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Abstract

Global climate change may potentially alter the ecology of snow tussock
grasslands. This may in turn affect water flows in the Taieri River catchment as snow
tussocks have been shown to provide high water yields through their ability to trap
and retain precipitation. Future changes in temperature and precipitation are modelled
for the Taieri catchment area using the model CLIMPACTS. This model shows a
0.5 °C increase in temperature for the two fifty year periods up to the end of this
century, but an almost negligible increase in precipitation.

The increase in

temperature may increase the growth rate and flowering regime of narrow-leaved
snow tussock. However, the tussock grasslands will also come under increasing
threat from invading pests and weeds. In order to maintain the water yield from this
catchment active management of the tussock grasslands may be increasingly
necessary in the future.
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1 Introduction

Anthropogenic climate change is an increasing global concern as it has the
potential to severely disrupt native ecosystems. It poses a challenge for conservation,
as changes may be rapid and unforeseen. There is growing worldwide concern over
the protection of native grasslands, as they are one of the most modified of all
ecosystem types.

The uplands at the head of the Taieri River catchment have particular ecological
significance because of their extensive native snow tussock grasslands.

In New

Zealand, there are few remaining unmodified tussock grasslands; these are mainly
located in inaccessible areas. The upper Taieri grasslands contain some of the most
unmodified snow tussock grasslands of anywhere in Otago (Connell, 1999), and are
therefore important from a conservation perspective.

These upland grasslands are the main source of the Taieri River, the forth-longest
river in New Zealand, which supports a large area of farming through irrigation, as
well as aquatic life unique to the area. It also provides a significant amount of the
water supply for the city of Dunedin. The water yield of the Taieri catchment is
mainly sourced from rainfall in the upland parts of the catchment, as the lowland areas
have a dryer climate. This yield is complemented by the ability of snow tussocks to
trap water from precipitation (Clearwater, 1999). This provides a steady flow of
water even during drier periods.
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The city of Dunedin gets as much as half of its water supply from upland areas
higher than 700 m elevation. Upland areas are important water catchments, as they
tend to have a high amount of precipitation through rainfall, fog and snow, as well as
low evaporation rates. Three-quarters of the water in the Taieri River comes from
upland areas, the most productive sub-catchments are Deep Stream, the Waipori River
and the Upper Taieri. Factors affecting the hydrocycle include topography, soil and
subsoil type, temperature and water content of the air and soil, and the type and
structure of the vegetation cover (Clearwater, 1999).

It is widely acknowledged that the anthropogenic emissions of carbon dioxide to
the atmosphere since the industrial revolution are enhancing the natural greenhouse
effect and changing the earth's climate. These climate changes may potentially affect
these tussock grasslands. Rising temperatures and changing rainfall patterns could
affect the habitat ranges of the plant species present, particularly the narrow-leaved
snow tussock (Chionochloa rigida) which is the dominant plant cover. This may in
tum affect the water yield of the catchment. Conservation areas have been set aside to
protect these grassland ecosystems. The newest and largest of these is the Te Papanui
Conservation Park, established in March 2003. This park covers 21 000 hectares of
snow tussock grassland on the Lammermoor plateau, at the very head of the Taieri
River. Ifthe climate changes in the area are significant, this park may no longer be
sufficient to protect this ecosystem. Some species may need to migrate outside the
park boundaries to stay within their climate tolerance range. This migration may,
however, be impossible, due to fragmentation of the surrounding habitat by other land
uses, such as pastoral farming and forestry plantations. Species that grow outside the
park are vulnerable, as they are not protected by conservation restrictions.
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1.1

Study Area: The Taieri River Catchment

The Taieri catchment is located in central Otago, a province in the south of the
South Island of New Zealand. It is the second largest catchment of any river in New
Zealand with a total catchment area of 5650 km2 (Otago Regional Council, 1999).

