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HIGHLIGHTS

 

•	 In the Bay of Plenty, there will be a likely 
increase in mean air temperature and number 
of hot days and dry days, increasing the risk 
of drought.

•	 There is likely to be more rain in summer and 
less in winter and spring.

•	 Sea level rise will affect the coastal zone 
around the Kaituna catchment, with 5,500 ha 
likely to be regularly inundated every couple  
of weeks during high tide (1.8 m above  
mean sea level) affecting the dairy industry 
and maize cropping.

•	 Change in pasture production is positive  
under all scenarios for both sheep and dairy 
pasture. The magnitude of the change is 
larger for dairy than for sheep. Total annual 
pasture growth increases by 1–5 % around 
mid-century and by 2–7.5% by 2100. Seasonal 
average growth rates show consistent, large 
increases in winter and spring, as expected 
under warmer conditions and an extended 
growing season.

•	 For forestry, simulations with constant CO2, 
there were reductions in productivity of  
4–20% for both 2055 and 2085 depending on 
the Representative Concentration Pathway 
(RCP) scenario. For simulations with 
increasing CO2, growth increased by about 
10–15% by 2055. The between-site variability 
was higher for the simulations with constant 
CO2 than for those with increasing CO2, with 
standard deviations by 2085 ranging from 3 
to 7% for simulations under constant CO2, 
which reduced to 2–3% under increasing CO2. 
It is consistent with the general tendency 
for increasing CO2 to have greater beneficial 
effects for plants growing under otherwise 
more stressful conditions.

•	 For maize silage, the impact of climate change 
yields was assessed considering model runs 
with or without adaptation of crop genotype 
and sowing dates. Model results indicate a 
higher risk of yield losses when sowing dates 
are not adapted. For these conditions, yield 
loss estimates increase from mid-century (5%) 
to the end of the century (12%). In contrast, by 
adapting sowing dates to a warmer climate 
(i.e. sowing early), yield losses were minimised 
and yield gains occurred for specific locations. 
Climate change impacts on silage yield were 
uneven across the catchment. More negative 
impacts were estimated in the northern 
lowlands, currently the most suitable area  
for arable cropping.

•	 Hayward kiwifruit production viability for the 
Te Puke area is projected to decrease steadily  
over time and becomes consistently marginal 
by the 2050s and non-viable by the end of the 
century. The key reason for this is the loss 
of sufficient winter chilling as the climate 
warms. However, other inland North Island 
regions and many parts of the South Island 
(particularly Canterbury) show an increase  
in viability (based purely on temperature) for  
this crop variety over the century.

•	 Land-use change in the catchment could 
be significant over the next century, and is 
projected to be affected by both the socio-
economic pathways and climate change.  
The Shared Socio-Economic Pathway scenario 
chosen (SSP3) is projecting high log and  
sheep & beef prices compared with dairy 
prices. By comparing two land-use change 
models, we found that there is generally a 
shift from sheep & beef farming to forestry by 
the end of the century. High log prices cause 
forestry to increase beyond baseline levels  
in both models. However, discrepancies in 
model assumptions and structure meant 
that there were differences in dairy changes 
(opposite directions) and magnitude. 
Regardless, the consistent result of an 
increase in afforestation in the Kaituna 
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by 2100 across all scenarios suggests 
environmental outputs such as GHG emissions 
and freshwater contaminant loads could be 
reduced over the next century, even if there is 
some intensification in the catchment.

•	 For the remaining swamps in the Kaituna, 
increased precipitation may induce a change 
in wetland type to a permanently wet state 
(e.g. ephemeral to swamp); a higher nutrient 
system (e.g. fen to swamp), or a more aquatic 
system (shallow water, pond or lake). Lower 
rainfall would increase pressure on obligate 
wetland plants and therefore vegetation 
types dominated by these species. Changes 
in rainfall periodicity or intensity will also 
have an impact, as it may increase the 
extent of wetland margins and thus favour 
facultative dryland species, many of which 
are alien weeds.

•	 An integrated assessment provided an 
overview of potential future impacts of both 
climate change and socio-economic changes. 
In the scenario that was investigated (high 
Representative Concentration Pathways (RCP), 
fragmented world), there is almost no attempt 
to curtail climate change on a global scale 
and only very limited, reactive local efforts. 
Costs of production would generally increase 
due to a need for increased environmental 
management for pest control and water 
shortages, with a higher risk for a decline in 
commodity prices due to increased global 
competition.
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What are the predicted climatic conditions and assessed/
potential impacts and implications of climate variability 
and trends on New Zealand and its regional biophysical 

environment, the economy and society, at projected 
critical temporal steps up to 2100?

1 �INTRODUCTION AND 
BACKGROUND

 
1.1 The CCII project
The “Climate Changes, Impacts and Implications” 
(CCII) project is a 4-year project (October 2012 – 
September 2016) designed to address the following 
question: 

The CCII project brings together a strong research 
team with knowledge and modelling capabilities  
in climate, ecosystems, land and water use,  
economics, and sociocultural research to address  
the environment sector investment plan priority  
of “stronger prediction and modelling systems”.

The project is based on five inter-related Research 
Aims (RAs) that will ultimately provide new 
climate change projections and advancements in 
understanding their impacts and implications for  
New Zealand’s environment, economy and society. 
The five RAs are:

Research Aim 1: Improved Climate Projections

Research Aim 2: Understanding Pressure Points, 
Critical Steps and Potential Responses

Research Aim 3: Identifying Feedbacks, Understanding 
Cumulative Impacts and Recognising Limits

Research Aim 4: Enhancing Capacity and Increasing 
Coordination to Support Decision-making

Research Aim 5: Exploring Options for New Zealand  
in Different Changing Global Climates

The overall purpose of RA2 is to: Perform five 
case studies on the potential impacts of climate 
change and other key drivers on alpine, hill & high 

country, lowland, coasts & estuaries, and marine 
environments. This synthesis report presents the 
results of the lowland case study. 

1.2 Lowland case study description 
Climate change will impact primary sectors such 
as dairy, horticulture, and arable cropping, as well 
as ecological functioning of native ecosystems, 
particularly wetlands. Expected increases in land- 
use competition and intensification will compound 
these impacts. The lowland case study was 
established to explore climate change impacts on 
primary productivity, the resulting land use changes 
and social impacts, as well as extent and condition  
of native ecosystems, and potential biosecurity issues.  
 

1.3 Projected climate changes for  
the Bay of Plenty region 
A complete assessment of updated climate change 
projections for New Zealand, based on data described 
in the CCII RA1 Synthesis Report, has recently 
been performed by NIWA for the Ministry for the 
Environment (MfE 2016). 1This report includes 
projections for the middle and end of the century, 
incorporating results from multiple climate models 
and four “Representative Concentration Pathways”  
or RCPs. The RCPs represent estimated changes  
in radiative forcing resulting from greenhouse  
gas (GHG) concentration trajectories under different  

1 http://www.mfe.govt.nz/publications/climate-change/climate-change-projections-new-zealand 
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socio-economic assumptions. The RCPs describe four 
potential climate futures (see Appendix 9.1); RCP2.6 
represents a low-emission mitigation pathway, 
requiring removal to achieve a decline in atmospheric 
CO2 by 2050, whereas RCP8.5 is the high emission 
scenario. The two middle pathways (RCP4.5 and 6.0) 
require stabilisation of emissions at different time 
points during the 21st Century.  

For the Bay of Plenty region, the following “snapshot” 
of future climate changes by the end of the century 
(compared with the present-day) is based only on 
RCP8.5 and the average of several climate models 
(Tait et al, 2016). Here then the list of climate changes.

•	 Increase in the mean air temperate (°C):  
Summer 3.3; Autumn 3.2; Winter 3.1; Spring 2.8

•	 Change in the mean precipitation at Tauranga (%)2: 
Summer +7; Autumn +3; Winter –1; Spring –11

•	 Increase in the number of “hot days” (Tmax ≥ 25°C): 
Present-day 16.3 days/yr; End of century 75.6 days/yr

•	 Decrease in the number of “cold nights”  
(Tmin ≤ 0°C): Present-day 17.3 nights/yr;  
End of century 2.3 nights/yr

•	 Increase in the number of “dry days”  
(Precipitation <1mm/day) by 5-10 days/yr

•	 Increase in the 99th percentile rainfall amount 
(approximately equal to the heaviest 24-hour 
rainfall each year) by 5–10%

•	 Decrease in the 99th percentile wind speed 
(approximately equal to the third highest average 
daily wind speed each year) by 0–5%

•	 Increase in drought intensity/duration, as indicated 
by an increase in Potential Evapotranspiration 
Deficit (amount of water needed for irrigation) by 
50–100 mm/yr (an approximately 25–35% increase 
from present-day)

For more detailed information, the reader is directed 
to the MfE report (2008).

2 Note, there is a large range of projected changes, depending upon the climate model.
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2 �STAKEHOLDER ENGAGEMENT  
AND CASE STUDY SELECTION

2.1 Case study selection criteria 
In order to identify potential case study areas, the 
research team compiled a nation-wide short list 
of options that were assessed against several key 
criteria: access to existing scientific data and models; 
potential significance of climate change impacts; 
wide range of land use present; wide range of natural 
vegetation types present; and current relationships 
with local stakeholders. As the Bay of Plenty region 
contained several of the preferred potential locations, 
a meeting with the Regional Council was convened 
in November 2013 to jointly select the case study 
area. Through this discussion, the Kaituna catchment 
(including a coastal zone around Papamoa beach) 
was identified and an initial research plan was 
constructed. This area is likely to be affected by both 
drought and flood related climate issues. This area 
is subject to a community development strategy 
developed by the Regional Council that includes the 
development of a vision for the future. Pressing issues 
include pressures from increased population growth 
and land-use intensification. Iwi within this area have 
had a treaty settlement and are about to enter into a 
co-governance relationship with the regional council.

 
2.2 Lowland case study description 
The Kaituna River is the outflow from Lake Rotorua, 
controlled by a dam at the Okere Falls. The catchment 
is about 63,000 ha and represents a typical lowland 
environment in New Zealand, with a mixture of natural 
ecosystems (freshwater wetlands and native forests) 
and a wide range of primary production (maize 
cropping, kiwifruit horticulture, forestry, dairy, sheep 
& beef farming). Because of the controlled aspect of 
the river flow upstream of Okere falls, we decided to 
focus our project on the lower Kaituna River. 

The share of land comprises mainly grassland (25,600 
ha) used for dairy in the lowland areas and sheep & 
beef farming in the hill country (Fig. 1). Exotic forestry 
and indigenous forest is present in the upper part of 
the catchment, while the lower part is covered by the 
kiwifruit industry (6,000 ha near te Puke) (see Table 1).

Figure 1: Map of the land covers in the  
lower Kaituna catchment.

Table 1: Land cover derived from LCDB3  
(Landcare Research, 2012) in the lower Kaituna catchment

Land cover (LCDB3)	�  Area (ha)
Cropland	�  555
Grassland	�  25,608
Indigenous forest	�  14,696
Exotic forest	�  12,040
Orchard	�  5,855
Wetland	�  202
Shrubland	�  2,429
Other	�  1,809
Total	�  63,194

2.3 Issues raised 
A workshop in Te Puke on 9 September 2014 brought 
together organisations and agencies whose interests 
and activities could be affected by climate change in 
the case study area.

Participants included representatives from local 
iwi/hapu (active groups and trusts) Zespri, Dairy 
NZ, Fonterra, Beef + Lamb, the forestry sector, the 
horticultural sector, Bay of Plenty Regional Council 
(including a Councillor), Western Bay District Council, 
Department of Conservation , New Zealand Landcare 
Trust, Federated Farmers, Rural Women’s Network, 
Maketu Ongatoro Wetland Society, and several local 
environmental consultants. 
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The purpose was to introduce the proposed research, 
refine the proposal based on what was important to 
the stakeholders, identify complementary sources 
of data or models, and spatially locate the potential 
wider impacts and implications of climate change 
using large aerial photos.

During the workshop, a number of additional 
climate-related issues were identified. Given 
the local significance of the issue, the research 
team incorporated a sea-level rise component. 
However, given the lack of scientific knowledge and 
uncertainties about future projections, it was not 

possible to deal with all of them. Certain issues 
were acknowledged and flagged for future research 
needs or addressed in other case studies (see Table 
2). Some questions could be partly answered by a 
modelling exercise with the CCII team.

A post-event evaluation illustrated the success of 
the workshop and a desire for on-going interactions 
to learn more about the potential impacts of climate 
changes on the catchment.

Table 2: Issues raised by stakeholders in the Kaituna catchment.

Domain Issue raised within scope of CCII Issue raised for future research

Coastal How will sea level rise impact the lower 
portion of the catchment (including 
farmland, urban areas)?

What will be the flooding frequency and how will it impact 
on coastal inundation and salinization? What impact could 
salinization of ground water have on low lying communities  
and farms?
How will coastal erosion evolve and to what extent will it  
affect properties?
What would be the economic cost of continued drainage 
compared to managed retreated wetlands?

Freshwater How can clean water and healthy estuaries be maintained?
How will erosion, sedimentation, nutrient load (nitrogen and 
phosphorus) impact on water quality? 
Cost of the stock banks which protect the farmland may become 
prohibitive over time – Is there a point where stop-banks are no 
longer a good choice, what would happen then?

Natural systems What are the threats on the freshwater 
wetlands?

What will be the future of the perched wetland in the catchment 
(Kaituna Reserve)?
Can we identify future wetland restoration sites for added 
biodiversity benefits?

Natural risks What new pests might migrate to the area? What will be the likely changes in fire risk?
What will be the likelihood of more frequent extreme events and 
what would be their magnitude?

Primary 
production

How will kiwifruit industry be impacted by 
climate change?

