

Our approach from here was to use the differences in 2006—2016 suitability scores between the SLM
RCP data and VCSN data to estimate an indicative uncertainty in projection of future cultivation
suitability maps. While the conventional approach is to use the variability between model runs to infer
projection uncertainty, this would not account for systematic effects that are common to the GCMs or
intrinsic to the RCM, and observation-based estimation of uncertainties is an alternative approach
(Eyring et al. 2019). This uncertainty was calculated individually for each crop, based on the root mean
square error (RMSE) of prediction. For each crop, SLM RCP-based scores were assigned to
histogram bins of width 0.5, and for each bin the RMSE across locations was calculated for the SLM
RCP-based 2006—2016 scores with respect to the corresponding VCSN-based scores. The
Contemporary scores are averaged over 11 growing years. For future projections we chose to work
with a 30-year average to reduce the effect of volatility in weather patterns. Thus we estimated the
uncertainty for each histogram bin by discounting the RMSE calculated for the Contemporary period

by /1/3.



We used the SLM RCP datasets to project suitability scores for an early-mid-century (2028—-2058)
period and a late mid-century period (2068-2098), taking the mean of the 30 yearly scores for each
period as representative of the period. We chose a 30-year period to reflect the volatile nature of
weather patterns over the course of several years: a projection based on a 30-year average is less
likely to suffer from misprojection than a projection based on a smaller time frame.

The suitability models were run for each of the four RCP levels (2.6, 4.5, 6.0 and 8.5). For each RCP,
scores were calculated for corresponding six SLM RCP datasets (corresponding to forcing by six
GCMs) and these scores were averaged to give one projection per RCP for each suitability model,
which was then mapped to show the projected climate and cultivation suitability scores at locations
across the country. Changes in suitability were calculated with respect to the average of the six SLM
RCP Past predictions for that suitability score, and these changes were also mapped to indicate the
extent to which suitability scores for each location were projected to change. The regional impacts of
climate change projections are more clearly seen in the climate suitability maps than in the cultivation
suitability maps. However, the latter maps more clearly show the extent of limitations to crop
cultivation by considering both climate and soil/land criteria.

Histograms of past and future suitability scores were constructed to compare future change in the area
of land falling into different suitability score ranges. We used the estimated uncertainties in prediction
to calculate prediction bands around the histogram values, and these were reported as best and worst
cases. The lower the cultivation suitability score, the more the limitations to successful crop
production. Thus growers are less likely to be interested in areas with lower suitability scores since
these would require more mitigation strategies to reduce risk and improve production. Thus we have
focused our discussion on scores above 0.6. For convenience we (arbitrarily) refer to cultivation
suitability scores in the 0.9 to 1.0 range as ‘excellent”, 0.8 to 0.9 as “very good”, 0.7 to 0.8 as good,
and 0.6 to 0.7 as “acceptable”.

In this section we discuss results of suitability projections for all crops under the RCP 2.6 and 8.5
scenarios, which represent the extremes of the four global warming scenarios. Additionally, climate
change impacts on the average risk level across diseases are discussed at the end of this section.
Climate and cultivation suitability projections under RCP 4.5 and 6.0 are presented Appendix 2.

The future suitability maps for apple and kiwifruit were integrated into the Land Use in Rural New
Zealand (LURNZ) model, which is an economics-based spatial model of rural land use in New
Zealand that is used to understand the spatial distributions of rural land use and map likely future land-
use patterns. The LURNZ model was used to project the likelihood of land across rural New Zealand
being in horticultural use under RCP 2.6 and 8.5, while taking into account the likely extent of major
competing land uses of dairy, sheep and beef, and forestry. The cultivation suitability maps provided
key input variables for projecting the footprints of the apple and kiwifruit under future climate change
projections for LURNZ. Results from the LURNZ model are presented in Section 8.

For each crop and scenario, we indicate the uncertainty in the number of locations in each histogram
bin. This uncertainty was calculated from the projection uncertainties described in Section 6.7. Whilst
there is considerable variability for individual bands, it is clear there is a general trend for areas of
more suitable land to increase or decrease. What is less clear is exactly how much land will be in each
category. When histograms are taken of the upper and lower limits around nominal scores, locations
will generally be shifted into and out of each bin. However, locations cannot leave the excellent range
(the top range) because of an increase in suitability, nor enter the excellent range because of a
decrease in suitability, thus this range will have a larger uncertainty variance than other ranges.
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7.1 Apple

711  Apple RCP 2.6

Under RCP 2.6, most change is projected to occur by the mid-century, with trends generally
continuing into the late-century. The biggest declines in climate and cultivation suitability occur across
most parts of Northland, northern parts of the Auckland Region and around the East Cape (Figure 124
and Figure 125). However, these are not significant apple-growing areas. Smaller declines in
suitability are projected to occur across much of the Waikato, in the Coromandel, and in most coastal
areas of the Bay of Plenty, Gisborne region and Hawke’s Bay. Slight increases in suitability are
projected to occur across the central North Island and across the South Island. While areas around
Waiouru show the most increase in suitably in the North Island these areas have low to moderate
cultivation suitability and thus are unlikely to contribute to an increase in apple footprint (Figure 125).
Small increases in cultivation suitability that occur in the Tasman district and in scattered areas of
Central Otago (Figure 125) may provide benefit to the apple industry in those regions.

Areas of land with acceptable or higher suitability are projected to have a modest increase through to
the late century, although gains in the excellent range that are achieved by the mid-century will
subsequently be halved (Table 8).

Table 8 Apple: Land area in the historic period falling into different cultivation suitability ranges, projected changes for the mid-
and late-century under RCP 2.6, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour
intensity increases with the magnitude of change.

QEE/II(??CP 0 Héiﬁgzr)ic Area channg);%ogof;igtoric (km?) Area chan%%grgorgogi;toric (km?)
: 1972-2004

. rojected B WO proecies BE Mo
0-0.1 14891 83
0.1-0.2 4286

0.2-0.3 4972

0.3-0.4 8321

0.4-0.5 12457

0.5-0.6 22444

0.6-0.7 31668

0.7-0.8 32230

0.8-0.9 31947

0.9-1.0 20509
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Apple: future climate suitability projections under RCP 2.6
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Figure 124. Apple: Projected climate suitability (top panels) and projected changes in climate suitability from the historic period (bottom panels) for
the mid-century (left panels) and late century (right panels) under RCP 2.6.
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Apple: future cultivation climate suitability projections under RCP 2.6
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Figure 125. Apple: Projected cultivation suitability (top panels) and projected changes in cultivation suitability from the historic period (bottom panels) for the
mid-century (left panels) and late century (right panels) under RCP 2.6.
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Within projection uncertainty, under RCP 2.6 the change in area of excellent suitability land ranges
from —-26% to 53% for the mid-century and from -30% to 50% for the late-century. However, very
good suitability land is consistency projected to increase by 9% to 19% for both periods (Table 8).

71.2  Apple RCP 8.5

Under RCP 8.5, projected changes in the suitability of land for apple are much larger in many
locations than under RCP 2.6, but the spatial patterns of change are similar. The projected climate
suitability and cultivation suitability maps for the mid-century under RCP 8.5 (Figure 126 and Figure
127) are similar to the late-century suitability maps projected for RCP 2.6 (Figure 124 and Figure 125).
Under RCP 8.5, climate and cultivation suitability for apple have severe declines in Northland, the
Auckland Region and around the East Cape, and significant declines in the coastal areas of the Bay of
Plenty, the Coromandel, and many Northern and Western locations of the Waikato (Figure 126 and
Figure 127). This could pose a threat to the small number of established apple orchards in the
Waikato and Coromandel. Smaller declines in suitability are projected to occur across much of the
North Island except for central and elevated areas, with notable improvement around Waiouru. Many
of these areas are projected to have good cultivation suitability or higher. The South Island is
projected to experience low to moderate increases in suitability except for northeast Marlborough and
parts of coastal Canterbury, which are projected to decline in suitability by the late century (Figure 126
and Figure 127). This pattern of change is likely to shift the footprint of apple further south.

Under RCP 8.5, the simulations project a very small increase in the area of land with excellent
suitability by mid-century, but significant increases of land with suitability scores in the acceptable to
very good ranges; however, a loss of 50% of excellent suitability land (10,000 km?) is projected to
occur by the late-century, although accompanied by about a 14,000km? increase in the area of land
falling into the slightly lower suitability range of ‘very good’ (Table 9). Within projection uncertainty a
loss of excellent suitability land would lie between 20% and 71% by the late-century; however, the
areas of acceptable, good and very good suitability land are consistently projected to increase within
prediction uncertainty (Table 9).

Table 9. Apple: Land area in the historic period falling into different cultivation suitability ranges, projected changes for the mid-
and late-century under RCP 8.5, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour
intensity increases with the magnitude of change.

Apple Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 8.5 1972-2004 2028-2058 2068-2098
Suitability range Projection Bestcase Worstcase Projection Bestcase Worstcase
0-0.1 14891

0.1-0.2 4286

0.2-0.3 4972

0.3-0.4 8321

0.4-0.5 12457

0.5-0.6 22444

0.6-0.7 31668

0.7-0.8 32230

0.8-0.9 31947

0.9-1.0 20509
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Apple: future climate suitability projections under RCP 8.5
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Figure 126. Apple: Projected climate suitability (top panels) and projected changes in climate suitability from the historic period (bottom panels) for the mid-
century (left panels) and late century (right panels) under RCP 8.5.
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Apple: future cultivation suitability projections under RCP 8.5
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Figure 127. Apple: Projected cultivation suitability (top panels) and projected changes in cultivation suitability from the historic period (bottom panels) for the
mid-century (left panels) and late century (right panels) under RCP 8.5.
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Under both RCP 2.6 and 8.5, suitability scores for fruit size, frost risk, and GDD improved consistently
across all locations when compared with RCP Past values, for both mid- and late-century. In contrast,
under both RCPs and for both time periods, sunburn suitability decreased in all locations except for
those scoring very highly in the historic period; and chill suitability notably decreased in many areas,
but increased in others but to a lesser extent (see supplementary file ‘Comparison future vs historic
scores’). Under RCP 2.6 there was little difference in patterns of change between mid- and late-
century, indicative of a stabilising of temperatures, while under RCP 8.5, the difference between the
two periods was profound.

A reduction in winter chill is the predominant factor in areas experiencing reduced cultivation suitability
under both scenarios, with increased sunburn also contributing.

The bifurcating behaviour for the change in chill suitability likely occurred because there is a narrow
temperature band for optimal accrual of RCU. In very cold areas where hourly winter temperatures are
predominantly below the optimal band, a warming of climates will push temperatures closer to the
optimal band and thus increase suitability scores. However, in areas currently receiving high RCU, a
warming climate can push temperatures above the optimal temperature band, and potentially into
temperature bands where negative accumulation of RCU occurs, decreasing suitability scores more
sharply. This effect was extremely pronounced under RCP 8.5 compared with RCP 2.6.

Under RCP 2.6, climate and cultivation suitability for kiwifruit are projected to have moderate declines
in Northland and smaller declines in Auckland, northern and some eastern areas of the Waikato,
northeast areas of Gisborne region, and some coastal areas of the Bay of Plenty, the Hawke’s Bay
and some coastal locations around other parts of the North Island (Figure 128 and Figure 129). Given
the current horticultural footprint for Kiwifruit, orchards in Northland would be negatively affected by
these changes in suitability, although a few areas in Northland are projected to still have good
suitability in the future, while the majority of kiwifruit orchards elsewhere are likely to experience a
small positive impact. Most change in suitability is projected to occur by mid-century, with little change
from then until the late century.

Under RCP 2.6, the projection indicates moderate increases in the areas of land with suitability scores
falling into the acceptable range or higher, although increases in the area of land with excellent
suitability is expected to be modest (Table 10). Since suitability is projected to decrease in Northland,
these changes may result in the kiwifruit footprint decreasing in Northland and increasing further
south. Notably, high suitability areas are projected in areas around Taranaki.

The projection uncertainty encompasses a change in area of excellent suitability land between -16%
and 67% for the mid-century and a range of —20% to 62% for the late century. However, within
uncertainty limits, the areas of land with acceptable or very good suitability are consistently projected
to increase slightly to moderately by the mid-century and slightly to significantly by the late-century
(Table 10). Although the worst-case projections for good suitability land are decreases of 5 to 6% for
the two periods, the best-case projections are for increases of 15%, and thus the expectation is an
increase (Table 10).
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Kiwifruit: future climate suitability projections under RCP 2.6
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Figure 128. Kiwifruit: Projected climate suitability (top panels) and projected changes in climate suitability from the historic period (bottom panels) for the
mid-century (left panels) and late century (right panels) under RCP 2.6.
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Kiwifruit: future cultivation suitability projections under RCP 2.6
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Figure 129. Kiwifruit: Projected cultivation suitability (top panels) and projected changes in cultivation suitability from the historic period (bottom panels) for the mid-century
(left panels) and late century (right panels) under RCP 2.6.
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Table 10. Kiwifruit: Land area in the historic period falling into different cultivation suitability ranges, projected changes for the
mid- and late-century under RCP 2.6, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour
intensity increases with the magnitude of change.

Kiwifruit Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 2.6 1972-2004 2028-2058 2068-2098
Suitability range Projection Best case Worst case Projection Best case Worst case
0-0.1 37541

0.1-0.2 12757

0.2-0.3 14845

0.3-0.4 16808

0.4-0.5 19596

0.5-0.6 21305

0.6-0.7 19058

0.7-0.8 18653

0.8-0.9 16787

0.9-1.0 6375

7.2.2  Kiwifruit RCP 8.5

Under RCP 8.5, the climate and cultivation suitability projections for mid-century are similar to late-
century projections under RCP 2.6. However, by late century, climate suitability is projected to decline
significantly and cultivation suitability is projected to decline moderately in Northland, the Auckland
region, the Waikato, the Coromandel, and coastal areas of the Bay of Plenty and Gisborne region with
suitability scores dropping below acceptable in many locations in these areas, especially in Northland
(Figure 130 and Figure 131). Many other areas of the North Island and all of the South Island are
projected to have modest to moderate increases in suitability. Large areas around Taranaki, and
scattered locations further south across the country are projected to have very good or excellent
cultivation suitability scores. These changes could see a significant reduction in Northland’s kiwifruit
footprint accompanied by new kiwifruit orchards in areas that are not currently favoured for kiwifruit.

A closer examination of the climatic reasons for the change in suitability would indicate whether or not
mitigation strategies may be possible. For example, adopting more suitable cultivars and/or
acceptable bud break enhancers might enable successful kiwifruit production in areas that have
become lower in suitability.

Strong increases in the areas of land in the excellent suitability categories are projected for mid-
century, although the gains for the excellent suitability category are expected to reverse to a small loss
by late century. Within the uncertainty limits of the projection, the areas of land with suitability scores
lying in the acceptable, good and very good categories are consistently projected to increase for both
the mid- and late-century (Table 11). However, for excellent category land, projected change is in the
range —2% to 59% for the mid-century and in the range —35% to 39% for the late century.
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Table 11. Kiwifruit: Land area in the historic period falling into different cultivation suitability ranges, projected change for the
mid- and late-century under RCP 8.5, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour
intensity increases with the magnitude of change.