The Taieri River begins in the Lammerlaw and Lammermoor ranges at 1150 m
altitude. It drains north through the Maniototo Plain, then turns south and flows
through the Strath Taieri and Taieri Plains (Figure 1.1 ). It Reaches the Pacific Ocean
30 km south-west of the city ofDunedin. The catchment supports valuable freshwater
resources such as sport fisheries of exotic fish species as well as important native
species, some of which are locally endemic. It also supports a large unique scroll
plain and New Zealand's only salt lake. The dominant land uses are farming and
forestry and irrigation is the main water use (Otago Regional Council, 1999)

The Land Environments of New Zealand classification (Leathwick et al., 2003)
places the Taieri catchment area in the South Eastern Hill Country and Mountains
environment, which extends from south Canterbury down to southland and west to the
eastern edge of Fiordland. This area experiences drier conditions than most other
New Zealand mountain environments, but is the most fertile. Tussock grasslands are
the most extensive land cover in this environment. The rounded ranges and plateaus
of eastern Otago are a subset within the larger environment classification, identified
by a cool climate with only moderate water deficits compared to the rest of the area.
This area consists of extremely exposed plateaus, increasing from an altitude of 900 m
in the east to over 2000 m in the west. The lower areas support Chionochloa rigida or
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C. rubra grasslands. This subset includes the Garvie Mountains, Old Man, Rough

Ridge, Rock and Pillar, and the Lammermoor ranges. Parent materials are greywacke
and schist dominant with some loess and tertiary rocks. Fertility is moderate, and
drainage is moderate to imperfect.

The area has a sub-continental climate, with the highest annual temperature
variation in the country. Central Otago the driest part ofNew Zealand, due to the rain
shadow effects of the Southern Alps. Precipitation is higher on the range peaks, at an
average of 2000mm a year, but very low in the valleys (344mm) which are classified
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as semi-arid (Connell, 1999). Snow can fall at any time and lies for several weeks in
winter. Areas in the Taieri catchment above 900 m receive over 1000 mm of rain per
year, with higher rates of rainfall in summer and autumn than in winter. These areas
make up approximately 20 % of the catchment and yield unusually high proportions
of runoff. Peak flows occur during late winter and spring due to snowmelt and a
lower demand for water (Otago Regional Council, 1999).

In the higher altitude areas of the catchment tall and short tussock grassland is the
dominant vegetation, with areas of alpine herb cushion, blue tussock and wetlands in
low lying areas. When the soil is exposed it is highly prone to erosion by wind and
frost, but the vegetation cover prevents erosion from occurring. The area is of low
productive value apart from extensive grazing and some conversion to plantation
forestry. These areas are important for management in order to maintain river flows.
The characteristics that are believed to contribute to the high water yield are the high
number of bogs and ponds, the thick coarse debris mantle, and the dominant snow
tussock cover (Otago Regional Council, 1999).

This dissertation focuses on the upland area at the head of the Taieri River. This
is the Lammermoor Plateau (Figure 1.1 ), which is the source of the Upper Taieri
River as well as its main tributary, Deep Stream. It lies on the Lammermoor range,
which is one of several parallel block-faulted mountain ranges, which extend from the
Southern Alps to the coast of Otago, lying in a south-west to northeast orientation.
These ranges are flat-topped, with board, shallow intervening valleys.

The

northwestern slopes tend to be gentle, with the southeastern slopes falling more
sharply to the valleys below. The Lammermoor range is at the coastal end of this
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series of ranges. The Lammerlaw range intersects it at right angles at its southern end,
forming the extensive Lammermoor plateau. The ranges rise to over 1000 m in
altitude, with the highest point on the Lammermoor range reaching an altitude of 1212
m. The dominant vegetation is the distinctive tussock grasslands. Below 800 m most
of the grassland has been converted to pasture for sheep and cattle farming. Above
this level most of the tussock grassland has been left intact, aside from occasional
extensive stock grazing. The Lammermoor tussock grasslands are some of the best in
Otago, in terms of their intactness, area and under-storey diversity (Connell, 1999).
Some areas are managed by the Department of Conservation as conservation areas,
the remainder of the ranges are used for extensive sheep and cattle grazing. Other
land uses include recreation and exotic plantation forestry.