Land-use change How would climate change exacerbate  
or counteract current land-use  
change trends?

What would be the suitability of land use for a range of  
future crops? 
How can we best manage river water quality and fisheries in 
face of future land-use changes?
What should the land be managed for? Can we locate vulnerable 
land and vulnerable land uses (that is areas where the risks  
are high)?

Infrastructure 
capacity

What will be the impact of climate change on infrastructures?

Social & cultural 
issues

What will be the impacts of climate change on Māori land?  
What is the timescale for environmental impacts (short, medium 
or long-term)? How will resilience to change be affected?
How do we best communicate uncertainty of results?  
What future local livelihoods are possible?
How may climate change affect the local wetland and estuary, 
including social and cultural values such as the food basket?

Climate change 
planning

How can we integrate climate change information into  
future planning?
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3 METHODOLOGY

3.1 Future concentration scenarios
Climate outcomes based on RCPs are modelled 
via the Coupled Model Inter-comparison Project 
(CMIP5) through numerous Earth System Models or 
General Circulation Models (GCM). We used six GCMs 
(BCC-CSM1.1, CESM1-CAM5, GFDL-CM3, GISS-
E2-R, HadGEM2-ES, and NorESM1-M) to update and 
improve regional-scale projections of New Zealand 
climate trends and variability to 2100. The output 
variables were precipitation, maximum and minimum 
air temperature, relative humidity, vapour pressure, 
solar radiation, and wind speed. Each variable was 
calculated on a regular grid (0.05°, approximately  
5 km) using the Virtual Climate Stations (VCS) from 
NIWA (Tait & Turner 2005) at a daily, monthly, and 
annual temporal resolution for the 1971–2100 period.

 
3.2 Quantitative modelling
We reviewed available models that could be applied 
to the Kaituna catchment and help answer some or 
part of the questions raised during the workshop 
(Table 2). A series of models was available to quantify 
some elements of resources (water and land), 
demographics, economic development (trends in 

commodity prices, primary production changes, 
land-use suitability, and land-use change patterns) 
and environmental factors (vulnerability to natural 
ecosystems, pests and disease) (Table 3). Details on 
the parameterisation and methods for each model  
are available in Appendix 9.2.  

3.3 Integrated assessment
One of the objectives for the project was to provide 
an integrated view of how the different parts of 
the landscape interact with each other, utilising as 
much as possible the models given in Table 3. To 
achieve this, models were linked to each other and 
tested through future scenarios to better understand 
interactions and feedbacks.  
Research Aim 5 provided the scenarios that were  
to be tested (see RA5 synthesis report). The 
architecture of these scenarios adopts two global 
elements from a global scenario toolkit (Ebi et  
al. 2013) plus one national-scale element. These  
are global RCP (see section 3.1), global Shared  
Socio-economic Pathways (SSP) and New Zealand-
specific Shared climate Policy Assumptions  
(SPA). Unlike earlier assessments,  

Domain Model Indicator

Population Population model (Cameron 2013) Demographic

Land Sea level rise calculator (Stephens & Bell 2015) Area at risk of sea level rise and storm surge

Economic 
development

Climat-DGE (Fernandez & Daigneault 2015) Commodity prices downscaled to New Zealand

Primary 
production

CenW (forestry) (Kirschbaum et al. 2012)
APSIM (maize) (Holzworth et al. 2014) 
BiomeBGC (pasture) (Keller et al. 2014)
Suitability index (kiwifruit) (Tait et al. in prep)

Yield change
Yield change
Yield change
Suitability index 

Land-use change NZFARM (Daigneault et al. 2014)
LURNZ (Olssen & Kerr 2013)

Change in land use area and spatial allocation

Natural 
ecosystem 

Vulnerability model (wetlands) (Bodmin et al. 2016) Change in water supply per wetland type

Erosion NZeem (Dymond et al. 2010) Sediment loss due to land cover changes

Pests and disease CLIMEX (Sutherst et al. 1999) Suitability index for pests/diseases

Table 3: Models used for the Kaituna catchment.
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the 5th IPCC assessment Report (AR5) scenarios 
for climate change decoupled the climate model 
outputs expressed through RCPs, from their socio-
economic drivers expressed through the concept of 
SSPs. Shared socio-economic pathways describe 
plausible trends in the evolution of society and global 
economy. Van Vuuren and Carter (2013) introduced 
a framework to illustrate combinations of RCPs and 
SSPs. These new scenarios can be compared with the 
old IPCC AR4 scenarios. The Shared climate Policy 
Assumptions (SPAs) are specific to New Zealand. 
SPAs describe potential climate change mitigation 
and/or adaptation policies not specified in the SSPs. 
They provide a third axis to the scenario matrix and 
allow national-level development choices that may 
reinforce global trends or actively go against them. 

To help assess plausible scenarios, O’Neill et al. 
(2013) suggested outlining several elements that are 
relevant for defining both challenges to mitigation and 
adaptation (Table 4). They were evaluated quantitatively 
via modelling where possible, and complemented with 
narratives from the CCII research team. 

Categories Elements

Demographics Total population and age structure, urban vs. rural populations, and urban forms

Economic  
Development

Global and regional GDP, trends in productivity, sectoral  
structure of national economies (share of agricultural land)

Environmental 
Factors

Air, water, soil quality, ecosystem functioning

Resources Fossil fuel resources and renewable energy potentials, fresh water, land

Welfare Human development, educational attainment, health

Institutions and 
Governance

Existence, type and effectiveness of national/regional/global institutions

Technological 
Development 

Type (e.g. slow, rapid, transformational) and direction (e.g. environmental, efficiency, productivity) of progress

Broader Societal 
Factors

Attitudes to the environment/sustainability/equity and world views, life styles, societal tension and conflict levels

Policies Non-climate policies

Table 4: Elements of scenario analysis (adapted from O’Neill et al. 2013).

Each element from Table 4 was assessed on the 
basis of an example scenario. In our case, we tested 
the combination RCP8.5/SSP3/SPA-A. RCP8.5 is the 
highest greenhouse gas concentration trajectory 
adopted by IPCC AR5 pathway. SSP3 corresponds to 
high socio-economic challenges for both mitigation 
and adaptation. In our example scenario, we 
hypothesised that New Zealand is lagging relative 
to global efforts to mitigate, with incremental and 
reactive adaptation on a piecemeal basis, which we 
refer to as SPA-A.

The models from Table 3 operate at different scales 
(sector-based scale and landscape scale) (Fig. 3) and 
have as inputs either the RCP scenario only (primary 
production, wetlands) or a combination of RCP and 
SSP assumptions (for example the land-use change 
models). We assessed a scenario based on climate 
scenarios for RCP8.5 up to 2100 and assumptions 
according to SSP3 and SPA-A. The arrows represent 
soft-coupling between models. Information flows 
from the scenario assumptions into the trade and 
growth model climat-DGE. The RCP projections are 
used as inputs to the primary production models 
(cenW, biomeBGC and APSIM). Outputs from these 
models are then used for the land-use change models 
(LURNZ and NZFARM), in particular through the 
commodity prices and the yield change projections.
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Figure 2: Framework for quantitative modelling of the integrated assessment.
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4 RESULTS AND DISCUSSION

4.1 Quantitative modelling
This section describes the outputs from each 
individual model from Table 3.

 
4.1.1 Demographics
The population model projected the population  
(by age and sex) for each of the sixteen regions of  
New Zealand for the integrated scenario RCP 8.5/
SSP3/SPA-A, up to 2100 on an annual basis. However, 
the model does not explicitly separate urban from 
rural populations, as the spatial resolution is at the 
regional level.

In this scenario, the total population of New Zealand 
is projected to increase from 4.44 million in 2013 to 
a peak of 5.04 million in 2043, before declining to 
3.85 million by 2100. However, the total projected 
population is sensitive to assumptions about future 
international migration. Different assumptions 
about international migration trends will result in 
different projected future populations. Moreover, the 
calculations of the sixteen regions differ substantially 
over the projected period, with some (e.g. Auckland, 
Waikato) increasing consistently over the entire 
projection period, while others (e.g. West Coast, 
Southland) are mostly expected to show population 
decline. This is in line with other projections and 
expectations about population decline in rural and 
peripheral New Zealand more generally (Jackson & 
Cameron 2015).

Focusing on the results for the Bay of Plenty region, 
the total population in this scenario is projected to 
increase from 279,700 in 2013 to a peak of 332,600 in 
2054, before declining to 281,600 in 2100. The most 
striking feature of the population change over this 
period is the substantial ageing of the population. 
The population aged 65 years and over is projected 
to increase from 48,200 in 2013 to a peak of 104,200 
in 2084 before declining to 100,200 in 2100. As a 
percentage, this older population is projected to 
increase from 17.2% of the population in 2013 to 35.6% 
of the population in 2100. Moreover, the population 

aged 85 years and over is projected to increase  
from 5700 in 2013 (2.0% of total population) to a peak 
of 35,400 in 2098 (12.3% of total population) before 
declining to 34,400 in 2100 (12.2% of total population).

 

Implications – The New Zealand population 
for scenario RCP8.5 and SSP3 is projected to 
increase to a peak in 2043 then decrease to 
3.85 millions by 2100. For the Bay of Plenty, this 
also implies an aging population.

4.1.2 Sea level rise

4.1.2.1 Global sea level rise
In the modern era, global sea level began to rise 
around the latter half of the 1800s, and steadily 
increased at a rate within the range 1.4–1.9 mm/year 
during the 20th century.

Across New Zealand, the average relative (local)  
sea-level rise from 1900 to 2015 is 1.78 ± 0.21 mm/yr  
and, since 1961, is 2.14 ± 0.47 mm/yr (Ministry for 
the Environment 2016); results that are very similar 
to those given in Church and White (2011) for global 
averages. This means projections for global sea-level 
rise can generally be adopted, provided allowances 
are made for regional and local differences.

In the satellite era (since 1993), global mean sea  
level has risen by 3.3 mm/yr, attributable partly 
to natural climate variability and partly to an 
acceleration in sea-level rise due to warming of  
the atmosphere and oceans.
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Key drivers of the rise in sea level are:

•	 Thermal expansion from warming ocean waters

•	 Additional water mass added to the ocean from 
glaciers, ice sheets and net freshwater runoff 

•	 Vertical land movement can substantially alter 
the local sea-level rise, with any land subsidence 
compounding the ocean rise.

Locally, it is the local or relative sea-level rise that 
needs to be adapted to – not the global average rate. 
However, projections of future sea-level rise are 
usually based on global projections. For New Zealand, 
therefore, offsets need to be applied to projections 
for differences in the regional-ocean response for 
the SW Pacific (e.g. a modest additional 0.05 m by the 
2090s, Ackerley et al. 2013) and local vertical land 
movement (which can be measured by continuous 
GPS recorders).

IPCC projections (5th Assessment Report, Working 
Group I, Chapter 13, Church et al. 2013) of global  
sea-level rise by 2100 cover a range of around  
0.4–1 m, depending on the Representative 
Concentration Pathway (RCP) climate scenario used, 
which includes future emissions, population growth 
and other socio-economic factors. The range in 
sea-level rise projections is much narrower in the 
near-term to 2060 (0.3–0.4 m). However, beyond 
2100, the spectre of runaway instabilities of polar ice 
sheets in West Antarctica and Greenland, if global 
temperatures exceed a threshold of ~2°C above pre-
industrial levels (Golledge et al. 2015), considerably 
increases the range of possible future sea-level 
trajectories to consider in planning and design.

Small increases of the order of 1–5% in wave height 
and storm surges from climate change effects are 
also likely by 2090 (NIWA WASP project, unpublished).

 
4.1.2.2 Defining the land-sea boundary
Tide is the main cause of sea-level variability in New 
Zealand. The tides result from the gravitational pull 
of both the moon and sun on the Earth’s oceans. The 
changing orientation between the moon, the sun, and 
the Earth causes the tide heights to cycle between 

higher spring tides and lower neap tides, with the 
spring peaks separated in time by about 2 weeks. In 
areas that are sheltered from waves, the land-sea 
boundary tends to occur at the location reached by 
the spring tides, and this elevation is known as mean 
high-water springs (MHWS). The definition of the 
MHWS elevation is important in New Zealand because 
it defines the legal landward boundary of the coastal 
marine area, i.e. what is considered to be on land, and 
what is considered to be in the sea. On wave-exposed 
coastlines the MHWS boundary occurs on the beach; 
in sheltered estuaries it marks the boundary between 
estuarine sediment and saltmarsh vegetation.  
The MHWS elevation is 1.0 m above Moturiki Vertical 
Datum 1953 (MVD–53), at present-day mean sea  
level (MSL). 

 
4.1.2.3 Coastal-storm inundation
Storm-tides occur when storms (which can raise 
the sea-level by up to 0.6 m along the Bay of Plenty 
coastline) coincide with high spring tides. Storm 
tides are higher than tides alone, and cause coastal-
storm inundation, where the sea encroaches onto 
land. At the open coast, waves can also contribute to 
coastal erosion and inundation. NIWA calculated the 
elevations that storm-tides and waves could reach 
to along the Bay of Plenty coastline (Goodhue et al. 
2015). At present-day MSL, there is a 39% chance, per 
year, that coastal-storm inundation (storm-tide + wave 
setup) will reach 2.8 m MVD–53. As this elevation can 
be expected to be reached every 2 years on average, 
the area inundated is likely to resemble a salt-tolerant 
coastal wetland. 
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4.1.2.4 Mapping sea-level rise effects  
on coastal inundation 
We mapped a future SLR of 0.8 m by 2100. A 0.8 m 
SLR was added to both the MHWS and the 2-year 
average recurrence interval sea-level elevations. 