Kiwifruit Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 8.5 1972-2004 2028-2058 2068-2098
Suitability range Projection Best case  Worst case Projection Best case Worst case
0-0.1 37541

0.1-0.2 12757

0.2-0.3 14845

0.3-0.4 16808

0.4-0.5 19596

0.5-0.6 21305

0.6-0.7 19058

0.7-0.8 18653

0.8-0.9 16787

0.9-1.0 6375

7.2.3 Kiwifruit: key criteria underlying change

The climatic reasons for the change in suitability can be seen by examining the individual one-to-one
graphs comparing future scores against historic scores for each location, in the supplementary file
‘Comparison future vs historic scores’. Under both RCP 2.6 and 8.5, suitability scores for frost risk, risk
of cold damage to canes (‘cold kill') and GDD increased consistently across locations for both mid-
and late-century, compared with the historic period. This increase was much more pronounced for
GDD suitability, especially for RCP 8.5 under which GDD suitability increased to 0.8 or higher for most
locations by the late century. However, as would be expected, suitability for winter chill showed a
pattern of change that was in the opposite direction to that of GDD suitability, but to a lesser extent.

In many areas, the decrease in chill suitability was more than offset by increases in suitability scores
for other criteria leading to an improvement overall; however, in other areas, the decrease in chill
suitability dominated, leading to a decrease in overall suitability.

The decrease in chill suitability was moderate enough under RCP 2.6 that many locations could
provide sufficient winter chill for ‘Hayward’, but under RCP 8.5 the number of locations with sufficient
chill for ‘Hayward’ is projected to be significantly reduced, and ‘Zesy002’ would perform better in these
areas. Mitigation strategies, such as more suitable cultivars and/or acceptable bud break enhancers,
would be needed to enable successful kiwifruit production in areas that have become too low in
suitability.
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Kiwifruit: future climate suitability projections under RCP 8.5
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Figure 130. Kiwifruit: Projected climate suitability (top panels) and projected changes in climate suitability from the historic period (bottom panels) for the
mid-century (left panels) and late century (right panels) under RCP 8.5.
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Kiwifruit: future cultivation suitability projections under RCP 8.5
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Figure 131. Kiwifruit: Projected cultivation suitability (top panels) and projected changes in cultivation suitability from the historic period (bottom panels) for the mid-
century (left panels) and late century (right panels) under RCP 8.5.
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7.3 Avocado

7.3.1 Avocado RCP 2.6

Climate suitability and cultivation suitability are both projected to increase modestly across the entire
country by mid-century under RCP 2.6, with little further increase in suitability by the end of the
century. The suitability maps are little changed from the historic period suitability maps, with Northland
and a number of coastal areas round the North Island having good or higher suitability scores (Figure
132 and Figure 133).

The areas of land for each of the score ranges from acceptable to excellent are projected to increase
significantly, with the area of excellent suitability land projected to increase by 77% and 80% at the
mid- and late-century periods under RCP 2.6. Within projection uncertainty, the areas of land with
suitability scores lying in the acceptable, good, very good and excellent categories are consistently
projected to increase for both the mid- and the late-century periods with respect to the historic period
(Table 12).

Table 12. Avocado: Land area in the historic period falling into different cultivation suitability ranges, projected changes for the
mid- and late-century under RCP 2.6, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour
intensity increases with the magnitude of change.

Avocado Héiﬁgzr)ic Area change from historic (km?) Area change from historic (km?)
SLM RCP 2.6 1972-2004 2028-2058 2068-2098
rS;nit;ebility Projection Best case V(\:lgézt Projection Best case V(\:/;)Srzt
0-0.1 100734

0.1-0.2 13592

0.2-0.3 12048

0.3-0.4 12659

0.4-0.5 11530

0.5-0.6 10603

0.6-0.7 9360

0.7-0.8 7953

0.8-0.9 4092

0.9-1.0 1154
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Avocado: future climate suitability projections under RCP 2.6
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Figure 132. Avocado: Projected climate suitability (top panels) and projected changes in climate suitability from the historic period (bottom panels) for the
mid-century (left panels) and late century (right panels) under RCP 2.6
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Avocado: future cultivation suitability projections under RCP 2.6
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Figure 133. Avocado: Projected cultivation suitability (top panels) and projected changes in cultivation suitability from the historic period (bottom panels)
for the mid-century (left panels) and late century (right panels) under RCP 2.6.
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7.3.2 Avocado RCP 8.5

The mid-century projection under RCP 8.5 is similar in pattern to the late-century projection under
RCP 2.6, although a little more favourable. The late-century projection under RCP 8.5 is for modest
through to significant increases in climate and cultivation suitability across the country (Figure 134 and
Figure 135). Some areas that had a modest suitability increase, such as Northland, already had
excellent suitability scores for the historic period and thus did not have the potential for significant
further increase. In addition to changes in Northland, this will result in most coastal areas of the North
Island, and pockets on the north and east coast of the South Island, having very good to excellent
suitability.

Within projection uncertainty, the areas of land with suitability scores lying in the acceptable, good,
very good and excellent categories are consistently projected to increase. In particular, the increased
area of excellent category land is projected to lie between 93% and 190% for the mid-century and
360% to 540% for the late-century (Table 13).

Table 13. Avocado: Land area in the historic period falling into different cultivation suitability ranges, projected changes for the mid-
and late-century under RCP 8.5, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour intensity
increases with the magnitude of change.

Avocado Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 8.5 1972-2004 2028-2058 2068-2098
Suitability range Projection Bestcase Worstcase Projection  Bestcase Worstcase
0-0.1 100734

0.1-0.2 13592

0.2-0.3 12048

0.3-0.4 12659

0.4-0.5 11530

0.5-0.6 10603

0.6-0.7 9360

0.7-0.8 7953

0.8-0.9 4092

0.9-1.0 1154

7.3.3 Avocado: key criteria underlying change

Under RCP 2.6, frost risk suitability increased modestly in almost all locations and negligibly
decreased in the other handful of areas, and the main factor underlying the increased climate
suitability across the country was that warmth suitability increased moderately across all locations as
mean temperatures increased towards the optimal temperature band (see supplementary file
‘Comparison future vs historic scores’). Under RCP 8.5, frost risk suitability showed more increase
compared with for RCP 2.6 and by late-century was significantly increased over the historic values.
Increases in warmth suitability scores for avocado were also significantly more than under RCP 2.6, at
both the mid-century and late-century stages (see supplementary file ‘Comparison future vs historic
scores’).
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Avocado: future climate suitability projections under RCP 8.5
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Figure 134. Avocado: Projected climate suitability (top panels) and projected changes in climate suitability from the historic period (bottom panels) for the mid-
century (left panels) and late century (right panels) under RCP 8.5.
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Avocado: future cultivation suitability projections under RCP 8.5
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Figure 135. Avocado: Projected cultivation suitability (top panels) and projected changes in cultivation suitability from the historic period (bottom panels) for the mid-
century (left panels) and late century (right panels) under RCP 8.5.
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7.4 Blueberry

7.41 Blueberry RCP 2.6

Under RCP 2.6, climate and cultivation suitability scores are projected to increase slightly or remain
constant for the South Island (except for a few coastal areas) and for central and elevated parts of the
North Island, with modest decreases in suitability in the northern Waikato and further north, in coastal
areas of the Bay of Plenty, and around the East Cape; elsewhere only slight decreases are expected
(Figure 136 and Figure 137). The majority of the change occurs by mid-century. The Waikato and Bay
of Plenty, which contain a significant number of New Zealand’s blueberry orchards, are generally
projected to have slight decreases in suitability and are unlikely to experience much impact. Overall,
there are likely to be large parts of New Zealand that will be suitable or highly suitable for blueberry
production, particularly if appropriate cultivars and mitigation strategies are selected.

Under RCP 2.6, a small relative increase in the area of excellent suitability land is projected to occur
by mid-century but largely reverse by late-century, with significant increases in the area of land with
suitability scores in the acceptable, good or very good ranges (Table 14). The projected change in
excellent suitability land has large uncertainty limits of —22% and 58% for the mid-century and
between —-25% and 54% for the late century. For very good suitability land these limits are
approximately 0% and 20% for both periods. Acceptable and good suitability land is consistently
projected to increase, in the range 7% to 13% within uncertainty limits (Table 14). The best case
change for the acceptable category (0.6 to 0.7) is lower than the nominal projection value due to the
vagaries of considering prediction uncertainties with histogram bins.

Table 14. Blueberry: Land area in the historic period falling into different cultivation suitability ranges, projected changes for the mid-
and late-century under RCP 2.6, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour intensity
increases with the magnitude of change.

Blueberry Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 2.6 1972-2004 2028-2058 2068-2098
Suitability range Projection Best case Worst case Projection Best case Worst case
0-0.1 13684

0.1-0.2 3992

0.2-0.3 4223

0.3-0.4 8396

0.4-0.5 19396

0.5-0.6 26337

0.6-0.7 30662

0.7-0.8 31696

0.8-0.9 34167

0.9-1.0 11172
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Blueberry: future climate suitability projections under RCP 2.6
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Figure 136. Blueberry: Projected climate suitability (top panels) and projected changes in climate suitability from the historic period (bottom panels) for
the mid-century (left panels) and late century (right panels) under RCP 2.6.

The New Zealand Institute for Plant and Food Research Limited (2021) Page 160



Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Blueberry: future cultivation suitability projections under RCP 2.6
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Figure 137. Blueberry: Projected cultivation suitability (top panels) and projected changes in cultivation suitability from the historic period (bottom panels) for the
mid-century (left panels) and late century (right panels) under RCP 2.6.
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7.4.2 Blueberry RCP 8.5

Under RCP 8.5, projected changes in suitability scores showed similar spatial patterns to those
projected for the late-century under RCP 2.6, though the magnitude of changes are much more
pronounced. These trends were projected to continue through to the end of the century, with the most
of the North Island experiencing moderate declines in cultivation suitability except for elevated areas
of the central North Island which were mostly projected to experience no change with a few areas
experiencing moderate increases in suitability.

By the end of the century, the majority of the South Island, apart from areas around Blenheim was
projected to have little increase in suitability, with isolated areas in Otago and Southland projected to
have moderate increases in suitability with resulting suitability scores in the good to excellent range
(see Figure 138 and Figure 139). As for the scenario under RCP 2.6, we expect that large numbers of
locations in New Zealand will be suitable or highly suitable for blueberry production if appropriate
cultivars and mitigation strategies are selected.

Under RCP 8.5, the areas of land with suitability scores in the excellent and very good range is
projected to increase by 24% and 6%, respectively, by the late-century. The uncertainty limits around
these late-century projections are 4% and 51% for excellent suitability land and —3% and 15% for very
good suitability land (Table 15). An increase of between 7% and 17% in the area of very good
suitability land is projected for the mid-century, but much of this gain is expected to be lost by late-
century with concomitant gains in the excellent and good suitability categories (Table 15).

Table 15. Blueberry: Land area in the historic period falling into different cultivation suitability ranges, projected changes for the mid-
and late-century under RCP 8.5, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour intensity
increases with the magnitude of change.

Blueberry Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 8.5 1972-2004 2028-2058 2068-2098
Suitability range Projection Best case  Worst case Projection Best case  Worst case
0-0.1 13684

0.1-0.2 3992

0.2-0.3 4223

0.3-0.4 8396

0.4-0.5 19396

0.5-0.6 26337

0.6-0.7 30662

0.7-0.8 31696

0.8-0.9 34167

0.9-1.0 11172
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Blueberry: future climate suitability projections under RCP 8.5
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Figure 138. Blueberry: Projected climate suitability (top panels) and projected changes in climate suitability from the historic period (bottom panels) for the mid-

century (left panels) and late century (right panels) under RCP 8.5.
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Blueberry: future cultivation suitability projections under RCP 8.5
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Figure 139. Blueberry: Projected cultivation suitability (top panels) and projected changes in cultivation suitability from the historic period (bottom panels) for

the mid-century (left panels) and late century (right panels) under RCP.
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In comparison with the historic values, chill suitability scores for blueberry were decreased moderately
under RCP 2.6, at mid- and late-century, and moderate and substantial for the same time periods
under RCP 8.5. Frost risk moderately increased under RCP 2.6 and moderately and significantly
increased under RCP 8.5 for respectively the mid- and late-century periods. GDD suitability was
significantly increased under RCP 2.6 and significantly and substantially increased under RCP 8.5 for
respectively the mid- and late-century (see supplementary file ‘Comparison future vs historic scores’).

The changes resulted in either moderate increases or modest decreases in overall climate suitability
under RCP 2.6, and under RCP 8.5 either significant increases or moderate decreases in climate
suitability by mid-century, and either substantial increases or modest to significant decreases in
suitability by late-century.

Despite the increases overall climate suitability projected to occur in the majority of area, an emphasis
on low-chill cultivars will be needed to capitalise on the increased GDD accumulation.

Under RCP 2.6, most areas of the South Island and central and elevated areas of the North Island are
projected to have either no change or a small increase in climate and cultivation suitability, while other
areas are projected to have small declines in suitability by mid-century, with little change from then
until late-century (Figure 140 and Figure 141). This would have a positive impact on cherry orchards in
Central Otago, which represent the bulk of New Zealand’s cherry industry, although in the Hawke’s
Bay the impact on orchards will depend on their location. For example, inland areas of the Hawke’s
Bay are projected to experience an increase in suitability, whereas a decrease in suitability is
projected for coastal and hinterland areas, which in the historic period already had less than ideal chill
suitability.

The projection indicates that, with respect to the historic footprint, there would be a 10% increase in
the area of the excellent suitability areas by mid-century, followed by a 14% decrease in footprint by
the late century. Areas of land with suitability scores in the acceptable, good and very good categories
are projected to have modest to moderate increases by the mid-century that are more or less
maintained in the late-century (Table 16). For both the mid-century and late-century, the uncertainty
limits of the projection allow for large increases or decreases in land with excellent suitability, and
significant increases or small decreases in land with very good suitability. Land with good suitability is
consistently projected to increase in area (Table 16).
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Cherry: future climate suitability projections under RCP 2.6
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Figure 140. Cherry: Projected climate suitability (top panels) and projected changes in climate suitability from the historic period (bottom panels) for the mid-
century (left panels) and late century (right panels) under RCP 2.6.
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Cherry: future cultivation suitability projections under RCP 2.6
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Figure 141. Cherry: Projected cultivation suitability (top panels) and projected changes in cultivation suitability from the historic period (bottom panels) for the mid-century
(left panels) and late century (right panels) under RCP 2.6.
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Table 16. Cherry: Land area in the historic period falling into different cultivation suitability ranges, projected changes for the
mid- and late-century under RCP 2.6, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour
intensity increases with the magnitude of change.