1.2

Existing Management Strategy

The Otago Conservation Management Strategy (Connell, 1999) from the
Department of Conservation identifies the Te Papanui area as one of its 'Special
Places'.

In March 2003, the Department of Conservation opened Te Papanui

Conservation Park, a 20 882 hectare area located on an 1100 m plateau on the top of
the Lammermoor and Lammerlaw ranges (Figure 1.2). This is Otago's frrst nonforest conservation park and the second grasslands park to be created in New Zealand.
It was created by merging existing conservation land with land newly acquired by the
department through the review of pastoral lease agreements (Department of
Conservation, 2004). It has high conservation value due to its distinctive landscape
and sensitivity to disturbance. Along with the tussock grasslands, the park protects a
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high number of native plants and insects, some only found locally and others
endangered (Department of Conservation, 2004). It also protects an important water
supply for the surrounding region as it includes the head of the Taieri River and one
of its main tributaries, the Deep Stream. The Dunedin City Council contributed a
large amount of funds for land purchase as the Deep Stream/Deep Creek catchment
supplies about 60 % of the city's water.

Chionochloa rigida is the dominant

vegetation cover, with cushion fields and blue tussock in the highest areas, and
diverse plant communities in snow banks and seepages. Native shrubs grow in spaces
between tussocks.

Native birds are present, as well as a very diverse array of

invertebrate species, with some species endemic to the area (Peat, 2003). The park is
managed as a remote experience area, which means there is a minimum of
development for recreational use. Recreation activities permitted in the park include
tramping, cross-country skiing, horse riding, 4-wheel driving, hunting, and mountain
biking. Fires are not permitted, and access is either on foot or by 4-wheel drive track,
which is closed during winter. The area has been cleared of grazing stock, which
damage the tussock cover (Connell, 1999).
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Figure 1.2: Map showing extent ofTe Papanui Conservation Park (source:
Department of Conservation)
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1.3

Study Objectives

This dissertation will address changes to current key climate conditions that are
predicted for the upper Taieri catchment over the next 100 years, and determine
whether these changes will have a significant impact on the snow tussock grasslands
present. It will also explore potential significant changes to the water yield of the
catchment. Specifically:

•

The CLIMPACTS climate modelling program will be used to identify and
map predicted changes in temperature and precipitation for the Taieri
catchment area;

•

Any significant impacts of these changes on the native tussock grasslands will
be identified and discussed;

•

The implications of these impacts for the water yield of the catchment will be
examined.

•

Discussion will also cover the capacity of current conservation areas to protect
these grasslands, and possible management strategies to ensure their survival
and the maintenance of water yields.

Chapter 2 examines the relevant literature on climate change in Otago, the
impacts of climate change on vegetation, the ecology of tussock grasslands, and their
impact on water yields. Chapter 3 describes the methodology used to model future
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climate changes for the Lammermoor area and Chapter 4 presents the results of this

model. Chapter 5 discusses the impacts of these climate changes on the tussock
grasslands, the water yield of the upper Taieri catchment and implications for
management. Chapter 6 provides some concluding remarks and directions for further
research.
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2 Literature Review

This chapter addresses aspects of climate change, particularly in the Otago
Region, and examines the impacts of climate changes on vegetation. It examines the
ecology of snow tussock grasslands, with particular attention to narrow-leaved snow
tussock, and reviews research that has been done on the water yield of tussock
grasslands.

2.1

Climate Change in Otago

It is widely acknowledged that anthropogenic emissions of greenhouse gasses
into the atmosphere are enhancing the natural greenhouse effect. This is causing
global climate change, involving increased temperatures and changes in precipitation
patterns. These changes may have far-reaching effects on the terrestrial biosphere,
particularly on the ecology of plant and animal species (Opdam and Wascher, 2004).