Areas below the MHWS + 0.8 m SLR value (1.8 m 
above MVD-53) will effectively become “sea” – 
regularly inundated every couple of weeks during  
high tide. This will represent a large change in 
exposure to the sea for these areas.

Figure 3: Map of the area at risk of sea level rise for areas flooded every 2 years on average after 0.8 m SLR.

Areas flooded once every 2 years (on average) after 
0.8 m SLR (3.6 m above MVD-53) could represent  
the extent of new wetland on the coastal fringe  
(Fig. 3). The affected area (about 5,500 ha) is currently 
composed of about 60% dairy farming.

Implications – Coastal inundation due to sea 
level rise (under a 0.8-m scenario) is projected 
to affect about 5,500 ha of land that could 
become regularly inundated every couple of 
years during high tides. This land, currently 
under dairying, is projected to become wetland. 
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4.1.3 Primary production 

4.1.3.1 Pasture production
Results are reported as a model ensemble mean, 
formed by averaging the pasture production from all 
6 individual GCMs for each scenario. Future scenarios 
are compared with the RCP past baseline to give the 
relative amount of change in pasture production. 
20-year averages are calculated at two time slices: 
mid-century (2046–2065) and end-of-century (2081–
2100). Figure 4 contains model ensemble averages 
of total annual pasture production for RCPs 4.5 and 
8.5, in terms of percentage change from the baseline 
(RCP past). Table 5 and Table 6 show annual totals and 
seasonal growth rates for all four scenarios, averaged 
spatially over the entire Kaituna region. 

Overall, the change in pasture production is positive 
under all scenarios for both sheep and dairy pasture. 
The magnitude of the change is larger for dairy than 
for sheep. Total annual pasture growth, averaged 
spatially over the entire Kaituna region, increases 

by 1–5% around mid-century and by 2–7.5% by 2100 
(Tables 5 and 6). The increase is largely attributable  
to the CO2 fertilization effect, as the amount of 
increase in production follows the trends in CO2 
atmospheric concentrations from each RCP. The 
increase in production is largest in RCP 8.5 at 2100,  
in which the CO2 atmospheric concentration is highest 
(~850 ppm). This effect is more than enough to offset 
any adverse climate effects on production.

Seasonal average growth rates show consistent,  
large increases in winter (JJA) and spring (SON),  
as expected under warmer conditions and an 
extended growing season. Autumn (MAM) shows 
small increases in the majority of scenarios, while 
hotter, drier summers (DJF) result in a decline in 
growth, which is quite large at mid-century in the 
high-emissions scenarios. Despite the net positive 
gain in total annual production, the seasonal feed  
gap from losses in summer could be significant at 
a farm level and deserves attention in planning for 
future change.

Figure 4: Maps of model ensemble-mean average total annual pasture production in the Kaituna Lowlands catchment  
under RCP 4.5 (low emissions) and RCP 8.5 (high emissions), for dairy (left) and sheep (right) pasture systems, in percent  
change from baseline (RCP past). Urban areas and major bodies of water are excluded. All remaining land is modelled  
as if it were available for pasture, regardless of actual land use. Mid-century projections (2046–2065) appear on the top row  
and end-of-century (2081–2100) appear on the bottom. 
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Table 5: Dairy model ensemble pasture production results for all RCPs, averaged over the entire Kaituna region, for the  
time periods 2046–2065 and 2081–2100. Columns contain average annual total in kilograms of dry matter (DM) per hectare  
and seasonal average daily production in kilograms of DM per hectare per day. The right column in each block is the  
percentage change from the baseline RCP past.

1985–2005 annual SON DJF MAM JJA

RCP total kg  
DM/ha

% 
change

kg  
DM/ha/

day

% 
change

kg  
DM/ha/

day

% 
change

kg  
DM/ha/

day

% 
change

kg  
DM/ha/

day

% 
change

past 12967  – 49.81 – 52.36 – 30.04 – 10.42 –

2046–2065
RCP

2.6
4.5
6
8.5

13296
13526
13549
13560

2.5%
4.3%
4.5%
4.6%

52.31
54.72
55.43
57.71

5.0%
9.9%

11.3%
15.9%

52.39
50.69
50.04
45.69

0.1%
-3.2%
-4.4%

-12.7%

30.09
30.73
30.56
31.23

0.1%
2.3%
1.7%
3.9%

11.45
12.57
12.93
14.62

9.9%
20.7%
24.2%
40.4%

2081–2100
RCP

2.6
4.5
6
8.5

13269
13548
13727
13935

2.3%
4.5%
5.9%
7.5%

52.01
53.84
54.44
55.80

4.4%
8.1%
9.3%

12.0%

52.58
52.49
53.16
52.65

0.4%
0.3%
1.5%
0.6%

30.14
30.84
31.18
31.89

0.3%
2.7%
3.8%
6.1%

11.20
11.82
12.17
12.89

7.6%
13.5%
16.9%
23.7%

Table 6: Sheep model ensemble pasture production results for all RCPs, averaged over the entire Kaituna region, for the  
time periods 2046–2065 and 2081–2100. Columns contain average annual total in kilograms of dry matter (DM) per hectare  
and seasonal average daily production in kilograms of DM per hectare per day. The right column in each block is the  
percentage change from the baseline RCP past.

1985–2005 annual SON DJF MAM JJA

RCP total kg 
DM/ha

% 
change

kg  
DM/ha/

day

% 
change

kg  
DM/ha/

day

% 
change

kg  
DM/ha/

day

% 
change

kg  
DM/ha/

day

% 
change

past 8542  – 37.15 – 32.97 – 16.82 – 7.03 –

2046–2065
RCP

2.6
4.5
6
8.5

8656
8704
8663
8602

1.3%
1.9%
1.4%
0.7%

39.01
40.48
40.93
41.97

5.0%
9.0%

10.2%
13.0%

32.06
30.01
28.74
25.58

-2.7%
-9.0%

-12.8%
-22.4%

16.62
17.08
17.25
17.83

-1.2%
1.5%
2.6%
6.0%

7.52
8.13
8.31
9.14

7.0%
15.7%
18.2%
30.0%

2081–2100
RCP

2.6
4.5
6
8.5

8711
8841
8935
9050

2.0%
3.5%
4.6%
5.9%

38.87
40.01
40.48
41.33

4.6%
7.7%
8.9%

11.3%

32.55
32.33
32.94
32.27

-1.3%
-1.9%
-0.1%
-2.1%

16.92
17.16
17.01
17.73

0.6%
2.0%
1.1%
5.4%

7.47
7.72
7.85
8.18

6.3%
9.9%

11.7%
16.4%
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4.1.3.2 Forestry
Figure 5 compares the 2055 and 2085 growth 
response to climate change under different RCPs 
with constant CO2 with the response averaged for 
the simulations of all six GCMs. There are similar 
growth responses under RCP4.5 and 8.5. Growth 
reductions averaged about 5–10%, and generally 
increased somewhat in a direction from south-
west to north-east. The most notable feature was a 
growth reduction by about 20% in the north-eastern 
coastal zone, probably as a result of stronger water 
limitations, especially where sites had poor water-
holding capacities. By 2085, the pattern of growth 
reductions noted for the 2055 simulations became 
noticeably stronger, especially under the higher 
emission RCP (RCP8.5). The high-producing  

south-west still remained fairly unaffected by climate 
change, but the north-eastern half, showed greater 
vulnerability, especially the northern coastal strip. 
So, while in the south-west, growth reductions even 
under RCP 8.5 were limited to about 10%, growth 
reductions in the north-east were about 25% and 
exceeded 30% on the eastern coastal strip.

The negative growth responses to climate change 
under constant CO2 turned into general positive 
growth responses when increasing CO2 was factored 
in as well. This difference was most pronounced for 
simulations under RCP 8.5, with simulations under the 
lower-emission RCP4.5 showing both less extreme 
negative responses for simulations under constant CO2 
and less positive response with increasing CO2. 

Figure 5: Ratio of 2055 to 1995 and 2085 to 1995 productivity, modelled with constant CO2 under RCP4.5 and 8.5,  
and for the average response of the six different GCMs.

2046–2065

2081–2100

RCP4.5 RCP8.5

a) b)

c) d)
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2046–2065

2081–2100

RCP4.5 RCP8.5

Figure 6: Ratio of 2055–1995 and 2085–1995 productivity, modelled with increasing CO2 under RCP4.5 and 8.5,  
and for the average response of the six different GCMs.

By 2055, there were general growth enhancements  
by about 5–10% under the three lower-emissions 
RCPs and growth responses of 15–20% under  
RCP 8.5 (Fig. 6). Increasing CO2 somewhat evened  
out the regional differences, but there was still a 
tendency for growth responses to be slightly greater 
in the south-west than the north and north-east.

These patterns strengthened for the 2085 
simulations. Under RCP 4.5, there was a positive 
growth response by an average of about 15%, with 
a greater response in the south-west and a lesser 
response in the north-east. The growth responses 
were even greater under RCP 8.5, but the regional 
differences largely disappeared (Fig. 6). 

Interestingly, the vulnerability of the northern 
coastal strip that was most apparent in the RCP 8.5 
simulations (Fig. 5d) completely disappeared and 
transformed into a region with the most positive 
growth responses (Fig. 6b, d). This pattern was 
indicative of the central role played by water relations 
and enhanced water-use efficiency under elevated 
CO2. Under constant CO2, these regions suffer growth 
reductions through increased evaporative demand, 
with sites with low water-holding capacity particularly 
vulnerable. With increasing CO2, however, water-
use efficiency increased greatly so that these sites 
become less rather than more sensitive to water 
stress, hence resulting in a change from the most 
negative to the most positive growth responses.

a) b)

c) d)
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Overall results have been summarised in Table 7. 
Under RCP 2.6, and for simulations with constant 
CO2, there were only minor reductions in productivity 
of 4% for both 2055 and 2085. Under the other RCPs, 
there was a growth reduction of about 10% by 2055, 
with little difference in the simulations under different 
RCPs. Differences between RCPs emerged by 2085, 
with productivity under RCP 4.5 having a similar 9% 
growth reduction as in 2055, but for RCP 6.0, the 
growth reduction increased from 8 to 13%, and for 
RCP 8.5 from 12 to 23%. 

For simulations with increasing CO2, growth 
increased by about 10% by 2055 under the three 
lower-emissions RCP2 and by 15% under RCP 8.5.  
By 2085, the growth increased actually reduced from 
8 to 6% under RCP 2.6, but increased for the three 
higher-emissions scenarios. As shown previously 
in the comparison between different GCMs, the 
between-site variability was higher for the simulations 
with constant CO2 than those with increasing CO2, with 
standard deviations by 2085 ranging from 3 to 7% for 
simulations under constant CO2, which reduced to 
2–3% under increasing CO2. This is consistent with the 
general tendency for increasing CO2 to have greater 
beneficial effects for plants growing under otherwise 
more stressful conditions.

Table 7: Ratio of future to 1995 productivity under  
different RCPs. Data for 2055 and 2085 give the ratio  
of future-year productivity relative to that in 1995.  
Data show means +/- SD for the 150 individual sites  
of the Bay of Plenty region.

4.1.3.3 Cropping
To assess spatial changes to potential crop yield 
under rain-fed conditions, the growth of silage 
maize was simulated across the entire catchment 
without considering assumptions about current or 
future land-use suitability. For the historical climate, 
average silage yields were estimated to range from 
12 to 26 t/ha, depending on the location and the hybrid 
maturity type used (Fig. 7). Higher silage yields were 
projected for long-maturity hybrids grown in the 
more coastal northern lowland areas. These spatial 
patterns were in agreement with expert opinion and 
surveyed data for the region.

Figure 7: Estimated average silage yields for 20-year historical 
climate runs under rain-fed conditions.

2055 2085 2055 2085

Constant CO2 Constant CO2

RCP 
2.6 0.96 +/- 0.02 0.96 +/- 0.03 1.08 +/- 0.01 1.06 +/- 0.02

RCP 
4.5 0.92 +/- 0.04 0.91 +/- 0.05 1.11 +/- 0.01 1.14 +/- 0.02

RCP 
6.0 0.92 +/- 0.03 0.87 +/- 0.05 1.11 +/- 0.02 1.18 +/- 0.02

RCP 
8.5 0.88 +/- 0.04 0.77 +/- 0.07 1.15 +/- 0.01 1.22 +/- 0.03
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The impact of climate change on maize silage yields 
was assessed by considering model runs with or 
without adaptation of crop genotype (short- and long-
maturity hybrids) and sowing dates (i.e. sowing earlier 
in response to warmer temperatures). These two key 
independent tactical adaption options are used by 
farmers to adjust to year-by-year weather variability 
(Teixeira et al. 2016) and are expected to play an 
important role under climate change. 

Model results indicate a higher risk of yield losses 
when sowing dates are not adapted, particularly for 

short-maturity hybrids (Fig. 8). For these conditions, 
median yield loss estimates increase from mid-
century (5%) to the end of the century (14%) mainly 
because the crop cycle is shortened due to faster crop 
development. In contrast, by adapting sowing dates 
to a warmer climate (i.e. sowing early), yield losses 
were minimised and yield gains occurred for specific 
locations, particularly when using long-maturity 
hybrids. These results highlight that current sowing 
dates are unlikely to maintain yields under  
the warmer future assumed in the simulations. 

Figure 8: Simulated average change in silage maize yield (% of baseline) for 47 grid-cells (points), six climate models (colour 
legends) and two time-slices (mid- and end-century). Simulations considered adaptation of crop genotypes (short- and long-
maturity hybrids) and sowing dates (not adapted or adapted) to climate change.
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Climate change impacts on silage yield were uneven 
across the Kaituna catchment. More negative 
impacts were estimated in the northern lowlands, 
currently the most suitable area for arable cropping, 
as illustrated for the two GCMs that gave the most 
contrasting results (Fig. 9). 