Cherry Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 2.6 1972-2004 2028-2058 2068-2098
Suitability range Projection Best case  Worst case Projection Best case  Worst case
0-0.1 14847

0.1-0.2 3325

0.2-0.3 4934

0.3-0.4 11732

0.4-0.5 29866

0.5-0.6 38953

0.6-0.7 36713

0.7-0.8 28351

0.8-0.9 14687

0.9-1.0 317

7.5.2 Cherry RCP 8.5

The mid-century spatial patterns of climate and cultivation suitability change projected for cherry under
RCP 8.5 resemble those for the late-century under RCP 2.6, and these changes are projected to
intensify for the late-century (Figure 142 and Figure 143). Most areas of the North Island (apart from
central, elevated areas) are projected to become increasingly less suitable for cherry cultivation, while
most of the South Island (apart from northeast parts of the Marlborough region) are projected to
become increasingly suitable, especially in scattered locations in Otago and Southland.

Only a small fraction of land had excellent suitability for cherry in the historic period, and this is
projected to have an increase of 32% by mid-century and of 340% by late-century, with significant
increases to the areas of land with very good and good suitability (Table 17). Within the uncertainty
limits of the projection, change in acceptable, good, and very good suitability land is consistently
positive for both mid- and late-century periods. For excellent suitability land, the projected change
would lie between -52% and 216% at the mid-century, and between 94% and 1500% by late century
which promises the potential for significant growing opportunities (Table 17).
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Table 17. Cherry: Land area in the historic period falling into different cultivation suitability ranges, projected changes for the
mid- and late-century under RCP 8.5, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour
intensity increases with the magnitude of change.

Cherry Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 8.5 1972-2004 2028-2058 2068-2098
Suitability range Projection Best case  Worst case Projection Bestcase Worstcase
0-0.1 14847

0.1-0.2 3325

0.2-0.3 4934

0.3-0.4 11732

0.4-0.5 29866

0.5-0.6 38953

0.6-0.7 36713

0.7-0.8 28351

0.8-0.9 14687

0.9-1.0 317

7.5.3  Cherry: key criteria underlying change

Under RCP 2.6, suitability scores for fruit cracking are projected to consistently increase to a modest
extent (and thus fruit-cracking risk to decrease), while GDD suitability scores are projected to
consistently increase significantly and chill suitability is projected to decrease consistently across
locations. Frost risk suitability, however, is projected to have minor to moderate increases in many
areas and minor to small decreases in others locations and remain unchanged in yet others. Change
in overall climate suitability is similarly projected under RCP 2.6 to vary from small decreases to
moderate increases. Under RCP 8.5, these patterns of change are similar but occur on an
exaggerated scale (see supplementary file ‘Comparison future vs historic scores’).

Under RCP 2.6, while growing conditions are projected to generally improve by mid-century, an
increased reliance on moderate and low-chill cultivars is expected. The minor decrease in frost
suitability projected for some locations is likely to occur due to changes in timing of flowering with
respect to the start of the frost risk periods.

Under RCP 8.5, the number of locations suitable for high-chill varieties of cherry is expected to
decrease significantly, and it is likely that the industry will be reliant on low-chill varieties in much of its
footprint. This of course depends on whether or not locations with high chill suitability have high
suitability scores for other criteria. Answering this would require a detailed location-by-location
analysis, which is out of scope for this study. Generally, however, the number of locations with high
suitability scores for GDD, fruit cracking and frost are expected to increase under RCP 8.5, although
advanced development times for budburst and flowering stages due to increased accumulation of
GDD are expected to increase frost risk in some areas.
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Cherry: future climate suitability projections under RCP 8.5
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Figure 142. Cherry: Projected climate suitability (top panels) and projected changes in climate suitability from the historic period (bottom panels) for the mid-
century (left panels) and late century (right panels) under RCP 8.5.
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Cherry: future cultivation suitability projections under RCP 8.5
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Figure 143. Cherry: Projected cultivation suitability (top panels) and projected changes in cultivation suitability from the historic period (bottom panels) for the mid-
century (left panels) and late century (right panels) under RCP 8.5.
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7.6 Pinot noir

7.6.1 Pinot noir RCP 2.6

Under RCP 2.6, climate and cultivation suitability scores are projected to remain constant or increase
across the South Island apart from the Blenheim area where a slight decrease in suitability is
expected. Slight decreases in suitability are projected across the North Island, apart from central and
elevated areas, and large parts of the Wairarapa, which are expected to remain unchanged or very
slightly increased in suitability (see Figure 144 and Figure 145). These changes are projected to occur
by mid-century with an overall slight decrease in suitability from mid- to late-century. In particular, a
small decrease in suitability is projected to occur in additional northern areas of Marlborough and
some coastal areas of the Nelson region, which might impact on vineyards in these areas. Overall,
these climate change impacts under RCP 2.6 would appear to be favourable for the current Pinot noir
footprints in Central Otago and North Canterbury. Despite the projected decreases in suitability around
Blenheim, cultivation suitability will generally remain excellent for many areas of the region, and some
areas of the Wairarapa will have very good cultivation suitability.

Under RCP 2.6, the area of land with excellent suitability is projected to double by the late century with
a transient higher increase occurring for the mid-century period (Table 18), with most of this gain
appearing in the Central Otago area. Very good and good suitability land is also projected to
substantially increase in area over these periods. However, for excellent suitability land the projection
uncertainties are very large, and the projected change would lie between —90% and 1300% at the mid-
century, and between —-90% and 1100% by late century (Table 18). These large percentage values for
potential increases are due to the very small area of excellent suitability land in the historic period.
Since the uncertainty interval for excellent suitability land predominantly lies in the positive region of
change, the overall view picture points to new growing opportunities, although a loss of excellent
suitability land cannot be ruled out.

Table 18. Pinot noir: Land area in the historic period falling into different cultivation suitability ranges, projected changes for the
mid- and late-century under RCP 2.6, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour
intensity increases with the magnitude of change.

Pinot noir Historic (km?) Area change from historic (km?) Area change from historic (km?)

SLM RCP 2.6 1972-2004 2028-2058 2068-2098

Suitability range Projection Best case Worst case Projection Best case Worst case
0-0.1 42923
0.1-0.2 20376
0.2-0.3 20274
0.3-04 24613
0.4-0.5 21422
0.5-0.6 20731
0.6-0.7 19718
0.7-0.8 9765
0.8-0.9 3727
0.9-1.0 176
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Pinot noir: future climate suitability projections under RCP 2.6
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Figure 144. Pinot noir: Projected climate suitability (top panels) and projected changes in climate suitability from the historic period (bottom panels) for the
mid-century (left panels) and late century (right panels) under RCP 2.6.
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Pinot noir: future cultivation climate suitability projections under RCP 2.6
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Figure 145. Pinot noir: Projected cultivation suitability (top panels) and projected changes in cultivation suitability from the historic period (bottom panels) for the mid-
century (left panels) and late century (right panels) under RCP 2.6.
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7.6.2 Pinot noir RCP 8.5

Projected suitability change for the mid-century period under RCP 8.5 showed patterns of change that
were qualitatively similar to those projected for the late-century under RCP 2.6, although the
magnitudes of change (both increases and decreases in suitability scores) were larger. Projected
suitability scores for the end late-century under RCP 8.5 magnified these trends, with large changes
from the historic period (see Figure 146 and Figure 147). In particular, climate and cultivation
suitability decreased in much of the North Island, and of note, the Wairarapa was projected to decline
in suitability for Pinot noir to the extent that all areas there fell below good suitability. However,
cultivation suitability in some lower-central regions of the North Island were projected to improve to the
very good and excellent categories. In the South Island, cultivation suitability for Nelson and most
areas of Marlborough (and especially around Blenheim) were projected to drop below good suitability.
Some inland areas of North Canterbury were projected to improve slightly, and within these areas are
locations that are expected to have very good suitability. Large increases in suitability are projected
across much of Otago, with many of these locations improving to very good or excellent suitability,
especially around Oamaru.

The footprint area of excellent suitability land is projected to almost double by late-century with a
transient greater increase at mid-century, and very good suitability land is projected to consistently
increase and more than double in footprint area by late-century (Table 19). The uncertainty limits of
the projection for the late-century allow from a possible disappearance of excellent suitability land to a
substantial increase, but indicate that the areas of good suitability and very good suitability land would
increase even for the worst case, and substantially so in the best case.

Table 19. Pinot noir: Land area in the historic period falling into different cultivation suitability ranges, projected changes for the
mid- and late-century under RCP 8.5, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour
intensity increases with the magnitude of change.

Pinot noir Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 8.5 1972-2004 2028-2058 2068-2098
Suitability range Projection Best case  Worst case Projection Best case = Worst case
0-0.1 42923

0.1-0.2 20376

0.2-0.3 20274

0.3-0.4 24613

0.4-0.5 21422

0.5-0.6 20731

0.6-0.7 19718

0.7-0.8 9765

0.8-0.9 3727

0.9-1.0 176
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Pinot noir: future climate suitability projections under RCP 8.5
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Figure 146. Pinot noir: Projected climate suitability (top panels) and projected changes in climate suitability from the historic period (bottom panels) for the
mid-century (left panels) and late century (right panels) under RCP 8.5.
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Pinot noir: future cultivation suitability projections under RCP 8.5
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Figure 147. Pinot noir: Projected cultivation suitability (top panels) and projected changes in cultivation suitability from the historic period (bottom panels) for the mid-
century (left panels) and late century (right panels) under RCP 8.5.
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Under RCP 2.6, the change in suitability for botrytis risk ranged from minor increases in some
locations to modest decreases in others. Winter chill showed little or no change for locations with chill
suitability scores close to 1.0 in the historic period, for lower historic values showed a decreases, with
the magnitude of the decrease increasing (by up to 0.2) the lower the historic value. Frost suitability
was significantly improved for most locations, with some small decreases for locations with suitability
scores of 0.7 or over. Heat stress suitability, which historically fell in the 0.95 or higher range,
remained tightly clustered and showed only a very minor decrease for the future period. However, for
GDD suitability, locations tended to show either a very sharp decrease or a very sharp increase,
although some locations with scores that for the historic period were in the 0.95 to 1.0 range or were
close to zero showed little change (see supplementary file ‘Comparison future vs historic scores’). The
pattern of change for GDD suitability arises because the Pinot noir requirement for GDD accumulation
has an optimal band. An increase in temperature could increase GDD suitability by pushing GDD
accumulation closer to or into the optimal zone (increased suitability score), within the optimal zone
(no change in suitability), or out of or away from the optimal zone (decreased suitability score)
depending on the starting point for GDD accumulation and the magnitude of the change. Accordingly,
the patterns of changes in overall climate suitability varied considerably from significant decreases
through to no change, through to significant increases. Locations with the highest climate suitability,
however, did not experience significant change.

Under RCP 8.5, suitability for botrytis risk had similar patterns to those projected for RPC 2.6, though
by the late-century the decreases in suitability were larger, although the highest suitability location
showed little change. Patterns of decline in chill suitability were also similar to those for RCP 2.6, but
larger, especially for the late-century, which numerous locations with very high historic scores decline
substantially in suitability. Frost suitability by mid-century were modestly higher than for RCP 2.6, and
substantially greater by the late-century, although some locations had a moderate decrease. By late-
century, heat stress suitability had decreased in some locations to the extent that heat damage might
be an issue in some years. As for RCP 2.6, change in GDD suitability showed a bifurcating behaviour,
and by late-century changes were so great locations with historic GDD scores above 0.9 would have
their scores fall below 0.8 (mostly under 0.5). However, many locations with historic GDD suitability
scores below 0.6, were projected to improve above 0.9 by late-century. Projected patterns of change
for climate suitability were similar in pattern to those for RCP 2.6, but of moderately greater magnitude
by mid-century and substantially greater by late-century. Many locations that had historic climate
suitability scores of good to excellent would incur only moderate decreases in suitability by late-
century, although many others would become unviable. However, previously unviable areas would
become viable (see supplementary file ‘Comparison future vs historic scores’).
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7.7  Sauvignon blanc

7.71  Sauvignon blanc RCP 2.6

Under RCP 2.6, the mid-century projection is that climate and cultivation suitability will remain
constant or increase across the South Island and most non-coastal areas of the North Island south of
the Waikato by mid-century, with increases generally being modest, but more significant in some
areas of Otago, Canterbury and the lower central North Island; these trends are expected to
strengthen a little by the late-century (Figure 148 and Figure 149). However, some areas of the
Gisborne region and the Hawke’s Bay are projected to have modest to moderate decreases in
suitability. These trends would favour the majority of Sauvignon blanc vineyards in Marlborough, other
South Island regions such as Nelson, North Canterbury and Otago, and the Wairarapa in the North
Island. However, growers in the Hawke’s Bay and Gisborne regions may find growing conditions
decrease or increase depending on their location.

The area of land in the excellent suitability category, which historically was only 38 km?, is projected to
increase by a factor of 2.5 by the late century, and land with very good suitability expected to triple
(Table 20). While the limits of the projection uncertainty allow an almost complete loss of excellent
suitability land by the mid-century, these limits also allow very large increases, and since the
uncertainty interval is predominantly positive the expectation is an increase.

The area of land in the good and very good categories are projected to higher with respect to the
historic period at both the mid-century and late-century, with small increases in land for the worst case
and approximately 400% increases for the best case. Thus the overall outlook is positive.

Table 20. Sauvignon blanc: Land area in the historic period falling into different cultivation suitability ranges, projected changes
for the mid- and late-century under RCP 2.6, and best and worst cases. Decreases are shaded red and increases shaded blue.
Colour intensity increases with the magnitude of change.

Sauvignon blanc  Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 2.6 1972 - 2004 2028 —2058 2068-2098

Suitability range Projection Bestcase Worstcase Projection Bestcase Worstcase
0-0.1 67747

0.1-0.2 14643

0.2-0.3 15576

0.3-0.4 21047

0.4-0.5 21684

0.5-0.6 19098

0.6-0.7 17136

0.7-0.8 5654

0.8-0.9 1102

0.9-1.0 38
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Sauvignon blanc: future climate suitability projections under RCP 2.6
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Figure 148. Sauvignon blanc: Projected climate suitability (top panels) and projected changes in climate suitability from the historic period (bottom panels) for
the mid-century (left panels) and late century (right panels) under RCP 2.6.
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Sauvignon blanc: future cultivation suitability projections under RCP 2.6
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Figure 149. Sauvignon blanc: Projected cultivation suitability (top panels) and projected changes in cultivation suitability from the historic period (bottom panels) for
the mid-century (left panels) and late century (right panels) under RCP 2.6.
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7.7.2  Sauvignon blanc RCP 8.5

The RCP 8.5 projection for the mid-century suggests modest to significant improvements in climate
and cultivation suitability across much of the South Island and central parts of the North Island and
non-coastal areas of the Wairarapa; however, decreases in suitability are expected for much of the
coastal and hinterland areas of the Hawke’s Bay and Gisborne regions, but increases further inland.
Thus the mid-century outlook for Sauvignon blanc is for improved growing conditions in the South
Island, parts of the Wairarapa, and southern areas of the Hawke’s Bay, with poorer growing conditions
for the northern areas of the Hawke’s Bay and for Gisborne region (see Figure 150 and Figure 151).