Early Global Climate Models (GCMs) predicted a decrease in the prevailing
westerly winds over southern New Zealand, which indicated a lessened temperature
and precipitation gradient across the South Island (Fitzharris, 2000). However, more
recent GCMs are coupled with ocean circulation models, and these improved models
indicate an increase in westerlies, due to the thermal inertia of the ocean surrounding
New Zealand. This will bring wetter weather to the west and south of Otago, and
drier weather to the east and north. The timing of rainfall events will also change, for
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example, there may be fewer rainfall events but each event will be of higher intensity.
Overall Otago may be up to 10 % wetter with an increase in the frequency of floods.
The annual flow of rivers will be higher, with an increase in flow in winter and a
decrease in spring. Snowfall will be less overall, but will increase above an altitude of
2200 m. The increase in temperature and rainfall will mean more frequent good
growing years for crops and pastures. On the other hand, North Otago may have
continued drought (Fitzharris, 2000).

According to Tait et al. (2001) the annual mean temperature in Otago will
increase by 1-2 °C by 2080, with a greater warming at night. Rainfall will increase
10-30 % in the western Otago mountains, and will increase or decrease by 5 % in
eastern Otago, with a gradient in rainfall increase from the mountains to the coast.
There will also be a probable shift to more El Nino conditions, with a probable
decrease in the recurrence interval between heavy rainfalls.

2.2

Impacts of Climate Change on Vegetation

Most plant species are controlled by climatic conditions, with regard to their
functioning and distribution.

Thus species are restricted to specific regions by

climatic patterns (Mitchell and Williams, 1996).

Much research has been done, and is currently underway into the impacts of
climate change on natural and systems.

"The effects of climate change on

terrestrial biological processes are likely to be complex and influenced by
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interactions between the atmosphere, topography, land use, vegetation and soils
at different scales." (Tate et al., 1996 p191)

Because of these complex

interactions, the future outcomes of anthropogenic climate changes are uncertain.
Past patterns of climate and vegetation distributions are used to try to predict
future patterns by examining the paleo-climatic and vegetation record.

This

approach may, however, not be applicable due to the high rates of modern change
due to anthropogenic factors, which is faster than anything that is known to have
occurred in the past (Ross, 2003).

Table 2.1 identifies aspects of plant ecology that may be affected by changes
in climate. These changes can affect many different aspects of the physiology
and phenology of a plant, as well as altering relationships with other species and
ultimately affecting the distribution of different plant species.

Table 2.1: Some plant response features to climate change (DeGroot, Ketner, and Ovaa, 1995)

Physiology

Phenology

Photosynthesis
Respiration
Dormancy

Budburst
(De)foliation
Onset of flowering
Growth pattern
Seed setting/ripening
Reproduction success

Inter-specific
interactions
Symbiosis
Pollination
Diseases/pests
Herbivory

Abundance/distribution
Population dynamics
(Increase/decrease/
extinction)
Range limits

The effects of climate change on plants are also summarised by Salinger (1991).
These include: increased thermal time for plant growth (also referred to as growing
degree days); increased altitudinal range; decreased frost damage through lower frost
occurrence; decreased chilling, which triggers development stages in some species;
increased atmospheric COz, which may increase growth rates and increase water use

14

efficiency; a change in the number of drought days affecting water stress; an increase
in the number of new plant pests and diseases; and increased growth rates and extents
of already present pest and weed species. Effects may be direct, through changes in
temperature, moisture and wind, or they may also be indirect, such as changes in fire
regimes, and the distribution and growth rates of pests, diseases and weeds.