Figure 9: Average yield changes for end-century (2080–2100) for the two climate models with most contrasting results (GFDL-
CM3, GISS-EL-R). Note: Simulations consider both adapted and not adapted sowing dates for a “long-maturity hybrid” and a soil 
with “high water holding capacity”. 

In contrast, the more positive yield responses due to 
climate change were estimated for the south-western 
areas of the catchment. Under current climate, maize 
yields in these higher altitude areas are limited by low 
temperatures. The uncertainty due to GCM climate 
projections is illustrated by relating yield changes to 
the average elevation in each grid-cell in Figure 10. 



23

Figure 10: Simulated climate change impact on silage maize yields across the gradient of elevations in the Kaituna catchment for 
six climate models, two time-slices and two hybrid types (short- and long maturity) with and without considering adaptation of 
sowing dates.

These results suggest that another possible 
alternative adaptation to climate change is to expand 
silage maize production to higher lands. However, 
the occurrence of other limitations to arable 
cropping (e.g. terrain, land-use suitability, and soil 
characteristics) and environmental constraints may 
limit the degree of adaptability (Fig. 11). 
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Figure 11: Simulated average climate change impact on silage 
maize yields within individual grid-cells for six GCMs (colour 
legends). Distribution pooled across all GCMs and grid-cells 
(boxplots) for two time-slices (mid- and end-century), with and 
without adaptation of sowing dates. Note: Simulations for a 
long-maturity hybrid on a high water holding capacity soil. 

The key insights from this analysis refer to quantifying 
the value of adaptive options available for arable 
cropping. First, in the case of maize silage, the use 
of long-maturity genotypes might help minimise 
negative impacts of climate change. This occurs 
because warmer temperatures shorten the growth 
cycle of arable crops, reducing the time available to 

capture solar radiation for photosynthesis. The  
use of long-maturity hybrids, which may include 
introducing genotypes not yet commercially 
available in New Zealand, could partially counteract 
the acceleration of crop development caused by 
high temperatures. Second, results indicate that 
maintaining current sowing dates will not achieve the 
same yields under a warmer climate. Earlier sowing 
dates are necessary to maintain or increase yields. 
Although the change of sowing dates is a common 
practice in the management of arable crops, it is 
important to consider trade-offs with other aspects 
of the agricultural system not fully accounted in this 
study, such as the harvest time of previous crops in 
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rotation (Teixeira et al. 2016) and higher risk of frost 
damage. Third, the possibility of expansion of cropping 
to higher altitude areas depends on other limitations 
(e.g. terrain relief and soil characteristics) and on the 
absolute yields being above thresholds sufficiently 
high for profitable production. Finally, it is important 
to notice that this modelling study does not account 
for all factors that may become important under a 
warmer climate. This includes, for example, the risk 
of increase in crop damage by biotic stresses (pests, 
pathogens, and weeds) and extreme events (floods, 
heat waves, and storms). 

4.1.3.4 Kiwifruit viability
Perhaps the most critical temperature-related  
time of the year for kiwifruit production is the  
three-month period May to July. The ‘coldness’ of 
this period has a very strong influence on both  
the quantity and quality of kiwifruit flowers, as well 
as the timing of flowering. This in turn has a direct 
influence on the number of buds, the timing of  
bud-break, and hence the number and quality of fruit 
produced by the vine. Sufficient ‘winter chilling’ is 
therefore vital for kiwifruit production viability. As 
temperatures increase due to global warming, the 
risk of insufficient winter chilling also increases, as 
does the risk of poor kiwifruit crops.

A simple temperature threshold-based empirical 
model has been developed for assessing current 
and future (based on six GCMs and four RCPs, out 
to the year 2100) Hayward kiwifruit viability for the 
Te Puke area (Tait et al. in prep). The model includes 
the effects of applying, or not applying, hydrogen 
cyanimide (a chemical spray that can artificially 
enhance the winter chilling effect). The model is 
further used to look at potential future Hayward 
kiwifruit viability over the entire country. 

The output of the Hayward kiwifruit production 
viability model is a categorisation of each year (from 
1971 to 2100, under six GCMs and four RCPs) as 
either ‘good’ (i.e. requiring little vine management 
intervention), ‘marginal’ (i.e. requiring significant 
vine management intervention including the possible 
application of hydrogen cyanimide), or ‘poor’ (i.e. when 
climatic conditions have resulted in a relatively poor 
crop, despite crop management intervention).

Figure 12 shows the decadal frequency of poor 
production years at Te Puke, over the period 1971–
2100, for each of the six GCMs. This shows that while 
there is some inter-model variability, there is also 
a very consistent overall pattern of (for the RCP8.5 
scenario) a steadily increasing frequency of poor 
production viability through the middle part of the 
century, ending with all years being poor.

Figure 13 examines the variation of poor viability for 
the four RCPs. Only the HadGEM2-ES model is shown 
to avoid cluttering the plot, but the same general 
pattern is present for the other five GCMs. This plot 
shows that RCPs 4.5, 6.0 and 8.5 have a similar 
profile, while the only RCP that does not yield a full 
10 years in a decade with poor production viability is 
RCP2.6. This is the greenhouse gas concentration 
pathway which was designed to match the goal of 
limiting the global mean temperature increase to 
2°C above pre-industrial levels, requiring significant 
reductions in global emissions (plus removal of CO2 
from the atmosphere).
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Figure 12: The number of years per decade with ‘poor’ production viability for Hayward kiwifruit for all six GCMs, based on RCM 
RCP8.5 simulated data for Te Puke and no application of hydrogen cyanimide. The year on the X-axis is the last year of the decade.

Figure 13: As for Figure 12, but showing all four RCPs for the HadGEM2-ES model.

The above results show that Hayward kiwifruit 
production viability for the Te Puke area is projected to 
decrease steadily over time and become consistently 
marginal by the 2050s and non-viable by the end 
of the century. The key reason for this is the loss 
of sufficient winter chilling as the climate warms. 
However, areas further inland in the Bay of Plenty 
(away from the coastal plain) as well as several other 
locations around the country, such as other inland 

North Island regions and many parts of the South 
Island (particularly Canterbury), show an increase in 
viability (based purely on temperature) for this crop 
variety over the century. In fact, as Figure 14 shows, 
many regions in New Zealand show good potential by 
the end of the century even without the application of 
hydrogen cyanimide (an important consideration, if for 
any reason the chemical is banned from use).
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Figure 14: The number of ‘good or marginal’ Hayward kiwifruit viability years for the period 2081–2100,  
based on the average of all six GCMs and RCP8.5 (without HC).

Implications – Primary production is likely to be affected heterogeneously throughout the catchment, 
with winners and losers for cropping, and forestry. Pasture productivity is likely to increase more for 
the dairy industry than for sheep & beef. However, pasture type may change thus counteracting the 
productivity benefit. Besides, despite the net positive gain in total annual production, the seasonal feed 
gap from losses in summer could be significant at a farm level and deserves attention in planning for 
future change.

Hayward kiwifruit viability in Te Puke and nearby environs is very likely to become ‘marginal’ by the middle 
of the century and generally non-viable by its end, as temperatures continue to increase. Application of 
hydrogen cyanimide in winter greatly enhances long-term viability, but there is a risk that the chemical 
may be banned from use. If this happens soon, there is an urgent need to look into the viability of kiwifruit 
production further inland in the Bay of Plenty and in other areas of the country. Of course, detailed site-
specific viability investigations, taking all production factors into account, would be required to assess the 
true potential for these other locations. Nevertheless, it seems clear that through good planning, the New 
Zealand kiwifruit industry is very likely to remain viable for many decades to come.



Wetland type Water source Water availability change Potential impacts

Bog Rain Decreased rainfall • �peat growth halted or declines 
(decomposition)

• �lagg zone vegetation may change to fen/
swamp/terrestrial

Fen Rain 
groundwater

Increased rainfall/groundwater 

Decreased rainfall/groundwater

• greater nutrient input from surface run off
 
• reduction in peat formation
• loss of peat

Swamp/marsh Surface water
groundwater

Increased hydrology fluctuations 
 
 
Decreased surface and/or groundwater

• �pulses of nutrients and sediments from 
surrounding catchment land use

 
• wetland extent decreased
• �ecotone extent increase with dryland 

species invasion 

Gumland Rain Decreased rainfall • increased fire frequency and/or intensity 
• peat loss 
• invasion of dryland species
• loss of extent

Pakihi Rain Increased rainfall • ponding with shallow water accumulation

Ephemeral Rain
Groundwater

Increased rainfall • �shift to permanent wetland or aquatic 
habitat

• �loss of plant species adapted to wet/dry 
fluctuations  

Decreased rainfall • loss or reduction in wetland extent
• invasion of dryland species
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4.1.4 Natural ecosystems
In the Kaituna catchment, the climate projections 
indicate a likelihood of lower rainfall, although the 
range of projections is large between the models. 
Reduced precipitation is most likely to affect bogs and 
gumlands (Table 8) that are not the major wetland 
types in the Kaituna catchment. For the remaining 
swamps in the Kaituna, increased precipitation may 
induce a change in wetland type to a permanently wet 
state (e.g. ephemeral to swamp); a higher nutrient 
system (e.g. fen to swamp), or a more aquatic system 
(shallow water, pond or lake). Lower rainfall would 
increase pressure on obligate wetland plants (i.e. 
hydrophyte plants like Carex spp.) and therefore 
vegetation communities dominated by these species.

Changes in rainfall periodicity or intensity will also 
have an impact, as it may increase the extent of 
wetland margins and thus favour facultative dryland 
species, many of which are alien weeds such as 
blackberry (Rubus fruticosus agg.) and gorse  
(Ulex europaeus). 	

Overall, changes in precipitation may impact wetland 
extent, wetland condition, community composition, or 
ultimately a shift in either wetland type or ecosystem. 
In addition, an indirect effect of climate change may 
be changes to land use within a catchment that 
subsequently increase pressure on wetland systems 
and reduce wetland ecological integrity.

Table 8: Likely impacts of climate change on wetland types of New Zealand (from Bodmin et al. 2016).

Implications – Freshwater wetlands are largely dependent on the amount of rainfall and surface runoff.  
Future projections in the Kaituna catchment are showing a likelihood of decrease in precipitation.  
This might have consequences for the wetland vegetation, increasing the risk of invasive  
species and costs for weed control.
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4.1.5 Pests and disease
New Zealand’s economy is heavily reliant on primary 
production generating 65% of our export earnings by 
exploiting introduced plants and animals. Biosecurity 
is of critical importance to protect the production 
system as New Zealand’s climate is highly suitable 
for both the species in use and the pests and diseases 
that impact on them. Equally important is the threat 
and impact that unwanted pests could have on  
New Zealand’s native and endemic plants and animals 
(Kean et al. 2015). The Parliamentary Commissioner 
has stated that ‘Introduced pests are the greatest 
threat by far to New Zealand’s native plants and 
animals’ (Wright 2011). 

Climex (Kriticos et al. 2015) is a mechanistic species 
distribution model that elaborates a species response 
to climate; using the average maximum and minimum 
temperatures, rainfall and relative humidity of its 
current (and documented) geographic distribution 
and seasonal phenology, which then can be used to 
identify other potentially suitable locations.  
A range of indices predict growth and indices that 
assess limiting conditions such as the survivability 
of periods of extreme cold, heat, wetness or drought, 
and combinations of these stresses, e.g. hot and 
wet, cold and wet (stress indices). These indices are 
combined into the Eco-climatic Index (EI), an overall 
measure of the potential of a given location to support 
a permanent population. EI is scaled between 0 and 
100, with an EI close to 0, indicating that the location 
is not favourable for the long-term survival of the 
species. Hence, Climex enables the ability to project 
relative abundance and distribution of modelled 
species anywhere in the world (Sutherst & Maywald 
1985, 2005; Baker et al. 2011; Kriticos et al. 2015).

This research is limited to species where there was 
an existing Climex model on the Climenz website3 
and where the model did not contain any parameter 
inconsistencies. No new models were developed.  
This updates some of the models that have been run 
using earlier climate change projections. 

For each of the pest species the following data have 
been developed:

•	 Raster images of EI for each of the GCM X RCP X  
5 year (c. 552 images/species)

•	 Raster images of EI for each GCM X RCP X  
three normal periods (2005, 2050, 2090)  
(72 images species)

•	 Raster images of MAX EI of RCP’s, for each GCM 
X three normal periods (2005, 2050, 2090) (18 
images/species)

•	 Raster time difference images of MAX EI of RCP’s 
for each GCM. 2005–2050, and 2005–2090

Maps showing the EI progression of a selection of 
species are given below based on the normal analysis. 
National maps (as pdfs) will be made available via 
the www.ccii.org.nz website and on the climate cloud 
(www.climatecloud.co.nz).

The EI is the maximum value from each of the six 
RCM’s., hence can be considered a worst case 
projection. EI is a climate index only, and hence 
assumes that there are pathways for incursion and 
also that the necessary habitat is present to sustain 
the population.  

4.1.5.1	 Alligator Weed 
Alligator weed (Alternanthera philoxeroides) is one 
of the greatest threats to rivers, wetlands, and 
irrigation systems in the world. It is extremely difficult 
to control, as it is able to reproduce from plant 
fragments and grows in a wide range of climates 
and habitats, including terrestrial areas. In aquatic 
habitats alligator weed has deleterious effects on 
other plants and animals, water quality, aesthetics, 
vector populations, water flow, flooding and 
sedimentation. In terrestrial situations, it degrades 
pasture, turf, and crop production, producing massive 
underground lignified root system penetrating up 
to 50–60 cm deep. Figure 15 shows an increase of 
optimal areas developing from the north by 2050, as 
well as a smaller increase in areas from the coastline 
inland. It implies that incursions starting on the coast 
where there is appropriate land cover and are remote 
could become established but ‘hidden’ populations.