By the late-century, the RCP 8.5 projection indicates that large areas of Otago and some areas of
Canterbury will have experienced very significant increases in climate and cultivation suitability, while
Marlborough will have experienced a small decrease in suitability in its northern areas, and generally
only a slight increase in suitability in other areas (apart from pockets of moderate suitability increase).
The outlook for the South Island under this scenario is that Central Otago will contain much of the
highest (excellent) suitability land for Sauvignon blanc, with large areas of very good suitability land in
Canterbury. The outlook for the North Island is generally poor with large areas of land that have
regressed in suitability compared with the historic period, including some areas that had shown
improvement at mid-century. The exception to this is an elongated area south of Waiouru with very
significant suitability increase: this area and surrounding areas are projected to have the best
suitability for Sauvignon blanc in the North Island in the late-century, with suitability scores in the good
to very good range (see Figure 150 and Figure 151).

The area of excellent suitability land is projected to increase 8-fold and 9-fold by mid-century and late-
century, respectively, under RCP 8.5, and the area of very good suitability land is projected to
increase almost 4-fold and 9-fold for the same periods (Table 21). Within projection uncertainty areas
of good, very good and excellent category land would be higher by mid-century compared with the
historic period, Within projection uncertainty for the late century, areas of good and very good
suitability land would be substantially higher than in the historic period, while excellent suitability land
would be 61% lower in the worst case, but 55-fold higher in the best case. (The large fold increase is
due to the very small historic value (Table 21). Overall, this paints an optimistic picture for Sauvignon
blanc at a national level, though the industry could face threats in some regions.

Table 21. Sauvignon blanc: Land area in the historic period falling into different cultivation suitability ranges, projected changes
for the mid- and late-century under RCP 8.5, and best and worst cases. Decreases are shaded red and increases shaded blue.
Colour intensity increases with the magnitude of change.

Sauvignon blanc  Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 8.5 1972-2004 2028-2058 2068-2098
Suitability range Projection Best case  Worst case Projection Best case  Worst case
0-0.1 67747

0.1-0.2 14643

0.2-0.3 15576

0.3-0.4 21047

0.4-0.5 21684

0.5-0.6 19098

0.6-0.7 17136

0.7-0.8 5654

0.8-0.9 1102

0.9-1.0 38
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Sauvignon blanc: future climate suitability projections under RCP 8.5
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Figure 150. Sauvignon blanc: Projected climate suitability (top panels) and projected changes in climate suitability from the historic period (bottom panels) for
the mid-century (left panels) and late century (right panels) under RCP 8.5.
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Sauvignon blanc: future cultivation suitability projections under RCP 8.5

Suitability, 2028-2058 Suitability, 2068-2098
1 2
3
0.8 =
'U.'E‘r-'E
=]
04 £
2
02 @
0 3
-48 ; ; ; ; ; ; ; -48 ; ; ; ; ; ; ; Il Crainage N/Av
166 168 170 172 174 176 178 180 166 168 170 172 174 176 178 180 Water
Il Urban
Change from 1972-2004 to 2028-2058 Change from 1972-2004 to 2068-2098 LUC N/ Av
-34 _ Il Wilderness
-36
-38 0.6
04 2
-40
0.2 §
-42 0 E
aal —U.Eg
04 03
_‘-_'I_ﬁ.
-0.6
-48
166 168 1170 172 174 176 178 180 166 168 1170 172 174 176 178 180

Figure 151. Sauvignon blanc: Projected cultivation suitability (top panels) and projected changes in cultivation suitability from the historic period (bottom panels) for the
mid-century (left panels) and late century (right panels) under RCP 8.5.
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Although Sauvignon blanc has slightly different GDD requirements from Pinot noir and thus slightly
different development times and thus slightly different frost risk and heat stress profiles, the underlying
responses of suitability criteria are very similar. Suitability scores for winter chill and botrytis risk are
exactly the same as for Pinot noir, and their responses under climate change are discussed above.

Frost risk suitability scores showed very similar patterns of change for Sauvignon blanc as for Pinot
noir, under both RCP 2.6 and 8.5. However, increases in suitability for Sauvignon blanc were slightly
greater and slightly more consistent in magnitude than for Pinot noir, and decreases in frost risk
suitability slightly smaller. GDD suitability scores were marginally smaller in the historic period for
Sauvignon blanc compared with Pinot noir, which is expected given the difference in GDD
requirement. Change in GDD suitability score for Sauvignon blanc under RPC 2.6 and 8.5 showed a
similar bifurcating pattern to that for Pinot noir, indicating that many areas that are favourable for
optimal GDD accumulation would become unsuitable and vice versa. Damage from heat stress is
likely to be an issue for Sauvignon blanc in some locations in some years under RCP 8.5, as for Pinot
noir. Expectedly, the patterns of change in overall climate suitability for Sauvignon blanc is similar to
that for Pinot noir (see supplementary file ‘Comparison future vs historic scores’).
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7.8 General disease risk suitability

Under RPC 2.6, general disease
suitability (for non-root diseases)
was projected to have a slight
Period 2028-2068 Period 2068-2098 decrease (disease risk S||ght|y
elevated) across most of the
country by mid-century with little
o8 o subsequent change by late-
century, as can be seen in the
top panels of the individual one-
to-one graphs in Figure 152
comparing future versus past
disease suitability scores for
o g 0 o each grid location. Figure 153
indicates that the relatively few
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Figure 152. Individual one-to-one graphs comparing future vs historic disease west coast of the South Island,
suitability scores under RCP 2.6 (top panels) and RCP 8.5 (lower panels) for mid- western areas north of Taranaki

century (left panels) and late-century (right panels). in the North Island, the Waikato
and Northland, and parts of the
Auckland region projected to
have a higher risk of disease than other areas. Central, elevated areas of the South Island and to a
lesser extent in the North Island are projected to have high disease suitability scores and thus less
overall disease risk. Other areas are projected to have moderate disease suitability risk.
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The individual one-to-one graphs (Figure 152) indicate that the biggest declines in disease suitability
tend to occur in locations with already poor disease suitability.
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Generic future disease suitability projections under RCP 2.6
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Figure 153. Mid-century and late-century projection maps for disease suitability and change from historic period under RCP 2.6.
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Generic future disease suitability projections under RCP 8.5
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Figure 154. Mid-century and late-century projection maps for disease suitability and change from historic period under RCP 8.5.
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Land-use simulations were carried out in the Land Use in Rural New Zealand (LURNZ) model. The
LURNZ analysis considered land-use change that could result from changing suitability under future
climate for kiwifruit and apple, and focused on climate scenarios representing mild climate change
(RCP 2.6) and severe climate change (RCP 8.5).

LURNZ is national-scale, spatial model designed to consider the implications of environmental policies
on future land use, production and GHG emissions. It is a partial equilibrium model (Kerr et al. 2012),
it includes all private rural land in New Zealand and can produce annual maps of land use at a 25-ha
resolution.

The foundation of LURNZ is provided by econometrically estimated models that establish the
relationship between observed drivers of land use and land-use outcomes (Timar 2011; Kerr & Olssen
2012; Timar 2016). The revealed preference nature of these models enables us to make relatively few
assumptions about farmers’ objectives and decision processes: LURNZ results are largely driven by
how land use has responded to its main drivers in the past. The model’s underlying datasets and
processes have been validated (Anastasiadis et al. 2014), and its results are consistent with data and
trends at the national scale, including New Zealand’s Greenhouse Gas Inventory (Timar & Kerr 2014).

The land-use basemap of LURNZ combines remote-sensing land-cover data from the 2012 Land
Cover Database 4 (LCDB4) with land-use data from the Land Use New Zealand (LUNZ) map. Data on
land ownership and land tenure are also used to identify and classify privately owned land. In addition,
a forest age map is included in LURNZ to constrain simulated harvest and deforestation decisions
(Kerr et al. 2012; Anastasiadis et al. 2014).

LURNZ can be used to simulate changes in dairy farming, sheep-beef farming, plantation forestry and
unproductive scrub in response to changes in economic incentives. In addition, it can spatially allocate
land-use change for horticulture. Kiwifruit and apple were added to its spatial modelling capabilities in
this project.

Recent examples of empirical research relying on LURNZ for land-sector modelling include the reports
of the Productivity Commission (2018) and the Parliamentary Commissioner for the Environment
(2019). Unless otherwise noted below, LURNZ assumptions and processes used in this project are
based on those documented in Appendix 2 of the latter report.

The following GIS data layers were used in the LURNZ modelling:

e Two maps identifying apple and kiwifruit blocks, respectively
e Apple and kiwifruit cultivation suitability scores under RCP past and VCSN past climate
e Mid-century (2028-2058) apple and kiwifruit cultivation suitability scores under
RCP 2.6 and RCP 8.5
e End-of-century (2068-2098) apple and kiwifruit cultivation suitability scores under
RCP 2.6 and RCP 8.5.
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All layers had been adjusted to the geographic grid used in the LURNZ model.

8.3 Assigning baseline land use

The total land area represented by the kiwifruit and apple block maps is larger than total land area
under kiwifruit and apple cultivation according to Stats NZ data for 2019. As shown by the first two
data columns of Table 22, kiwifruit area in the map overestimates Stats NZ kiwifruit area by more than
a factor of two, and apple area in the map overestimates Stats NZ apple area by about a third.

Table 22. Land-use area (hectares) for kiwifruit and apple.

Stats NZ Block maps &

EleEEgE (2019) horticulture iealaliEs
Kiwifruit 32,650 14,922 15,600 15,500
Apple 12,500 9,761 10,075 9,400

These differences in land area are likely due to property boundaries (rather than true block
boundaries) being reported in the block maps. That is, the maps capture all areas of farms that have
any kiwifruit or apple blocks in them, even areas not containing orchards. This also explains why some
blocks are simultaneously classified as apple and kiwifruit: these are properties that cultivate both.
Thus taking the intersection of each block map with a layer identifying horticulture land use (from the
LURNZ basemap) is a reasonable strategy to identify areas under apple and kiwifruit land use.

Therefore, we assigned kiwifruit land use to those cells in horticulture use that are identified as kiwifruit
blocks. Likewise, we assigned apple land use to those cells in horticulture use that are identified as
apple blocks (unless the cell is also a kiwifruit block). Doing so greatly decreased the discrepancy
between mapped area and Stats NZ area for both apple and kiwifruit, as shown in the third column of
Table 22.

Modelled area for both land uses, in column 4 of Table 22, is slightly smaller for two reasons. First, as
noted above, we assign kiwifruit use to cells that are simultaneously classified as apple and kiwifruit
blocks: this reduces apple area by 650 ha. Second, a handful of apple and kiwifruit cells have missing
data for some variables and cannot therefore be included in the estimation. This affects 25 ha of apple
and 100 ha of kiwifruit area.

The regional distribution of land use in the updated LURNZ basemap is displayed in Table 23 below.
Land-use figures in Table 23 also include grid cells with missing data on explanatory variables. In
simulations of future scenarios, the baseline land use is assumed to persist on these cells.
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Table 23. Land use (hectares) by region and outside regional council (RC) boundaries.

Auckland 11,050 45,175 148,450 52,300 51,000
Bay of Plenty 11,625 0 18,075 100,575 113,475 275,400 54,525
Canterbury 0 50 252,200 275,375 1,718,475 130,075 297,675
Gisborne 600 150 15,825 650 329,150 171,950 130,900
Hawke’s Bay 350 5,900 28,550 29,275 624,850 156,850 127,625
Manawatu-Wanganui 100 0 17,500 165,425 1,012,900 148,925 182,025
Marlborough 0 0 32,950 9,900 236,175 77,075 113,200
Nelson 0 0 25 450 2,725 11,475 7,300
Northland 1,000 0 8,150 167,925 357,500 182,825 119,450
Otago 0 725 20,625 120,125 1,720,600 143,375 176,700
Southland 0 0 7,125 207,925 729,300 92,275 55,125
Taranaki 0 0 1,650 215,275 147,550 28,775 58,250
Tasman 700 2,250 6,150 30,600 65,875 101,925 47,475
Waikato 825 150 18,300 602,850 592,975 308,200 133,925
Wellington 0 100 8,225 35,950 302,050 76,450 127,450
West Coast 0 0 0 87,475 35,750 40,650 47,575
Outside RC boundaries 25 25 1,050 3,250 15,025 3,550 12,800
Total 15,600 9,425 447,450 2,098,200 8,152,825 2,002,075 1,743,000

8.3.1 Cultivation suitability

Climate change is represented by changes in kiwifruit and apple suitability scores. Consistent with
NIWA'’s approach for projecting climate impacts, the RCP future data have continuity back to the RCP
past data (but not the VCSN past maps). Consequently, we regard the RCP past maps as
representing suitability with current climate; we use these maps to estimate a land-use choice model
and to calibrate LURNZ, and we used the RCP future maps for simulation.

The (smoothed) frequency distribution of kiwifruit and apple suitability scores by baseline land use is
shown in Figure 155 and Figure 156, respectively. The mean score is also shown (by a dotted vertical
line) and labelled within each panel. On average, kiwifruit suitability is highest on land currently used
to grow kiwifruit and apple suitability is highest on land currently used to grow apple. Dairy and other
horticulture land also have relatively high average suitability for apple.
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Figure 155. The frequency distribution of kiwifruit suitability scores (RCP past) by land use.
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Figure 156. The frequency distribution of apple suitability scores (RCP past) by land use.

With climate change, average kiwifruit suitability across New Zealand is projected to rise (by 9% under
RCP 2.6 and by 24% under RCP 8.5) by the end of the century. Changes in average apple suitability
are proportionally smaller (4% under RCP 2.6 and only 2.5% under RCP 8.5) over the same period.

Figure 157 and Figure 158 illustrate suitability changes graphically by current land-use type, focusing
on land uses with relatively high baseline suitability for kiwifruit and apple. A solid line in each panel
reproduces the distribution of current suitability (from Figure 155 or Figure 156, as applicable), and a
dashed line depicts the distribution of future suitability with severe climate change at the end of the
century. Kiwifruit suitability decreases significantly on current kiwifruit land, but it increases in current
dairy and horticulture production areas. Apple suitability also decreases significantly on current apple
land. Apple suitability decreases on current dairy land as well, but it increases slightly on current
horticulture land.
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Figure 157. Changes in kiwifruit suitability (RCP past vs. RCP 8.5) by current land use.
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Figure 158. Changes in apple suitability (RCP past vs RCP 8.5) by current land use.

In the following section, we estimate a model to formally analyse the effect of suitability on land-use
outcomes.

Underlying LURNZ’s spatial module is an econometric model describing the relationship between
current land use, current kiwifruit and apple suitability scores and other drivers of land use. Applying
the estimated relationship to future suitability under climate change allows us to simulate the
consequent land-use change.

The econometric model is a multinomial logit choice model, similar to that described in Timar (2016).
The choice set includes the seven land uses from Table 22: kiwifruit, apple, other horticulture, dairy
farming, sheep and beef farming, plantation forestry and scrub (or unproductive). Land use is
modelled as a function of variables characterising land quality (slope and LUC class), accessibility to
markets (distances to nearest port and to nearest town) and land tenure (general land or Maori
freehold). In addition, for kiwifruit we include kiwifruit suitability and for apple we include apple
suitability. The estimation is performed on 555,224 observations, each corresponding to a 25-ha grid
cell. The model predicts choice probabilities for each land-use type at each grid cell, given the
characteristics associated with the cell.