Plants have evolved to survtve m an atmospheric C02 concentration of
180-330 ppm. There are uncertainties about how exactly they will react to increasing

COzlevels (McGlone, Clarkson, and Fitzharris, 1990). Many plants will likely have
increased growth rates, and an alteration of the proportion of growth in different parts
of the plant, for example, the stem versus the root stock. The specific reactions
depend on the particular species.

Individual leaves benefit from increased

productivity at first, but as they age the gain is less, therefore plants with long-lived
leaves will benefit less than other plants. Increased productivity also depends on
nutrient availability. An increase in C02 also causes increased water efficiency, so
water stressed plants will grow faster and for longer.

Changes in spatial patterns of solar radiation through changing cloud patterns
affects soil moisture through evaporation rates. Increased rainfall will lower soil
moisture deficits, and increase water logging in some areas. The changes in duration
and intensity of the rainfall will affect the amount of solar radiation and soil moisture.
For example, if the rainfall pattern becomes more intense but of shorter duration, soil
moisture will become more variable and solar radiation will increase, leading to
lowered soil moisture levels (Mitchell and Williams, 1996).
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Walker and Steffen (1997) identify several impacts of climate change on
ecosystems.

Different species respond differently to changes in climate due to

physiological differences.

These may include differences in competitive ability,

migration rates, or tolerance to disturbance. This means that if the climate changes,
an entire ecosystem will not shift its range, rather new ecosystems will be created as
the species mix changes. Some species may not be able to migrate fast enough to
escape a new unfavourable climate habitat; others may be capable, but only through
undisturbed areas. Fragmentation of native ecosystems due to anthropogenic activity
is therefore a major barrier to species shift. Another problem associated with climate
change is the invasion of non-native species that may out-compete natives.

The

disturbance regime may also be altered, for example, fires or floods may be more or
less frequent than what the native vegetation has evolved with. Effects will differ
according to the local environment, such as soil type, land use and topography.
Biodiversity provides insurance against large changes in ecosystem functioning.
Vegetation models predict that the terrestrial biosphere will experience a decrease in
species richness, along with increasing disturbance and dieback, and an increase in
early successional states ('weediness').

McGlone (2001) predicts the changes caused by climate change to New
Zealand's indigenous biota as follows. First, there will be an alteration of latitudinal
and altitudinal ranges southwards and upwards. Second, there will be strong impacts
on biota and ecosystems already under stress if the frequency and severity of extreme
weather events increase. Third, there will be changes in productivity and nutrient
cycling due to climate changes and increased C02 levels. And fourth, there will be a
disruption of freshwater ecosystems, with lower flows and increased water
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temperatures. There will be an increase in invasive pest and weed species, those

already present will expand southwards, and the changing food supply for herbivores
and omnivores will affect pest predator abundance. The greatest impact will be on
small fragmented areas, such as isolated forest remnants, and freshwater systems in
modified landscapes. The direct impacts of changes in climate alone are not likely to
have great impacts on native ecosystems, but they will have a compounding affect on
areas already under threat from other factors, such as invading weeds and habitat
fragmentation.

McGlone et al. (1990) notes that at the end of the last glacial period
approximately 10,000 years ago, a temperature rise of 1.5-2 °C caused the complete
reforestation of the South Island. It is predicted that in a few hundred years many
areas of scrub and tussock will revert to forest. High alpine and tree line communities
should react first to climate changes as they are already growing at the limits of
climate and energy balances.

Altitudinal limits for viable pastoral farming may

increase by as much as 300m.

McGlone (2000) identifies potential effects of climate change on natural systems
in Otago. Complex communities mean that impacts are difficult to predict. However,
tree lines are likely to rise, and in lowland and montane areas optimal climate
environments will shift faster than species are able to adapt. This pattern is worsened
by the fragmentation of habitats that already exist due to anthropogenic development.
C02 fertilisation will tend to increase the competitiveness of woody invasive weeds,
which will further displace native species. This will be further exacerbated in areas
with a high increase in rainfall and in large deforested areas.
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Tussock grasslands are found throughout the high country and dry areas of the
South Island ofNew Zealand. Salinger (1991) states that temperature increases will
put pressure on these grasslands, particularly in high country areas because exotic
pasture grasses will be able to expand further into tussock habitats. It is also stated
that tussock grasslands will likely expand into areas where the climate has become
drier, or where extreme weather events, such as fires or landslips, have cleared
patches of forest. Many areas of beech forest on the eastern side of the Southern Alps
may potentially be replaced by tussock grasslands.