3 http://b3.net.nz/climenz/index.php 
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4.1.5.2 Pitch Canker
Pitch canker is a highly virulent pathogen damaging 
pines, and it is considered the most important 
pathogen affecting Pinus seedlings and trees globally. 
It can affect seedlings in nurseries and asymptomatic 
seedlings can be planted out. It is spread by insects, 
water splash, or the wind, infecting wounded trees 
such as those damaged by strong winds or pruning. 
The analysis shows that Pitch canker, which is not 
present in NZ, is highly suitable in the case study 
area. Changes in EI due to climate change projections 
show a continuing increase in optimal areas arising 
from a reduction in unsuitable locations (Fig. 16), 
especially over the next 20–30 yrs. 

4.1.5.3 Queensland Fruit Fly
Queensland fruit fly is one of the most damaging 
fruit fly pests as it infests more than 100 species of 
fruit and vegetables. Its hosts include commercial 
crops such as avocado, citrus, feijoa, grape, peppers, 
persimmon, pipfruit, and summer fruit. The fruit fly 
would have serious consequences for New Zealand’s 
horticultural industry if it were to establish in New 
Zealand. Queensland fruit fly, eradicated from NZ, 
shows an almost complete reduction in unsuitable 
areas, and a change from suitable to optimal areas 
(Fig. 17). While other species may have a narrow 
range of hosts, fruit flies can exploit many plants, 
most of which can be found in cities and gardens as 
well as in productive land used.

Figure 15: Maximum Ecoclimatic index of Alligator Weed under RCP 4.5 and RCP6.0. The EI is the maximum estimated for  
each 5 km × 5 km pixel from six regional climate models.Hence is can be interpreted as a worst case projection. EI provide  
an understanding of land areas that can sustain a population based on climate parameters; it does not include factors such  
as the incursion source or pathways and likelyhood, nor other non-climatic factors that may enable or inhibit population 
establishment and survival such as host availability or the presence or absence of predators.
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Figure 17: Maximum Ecoclimatic index of the Queensland Fruit fly under RCP 4.5 and RCP6.0. The EI is the maximum estimated 
for each 5 km × 5 km pixel from six regional climate models. Hence is can be interpreted as a worst case projection. EI provide an 
understanding of land areas that can sustain a population based on climate parameters; it does not include factors such as the 
incursion source or pathways and likelyhood, nor other non-climatic factors that may enable or inhibit population establishment  
and survival such as host availability or the presence or absence of predators.

Figure 16: Maximum Ecoclimatic index of Pitch canker under RCP 4.5 and RCP6.0. The EI is the maximum estimated for each  
5 km × 5 km pixel from six regional climate models.Hence is can be interpreted as a worst case projection. EI provide an 
understanding of land areas that can sustain a population based on climate parameters; it does not include factors such as  
the incursion source or pathways and likelyhood, nor other non-climatic factors that may enable or inhibit population 
establishment and survival such as host availability or the presence or absence of predators.
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4.1.6 Economic modelling and land-use change

4.1.6.1 CliMAT-DGE
For this analysis CliMAT-DGE was calibrated to closely 
match projections published in the IIASA RCP and SSP 
databases (IIASA 2016). In this case, we focused on 
Global and New Zealand population, gross domestic 
product (GDP), and GHG emissions for the RCP8.5 
and SSP3 scenario. Doing so facilitated the estimation 
of global and domestic commodity prices that could 
be used as inputs to other modelling used in this 

Implications – Climate is one of the major factors limiting the distribution of plants and cold-blooded 
animals, hence changes in climate and climate distribution are expected to amplify the risk and impacts 
of pests being able to establish populations in New Zealand, with larger areas being more suitable 
for the establishment of current and known pests as well as becoming attractive to pests that are not 
currently able to establish populations in NZ. Climate change also increases the risk associated with 
‘sleeper’ weeds, the >30,000 plants that are in gardens that could become more invasive threatening 
indigenous and productive ecosystems.

Figure 18: SSP3 agricultural commodity price index.

study, namely for the NZFARM and LURNZ Models. 
This scenario estimated that the largest increases in 
commodity prices would occur for oil, sheep & beef, 
forest products (logs), and milk, which could increase 
by 80% or more above 2012 levels by 2050 (Fig. 18). 
All commodity prices are estimated to increase at 
least slightly over time due to increases in demand 
associated with large global population growth.



33

4.1.6.2 NZFARM
The scenario analysis focused on estimating land-use 
change and resulting impacts on net farm revenue 
and environmental outputs in 2065 and 2100 under the 
following conditions: (1) SSP3-only (price effect);  
(2) RCP8.5-only (yield effect); and (3) combined RCP8.5 
and SSP3 (price and yield effect). The greatest change 
in land use over the different scenarios is estimated to 
be between forest plantations and sheep & beef farms. 
This is because under the RCP only scenario, forest 
yields are estimated to increase more than pasture 
or arable. However, when the effects of SSP3 are 
also accounted for, the large price effects estimated 
in CliMAT-DGE cause sheep & beef to be relatively 
more profitable and hence there is a large shift ‘back’ 
into that land use. The other land uses tracked in 
NZFARM, including arable and dairy, are not estimated 
to change nearly as much (Fig. 19). In addition, there 
is a greater change in land use relative to 2015 areas 
when the SSP3 impacts are accounted for in the model 
simulations as opposed to just accounting for potential 
yield changes under a RCP8.5 climate trajectory.

Figure 19: NZFARM estimated land use area (ha) in Kaituna catchment.

The key economic and environmental output 
estimates for each scenario are summarised in Table 
9. These findings indicate that just accounting for the 
RCP8.5 yield effect results in a relatively small change 
in aggregate outputs compared with the scenarios 
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that account for the SSP3 effect. When accounting only 
for yields, net farm revenue is estimated to increase 
between 7 and 13%, while reducing freshwater 
environmental outputs by 1–4%4. In all cases when 
SSP3 is included in the simulation, net farm revenue is 
estimated to increase dramatically – from 176 to 402% 
over the next century – due to landowners switching 
into more profitable land uses, producing more output 
per hectare because of climate-induced yields, and an 
increase in real commodity prices relative to 2015  
(see Fig. 18). As a result of much of the land use 
change into sheep & beef by 2065, but then to forestry 
by 2100, environmental outputs increase over the first 
half of the century before declining as the result of a 
greater number of trees in the catchment relative to 
today (and the RCP-only scenarios). 

4 �N.B. baseline net GHG emissions are negative as annual forest caron sequestration is greater than livestock,  
crop, and fertiliser emissions

Table 9: Summary of Key Findings for NZFARM analysis (per annum)

Scenario Net Revenue 
(million $)

Gross GHG 
Emissions (t)

Net GHG 
Emissions (t)

N Leaching (t) P Loss (t) Soil Erosion (t)

2015 Baseline $80.3 139,186 -129,557 507 21 54,533

% Change from BaselineConstant CO2

2065 – RCP | 8.5/SSP3
2065 – RCP 8.5
2065 – SSP3

187%
7%

176%

7%
–2%

9%

–29%
12%

–41%

3%
–1%
3%

13%
–2%
16%

4%
–2%

6%

2100 – RCP | 8.5/SSP3
2100 – RCP 8.5
2100 – SSP3

402%
13%

346%

–13%
–2%

–10%

85%
21%
66%

–10%
–1%
–8%

–14%
–3%

–10%

–11%
–4%
–9%

4.1.6.3 LURNZ
High-resolution land use change scenarios were also 
developed using the LURNZ model. The model and 
scenarios were set up to be as closely comparable to 
NZFARM scenarios as possible. Complete consistency 
across the two models, however, was not feasible due 
to their different structure and data requirements. 

Being based on econometrically estimated functions, 
LURNZ may be more sensitive to situations in 
which projected values of an explanatory variable 
lie outside the historical range. This feature of the 
model will have implications for the interpretation of 
our simulation results as projections of future prices 
under SSP3 are far beyond their sample range.
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Figure 20 summarises the LURNZ results for  
the Kaituna catchment. Only dairy, sheep & beef,  
forestry, scrub and horticulture areas are modelled 
and hence reported. 

LURNZ suggests that the majority of land-use 
adjustment in the catchment occurs between sheep 
& beef and dairy farming. By comparison forestry and 
scrub changes were relatively small. This contrasts 
with the NZFARM results, where the greatest land-use 
change was between forestry and sheep & beef farming5. 

Two important caveats affect the validity of the SSP3 
results in LURNZ. First, the commodity price paths 
under SSP3 stretch the model beyond its traditional 
use and limits. Figure 21 shows both historical prices, 
on which LURNZ is estimated, and projections of future 
prices under SSP3. All commodity prices exceed their 
historical maximums by the end of the century, with 
sheep & beef and forestry prices experiencing a three-
to-five-fold increase from 2012. We do not expect out-
of-sample predictions from LURNZ to be reliable under 
these extreme circumstances because the estimated 
relationship between prices and land-use areas is 
unlikely to hold. Second, price effects are best modelled 
at the national (or regional) scale in LURNZ – the small 
size of the Kaituna catchment renders the results more 
sensitive to modelling artefacts arising from the spatial 
allocation algorithm. 

Figure 20: Projected distribution of land uses in the lower Kaituna.

5 However, it will be shown that accounting for baseline change leads to more consistency across the model results. 
6 �Technically, the baseline depicted is for 2065. However, the 2100 baseline is nearly identical: as there are no price changes beyond 2019 
and modelled baseline land-use has nearly reached its equilibrium by 2065.

Therefore, the estimated SSP (and hence the 
combined RCP & SSP) scenarios are not expected  
to be robust under SSP3. We discuss these only 
briefly for completeness.

Due to the dynamic nature of the LURNZ model, 
the interpretation of its land-use results is slightly 
different to NZFARM. In LURNZ, it is necessary to 
account for what would have happened to land use 
without the SSP3 price or RCP8.5 yield changes under 
the future baseline (Fig. 22).

Panel b of Figure 23 puts the land-use change under 
the various price and yield scenarios in context of the 
baseline change6. For example, the projected baseline 
afforestation of around 1,500 hectares of sheep & beef 
land is averted under SSP3 due to the steep rise in 
sheep & beef prices. The direction of this SSP3 price 
effect is consistent with the NZFARM results. Also, by 
the end of the century, high log prices cause forestry 
to rebound and increase beyond baseline levels in 
both models. 
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7 �The yield effect in LURNZ i.e. captures changes in pasture yields only. However, to the extent that these are correlated with yields in other 
land uses, some of the effect of other yields will also be reflected in the results (Timar 2016).

 8 �A robustness check was performed by repeating the catchment-scale modelling using a probabilistic method that bypasseses LURNZ’s 
spatial allocation algorithm. For Lower Kaituna, the probabilistic method tends to decrease the size of the yield effect: changes in dairy 
and sheep & beef are reduced by about 25%, and the change in scrub is much smaller using this alternative method. 

9 Sensitivity testing of NZFARM revealed the same finding.

Figure 21: Historical prices and SSP3 price projections (scaled to the 2012 price level).

The main effect of yield changes is projected to be 
a shift from sheep & beef to dairy7. This is intuitively 
consistent with the general increase in pasture 
yields, and also with relative yield changes in the two 
pastoral sectors: the biophysical modelling suggests 
that the increase in dairy yields generally exceeds the 
increase in sheep & beef yields (Timar 2016). There is 
also a reduction in scrub area (relative to the baseline) 
with small changes only in forestry and horticulture 
land uses within the catchment8. 

These yield effects are based on average predictions 
from the six GCMs listed in the previous section. 
Testing has revealed that the choice of climate model 
is not driving these results9: the projected land-use 
change under each of the six individual GCMs is largely 
consistent with the results in Figure 23. 

The LURNZ estimates therefore suggest that both 
economic and climate conditions under RCP8.5 and 
SSP3 may lead to further intensification of land use  
in the catchment. In particular, the area of land in dairy 
rises in all scenarios by the end of the century. The  
large increase in dairy area could put pressure on  
the catchment’s water resources. On the other hand, 
some negative environmental consequences may be 
mitigated by the projected increase in forestry area by 
(and beyond) 2100. 

While the magnitude of land-use responses is relatively 
large in LURNZ, it is important to note that the  
implied rate of land-use change over the simulation 
horizon is not larger than the rate at which land use  
in New Zealand has been changing historically.
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Figure 22: LURNZ results of projected changes in land use in 2065 and 2100 from 2012, for the baseline, RCP8.5 only,  
SSP3 only and RCP8.5 and SSP3 combined scenarios.

2065 2100

Baseline change

RCP8.5

SSP3

RCP8.5 & SSP3 
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a) NZFARM

Figure 23: Comparison of area change from 2012 in (a) NZFARM and (b) LURNZ.

b) LURNZ
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Implications – Land-use changes in the Kaituna catchment are projected to be affected by both the 
socio-economic pathways and climate change. The SSP3 scenario is projecting high log and sheep & 
beef prices compared with dairy prices. By comparing two land-use change models, we found there 
is generally a shift from sheep & beef farming to forestry by the end of the century. High log prices 
cause forestry to increase beyond baseline levels in both models. However, discrepancies in model 
assumptions (NZFARM accounts for arable and forestry biophysical condition changes) and structure 
(LURNZ accounts for historical changes) meant there were differences in dairy changes (opposite 
directions) and magnitude. This implies further investigations on scenario settings to better understand 
the future contribution of economic versus climatic factors. Regardless, the consistent result of an 
increase in afforestation by 2100 suggests that environmental outputs such as GHG emissions and 
freshwater contaminant loads could be offset or reduced over the next century, even if there is some 
intensification in other parts of the catchment. 