Table 24 contains parameter estimates and standard errors from the multinomial logit. A negative
parameter estimate in the table indicates that an increase in the value of the variable decreases the
log odds (ratio of probabilities) of the given land use versus scrub. For example, holding all other
variables in the model constant, a one degree increase in slope would be expected to decrease the
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multinomial log-odds for apple relative to scrub by 0.471. The discussion below focuses on the
estimates for apple and kiwifruit. Other results are similar to those presented by Timar (2011). LUC
class and slope also contribute to cultivation suitability for kiwifruit and apple. The estimates for
kiwifruit score and apple score could therefore capture some of the effect of these variables on land-
use decisions.

Table 24. Multinomial logit estimation results. Standard errors are shown in parentheses. Asterisks indicate statistical
significance at the 1% (**) and at the 5% (*) level.

. o Other :
Apple hOI’tiCU|tUI’e Sheep-beef

—0.736** —1.179** —0.923** —0.563** —0.409** —0.029**
Land use capability class
(0.035) (0.060) (0.010) (0.006) (0.005) (0.006)
—0.134** —0.471** —0.407** —0.202** —0.055** —0.065**
Slope
(0.016) (0.057) (0.006) (0.001) (0.001) (0.001)
—0.216** —0.378** —0.100** —0.024** 0.012** —0.049**
Distance to nearest port
(0.0112) (0.019) (0.002) (0.001) (0.001) (0.001)
—0.851** —1.412** —0.279** —0.231** 0.017** 0.013**
Distance to nearest town
(0.058) (0.110) (0.008) (0.003) (0.001) (0.002)
—1.323** —1.798** —1.435** —1.623** —1.621** —0.713**
Maori freehold
(0.195) (0.388) (0.056) (0.028) (0.016) (0.018)
5.285** - s - - _
Kiwifruit score
(0.271)
- 2.226** - - - -
Apple score
(0.380)
0.006 4.346** 6.335** 5.759** 4.541** 1.893**
Constant
(0.275) (0.382) (0.040) (0.030) (0.028) (0.032)

Results in Table 24 indicate that the included variables are important parameters for kiwifruit and
apple land uses. Lower land quality (as reflected in higher LUC class and higher slope), higher cost of
market access (increased distance to ports and towns) and Maori freehold tenure all decrease the log
odds of both kiwifruit and apple relative to scrub.! As expected, higher kiwifruit suitability increases the
probability of kiwifruit land use, and higher apple suitability increases the probability of apple land use.
We note that LUC class and slope also contribute to cultivation suitability for kiwifruit and apple, so the
estimates for kiwifruit score and apple score could capture some of the effect of these variables on
land-use decisions.

8.4.2 Projected land-use change

The predicted choice probabilities from the multinomial logit model can be aggregated into predicted
land-use areas. At observed values of all explanatory variables, the model's aggregate predictions
exactly match observed land-use areas in the estimation sample. By substituting future values of

1 In multinomial logit models, the sign of the parameter estimate does not always necessarily match
the direction of the marginal effect on choice probability. However, negative estimates are generally
associated with decreasing probability of apple and kiwifruit in our model.
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suitability into the equation, one can use the estimation results to project future land-use change for
kiwifruit and apple under a given climate scenario (assuming no change in other variables).

Table 25 includes mid-century and end-of-century projections under two climate scenarios. In all
cases, the area changes shown are relative to baseline land-use areas. In general, kiwifruit area is
projected to expand with climate change, growing by 3800 ha (about 25% of current land area) by the
end of the century under severe climate change. Apple area changes only marginally under mild
climate change but contracts by 1050 ha (about 10% of current land area) by the end of the century
under severe climate change. Mid-century and end-of century outcomes are nearly identical under
RCP 2.6.

Table 25. Projected land-use change (hectares) for kiwifruit and apple from the multinomial
logit by climate scenario.

RCP 2.6 RCP 2.6 RCP 8.5 RCP 8.5

Kiwifruit 1875 1825 2675 3800
Apple 150 125 100 ~1050

Climate change impacts for other land uses are not directly modelled (but there will be offsetting
changes to these uses to accommodate changes in Kiwifruit and apple so that total modelled land area
does not change).

8.5 Integration with LURNZ

The projected land-use changes from the multinomial logit model are effectively used as inputs into
LURNZ model runs. LURNZ combines these inputs with other land-use changes representing the
impact of economic drivers, and it also applies various constraints on future land-use change.
Therefore, the simulation outcomes from LURNZ will not exactly match the projections of the
econometric model.

LURNZ also allocates land-use changes spatially across the country. During this process, it considers
any changes in location-specific, land-use probabilities resulting from climate change.

8.5.1 Climate-driven land-use change

LURNZ integrates information from current and future suitability layers during execution of the desired
climate scenario. Current (RCP past) climate is assumed to apply until 2027. The model does not
therefore project any climate-driven, land-use change in this period. Mid-century climate is assumed to
apply in the period 2028-2062. LURNZ determines the overall land-use change projected for this
period and attempts to allocate it (subject to some constraints), in a linear manner in annual steps over
the period. End-of-century climate is assumed to apply in the period 2063—-2098. LURNZ determines
the additional (compared with mid-century) land-use change for the period and attempts to allocate it
linearly over the period. However, as LURNZ simulations end in 2075, land use will not have fully
adjusted to end-of-century climate by the final simulation year.
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Economic and policy parameters affect simulation outcomes for dairy farming, sheep-beef farming,
plantation forestry and scrub. The parameters applied for LURNZ scenarios in this project reflect
integrated Model Run 7 in the study by the Parliamentary Commissioner for the Environment (2019).
Model Run 7 explores a two-basket approach to climate policy, where emissions from the land sector
are treated separately to emissions from other sectors of the economy (collectively referred to as the
fossil sector). The objective in Run 7 is for the fossil sector to meet net zero emissions by 2050, and
for the land sector to reach a 20% emissions reduction from 2016 levels. Forestry offsets are allowed
in the land sector only. The two-basket approach combined with the low policy stringency for the land
sector leads to relatively low emissions prices in the land sector. The carbon price applied to the land
sector increases along a sigmoid function to NZD 48 by 2075, the end of the simulation period. As a
larger share of mitigation is performed by the fossil sector, there is relatively small disruption to the
land sector (compared with other policy scenarios considered). Therefore, this run is thought to be the
most consistent with the assumption of no exogenously driven growth in horticulture, kiwifruit and
apple land area.

Consistent with assumptions in the reports of both the Productivity Commission (2018) and the
Parliamentary Commissioner for the Environment (2019), we constrain the expansion of dairy farming
in the simulations: no new land may be converted to dairying beyond 2025. This constraint reflects an
anticipation of regional councils setting water quality limits in their regions in compliance with the
Freshwater National Policy Statement.

The geographic allocation of simulated land-use change in LURNZ is documented in detail in
Anastasiadis et al. (2014). Here, we amend the original allocation algorithm to deal with changes in
kiwifruit and apple land use.

In each simulation year, changes to kiwifruit are allocated first, and changes to apple are allocated
next (then the algorithm moves on to other horticulture, dairy farming, sheep and beef farming, forestry
and finally scrub). If kiwifruit land area increases, cells in other land uses with the highest kiwifruit
land-use probability are converted to kiwifruit use. If kiwifruit land decreases, kiwifruit cells with the
lowest kiwifruit land-use probability are assumed to convert to other horticulture land. The allocation of
apple changes proceeds similarly (with the exception that kiwifruit land is not available for conversion
to apple).

Simulated land-use conversions must satisfy some constraints. For example, deforestation of a
plantation forestry cell is not allowed unless the forest is of harvestable age, and pre-1990 forests are
not allowed to change land use (if a positive carbon price applies).

The algorithm deals only with changes in land use each year thereby minimising the number of cells
that change use: reshuffling across land uses does not happen. This feature, a reflection of both
unobservable factors and costs associated with land conversions, leads to patterns of land-use
change that match observed short- and medium-term changes reasonably well (Anastasiadis et al.
2014). However, it is not well suited to long-term simulations in the context of climate change. By
considering only changes in land use, the algorithm will not allow any cells to convert out of a use as
long as the area of that land use increases nationally. Of particular concern in this respect is the
projected shift of kiwifruit cultivation suitability across New Zealand. Although suitability with climate
change increases on average, it decreases significantly in some current production areas. It is
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expected that over time, land use would respond to declining suitability, but this cannot be captured in
the standard LURNZ output.

Therefore, we perform an additional modelling step to simulate conversions out of kiwifruit and apple.
For each of these two land uses, we assume that the loss of land area within a region is proportional
to the change in mean land-use probability on land in the given use. That is, a 50% fall in mean
kiwifruit land-use probability on current kiwifruit land would lead to a projected loss of half of the
region’s kiwifruit land. The land area lost is then reallocated elsewhere by the standard algorithm in
LURNZ. Essentially, this leads to a reallocation of kiwifruit an apple land areas away from regions with
falling suitability to areas with the highest suitability (or, more precisely, highest probability).

8.6 LURNZ simulation results

Combining the effects of climate, economic and policy parameters, Table 26 and Table 27 report
simulated land-use outcomes over time at the national level for RCPs 2.6 and 8.5, respectively. As
economic and policy parameters are fixed across the runs, differences across the tables reflect the
effect of changing kiwifruit and apple cultivation suitability.

Table 26. Simulated land-use (hectares) with mild climate change (RCP 2.6).

Kiwifruit 15,600 15,750 16,550 17,350 17,475

Apple 9,425 9,425 9,500 9,550 9,575

Other horticulture 447,450 447,425 447,075 446,800 446,775
Dairy 2,098,200 2,291,375 2,290,925 2,290,500 2,290,450
Sheep-beef 8,152,825 7,488,125 7,243,025 6,916,975 6,685,075
Forestry 2,002,075 2,426,775 2,894,325 3,387,875 3,687,350
Scrub 1,743,000 1,789,700 1,567,175 1,399,525 1,331,875

Table 27. Simulated land-use (hectares) with severe climate change (RCP 8.5).

Kiwifruit 15,600 15,825 16,975 18,375 18,675
Apple 9,425 9,425 9,475 9,425 9,125
Other horticulture 447,450 447,400 446,950 446,550 446,850
Dairy 2,098,200 2,291,325 2,290,750 2,290,050 2,290,025
Sheep-beef 8,152,825 7,488,025 7,242,575 6,823,850 6,683,325
Forestry 2,002,075 2,426,775 2,894,300 3,508,800 3,687,300
Scrub 1,743,000 1,789,800 1,567,550 1,371,525 1,333,275

In Table 28 and Table 29, a more detailed regional analysis of simulated land-use changes for kiwifruit
and apple is presented. Under each climate scenario, regional losses and gains in land area are
shown separately. For example, under the severe climate change scenario represented by RCP 8.5,
kiwifruit area across New Zealand is projected to grow to 18,675 ha by 2075 — an increase of 3075 ha.
This increase is the net effect of a loss of 5425 ha of current kiwifruit land and a growth of 8500 ha
elsewhere.
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For kiwifruit, area losses tend to be relatively large in the Bay of Plenty and Northland regions. At the
same time, conversions to kiwifruit are projected to happen in some regions that are not traditionally
associated with kiwifruit production. Hawke’s Bay and Taranaki experience relatively large increases
under both scenarios, while conversions to kiwifruit happen only with severe climate change in
Canterbury.

Several previous studies (including Kenny 2001; Warrick et al. 2001; Pearce 2017) suggest that a lack
of winter chilling due to climate change may make ‘Hayward’ kiwifruit production uneconomic in
Northland (these studies also indicate a large potential decline in production in the Bay of Plenty.)
However, our cultivation suitability scores assess suitability across all cultivars, not just ‘Hayward’;
while rising temperatures may result in ‘Hayward’ vines not receiving sufficient winter chill, lower-chill
cultivars such as ‘Zesy002’ could still be viable. Thus, while kiwifruit cultivation suitability falls
significantly in Northland under RCP 8.5, it does not fall to zero, precisely because kiwifruit cultivars
other than ‘Hayward’ are available. Consequently, we have not projected a complete loss of kiwifruit
land in Northland. More detail on the difference between our and previous studies are given in

Section 9.2.

For apple, impacts under mild climate change are negligible. Under severe climate change, a large
decrease of land use area is projected for the Hawke’s Bay with partly offsetting increases in the
South Island regions of Canterbury and Otago. The net effect is a projected decline of 300 ha in apple
land area by 2075.

Table 28. Simulated land-use (hectares) by region and outside regional council (RC) boundaries for kiwifruit in 2075.

Auckland 375 50 0 325 200 0 175
Bay of Plenty 11,625 650 75 11,050 4,275 75 7,425
Canterbury 0 0 0 0 0 1,625 1,625
Gisborne 600 25 25 600 125 150 625
Hawke’s Bay 350 0 325 675 0 2,325 2,675
Manawatu-Wanganui 100 0 0 100 0 0 100
Marlborough 0 0 0 0 0 950 950
Nelson 0 0 0 0 0 50 50
Northland 1,000 225 0 775 600 0 400
Otago 0 0 0 0 0 400 400
Southland 0 0 0 0 0 0 0
Taranaki 0 0 2,425 2,425 0 2,275 2,275
Tasman 700 0 0 700 0 625 1,325
Waikato 825 25 0 800 225 0 600
Wellington 0 0 0 0 0 25 25
West Coast 0 0 0 0 0 0 0
Outside RC boundaries 25 0 0 25 0 0 25

Total 15,600 975 2,

o]
a1
o

17,475 5,425 8,500 18,675
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Table 29. Simulated land-use (hectares) by region and outside regional council (RC) boundaries for apple in 2075.

Region Basemap loss gain Year 2075 loss gain Year 2075
Auckland 75 0 0 75 50 0 25
Bay of Plenty 0 0 0 0 0 0 0
Canterbury 50 0 50 100 0 875 925
Gisborne 150 0 25 175 50 25 125
Hawke’s Bay 5,900 175 125 5,850 1,600 25 4,325
Manawatu-Wanganui 0 0 0 0 0 0 0
Marlborough 0 0 0 0 0 0 0
Nelson 0 0 0 0 0 0 0
Northland 0 0 0 0 0 0 0
Otago 725 0 0 725 0 525 1,250
Southland 0 0 0 0 0 0 0
Taranaki 0 0 125 125 0 75 75
Tasman 2,250 0 0 2,250 50 0 2,200
Waikato 150 0 0 150 50 0 100
Wellington 100 0 0 100 25 0 75
West Coast 0 0 0 0 0 0 0
Outside RC boundaries 25 0 0 25 0 0 25
Total 9,425 175 325 9,575 1,825 1,525 9,125
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A separate workshop was held for each of apple, kiwifruit, avocado, cherry and wine grape, to present
the work done in the project to the industries associated with these crops. Attendees included industry
representatives, PFR crop experts and business managers, and members of the project team. The
structure was the same for each workshop and reflected the structure of this report. However, since
we modified some aspects of the modelling (such as not including the generic disease suitability score
in overall suitability calculations), some of the presented results were in effect preliminary, with the
final results presented in this report.

Additionally, we obtained feedback on how the different industries felt regarding how a crop fact sheet
summarising this work should be presented. We also briefly described the purpose and intention of the
SLMACC Adaptation project that will extend this work, by quantifying production and financial risk to
the kiwifruit and avocado under climate change, and assessing and valuing different mitigation
strategies.

Below we present salient information from the workshops along with our subsequent considerations.

While there was strong interest in the suitability modelling and the potential for future extensions, the
industry view was that the modelling missed the opportunity to provide guidance to growers on the
daily operations in the orchard. From a grower’s viewpoint, the risks of frost, hail and sunburn damage
can be mitigated, as can drainage to a lesser extent. However, the number of rainfall days could be an
operational issue, especially in spring, but at other times too: rain and weather events affected
whether a location is suitable, and thus growers are interested in long-term forecasts of daily rain and
additionally wind for the current season. However, the work done in the project was seen as having
value for long-term strategic planning, and would be of more interest to large companies than
individual growers.

The industry expressed the view that rather than modelling and projecting cultivation suitability at the
national level, an approach that paid individual attention to the main current apple-growing regions
(Hawke’s Bay, Nelson, Central Otago, Gisborne plus perhaps Timaru and Waikato) would provide
more insight on how these areas will be affected over the next 50 years. It would be also desirable to
have the biggest climate risk factor for each region identified. The industry highlighted that it has GPS
coordinates for orchard boundaries that could be incorporated to enhance regional-scale suitability
modelling and projections.

Certainly our focus in this project has been at the national level, and although projected climate
change impacts on apple cultivation at the regional level are shown on our future suitability maps this
does not provide the resolution that the apple industry would like. Refining our suitability modelling to
separately focus on current apple-growing regions, especially incorporating industry GPS data for
boundaries would be an invaluable extension, and additionally strategic value could be gained by
applying a focus on the new areas of future suitability that we have projected in this project. However,
given the stochastic nature of weather patterns, the ability of models to provide guidance on daily
operations in the long-term future is limited.

The industry had the view that rain was a better predictor of disease than relative humidity and
suggested a reformulation of our generic disease model to incorporate rainfall per month or the
number of rain days a month, based on work done for the industry by PFR disease expert, Robert



Beresford. An alternative view (Ken Breen) was that the predictor should be pathogen specific, with
the example that russet disease was more accurately predicted by leaf surface wetness or RH >80%.
Modelling disease risk in apple by addressing the different risk factors for individual pathogens would
require more resources than available in this project and thus was out of scope. The feedback from
the industry has highlighted the need to address this gap in the future.

A key concern raised by the kiwifruit industry was that our projections on the suitability for Northland
for kiwifruit differed from earlier projections by NIWA (Tait et al. 2018) for which timeline projections
are available at https://well-shny-vp.shinyapps.io/CCII/. While Tait et al. (2018) focused on Te Puke,
the timeline projections encompasses all of New Zealand. This timeline and other reports (which are
referenced in the LURNZ section) suggest that suitability for kiwifruit in Northland would reduce to the
point that it would become uneconomic. In contrast, our projection was far more favourable. Our
response at the meeting was followed by subsequent email communication and investigation. Given
the importance of this apparent conflict in projections, we summarise the main details below.

Reassuringly, both the NIWA study and our study project a decline in suitability for Northland, with a
minor impact projected under the RCP 2.6 and a more significant decrease in suitability under RCP
8.5. However, comparison of the studies is complicated a little because the two studies used different
suitability scales, different suitability rules and different future climate model datasets.

Additionally, while the NIWA study focused on the viability of the green ‘Hayward’ cultivar, we
considered suitability for a range of cultivars, including ‘Hayward’, ‘Zesy002’ (which has a lower chill
requirement than ‘Hayward’), and future cultivars bred to have even lower chill requirements.

While the NIWA study expressed suitability in terms of used the three categories of “Poor”, “Marginal”
and “Good”, we used a continuous scale from 0 to 1. Additionally, while the NIWA study used a
temperature index approach to identify threshold ‘production risk’ temperatures for four phenologically
important seasons (Tait et al. 2018), we considered the range of climate and soil suitability criteria that
we have described in this report. Also, we used the new SLM RCP climate datasets (discussed in
Section 6) rather than NIWA’s RCP climate datasets.

Thus the studies do differ in the starting and end points for suitability assessment.

Our study assessed that in the contemporary period (2006—2016) most areas in Northland had
average to good cultivation suitability (0.5 to 0.8) across kiwifruit cultivars but with some very poor and
some very excellent suitability (>0.9) areas. Our end of century projection for RCP 8.5 indicates that
while there will be no areas with excellent suitability across all cultivars, there will be still be a number
of areas in the average to good range.

The NIWA study assessed Northland as having marginal to poor suitability for ‘Hayward’ over the
contemporary period (2006—2016) and earlier years, and projected all of Northland would have poor
suitability for ‘Hayward’ by the end of the century under RCP 8.5.

A key point here is that although Northland may become too warm for ‘Hayward’, it may still prove
sufficient for other cultivars. Thus how scores are interpreted is very important. For example, within
our suitability score system, a lower chill suitability score could suggest that ‘Hayward’ would not
receive adequate chill, but ‘Zesy002’ or other new cultivars might, or that Hi-Cane® (or suitable
replacement) will be needed for successful growing of ‘Hayward’.
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Another area of concern was that the preliminary projections from the LURNZ model suggested that
the kiwifruit footprint would increase in Northland in the future despite our projections that kiwifruit
suitability would decline. The LURNZ model had been extended in this project to include apple and
kiwifruit, and investigations showed that a parameter spuriously linked an increase in kiwifruit area to a
decrease in the apple suitability. Thus as a result of the workshop feedback, the model has been
updated to remove the spurious effect, in order to improve the robustness of the LURNZ model
projections.

The kiwifruit industry saw value in the modelling to help individual growers undertake risk
assessments and develop farm plans for mitigation, and for the industry to perform risk assessment at
the regional level. The modelling is also invaluable for identifying where the industry can grow, and for
understanding risks and opportunities from a strategic/governance perspective.

There was broad support for our approach of continuous suitability score formulated from a plant
physiology perspective, and industry members made the observation that our ground-truthed
suitability maps for avocado were in line with industry experience and improved on other approaches
they were aware off, especially for projection of suitability in the South Island.

However, it was felt that our modelling of frost and warmth suitability scores could be further refined,
with the observation that avocado is relatively plastic with respect to soil properties but very sensitive
to climate. Thus it was felt that we could further reduce our weightings for soil criteria which, with the
exception of drainage, are already low relative to climate criteria weightings. Our soil pH model was
considered to provide a good representation of avocado sensitivity to soil pH.

The industry has found that non-frost spring temperatures less than 7°C can damage leaves, which
we have not represented in our modelling. Thus there is interest is having a separate model for spring
temperatures. Alternatively our frost suitability model could be extended to include cold damage from
non-frost temperatures with season-dependent sensitivity.

Additionally, since low temperatures can affect avocado pollination, the avocado industry would be
keen on the development of a separate suitability model for pollination that included low spring
temperatures, which can affect pollination. The literature provides some data on the temperature
conditions needed for successful pollination, and in this project we had incorporated this information
into our warmth suitability score. However, unpublished data on individual flowers, temperature and
fruit set have been collected on behalf of the industry, and this would be available to us for further
model development.

The view from the industry was that the generic disease model should be excluded from calculations
since the industry has tools to control disease, so disease considerations are not as important as other
criteria when decisions are made on whether to establish a new orchard, and our disease module is
too generic to aid in disease. However, the industry does have future pest incursions due to climate
change on its radar, and had observed an increased expression of fungal disease in avocado trees.
Productivity loss from phytophthora root rot is hard for the industry to quantify. There is also interest in
a separate project dedicated to pest and disease as future work, since the industry has a lot of data
collection on pest and disease in the pipeline. It was felt that our generic disease model had the
appropriate structure to incorporate data on specific organisms (with suitable parameterisation) and
that at least two disease models were needed, to distinguish between tree diseases and fruit



diseases. We had used drainage suitability in our modelling to indicate the risk of root diseases;
however, a better understanding of root diseases would be desirable.

The avocado industry would like to use the results from our climate suitability studies to inform
investment decisions in new avocado orchards by identifying where best to buy land, and to increase
grower awareness of increasing or decreasing challenges. Knowledge of potential future climate
impacts on productivity would also usefully feed into choice of cultivars as a mitigation strategy that
would be underpinned by a breeding programme for future cultivars. A question the industry has, is
how much variation in production can be explained by climate versus management, since this feeds
into the inherent value proposition of mitigation strategies.

Philip West (Research Manager, New Zealand Avocado) shared research results that indicated
summer temperatures were the biggest factor for avocado production under climate change, which
was contrary to the expectation that spring temperatures would have the most influence.

No workshop for the blueberry industry was held.

A key interest expressed by the cherry industry is using the suitability modelling as a tool to inform on
whether or not to replace the current cultivar in a location with a different one in the future, based on
how suitability in that location is projected to change. Therefore, as for the apple industry, value was
seen in refining our suitability modelling to separately focus on the different locations within growing
regions, and to project with much more precision than the uncertainty limits in our study would allow.
Growers would be interested in data and future projections at a localised level that would guide
investment decisions with a 40-year time-frame (a tree having a 30-year lifespan).

Conversely, the industry would like tools to examine areas that are not growing cherry but appear
suitable and investigate why not, and to identify opportunities for new orchard locations.

It was noted by the industry that areas of the Hawke’s Bay showed only moderate suitability for winter
chill, yet cherries are successfully grown there because of appropriate (low-chill) cultivar choice. This
was actually in accord with our chill suitability score, which reflects the range of cultivars receiving
adequate chill: the lower the score, the greater the restriction to low-chill cultivars.

The relevance of the LUC classes was questioned, with the suggestion that LUC scores be ground-
truthed for perennial tree crops to check the validity of including LUC classes in suitability rules.

The industry representatives also expressed a desire for the model to be made available as a tool that
allowed researchers and growers an ability to test different assumptions and to assign different
weights to suitability criteria based on their personal views and experience. For example, frost risk
could be mitigated to some extent, thus it was suggested there should be the ability to run scenarios
with and without frost as a suitability criterion.

This is an avenue of work that would be of benefit across all industries, and not just cherry, and would
especially enhance further work on developing suitability models for individual pathogens by allowing
focus on the main known disease risks in a locale.



While there was interest in the model and approach, the industry view was that the 5kmx5km climate
data grid cells and the 1kmx1km soil data grid cells were too course for the industry, given that the
footprints on Pinot noir and Sauvignon blanc were very small in some regions. Additionally, despite the
use of expert validation in the development of suitability maps, industry representatives would feel
more confident if maps were checked for validity using location data. An observation by Damian Martin
was that the maps might over-predict suitability for the Waikato.

There was interest in applying the suitability modelling to look at climate risks over a 12- to 18-month
basis rather than using it to project for periods of time far into the future. However, such an application
would require reliable predictions of weather patterns up to 18 months into the future, and given the
stochastic nature of weather patterns, a climate model cannot be relied upon to provide such
accuracy.

Industry representatives were also keen on having the ability to interrogate the model to identify how
the individual suitability criteria contribute to projected suitability changes for individual locations, and
also to compare suitability scores for other crops at individual locations in order to aid decisions on
planting.

This functionality would be complementary to the functionality requested by the cherry industry, and
could be provided by the same modelling tool. This of course would provide benefit across industries
and thus would be a compelling line of research.



Under RCP2.6, the low GHG concentration pathway, for all crops there is very little difference between
the mid-century suitability maps and late-century maps, most changes having occurred by the mid-
century. This is not surprising since under RCP2.6 GHG emissions are assumed to have peaked in
2020. For each crop the area of land with excellent suitability (0.9 to 0.1) is projected to increase
modestly by mid-century compared with the historic period. For crops such as cherry and wine grape,
starting with very small areas of land in this category, the relative increase ranged from 30 to 400%.
However, between the mid- and late-century, a small loss of excellent suitability land is projected to
occur for all crops except avocado, with cherry dropping below its historic-period level.

Under this RCP, the pattern of change in suitability for apple disadvantages the Hawke’s Bay (the
main apple-growing region), Gisborne and the Waikato, but favours other apple regions such as
Central Otago and Nelson. The suitability maps indicate that areas in the Taranaki could have the
highest suitability land for apple. In contrast, the kiwifruit heartland in the Bay of Plenty is projected to
have an increase in suitability apart from coastal areas. However, from Northland down to the
Waikato, the Coromandel and areas around the East Cape are projected to decrease, and given that
Northland does not have a high suitability for winter chill, these changes would increasingly favour
low-chill cultivars such as ‘Zesy002’ in this region. Since areas with highest suitability for avocado are
predominantly in the Northland region and suitability is projected to increase, some change in land use
from kiwifruit to avocado could be expected in Northland.

Although suitability for blueberry is expected to experience a small decrease in its main growing
regions under RCP.2.6, the Waikato and Bay of Plenty, suitability will remain high, as it is in many
locations throughout New Zealand. Thus footprints are unlikely to be significantly affected, although
this is not clear for Northland where lower-chill varieties of blueberry would currently be required.
Since low-chill varieties of cherry are required in the Hawke’s Bay, the decrease in suitability in most
areas of that region could place further limitations on cherry cultivation; however, significant areas of
very good to excellent suitability land are expected to remain. Cultivation suitability for cherry in
Central Otago shows little change.

Both the Pinot noir and Sauvignon blanc industries would have the opportunity to substantially
increase their growing footprint under RCP2.6. Although suitability for Pinot noir decreases a fraction
in parts of Marlborough and Nelson, but suitability for Sauvignon blanc increases in the same regions,
the overall suitability for both wine grape cultivars will remain excellent in many areas of the region,
thus there is little likelihood of a climate-driven change in land use between the cultivars in these areas
or other wine-growing areas.

Mid-century suitability maps projected under RCP 8.5 show similarities to the late-century maps
projected under RCP 2.6. In comparison with the historic period, the total area of land with excellent
cultivation suitability is projected to halve for apple by the late-century, remain more or less constant
for kiwifruit, have a modest 24% increase for blueberry, double for Pinot noir and have several-fold
increases for Sauvignon blanc, avocado and cherry.

Under the RCP 8.5 projections, a reduction in the footprint of apple in its main growing area of
Hawke’s Bay is expected (as well as Waikato and Gisborne), but some new opportunities for orchard
establishment could occur in Southland. Decreasing suitability in kiwifruit strongholds such as the Bay
of Plenty and Northland could see the kiwifruit footprint shift to new locations such as the Taranaki and



North Canterbury where suitability is expected to increase. Suitability for avocado is projected to be
very good or excellent in many scattered locations around the North Island away from the centre of the
central plateau, offering the opportunity for a significantly increased footprint. Many of these locations
coincide with areas that current support kiwifruit but that are projected to become unsuitable. Thus
significant land-use change from kiwifruit to avocado would be expected.

Under RCP8.5, the projected reduction in suitability for blueberry in Northland and coastal areas
around the North Island and the increased appearance of highly suitable land across Canterbury,
parts of Otago and Southland could result in a wider distribution of the blueberry footprint, especially in
the South Island. A similar trend for cherry is expected, with the Hawke’s Bay projected to reduce in
suitability and increasing locations in Otago and Southland becoming of very good or excellent
suitability.