4.2 Integrated assessment for scenario 
RCP8.5/3/A
Following the results from the previous sections, 
we assessed a scenario for combination RCP8.5/3/A 
(Ausseil et al, 2016). Table 10 shows the direction of 
change up to 2100 from the quantitative models  
relative to a ‘baseline’ case with no climate change  
and historical socio-economic conditions. These 
quantitative results were interpreted to support 
narrative statements for each element of Table 4,  
which we discuss in more detail below. 

Categories Elements Change

Demographics Total population ○

Economic Development Land-use change: 
Area in dairy 
Area in sheep & beef
Area in forestry 

Forestry productivity
Maize
Pasture
Kiwifruit suitability

▲

▼

▲ 

○

△

△

▼

Environmental and ecological factors Wetland vulnerability
Erosion (soil loss)
Pests and disease suitable areas

○

▲

▲

Resources Water (river) discharge
Land at risk of sea level rise

▽

▲

Table 10: Results from the quantitative assessment for scenario RCP8.5/SSP3/A (a ○ is less than 5% change, white triangle is a 
minor change, >5% and <=10%; grey is a medium change, >10%; black is a major change, >20%; )
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1 Demographics 
The rural population could continue to decline. Rural areas typically have older populations, which leads to lower natural increase (or 
even natural decrease) of the population (Jackson & Cameron 2015). Ageing is likely to lead to a less mobile population that is less 
able to avoid hazardous situations like flood events. The New Zealand population is projected to peak at 5 million in 2040 (compared 
with the current population of just over 4 million). Development on coastal areas may slow or stop. As a result of a declining rural 
population there is likely to be further agglomeration of farm enterprises (Cameron et al. 2010)

2 Economic development 
In general, we could expect a decline in New Zealand’s economic health. Food security, both internationally and within New Zealand, 
is expected to be a major driver, leading to a decline in overseas markets/trade (e.g. kiwifruit) and increase in diverse, local markets. 
The limiting factor for primary production is likely to be appropriate and consistent access to water and the impacts of any extreme 
weather events. For our scenario, we found that dairy farming and forestry is likely to increase to the detriment of sheep farming.  
A concern for the catchment might be the decline of kiwifruit biophysical suitability due to lack of winter chilling, adding extra costs 
to production by requiring the use of chemicals to improve flowering (Linsley-Noakes 1989). This could be exacerbated by increased 
costs due to disease outbreaks and infrastructure costs. Regional climatic suitability for agricultural crops will change. For example, 
areas currently limited by low temperatures will be more suitable for cropping and rain-fed agriculture will become more vulnerable 
to drought, particularly for soils with low water holding capacity. However, low prices for grains relative to other commodities (Fig. 18) 
may continue to limit growth in area of arable cropping in the catchment.

3 Environmental and ecological factors  
If land is abandoned due to unfavourable climatic or trade changes, it could revert to natural wetlands. On the other hand, the productive 
land affected by sea level rise could also shift to existing wetlands. However, lack of funding for control measures could exacerbate the 
spread of exotic plants in wetland areas and create a risk for weed infestation of nearby cropping and pastoral farming. Native forests, 
wetlands and rivers could see a decline or altered biodiversity due to pest invasions, increased sedimentation, water diversion for 
economic uses, salinisation in the coastal zone and lack of funding for conservation. With warmer temperatures, pests currently limited 
to warmer climates could expand their range into the case study area and become more prolific, causing a reduction in abundance 
or loss of native species. Water discharge could reduce due to a reduction in precipitation, creating water stress during summer. An 
estimated increase in the area of pine plantations could reduce freshwater contaminant loads and GHG emissions (Table 9).

4 Resources 
Fuel costs are expected to rise with an increased reliance on fossil fuel-based electricity, primarily coal. This, in turn, could increase 
primary production and household utility costs and use of public transport. The tourism sector could suffer from these additional 
costs through greater travel costs. The coastal zone could be impacted by sea level rise, affecting agricultural land (mainly dairy and 
maize cropping).

 5 Human development/welfare 
Sea level rise is expected to lead to a decline in coastal property values and eventual abandonment of the most vulnerable  
properties due to coastal encroachment. Human vulnerability to natural disasters could increase due to more frequent extreme 
events (e.g. floods). Life expectancy may decline, especially with potential reduced funding for healthcare services and the likely 
increases in the incidence of infectious diseases, with coastal areas becoming an increasingly important reservoir for disease  
vectors such as mosquitoes.

6 Institutions & governance (excluding climate policies) 
Due to limited investment in sector/catchment-scale adaptation options to reduce risks, flood events could increase dramatically 
from added sedimentation in the rivers and lack of funding to raise stop banks. Road networks are likely to deteriorate, worsening 
the economic conditions in the region. Social inequality could deepen due to increased costs to farmers and inability to pay. Global 
agreements such as Kyoto Protocol could be regularly breached and contingent liability could be transferred to central government.

7 Technological development 
We assume that no new climate change mitigation options will be developed, but that local adaptation solutions will be created  
in a reactive way, lagging behind global initiatives. We expect that fewer research efforts will be funded by government and more  
by industry.

8 Broader social factors 
There could be a general disconnect from nature; recreation in and aesthetic appreciation of the outdoors rank low on the list of 
people’s priorities due to the high cost of living.

9 Policies (excluding climate policies)  
Loss of population and sea level rise could lead to ad hoc coastal protection. Insurance may be difficult to obtain or would not  
cover natural events. Development initiatives could be market-driven and lacking policies to include social, environmental or  
cultural elements.

Table 11: Narrative implication results for scenario RCP8.5/SSP3/A
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This integrated assessment provides an overview 
of potential future impacts of both climate change 
and socio-economic changes in a typical lowland 
environment of New Zealand. We demonstrated the 
use of quantitative models and narrative statements 
for one particular scenario (RCP8.5/SSP3/A), in  
which there is almost no attempt to curtail climate 
change on a global scale and only very limited, 
reactive local efforts. In this scenario, costs of 
production would generally increase due to a need  
for increased environmental management for  
pest control and water shortages, with a higher risk 
for a decline in commodity prices due to increased 
global competition. 

While we used categories of key elements from O’Neil 
et al. (2013), not all elements could be modelled 
quantitatively, either because our understanding of 
the behaviour of societies is not sufficient to model 
or predict anything, or because models were not 
calibrated for future projections. However, this 
provided a framework in which to form a coherent 
story and to incorporate narrative and quantitative 
statements about one possible future. This process 
highlighted the inter-dependencies between 
elements, and gave insight into the complex chain 
of events and feedbacks that could occur in the 
future. For example, the impact of climate change on 
some primary sectors can trigger land-use change 
creating trade-offs between food and timber provision 
(Dunford et al. 2015). 

The quantitative models had a degree of integration 
via “soft-coupling” because biophysical outputs for 
production changes were linked to economic models 
to drive land-use decisions. There is potential for 
additional interdependencies that we would like to 
explore in the future, with dynamic feedbacks to be 
modelled by hard-coupling of models, e.g. linking 
hydrological models with the land-use change model. 
However, the extra computational efforts need to 
be balanced with the value of added information. 
For example, if the land-use effect is revealed to be 
negligible then the hydrology model could assume a 
constant land-use pattern over time. The integrated 
assessment was the first of its kind that would 
integrate various social, economic and environment 
aspects through models. However, we acknowledge 

the high degree of uncertainty and stress the 
challenge involved in this exercise. In particular, 
each quantitative model introduces slightly different 
assumptions – as seen with the land-use change 
modelling exercise – that highlighted the impact  
of assumptions on the discrepancies in the results.  
This report is a first important step but more 
continued efforts are needed to create better 
estimates of future impact and implications.
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5 CONCLUSIONS

 
 
 
Our process was highly interdisciplinary, mixing 
biophysical and social science, and helped bridge  
the gap between research and policy. 

The modelling approach provided insights into 
potential negative or positive changes on key land 
uses for primary production. These in turn will have 
implications on land-use change decisions that  
should not solely rely on socio-economic context but 
also on the biophysical impact of climate change.  
The combination of the three dimensions represented 
by RCP, SSP and SPA enables us to create a mix of 
New Zealand-specific scenarios of high relevance to 
stakeholders. However, this multiplies the number 
of possible scenarios, given the number of RCPs, 
SSPs, and SPAs. The goal then is not to describe 
every possible policy landscape but to select a finite 
number of representative central policy assumptions 
to produce a set of climate policy scenarios that are 
plausible within the global RCP/SSP architecture.  
The approach would provide key messages to decision 
makers, giving trade-offs and synergies between 
positive and negative outcomes from climate and 
socio-economic pathways. 

Further work should continue to develop scenarios 
to provide some individually plausible yet contrasting 
exemplifications of socio-economic developments in 
New Zealand that could matter for the future impacts 
of climate change, societal vulnerability to climate 
change, and adaptation options.
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7 GLOSSARY

 
 
 
AR5	 Fifth Assessment Report from the IPCC

GCM	 General Circulation Models 

GDP	 Gross Domestic Product

IPCC	� Intergovernmental Panel on Climate Change

MHWS 	 Mean High-Water Springs

MSL	� Mean sea level of the sea relative  
to a vertical datum

MVD-53	� Mean Sea Level (MSL) Datum for the Bay of Plenty 
(Moturiki Vertical Datum–1953)

RA	 Research Aim

RCP	 Representative Concentration Pathways

SLR	 Sea Level Rise

SPA	 Shared climate Policy Assumptions

SSP	 Shared Socio-Economic Pathway

VCSN	 Virtual Climate Stations Network
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9 APPENDIX 

 
 
 
9.1 Future concentration scenarios

Figure 1: Atmospheric CO2-equivalent concentrations (in parts-per-million-by-volume) under the  
four Relative Concentration Pathways (RCPs) (van Vuuren et al. 2011).

9.2 Description of models used in the  
lowland case study

9.2.1 Demographic model
We developed a bottom-up sub-national population 
projections model, wherein gross migration between 
pairs of regions in New Zealand (n=16) is modelled 
using a set of age-sex-specific gravity models. Our 
model allows all inter-regional migration flows to 
be estimated and projected in a common framework 
with a single set of assumptions. This method offers 
a number of advantages over traditional methods, 
in particular that factors known to affect migration 
flows (such as climate, etc.) can be explicitly (based on 
regression modelling) incorporated into the population 
projections in a transparent and justifiable manner.

The estimated internal migration gravity model 
demonstrated that climate variables (sunshine, 
rainfall) had statistically significant but very small 
effects on internal migration in New Zealand.  
As such, most of the projected population change in 
New Zealand is likely to be driven by other factors 
(e.g. economic factors, population ageing and 
momentum, etc.), as discussed in Cameron (2013).
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9.2.2 Sea-level rise (SLR)
The Intergovernmental Panel for Climate Change 
(IPCC) released its Fifth Assessment Report (AR5) in 
2013-2014 (IPCC 2014). The report showed that the 
primary climate driver for SLR is global and regional 
surface temperature, which in turn is strongly 
influenced by greenhouse gas emissions. SLR occurs 
as a result of ocean warming, which causes thermal 
expansion of the sea, and melting of glacial ice, both of 
which have contributed to sea level rise throughout the  
20th century. 

In New Zealand, the sea level rose by an average of 
0.18 m around the country last century, relative to 
the land mass. It is rising relatively faster in some 
locations where the landmass is subsiding, such as 
Wellington. The rate of SLR was approximately linear 
over the last century, but is forecast to accelerate over 
the next century due to global warming and possible 
rapid melting of the Greenland and Antarctic ice 
sheets. The Ministry for the Environment Guidance 
Manual (MfE 2008) recommends that, for planning and 
decision timeframes out to the 2090s (2090–2099), at 
the very least, all assessments should consider the 
consequences of a mean sea-level rise of at least 0.8 m 
relative to the 1980–1999 average.

 
9.2.3 Primary production
 
9.2.3.1 Pasture growth modelling
To model pasture growth, we used the Biome-BGC 
model v4.2 (Thornton et al. 2002, 2005), adapted 
to two types of New Zealand managed grassland 
systems: sheep & beef (low intensity) and dairy (high 
intensity). The Biome-BGC model is an ecosystem 
process model that simulates the biological and 
physical processes controlling fluxes of carbon, 
nitrogen and water in vegetation and soil in terrestrial 
ecosystems. This includes the CO2 fertilization 
effect, which enhances the rate of photosynthesis 
and reduces water loss in plants under elevated 
CO2 atmospheric concentrations. We used the 
model’s built-in C3 grasslands mode, with some key 
ecological parameters modified and re-interpreted 
to represent managed pasture and the presence of 
grazing animals (Keller et al. 2014). Model parameters 
were calibrated against New Zealand pasture growth 
data and validated for both dairy and sheep systems 

as described in Keller et al. (2014). The primary model 
inputs, daily minimum and maximum temperature, 
precipitation, vapour pressure deficit, and solar 
radiation were derived from the outputs of the 6 GCMs 
listed in section 4.2.1. 

Unique parameterizations were assigned to both 
sheep and dairy ‘ecosystems’. The main difference 
between the two is the intensity of farming: dairy 
systems receive more nitrogen inputs (to simulate 
more fertiliser use), more grass is eaten (in the 
form of increased whole-plant mortality), and more 
animal products (milk or meat) are extracted from 
the system. In addition, the dairy parameterization 
effectively results in increased water-use efficiency. 
Note that irrigation is not simulated in either system.

The model was run for each 5 km × 5 km VCSN 
grid square in the Kaituna catchment with location-
specific weather inputs, soil texture and rooting depth. 
A reference or ‘baseline’ pasture production for 
each GCM was simulated using the RCP past climate 
input (representative of modern day conditions) and 
averaged over the nominal years 1985–2005. For all 
future scenarios, the model was first spun up using 
RCP past climate, and then restarted and run as a 
transient simulation from 2005 to 2100 using each 
model- and scenario-specific projected climate.

9.2.3.2 Forestry
The simulation results described here used the 
comprehensive process-based ecophysiological 
model CenW 4.1 to simulate the growth of Pinus 
radiata in the Bay of Plenty region. The model had 
previously been parameterised for the growth of P. 
radiata based on data from the whole of New Zealand 
(Kirschbaum & Watt 2011). It had also previously been 
used for climate-change impact assessments for 
New Zealand (Kirschbaum et al. 2012), and essentially 
the same modelling procedure was followed here. 
It principally models tree growth over 30 years, 
with initial stand densities and thinning regimes as 
described by Kirschbaum et al. (2012).

 The novel aspect of the present work is the 
availability of actual daily output of key weather 
parameters from six different GCMs for each day 
up to 2100. In past work, only average changes 
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in weather parameters were available, and these 
weather anomalies had to be added to a current-day 
weather sequence. That preserved a realistic pattern 
of seasonal changes in weather parameter, but did 
not include any possible changes in those patterns 
themselves. The climatic data used here are the direct 
output from GCM runs and thus include any possible 
changes in weather patterns (such as changing inter-
annual frequency of drought periods, or changes in 
seasonal temperature or rainfall patterns).

Data are presented both as changes from current 
(1980–2010) productivity to productivity in 2055 
(2040–2070) or 2085 (2070–2100), and as progressive 
changes by running the model to simulate productivity 
from 1980 to 2010, followed by a run with data from 
1981 to 2011, and so on.  

9.2.3.3 Crop modelling
The Agricultural Production Systems sIMulator 
(APSIM) is a biophysical model that simulates crop 
growth at daily time-steps in response to climate, 
soil, and crop management (Holzworth et al. 2014). 
The model represents processes that control 
dynamics of carbon, water and nitrogen in plants and 
soils. The timing and specifications of management 
interventions (e.g. sowing, harvesting, fertiliser and 
water application) are also represented in APSIM. 
In RA2, to extend APSIM applications beyond its 
original point-basis configuration (i.e. single location) 
to a catchment scale (~5 km resolution), dynamic 
simulations of crop management (sowing dates, 
fertiliser application and crop type choice) in response 
to environmental conditions were developed. Model 
simulations did not account for biotic stresses 
(insects, pathogens and weed competition) or 
damage by extreme events (e.g. floods, heat waves 
or storms). Simulations were performed for silage 
maize (Zea mays). Maize was selected as an indicator 
of climatic suitability to arable cropping due to its 
importance as a forage option for the dairy sector and 
its wide presence across New Zealand. To explore 
adaptation options to climate change, APSIM runs 
were performed for two maize genotypes (short- and 
long-maturity hybrids) with and without considering 
adaptation of sowing dates (i.e. sowing early in 
response to warmer climates). Simulations were 
performed for a baseline (1986–2005), mid-century 

(2046–2065) and end-century (2081–2099) with the six 
selected GCMs. Simulations were run continuously, 
with a spin-up period of 3–8 years depending on 
data availability. As maize in the Kaituna catchment 
is typically grown under rain-fed conditions on soils 
with high water-holding capacity (assumed 160 
mm/m), these conditions were therefore assumed 
in simulations. A 30-year baseline model run using 
the historical climate (ERA databases from 1971 
to 2000) was used to calibrate and test the model. 
Sowing dates and yields of historical model runs were 
scrutinised by maize crop experts (Dr John de Ruiter, 
Senior Scientist at Plant and Food Research – PFR 
and Mr Allister Holmes, Research & Extension Team 
Leader at the Foundation for Arable Research – FAR). 
In addition, model results for historical weather were 
compared with data from an online-survey, developed 
by FAR and PFR, with maize growers across  
New Zealand. Model results were analysed for grid 
cells other than lake areas.  

9.2.4 Economics and land use
 
9.2.4.1 Climat-DGE
To estimate the effect of global SSP on the New 
Zealand economy, we used the climate and trade 
dynamic general equilibrium (CliMAT-DGE) model 
developed by Landcare Research. CliMAT-DGE 
is a multiregional, multi-sectoral, forward-
looking dynamic general equilibrium model with a 
relatively long time horizon of 100 years or more. 
This model is suited to studying the efficient (re)
allocation of resources within the economy and 
the response over time to resource or productivity 
shocks. CliMAT-DGE primarily uses the Global 
Trade Analysis Project (GTAP) version 8 data set. 
The base year of the benchmark projection is 2007. 
The model then develops a benchmark projection 
of the economic variables and GHG emissions, and 
simulates scenarios to evaluate the impacts of 
mitigation policies. Based on long-run conditions 
and constraints on physical resources, which restrict 
the opportunity set of agents, the model predicts the 
behaviour of the economy, energy use, and emissions 
by region and sector (Fæhn et al. 2013).
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CliMAT-DGE covers 18 aggregated production sectors; 
we focused on the cattle and food sectors. Model 
dynamics follow a forward-looking behaviour where 
decisions made today about production, consumption 
and investment are based on future expectations, 
estimated in 5-year time steps. The economic agents 
have perfect foresight and know exactly what will 
happen in all future periods of the time horizon. Thus, 
households are able to smooth their consumption 
over time in anticipation of large price shocks that 
may arise as a result of resource constraints or 
environmental taxes. For a thorough description of 
CliMAT-DGE, see Fernandez and Daigneault (2015).

9.2.4.2 NZFARM
The New Zealand Forest and Agriculture Regional 
Model (NZFARM) is a comparative-static, non-linear, 
partial equilibrium mathematical programming model 
of New Zealand land use operating at the catchment 
scale developed by Landcare Research (Daigneault 
et al. 2014, 2017). In this study it was used to assess 
how changes in climate (i.e. yields), socio-economic 
conditions (e.g. commodity prices and input costs), 
resource constraints, and environmental policy 
(e.g. GHG reduction pathways) could affect a host of 
economic or environmental performance indicators 
that are important to decision-makers and rural 
landowners. The version of the model used for 
this analysis can track changes in land use, land 
management, agricultural production, freshwater 
contaminant loads, and GHG emissions (see Fig. 25).

Figure 25: Diagram of inputs and outputs from NZFARM.
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In this case study, we use NZFARM to assess the 
implications on farm income, land use and the 
environment when farmers in the Kaituna catchment 
are faced with variations in agricultural yields due 
to climate change and/or alternative shared socio-
economic pathways. This analysis builds on previous 
work on climate change impacts on agriculture and 
forestry in New Zealand by indicating not only the 
likely impact of climate change on production, but 
also the effect that landowner adaptation may have on 
land use, economics, production, and environmental 
outputs within a simultaneous modelling framework.

The model’s objective function maximizes the net 
revenue of agricultural production, subject to land 
use and land management options, production costs 
and output prices, and environmental factors such 
as soil type, water available for irrigation, and any 
regulated environmental outputs (e.g. GHG emissions 
taxes) imposed on the catchment. Catchments can be 
disaggregated into sub-regions (i.e. zones) based on 
different criteria (e.g. land use capability, irrigation 
schemes) such that all land in the same zone will yield 
similar levels of productivity for a given enterprise 
and land management option. In this case, each VCSN 
grid cell is modelled as an individual zone within the 
Kaituna catchment.

Simulating endogenous land management is an 
integral part of the model, which can differentiate 
between ‘baseline’ land use and farm practices based 
on average yields achieved under the current climate 
and those that could be experienced under a range 
of RCPs. Landowner responses to changing climate 
and socio-economic conditions are parameterised 
using estimates from biophysical models described 
elsewhere in this report, commodity prices estimated 
from CliMAT-DGE, and farm budgeting models 
described in Daigneault et al. (2016).

9.2.4.3 LURNZ
The Land Use in Rural New Zealand (LURNZ) model 
is a spatially explicit integrated model of national land 
use (Kerr et al. 2012; Anastasiadis et al. 2014). LURNZ 
is built upon econometrically estimated functions that 
establish the relationship between observed drivers 
of land use and land-use outcomes (Kerr & Olssen 
2012; Timar 2011, 2016). This structure enables us to 
make relatively few assumptions about the individual 

motivations of rural decision makers, making the 
model generally robust and transparent. On the other 
hand, its empirical foundation can also make the 
model less flexible and more prone to data limitations. 
For example, LURNZ simulations may become 
unreliable when future values of the explanatory 
variables lie outside their historical range. 

Under the RCP 8.5 & SSP 3 scenario, both climate and 
economic parameters are expected to change. The 
LURNZ (and NZFARM) simulations were designed to 
try to disentangle the effects of climate and economic 
drivers. Accordingly, we performed four sets of mid-
century and end-of-century simulations using the 
25-hectare version of LURNZ: 

1)	 The “Baseline” runs use Situation and Outlook 
for Primary Industries (SOPI) commodity price 
projections through 2020 and constant prices 
thereafter. These runs provide the basis against 
which the other simulations can be evaluated. 

2)	 Under the “Price only” runs, climate parameters 
are held at their baseline values and only prices 
are allowed to change. Specifically, these runs are 
based on commodity price projections from the 
CLiMAT-DGE model under SSP3. 

3)	 Under the “Yield only” runs, prices are held at 
their baseline values, and only climate-induced 
changes in productivity are allowed. Projected 
changes in pasture yields from the Biome-BGC 
model (Keller et al. 2014) are included spatially 
(Timar, forthcoming). Forestry yields cannot be 
accommodated in LURNZ spatially, so here we 
apply the projected proportional increase in the 
Lower Kaituna forestry yields to national forestry 
prices as an approximation.

4)	 The “Combined” runs combine the price and yield 
effects. The two effects are approximately additive 
at the national level (but not necessarily at other 
spatial scales). 

All simulations are carried out at the national level. 
Therefore, catchment-specific outcomes represent a 
subset of the national outcomes.
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9.2.5 Pest modelling 

9.2.5.1 Climate data
The climate data, projections and the VCSN has been 
described elsewhere in this report. This analysis 
used both the monthly data as well as 20-year time 
period climate normals centred on 2005, 2050, and 
2090. Data was provided as netCDF files. These were 
manipulated in Python to create the input datasets 
required by Climex. An audit was undertaken to 
ensure that transformation did not corrupt the data. 
Due to database size limitations, separate Climex  
data files were created for the monthly data, on a 
5 year time step, for each Species X RCM X RCP, 
and one climate input file for the normals data set. 
Locations are national for each 5-km grid cell in the 
VCSN. Climate change projection data was loaded  
into the climate input file by repurposing variables  
of continent, country, state to hold RCM, RCP and  
year labels.  

9.2.5.2 Climex simulations
Climex v 4.02 was used for the simulations, using the 
compare location (1 species, extended) function. All 
parameters, other than meta data and species, were 
kept to the default.

Due to the large numbers of simulations, automation 
software (WinAutomation V6) was used to automate 
the importing of data into input files (Metman) and to 
run the compare locations algorithm.

Two climate data sets where used to run the 
simulations:

•	 Each species is modelled at 5 year intervals 
(2015–2120), for each RCM and RCP, capturing the 
inter-annual variation in potential distribution. 

•	 Each species is modelled using the 20-year  
normal data centred on 2005, 2050, 2090 for each 
RCM and RCP. 

•	 These data were reduced by using the maximum EI 
for each cell from each of the RCM, i.e. the worst 
case scenario of EI risk is presented.

9.2.5.3 Species
The models were provided by John Kean (Agresearch) 
via the Climenz website (http://b3.net.nz/climenz/
index.php see Table 13), and were able to be 
downloaded as climex ready parameter files,  
saving considerable time as well as ensuring 
parameter accuracy.

55 species modelled were selected from a range of 
sources that identified pests or unwanted organisms 
in NZ, such as the National Pest Plant Accord, legal 
sources (notifiable organisms) and those recommend 
as pests either as have been modelled in NZ before 
using earlier climate data sets, or as potential threats 
to biodiversity or production systems.
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Table 13: Species modelled and Climex Model references 

Pest Source

Acantholybas brunneus Steinbauer MJ, Yonow T, Reid IA, Cant R 2002. Ecological biogeography of species  
of Gelonus, Acantholybas and Amorbus in Australia. Austral Ecology 27: 1–25.  
DOI: 10.1046/j.1442-9993.2002.01146.x

Alternanthera 
philoxeroides 
Alligator Weed

Julien MH, Skarratt B, Maywald GF 1995. Potential geographical distribution of alligator weed and its 
biological control by Agasicles hydrophila. Journal of Aquatic Plant Management 33: 55–60.

Amorbus rhombifer 
Eucalyptus tip-wilter bug

Steinbauer MJ, Yonow T, Reid IA, Cant R 2002. Ecological biogeography of species  
of Gelonus, Acantholybas and Amorbus in Australia. Austral Ecology 27: 1–25.  
DOI: 10.1046/j.1442-9993.2002.01146.x

Amorbus robustus 
Clown bug

Steinbauer MJ, Yonow T, Reid IA, Cant R 2002. Ecological biogeography of species  
of Gelonus, Acantholybas and Amorbus in Australia. Austral Ecology 27: 1–25.  
DOI: 10.1046/j.1442-9993.2002.01146.x

Anastrepha obliqua 
West Indian fruit

Fu L, Li ZH, Huang GS, Wu XX, Ni WL, Qu WW 2014. The current and future potential geographic  
range of West Indian fruit fly, Anastrepha obliqua (Diptera: Tephritidae). Insect Science 21: 234–244.  
DOI: 10.1111/1744-7917.12018

Asparagus aethiopicus 
Bushy Asparagus

Scott JK, Batchelor KL 2006. Climate-based prediction of potential distributions of introduced 
Asparagus species in Australia. Plant Protection Quarterly 21: 91–98.