The warmer late-century temperatures under RCP8.5 are projected to make most of the North Island
unsuitable for Pinot noir, and greatly reduce the suitability of the Nelson and Marlborough regions,
while opening up a few new areas of land in Canterbury and Otago with very good or excellent
suitability. A similar situation is projected for Sauvignon blanc by the late-century under RCP 8.5, with
the North Island and Nelson becoming more or less unsuitable, while areas in Central Otago and
South Canterbury developing excellent cultivation suitability. Although around the Blenheim area in
Marlborough is projected to reduce in suitability, a few locations are expected to have very good
suitability.

Our development of a new nonlinear suitability model composed of modular suitability score functions
provides for increased power and flexibility for assessing land-use suitability.

Crop growth is a biological process and relationships between crop development and temperature, or
in fact any other environmental parameter, are subject to natural variation. In this context, we consider
the commonly used binary assessment of ‘suitable’ or ‘unsuitable’ to be inflexible, and not ideal for
dealing with diversity of horticultural production systems. Thus, we have adopted sliding scale
suitability scoring functions to evaluate each assessment criterion. This approach has several
advantages over a binary assessment method: the model outputs not only highlight regions with
optimal growing conditions for a certain crop but also delineate and rank other regions with lesser
suitability for this crop. The scores for the individual suitability criteria can then help to identify which
measures or management practices would be required for viable crop production in regions with lesser
suitability.

Further, the interpretation of the assessment scores could be extended from pure “suitability”
assessments to projections of potential yields and productivity, or to ongoing mitigation costs.
Alternatively, the suitability scores could be adapted to expressing exposure to risk and potential loss.

Through consultation with industry and expert researchers, we found that opinions about the relative
importance of individual suitability criteria are quite diverse. In our modelling, we represented a
“consensus” view of importance by taking a weighted combination of the individual climate-related and
land-related suitability criteria to form a final suitability score, with criteria believed to be more
important having a larger weight. The criteria weights can readily be changed to accommodate
different views.



Another advantage of our model is its modular framework, which provides flexibility for potential future
extension of the model. Other environmental factors projected to change, such as frequency and
intensity of rain or atmospheric CO2 concentrations, could be easily considered, provided that
necessary input data were available. Also, additional suitability criteria such as the risk of pest and
diseases or the occurrence of flooding could similarly be developed and integrated into the model as
new modules. Likewise, currently integrated suitability assessment criteria could be removed or given
lower weightings if new system understanding was obtained or new cultivars that have greater
tolerance to certain climate criteria were developed e.g. lower chill requirements.

While developing the suitability models for avocado, blueberry, cherry and wine grape, we extended
our ‘sliding scale’ continuous suitability score methodology that we developed for apple and kiwifruit to
incorporate more phenological-based modelling. Compared with a binary approach, a continuous
approach is more suitable for incorporating natural variations that occur between environmental
parameters and the biological processes that underpin crop performance. Further advantages over a
binary assessment method include that the model outputs not only highlight regions with optimal
growing conditions for a certain crop but also delineate and rank other regions with lesser suitability for
this crop. The scores for the individual suitability criteria can then help to identify which measures or
management practices would be required for viable crop production in regions with lesser suitability,
e.g. frost protection or rooting depth.

At the start of the project it was envisaged that we would perform future projections using 24 future
weather datasets generated by NIWA'’s regional climate model (separately forced by six GCMs under
four RCPs). However, we found deficiencies in the RCP datasets in that they did not accurately reflect
NZ weather patterns for their hindcast period (1972-2005), for which we had observation-based data.
Thus we performed adjustments in order to obtain future climate datasets that more closely matched
observed weather patterns, and this created new datasets, which we refer to as the SLM RCP
datasets. These new SLM RCP datasets were used instead for future projections.

The importance of these adjustments is to an extent dependent on the nature of the suitability models.
For example, the temperature data in the original RCP datasets had been biased corrected for
agreement with the VCSN data for annual mean temperatures, and would be adequate for suitability
models that were formulated in terms of mean annual temperatures. However, the temperature data in
the original RCP dataset showed biases at the month-of-the-year level, and differences in the variance
of both monthly temperatures across years and daily temperatures within months. Thus these
datasets could result in misleading assessments when used with suitability rules that required monthly
data or that are sensitive to temperature extremes, as we have shown.

We have incorporated data on the location of kiwifruit and apple blocks as well as on present and
future cultivation suitability for kiwifruit and apple in the Land Use in Rural New Zealand (LURNZ)
model to analyse the future spatial footprint of these sectors.

Nationally, mean kiwifruit suitability rises with climate change. Mean apple suitability also rises, but it
rises less under severe climate change than it does under mild climate change. Despite the increasing
average suitability in both sectors, suitability for kiwifruit decreases in current kiwifruit areas, and
suitability for apple decreases in current apple areas.



Our simulations suggest that mild climate change is unlikely to disrupt either sector significantly.
However, reflecting changing suitability, we see potentially large shifts in the spatial footprints of
kiwifruit and apple under severe climate change. Both sectors experience relatively large losses of
land area in currently important production regions. For Kiwifruit, the losses are more than offset by
increases in land area elsewhere. For apple, this is not the case as total apple area is projected to
decline.

The results discussed reflect direct climate impacts only. They do not consider other important drivers
of land-use change such as global market prices for these crops. Changes in the future suitability of
other land uses are also not modelled. Environmental policies, climate variability and extreme weather
events, the potential development of new fruit varieties and the adoption of new technologies will also
all affect future land-use decisions, sometimes in unforeseeable ways. Nonetheless, we believe the
simulations presented in this paper for kiwifruit and apple are of interest because they help identify
and characterise pressures and opportunities from climate change in these sectors.

Feedback from the industry workshops provided valuable guidance in a final refining of our suitability
modelling, in particular the exclusion of the generic disease score in overall suitability analyses.
Approaches. Additionally feedback was valuable for refining the LURNZ model and improving its
projection for Kiwifruit.

Industries generally viewed the suitability modelling as a long-term strategic tool that could help
identify areas of new opportunity to grow their footprints in new areas while at the same time mitigating
the impact of climate change. However, there was also a desire for suitability modelling with a 1- or 2-
year horizon to aid tactical decisions around orchard management. Unfortunately, because of the
stochastic nature of weather patterns and events, a short-term predictive tool may lack predictive
power due to larger uncertainties than for projecting the average over a number of years.

A reservation voiced by the wine grape industry in particular is that the 5x5-km climate grid and 1x1-
km land information grid are too coarse a resolution to capture microclimate effects and to accurately
portray the experiences of individual orchards. Thus there was a call to validate the model predictions
against individual orchard experience. This would be a valuable future project that extended our
suitability modelling, but would require the availability of GIS-based data collected at different orchard
sites.

A strong wish expressed across several industries is the establishment of a project to extend our
generic suitability model to predict the risks of individual diseases, especially since some industries
are seeing increased incidence of disease. Additionally, industry members saw value in having the
suitability model available as a tool that would allow them to set the weights of individual criteria and to
explore the relative impacts of different criteria on suitability assessments. Such a tool would allow
industry members to explore the climate-change risks to small geographical regions in detail, and this
could be both a guidance and educational tool. Establishment of projects to address both these issues
would have strong industry support and be seen as a high priority.
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Appendix 2. Future projections under RCP 4.5 and 6.0

Apple RCP 4.5
Apple: future climate suitability projections under RCP 4.5
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Apple: future cultivation suitability projections under RCP 4.5
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Land area in the historic period falling into different cultivation suitability ranges, projected changes for the mid- and late-century
under RCP 4.5, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour intensity increases
with the magnitude of change.

Apple Historic (km?) Area change from historic (km?) Area change from historic (km?)

SLM RCP 4.5 1972-2004 2028-2058 2068-2098

Suitability range Projected Best case Worst case Projected Best case Worst case
0-0.1 14891
0.1-0.2 4286
0.2-0.3 4972
0.3-0.4 8321
0.4-0.5 12457
0.5-0.6 22444
0.6-0.7 31668
0.7-0.8 32230
0.8-0.9 31947
0.9-1.0 20509
Apple RCP 6.0

Land area in the historic period falling into different cultivation suitability ranges, projected changes for the mid- and late-century
under RCP 6.0, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour intensity increases
with the magnitude of change.

Apple Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 6.0 1972-2004 2028-2058 2068-2098

Suitability range Projected Best case Worst case Projected Best case Worst case
0-0.1 14891

0.1-0.2 4286

0.2-0.3 4972

0.3-0.4 8321

0.4-0.5 12457

0.5-0.6 22444

0.6-0.7 31668

0.7-0.8 32230

0.8-0.9 31947

0.9-1.0 20509
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Apple: future climate suitability projections under RCP 6.0
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Apple: future cultivation suitability projections under RCP 6.0
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Kiwifruit RCP 4.5

Kiwifruit: future climate suitability projections under RCP 4.5
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Kiwifruit: future cultivation suitability projections under RCP 4.5
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Land area in the historic period falling into different cultivation suitability ranges, projected changes for
the mid- and late-century under RCP 4.5, and best and worst cases. Decreases are shaded red and
increases shaded blue. Colour intensity increases with the magnitude of change.

Kiwifruit Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 4.5 1972-2004 2028-2058 2068-2098

Suitability range Projected Best case Worst case Projected Best case Worst case
0-0.1 37541

0.1-0.2 12757

0.2-0.3 14845

0.3-0.4 16808

0.4-0.5 19596

0.5-0.6 21305

0.6-0.7 19058

0.7-0.8 18653

0.8-0.9 16787

0.9-1.0 6375

Kiwifruit RCP 6.0

Land area in the historic period falling into different cultivation suitability ranges, projected changes for
the mid- and late-century under RCP 6.0, and best and worst cases. Decreases are shaded red and
increases shaded blue. Colour intensity increases with the magnitude of change.

Kiwifruit Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 6.0 1972-2004 2028-2058 2068-2098

Suitability range Projected Bestcase  Worst case Projected Bestcase = Worst case
0-0.1 37541

0.1-0.2 12757

0.2-0.3 14845

0.3-0.4 16808

0.4-0.5 19596

0.5-0.6 21305

0.6-0.7 19058

0.7-0.8 18653

0.8-0.9 16787

0.9-1.0 6375
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Kiwifruit: future climate suitability projections under RCP 6.0
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Kiwifruit: future cultivation suitability projections under RCP 6.0
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Avocado RCP 4.5

Avocado: future climate suitability projections under RCP 4.5
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Avocado: future cultivation suitability projections under RCP 4.5

Suitability, 2028-2058

5
L
R

166 168 170 172 174 176 178 180

Change from 1972-2004 to 2028-2058

166 168 170 172

174

176

178

180

Suitability, 2068-2098

166

168 170 172 174 1¥6 178 180

Change from 1972-2004 to 2068-2098

166

168

170

172

174

176

178

180

o o o O -
ha A =2} o
Cultivation suitability score

=

Bl Drainage N/A

Water
Il Urban

LUC M/Av
B Wilderness

spgoRes
Change in score

The New Zealand Institute for Plant and Food Research Limited (2021)

Page 234



Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Land area in the historic period falling into different cultivation suitability ranges, projected changes for the mid- and late-century
under RCP 4.5, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour intensity increases
with the magnitude of change.

Avocado Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 4.5 1972-2004 2028-2058 2068-2098

Suitability range Projected Bestcase  Worst case Projected Best case Worst case
0-0.1 100734

0.1-0.2 13592

0.2-0.3 12048

0.3-0.4 12659

0.4-0.5 11530

0.5-0.6 10603

0.6-0.7 9360

0.7-0.8 7953

0.8-0.9 4092

0.9-1.0 1154

Avocado RCP 6.0

Land area in the historic period falling into different cultivation suitability ranges, projected changes for the mid- and late-century
under RCP 6.0, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour intensity increases
with the magnitude of change.

Avocado Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 6.0 1972-2004 2028-2058 2068-2098
Suitability range Projection Best case  Worst case Projection Best case Worst case
0-0.1 100734

0.1-0.2 13592

0.2-0.3 12048

0.3-0.4 12659

0.4-0.5 11530

0.5-0.6 10603

0.6-0.7 9360

0.7-0.8 7953

0.8-0.9 4092

0.9-1.0 1154
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Avocado: future climate suitability projections under RCP 6.0
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Avocado: future cultivation suitability projections under RCP 6.0
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Blueberry RCP 4.5

Blueberry: future climate suitability projections under RCP 4.5
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Blueberry: future cultivation suitability projections under RCP 4.5
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Land area in the historic period falling into different cultivation suitability ranges, projected changes for the mid- and late-century
under RCP 4.5, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour intensity increases
with the magnitude of change.

Blueberry Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 4.5 1972-2004 2028-2058 2068-2098
Suitability range Projection Best case  Worst case Projection Best case  Worst case
0-0.1 13684

0.1-0.2 3992

0.2-0.3 4223

0.3-0.4 8396

0.4-0.5 19396

0.5-0.6 26337

0.6-0.7 30662

0.7-0.8 31696

0.8-0.9 34167

0.9-1.0 11172

Blueberry RCP 6.0

Land area in the historic period falling into different cultivation suitability ranges, projected changes for the mid- and late-century
under RCP 6.0, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour intensity increases
with the magnitude of change.

Blueberry Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 6.0 1972-2004 2028-2058 2068-2098
Suitability range Projection Best case  Worst case Projection Best case  Worst case
0-0.1 13684

0.1-0.2 3992

0.2-0.3 4223

0.3-0.4 8396

0.4-0.5 19396

0.5-0.6 26337

0.6-0.7 30662

0.7-0.8 31696

0.8-0.9 34167

0.9-1.0 11172
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Blueberry: future climate suitability projections under RCP 6.0
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Blueberry: future cultivation suitability projections under RCP 6.0
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Cherry RCP 4.5

Cherry: future climate suitability projections under RCP 4.5
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Cherry: future cultivation suitability projections under RCP 4.5
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Land area in the historic period falling into different cultivation suitability ranges, projected changes for the mid- and late-century
under RCP 4.5, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour intensity increases
with the magnitude of change.

Cherry Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 4.5 1972-2004 2028-2058 2068-2098
Suitability range Projection Best case  Worst case Projection Best case  Worst case
0-0.1 14847

0.1-0.2 3325

0.2-0.3 4934

0.3-0.4 11732

0.4-0.5 29866

0.5-0.6 38953

0.6-0.7 36713

0.7-0.8 28351

0.8-0.9 14687

0.9-1.0 317

Cherry RCP 6.0

Land area in the historic period falling into different cultivation suitability ranges, projected changes for the mid- and late-century
under RCP 6.0, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour intensity increases
with the magnitude of change.

Cherry Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 6.0 1972-2004 2028-2058 2068-2098
Suitability range Projection Best case  Worst case Projection  Bestcase Worst case
0-0.1 14847

0.1-0.2 3325

0.2-0.3 4934

0.3-0.4 11732

0.4-0.5 29866

0.5-0.6 38953

0.6-0.7 36713

0.7-0.8 28351

0.8-0.9 14687

0.9-1.0 317
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Cherry: future climate suitability projections under RCP 6.0
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Cherry: future cultivation suitability projections under RCP 6.0

Suitability, 2028-2058 Suitability, 2068-2098
34 , o
-36 §
08 =
=8 06
5
40 04 @
-42 S
02 @
-44 =
0 3
-46
-48 : : - ; : : ; -48 : : ; : : - - Il Crainage N/Av
166 168 170 172 174 176 178 180 166 168 170 172 174 176 178 180 Water
Il Urban
Change from 1972-2004 to 2028-2058 Change from 1972-2004 to 2068-2098 LUC N/Av
-34 -34 _ Bl Wilderness
-36 -36
-38 -38 0.6
D
02 @
42 42 0 E
44 44 | 02 g
04 5
-46 46 |
0.6
-48 -48
166 168 1170 172 174 176 178 180 166 168 1170 172 174 176 178 180

The New Zealand Institute for Plant and Food Research Limited (2021) Page 247



Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Pinot noir RCP 4.5

Pinot noir: future climate suitability projections under RCP 4.5
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Pinot noir: future cultivation suitability projections under RCP 4.5
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Land area in the historic period falling into different cultivation suitability ranges, projected changes for the mid- and late-century
under RCP 4.5, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour intensity increases
with the magnitude of change.

Pinot noir Historic (k ge from historic (km?)
SLM RCP 4.5 1972-2004 2068-2098

Suitability range Projection Bestcase  Worst case Projection Bestcase  Worst case
0-0.1 42923

0.1-0.2 20376

0.2-0.3 20274

0.3-0.4 24613

0.4-0.5 21422

0.5-0.6 20731

0.6-0.7 19718

0.7-0.8 9765

0.8-0.9 3727

0.9-1.0 176

Pinot noir RCP 6.0

Land area in the historic period falling into different cultivation suitability ranges, projected changes for the mid- and late-century
under RCP 6.0, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour intensity increases
with the magnitude of change.

Pinot noir Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 6.0 1972-2004 2028-2058 2068-2098

Suitability range Projection Bestcase  Worst case Projection Bestcase  Worst case
0-0.1 42923
0.1-0.2 20376
0.2-0.3 20274
0.3-0.4 24613
0.4-0.5 21422
0.5-0.6 20731
0.6-0.7 19718
0.7-0.8 9765
0.8-0.9 3727
0.9-1.0 176
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Pinot noir: future climate suitability projections under RCP 6.0
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Pinot noir: future cultivation suitability projections under RCP 6.0

Suitability, 2028-2058 Suitability, 2068-2098
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Sauvignon blanc RCP 4.5

Sauvignon blanc: future climate suitability projections under RCP 4.5

Suitability, 2028-2058 Suitability, 2068-2098
-34 34
1 o
-36 36 0 §
=
-38 38 G'EE
40 40 04 2
42 42 2
02 &
44 44 =
g ©
46 46
x
166 168 170 172 174 176 178 180 166 168 170 172 174 176 178 180
0 Water
Change from 1972-2004 to 2028-2058 Change from 1972-2004 to 2068-2098 Nl Urban
34 34
36 36
38 38 06
QL
-40 40 04 5
02
42 42 0 =
k]
-44 44 t 02 2
4:14E
46 A6 + .o
> -0.6
48 48
166 168 170 172 174 176 178 180 166 168 170 172 174 176 178 180

The New Zealand Institute for Plant and Food Research Limited (2021) Page 253



Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Sauvignon blanc: future cultivation suitability projections under RCP 4.5

Suitability, 2028-2058 Suitability, 2068-2098
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Land area in the historic period falling into different cultivation suitability ranges, projected changes for the mid- and late-century
under RCP 4.5, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour intensity increases
with the magnitude of change.

Sauvignon

blanc Hilsgt%i_czgkorzz) Area chan%%;gj_rgot;igtoric (km?) Area changz%éginz”logigtoric (km?)
SLM RCP 4.5

Suitability range Projection Best case  Worst case Projection Best case  Worst case
0-0.1 67747

0.1-0.2 14643

0.2-0.3 15576

0.3-0.4 21047

0.4-0.5 21684

0.5-0.6 19098

0.6-0.7 17136

0.7-0.8 5654

0.8-0.9 1102

0.9-1.0 38

Sauvignon blanc RCP 6.0

Land area in the historic period falling into different cultivation suitability ranges, projected changes for the mid- and late-century
under RCP 6.0, and best and worst cases. Decreases are shaded red and increases shaded blue. Colour intensity increases
with the magnitude of change.

Sauvignon blanc Historic (km?) Area change from historic (km?) Area change from historic (km?)
SLM RCP 6.0 1972-2004 2028-2058 2068-2098
Suitability range Projection Bestcase Worstcase Projection Bestcase Worstcase
0-0.1 67747

0.1-0.2 14643

0.2-0.3 15576

0.3-0.4 21047

0.4-0.5 21684

0.5-0.6 19098

0.6-0.7 17136

0.7-0.8 5654

0.8-0.9 1102

0.9-1.0 38
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Sauvignon blanc: future climate suitability projections under RCP 6.0

Suitability, 2028-2058 Suitability, 2068-2098
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Modelling the effect of climate change on land suitability for growing perennial crops. October 2021. PFR SPTS No. 20712.

Sauvignon blanc: future cultivation suitability projections under RCP 6.0

Suitability, 2028-2058 Suitability, 2068-2098
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Apple: richardson cu suitability score RCP 2.6

Period 2068-2098

0.8

o
™

SLM RCP Future
=]
=

0.2

0.2 0.4 0.6 0.8 1
SLM RCP Past

Apple: fruit size suitability score RCP 2.6

1 Apple RCP 2.6
Period 2028-2068
1 : .
0.8
e
£06
L
a8
Q
o
=04
w
0.2
0
0 02 04 06 08 1
SLM RCP Past
Period 2028-2068
1 : .
0.8
e
£06
L
a8
Q
o
=04
w
0.2

0 0.2 0.4 0.6 0.8 1

SLM RCP Past

Period 2068-2098

0.8

o
™

SLM RCP Future
=]
=

0.2

0 0.2 0.4 0.6 0.8

SLM RCP Past

The New Zealand Insti

tute for Plant and Food Research Limited (2021)

Page 1



Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Apple: frost survival suitability score RCP 2.6
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Apple: GDD suitability score RCP 2.6
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

2 Apple RCP 4.5

Apple: richardson cu suitability score RCP 4.5
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Apple: frost survival suitability score RCP 4.5
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Apple: GDD suitability score RCP 4.5
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

3 Apple RCP 6.0

Apple: richardson cu suitability score RCP 6.0
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Apple: frost survival suitability score RCP 6.0
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Apple: GDD suitability score RCP 6.0
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

4

Apple RCP 8.5

Apple: richardson cu suitability score RCP 8.5
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Apple: frost survival suitability score RCP 8.5
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Apple: GDD suitability score RCP 8.5
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.
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Kiwifruit RCP 2.6
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Kiwifruit: climate suitability score RCP 2.6
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Kiwifruit: chill suitability score RCP 4.5

Period 2028-2068

SLM RCP Future

Period 2068-2098

1
0.8
0.6 i/
%
0.4 F K
Al
L} c'.
P
0.2
0

0 0.2 0.4 0.6 0.8

SLM RCP Past

Kiwifruit: GDD suitability score RCP 4.5

1
0.8
E L
206 <
L - .
& *
g L]
.?.
; 0.4 7
7
0.2
0
0 02 04 06 08 1
SLM RCP Past
Period 2028-2068
1 - —
0.8
g
206
L
oo
O
cc
=04
%]
0.2

0 0.2 0.4 0.6 0.8 1
SLM RCP Past

0.8

o
™

SLM RCP Future

0.2

Period 2068-2098

0 0.2 0.4 0.6
SLM RCP Past

0.8

The New Zealand Institute for Plant and Food Research Limited (2021)

Page 17



Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

7 Kiwifruit RCP 6.0
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Kiwifruit: chill suitability score RCP 6.0
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Kiwifruit: frost survival suitability score RCP 6.0
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Kiwifruit: cold kill suitability score RCP 8.5
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Kiwifruit: chill suitability score RCP 8.5
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.
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Avocado: frost survival suitability score RCP 2.6
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Avocado: climate suitability score RCP 4.5
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

11 Avocado RCP 6.0

Avocado: warmth suitability score RCP 6.0

Period 2028-2068

Period 2068-2098

0.2 0.4 0.6 0.8 1
SLM RCP Past

Period 2068-2098

1 . T T 1
'u'
0.8 e 0.8
g g
206 . a4 206
L & L
o . o
Q Q
0o 0o
=04 . =04
75} . »
0.2 0.2
0 0
0 0.2 04 06 0.8 1 0
SLM RCP Past
Avocado: frost survival suitability score RCP 6.0
Period 2028-2068
1 T T T T 1
0.8 0.8
g g
£06 £06
L L
o o
Q Q
0o 0o
= 0.4 =04
0 0
0.2 0.2}

0.2

0.4 0.6 0.8 1
SLM RCP Past

0 0.2 0.4 0.6 0.8 1

SLM RCP Past

The New Zealand Institute for Plant and Food Research Limited (2021)

Page 26



Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Avocado: climate suitability score RCP 6.0
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Avocado: climate suitability score RCP 8.5
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

13 Blueberry RCP 2.6

Blueberry: climate suitability score RCP 2.6
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Blueberry: GDD suitability score RCP 2.6
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.
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Blueberry RCP 4.5

Blueberry: climate suitability score RCP 4.5
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Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

Blueberry: GDD suitability score RCP 4.5
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Blueberry RCP 6.0

Blueberry: climate suitability score RCP 6.0
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Blueberry: GDD suitability score RCP 6.0
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16 Blueberry RCP 8.5

Blueberry: climate suitability score RCP 8.5
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Blueberry: GDD suitability score RCP 8.5
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Cherry: fruit crack survival suitability score RCP 2.6
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18 Cherry RCP 4.5

Cherry: frost survival suitability score RCP 4.5
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Wine grape: GDD suitability score Pnoir RCP 4.5
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Wine grape: GDD suitability score Pnoir RCP 6.0
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Wine grape: GDD suitability score Pnoir RCP 8.5
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Wine grape: GDD suitability score Sblanc RCP 2.6
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Wine grape: GDD suitability score Sblanc RCP 4.5
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31

Sauvignon blanc RCP 6.0

Wine grape: frost survival suitability score Sblanc RCP 6.0
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Wine grape: GDD suitability score Sblanc RCP 6.0
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32 Sauvignhon blanc RCP 8.5

Wine grape: frost survival suitability score Sblanc RCP 8.5
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Wine grape: GDD suitability score Sblanc RCP 8.5
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Climate change signals were calculated by comparing how the statistics of variables changed from
the 1986-2005 period to both the 2031-2050 and the 2080—-2099 periods, for each individual grid
location. Change signals for minimum, maximum and mean annual temperature, and for relative
humidity (RH) were obtained by calculating the difference between means for the periods. Change
signals for the variance of minimum and maximum temperatures were calculated by taking variance
ratios. Change signals for rainfall were calculated in terms of percent change.

These calculations were done separately for the 24 combinations of six GCMs X four RCP scenarios,
for both the original RCP datasets and the new SLM datasets. The impact of the bias corrections on
the climate change signal was obtained by looking at the differences in change signals between the
RCP and SLM RCP datasets.

Results indicate that the impacts on change signals were slight to small, and further reduced by
considering an ensemble of all six GCMs in an RCP scenario. The impacts on the change signal for
minimum and maximum tended to have opposing signs with similar magnitude which cancelled each
other when mean temperatures were calculated. Thus the change signal for mean temperature was
much less affected by the bias corrections.

Impacts of the bias corrections are presented below for ensembles and then for individual GCMS.
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33.1 Impact of bias corrections on ensemble climate change signals under RCP 2.6
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33.2 Impact of bias corrections on ensemble climate change signals under RCP 4.5

Ensemble RCP4.5: Tmin change difference Ensemble RCP4.5: Tmax change difference
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33.3

Impact of bias corrections on ensemble climate change signals under RCP 6.0

Ensemble RCP6.0: Tmin change difference
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33.4

Impact of bias corrections on ensemble climate change signals under RCP 8.5
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33.5

Impact of bias corrections on individual GCM climate change signals under RCP 2.6

BCC-CSM1.1 RCP2.6: Tmin change difference
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CESM1-CAMS5 RCP2.6: Tmin change difference
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GFDL-CM3 RCP2.6: Tmin change difference
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33.6

Impact of bias corrections on individual GCM climate change signals under RCP 4.5
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33.7 Impact of bias corrections on individual GCM climate change signals under RCP 6.0
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NorESM1-M RCP6.0: Tmin change difference NorESM1-M RCP6.0: Tmax change difference
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33.8 Impact of bias corrections on individual GCM climate change signals under RCP 8.5

BCC-CSM1.1 RCP8.5: Tmin change difference BCC-CSM1.1 RCP8.5: Tmax change difference
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CESM1-CAMS5 RCP8.5: Tmin change difference
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CESM1-CAMS5 RCP8.5: Tmax change difference
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GFDL-CM3 RCP8.5: Tmin change difference

2031-2050
0.05
g o g
5 005 >
g o1 g
5 045 5
£ £
a -02 =]
-0.25
0 500 1000 1500 2000 2500
elevation (m)
GFDL-CM3 RCP8.5: Tmean change difference
2031-2050
< 3
= =
< <
£ £
o a
0 500 1000 1500 2000 2500
elevation (m)
GFDL-CM3 RCP8.5: RH change difference
2031-2050
s o ¥
E’ Y E’ g
5§ 5 5
I o I o
T E T E
kel =l
0 500 1000 1500 2000 2500
elevation (m)
GFDL-CM3 RCP8.5: Tmin variance ratio difference
2031-2050
£ £
o o
o k=]
s s
s s

0 500 1000 1500 2000 2500
elevation (m)

2080-2099

o
=
]

S =}
- )
& oo =

500 1000
elevation (m)

1500 2000 2500

2080-2099

500 1000
elevation (m)

1500 2000 2500

2080-2099

bl
@0

=)

&
o

500 1000
elevation (m)

1500 2000 2500

2080-2099

500 1000 1500 2000 2500
elevation (m)

GFDL-CM3 RCP8.5: Tmax change difference
2031-2050

o
- O
o

Difference AT (K)
o
5 ©
o o -

&
=1
a

0 500 1000
elevation (m)

1500 2000 2500

GFDL-CM3 RCP8.5: rain % change difference
2031-2050

o N

Difference In % change (%)
f

& A

0 500 1000 1500 2000 2500
elevation (m)

GFDL-CM3 RCP8.5: Tmax variance ratio difference
2031-2050

= o005

E o 5
2

5 005

2 a

g 0.1

= 015

0 500 1000 1500 2000 2500
elevation (m)

Difference AT (K)

Var ratio difference (1)

o

Difference in % change (%)

& A

n

o

)

=3
a

I

o

2080-2099

500

1000 1500 2000 2500
elevation (m)

2080-2099

500

1000 1500 2000 2500
elevation (m)

2080-2099

500

1000 1500 2000 2500
elevation (m)

The New Zealand Institute for Plant and Food Research Limited (2021)

Page 92



Modelling the effect of climate change on land suitability for growing perennial crops — SUPPLEMENT. October 2021. PFR SPTS No. 20712.

GISS-EL-R RCP8.5: Tmin change difference
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HadGEM2-ES RCP8.5: Tmin change difference
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