Baccharis halimifolia 
Groundsel Bush

Sims-Chilton NM, Zalucki MP, Buckley YM 2010. Long term climate effects are confounded with the 
biological control programme against the invasive weed Baccharis halimifolia in Australia. Biological 
Invasions 12: 3145-3155. DOI: 10.1007/s10530-010-9705-z

Bactrocera correcta 
Guava Fruit fly

Wengang L, Deng Y, Li Z, Lin W, Wan F, Wang Z 2010. A prediction of potential geographical distribution of 
guava fruit fly, Bactrocera (Bactrocera) correcta (Bezzi) in China. Acta Phytophylacica Sinica 37: 529–534.

Bactrocera cucumis 
Cucumber fruit fly

Kriticos DJ 2007. Risks of establishment of fruit flies in New Zealand under climate change. Ensis client 
report 12244, 26 pp.

Bactrocera cucurbitae 
Melon fly

Lingbin W, Wei L, Zhihing L, Fangbao W, Zhiling W, Guansheng H 2008. A prediction of potential 
geographic distribution of melon fruit fly based on CLIMEX and DIVA-GIS. Acta Phytophylacica Sinica 
35: 148–154.

Bactrocera dorsalis 
Oriental fruit fly

Sridhar V, Verghese A, Vinesh LS, JayashankarM, Kamala Jayanthi PD 2014. CLIMEX simulated 
predictions of Oriental fruit fly, Bactrocera dorsalis (Hendel) (Diptera: Tephritidae) geographical 
distribution under climate change situations in India. Current Science 106: 1702–1710.

Bactrocera musae 
Banana fly

Kriticos DJ 2007. Risks of establishment of fruit flies in New Zealand under climate change. Ensis client 
report 12244, 26 pp.

Bactrocera neohumeralis Kriticos DJ 2007. Risks of establishment of fruit flies in New Zealand under climate change. Ensis client 
report 12244, 26 pp.

Bactrocera tryoni 
Queensland Fruit Fly

Yonow T, Sutherst RW 1998. The geographical distribution of the Queensland fruit fly, Bactrocera 
(Dacus) tryoni, in relation to climate. Australian Journal of Agricultural Research 49: 935-953.  
DOI: 10.1071/A97152

Bactrocera zonata 
Peach fruit fly

Ni WL, Li ZH, Chen HJ, Wan FH, Qu WW, Zhang Z, Kriticos DJ 2012. Including climate change in pest 
risk assessment: the peach fruit fly, Bactrocera zonata (Diptera: Tephritidae). Bulletin of Entomological 
Research 102: 173–183.

Buddleja davidii 
Butterfly bush

Watt MS, Kriticos DJ, Potter KJB, Manning LK, Tallent-Halsell N, Bourdôt GW 2010. Using species niche 
models to inform strategic management of weeds in a changing climate. Biological Invasions 2:  
3711–3725. DOI: 10.1007/s10530-010-9764-1

Ceratitis rosa 
Natal fruit fly

Lindsay KR 2010. The impacts of climate change on the summerfruit industry with respect to insect 
pest incursions. Master of Applied Science thesis, Lincoln University. WEB

Cerotoma trifurcata 
Bean leaf beetle

Berzitis E 2013. Climate change effects on the pest status and distribution of the bean leaf beetle 
(Cerotoma trifurcata). PhD thesis, The University of Guelph, Ontario.

Clematis vitalba 
Old Man’s beard

Lamoureaux SL, Bourdôt GW 2015. unpublished data.

Cortarinia nasturtii 
Swede midge

Mika AM, Weiss RM, Olfert O, Hallett RC, Newman JA 2008. Will climate change be beneficial or 
detrimental to the invasive swede midge in North America? Contrasting predictions using climate 
projections from different general circulation models. Global Change Biology 14: 1721–1733.  
DOI: 10.1111/j.1365-2486.2008.01620.x

Cortaderia selloana 
Pampas grass

Lamoureaux SL, Bourdôt GW 2015. unpublished data.

Cytisus scoparius 
Broom

Potter KJB, Kriticos DJ, Watt MS, Leriche A 2009. The current and future potential distribution of 
Cytisus scoparius: a weed of pastoral systems, natural ecosystems and plantation forestry. Weed 
Research 49: 271–282. DOI: 10.1111/j.1365-3180.2009.00697.x
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Diaphorina citri 
Asian citrus psyllid

Logan DP, Narouei Khandan HA 2014. CLIMEX modelling for Asian citrus psyllid, Diaphorina citri, and 
citrus black spot, Guignardia citricarpa. Plant & Food Research report prepared for: New Zealand 
Citrus Growers Incorporated (NZCGI). PFR SPTS 9799.

Dothistroma spp Watt, M., Ganley, R., Kriticos, D., and Manning, L. 2011. Dothistroma needle blight and pitch canker: the 
current and future potential distribution of two important diseases of Pinus species. Canadian Journal 
of Forest Research 41: 412–424. DOI: 10.1139/X10-204

Drosophila suzukii 
Spotted-wing drosophila

Damus M 2009. Some preliminary results from Climex and Maxent distribution modelling of Drosophila 
suzukii, version 2. CFIA Plant Health Risk Assessment, Ottawa, Canada.

Epiphyas postvittana 
Light brown apple moth

He S, Worner SP, Ikeda T 2012. Modeling the potential global distribution of light brown apple moth 
Epiphyas postvittana (Lepidoptera: Tortricidae) using CLIMEX. Journal of Asia-Pacific Entomology 15: 
479-485. DOI: 10.1016/j.aspen.2012.01.004

Essigella californica 
Monterey pine aphid

Wharton TN, Kriticos DJ 2004. The fundamental and realized niche of the Monterey Pine aphid, 
Essigella californica (Essig) (Hemiptera: Aphididae): implications for managing softwood plantations in 
Australia. Diversity and Distributions 10: 253–262. DOI: 10.1111/j.1366-9516.2004.00090.x

Frankliniella occidentalis 
western flower thrips

Cheng J, Wan F, Guo J 2006. Potential distribution of Frankliniella occidentalis (Pergande) 
(Thysanoptera: Thripidae) in China by using combined CLIMEX and GIS tools. Scientia Agricultura Sinica 
39: 525–529.

Fusarium circinatum 
Pitch Canker

Watt, M., Ganley, R., Kriticos, D., and Manning, L. 2011. Dothistroma needle blight and pitch canker: the 
current and future potential distribution of two important diseases of Pinus species. Canadian Journal 
of Forest Research 41: 412–424. DOI: 10.1139/X10-204

Gymnocoronis 
spilanthoides 
Senegal tea plant

Scott JK, Batchelor KL, Ota N, Yeoh PB 2008. Modelling climate change impacts on sleeper and alert 
weeds. Report to Land and Water Australia.

Hypericum tetrapterum 
St. Peter’s wort

Scott JK, Batchelor KL, Ota N, Yeoh PB 2008. Modelling climate change impacts on sleeper and alert 
weeds. Report to Land and Water Australia.

Harmonia axyridis 
Harlequin ladybird

Poutsma J, Loomans AJM, Aukema B, Heijerman T 2008. Predicting the potential geographical 
distribution of the harlequin ladybird, Harmonia axyridis, using the CLIMEX model.  
BioControl 53:103–125. DOI: 10.1007/s10526-007-9140-y

Helicoverpa armigera 
Tomato fruitworm, Corn 
earworm, Cotton bollworm

Zalucki MP, Furlong MJ 2005. Forecasting Helicoverpa populations in Australia: A comparison of 
regression based models and a bioclimatic based modelling approach. Insect Science 12: 45–56.  
DOI: 10.1111/j.1672-9609.2005.00007.x

Lantana camara 
Big sage, Tickberry, 
Lantana

Taylor S, Kumar L, Reid N, Kriticos DJ 2012. Climate change and the potential distribution of an invasive 
shrub, Lantana camara L. PLoS ONE 7(4): e35565. DOI: 10.1371/journal.pone.0035565

Latrodectus hasseltii 
Redback spider

Vink CJ, Derraik JGB, Phillips CB, Sirvid PJ 2011. The invasive Australian redback spider, Latrodectus 
hasseltii Thorell 1870 (Araneae: Theridiidae): current and potential distributions, and likely impacts. 
Biological Invasions 13:1003-1019. DOI: 10.1007/s10530-010-9885-6

Lymantria dispar asiatica 
Asian Gypsy moth 

Matsuki M, Kay MK, Serin J, Floyd RB, Scott JK 2001. Potential risk of accidental introduction of Asian 
gypsy moth (Lymantria dispar) to Australasia: effects of climatic conditions and suitability of native 
plants. Agricultural and Forest Entomology 3: 305–320. DOI: 10.1046/j.1461-9555.2001.00119.x

Lythrum salicaria 
purple loosestrife

Lamoureaux SL, Bourdôt GW 2015. unpublished data.

Melaleuca quinquenervia 
Paper bark tree

Watt MS, Kriticos DJ, Manning LK 2009. The current and future potential distribution of Melaleuca 
quinquenervia. Weed Research 49: 381–390. DOI: 10.1111/j.1365-3180.2009.00704.x

Nassella neesiana 
Chilean needle grass

Kriticos DJ, Crossman ND, Ota N, Scott JK 2010. Climate change and invasive plants in South Australia. 
Report for the South Australian Department of Water, Land and Biodiversity Conservation. CSIRO 
Climate Adaptation Flagship, Canberra. 97 pp.

Passiflora tripartite 
Banana passionfruit

Lamoureaux SL, Bourdôt GW 2015. unpublished data.

Pennisetum clandestinum 
Kikuyu grass

Barney JN, DiTomaso JM 2011. Global climate niche estimates for bioenergy crops and invasive  
species of agronomic origin: Potential problems and opportunities. PLoS ONE 6(3): e17222.  
DOI: 10.1371/journal.pone.0017222

Penthaleus major 
Blue oat mite

Robinson MT, Hoffman AA 2001. The pest status and distribution of three cryptic blue oat mite species 
(Penthaleus spp.) and redlegged earth mite (Halotydeus destructor) in southeastern Australia. 
Experimental and Applied Acarology 25: 699–716. DOI: 10.1023/A:1016375219330

Plutella xylostella 
Diamondback moth

Zalucki MP, Furlong MJ 2011. Predicting outbreaks of a migratory pest: an analysis of diamondback 
moth distribution and abundance revisited. pp. 8-14 in Management of the diamondback moth and other 
crucifer insect pests: Proceedings of the 6th international workshop (ed AMS R. Srinivasan, H.L. Collins) 
21–25 March 2011, Nakhon Pathom, Thailand.

Rhagoletis indifferens 
Western cherry fruit fly

Kumar S, Neven LG, Yee WL 2014. Assessing the potential for establishment of western cherry  
fruit fly using ecological niche modeling. Journal of Economic Entomology 107(3):1032-1044.  
DOI: 10.1603/EC14052
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Rhopalosiphum padi 
cereal aphid

Macfadyen S, Kriticos DJ 2012. Modelling the geographical range of a species with variable life-history. 
PLoS ONE 7(7): e40313. DOI: 10.1371/journal.pone.0040313

Sirex noctilio 
Sirex Woodwasp

Carnegie AJ, Matsuki M, Haugen DA, Hurley BP, Ahumada R, Klasmer P, Sun J, Iede ET 2006. Predicting 
the potential distribution of Sirex noctilio (Hymenoptera: Siricidae), a significant exotic pest of Pinus 
plantations. Annals of Forest Science 63: 119–128.

Solenopsis invicta 
Red imported fire ant

Sutherst RW, Maywald GF 2005. A climate model of the red imported fire ant, Solenopsis invicta 
Buren (Hymenoptera: Formicidae): implications for invasion of new regions, particularly Oceania. 
Environmental Entomology 34: 317–335. DOI: 10.1603/0046-225X-34.2.317

Spodoptera exigua 
Beet armyworm

Zheng XL, Wang P, Cheng WJ, Wang XP, Lei CL 2012. Projecting overwintering regions of the beet 
armyworm, Spodoptera exigua in China using the CLIMEX model. Journal of Insect Science 12: 13.  
DOI: 10.1673/031.012.1301

Thaumastocoris 
peregrinus 
Bronze bug

Saaverda, M., Avila, G, G., Withers, M. and Holwell, G. 2015. The potential global distribution of the 
Bronze bug Thaumastocoris peregrinus Carpintero and Dellapé (Hemiptera: Thaumastocoridae). 
Agricultural and Forest Entomology. DOI: 10.1111/afe.12117

Thaumetopoea pityocampa 
Pine processionary moth

Kriticos DJ, Leriche A, Palmer DJ, Cook DC, Brockerhoff EG, Stephens AEA, Watt MS 2013. Linking 
climate suitability, spread rates and host-impact when estimating the potential costs of invasive pests. 
PLoS ONE 8(2): e54861. DOI: 10.1371/journal.pone.0054861

Thrips palmi 
Melon thrips

Dentner PR, Whiting DC, Connolly PG 2002. Thrips palmi Karny (Thysanoptera: Thripidae): could it 
survive in New Zealand. New Zealand Plant Protection 55:18–24.

Uraba ludens 
Gum leaf skeletoniser 
(moth)

Kriticos DJ, Potter KJB, Alexander NS, Gibb AR, Suckling DM 2007. Using a pheromone lure survey to 
establish the native and potential distribution of an invasive Lepidopteran, Uraba lugens. Journal of 
Applied Ecology 44(4): 853–863. DOI: 10.1111/j.1365-2664.2007.01331.x

(Source: CLIMENZ)
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