Tate et al. (1996) predict that native tussock grasslands will probably revert to
forest through succession, if they are protected from fire and grazing. They predict
the impact on erosion will be small, but there may be an impact on the soil organic
matter.

This is because climate change affects the balance between inputs and

decomposition in the organic layer and it affects the productivity of microbes in the
soil. They suggest that the amount of organic matter in the upper 25 em of soil will
decrease by 5-6% per degree of climate warming. However, this decrease may be
partially offset by increased input from plants through increased growth and
decomposition rates. Soils most at risk are those already degraded, such as grazed hill
country and steep, moisture depleted areas. This impact on the organic matter content
of soil is less than the impact of land use changes.
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2.3

Tussock Grasslands

The origin of tussock grasslands in New Zealand is discussed by McGlone (2001)
and Rogers (1994). Prior to human settlement tussock grasslands were confmed to
the alpine zone above tree line and areas where forest had been excluded due to local
climate effects, such as frost hollows, or disturbance regimes, such as periodic
flooding. The vegetation cover in the Lammermoor area as shown by the pollen
record was dense podocarp-angiosperm forest. It is commonly accepted that the
Maori settlers caused widespread burning which led to the spread of Chionochloa
tussock grasses. The induced grasslands are unstable, and vulnerable to invasion by
woody plants, as well as fast-spreading weeds and mammalian pests such as mice and
rats. Periodic fire suppresses native shrubs and maintains tussock grasslands, but also
induces spread of invasive weeds.

Calder et al. (1992) examined the aftermath of fire in Flagstaff scenic reserve
near Dunedin. They recommended that the grassland be deliberately burnt every
15-40 years in order to maintain the plant community. This would prevent loss of the
grassland to shrub invasion. This change to shrubland would lead to much more
frequent scrub fires, which would encourage invasive weeds. Reversion of the area
back to forest through passive management would reduce water yield, and
furthermore, lead to a loss of scenic, recreation and educational values, which is
significant due to the lack of accessible snow tussock grasslands in the area. Control
of invading woody species by mechanical methods such as pulling and weed killing is
seen as impractical and time consuming. Accidental fires are not easily controllable,
and autumn fires may be more damaging than spring fires. The tussock should be
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resilient, provided there is no stock grazing. It is when grazing is combined with fires
that the recovery of the tussocks is significantly retarded.

2.4

Narrow-leaved Snow Tussock (Chionochloa rigida)

Chionochloa rigida, commonly known as narrow-leaved snow tussock, is the

dominant species of many tussock grasslands in the eastern South Island (Clearwater,
1999). It was once widespread throughout the alpine and cold temperate zone to the
east of the Southern Alps, but is now restricted to less accessible mid-altitude areas. It
has mostly been displaced by pastoral farming. Much of the catchment of the Taieri
River is still covered with this tussock grassland, especially in the upland areas where
it has a high-density continuous cover and visually dominates the landscape. Prior to
human settlement much of this area was covered in forest, but extensive burning by
Maori settlers and consequent heavy grazing and burning led to the replacement of
forest by tussock grasslands, as tussocks recover more quickly from ftre and other
disturbances than shrub and forest species. This tussock species is also resistant to
wind and snow damage and can survive cool summers and frost during the growing
season.

Several studies have been done into the ecology of narrow-leaved snow tussock
(Mark, 1965a, 1965b, 1965c, 1965d). It was identified that this species has a wide
temperature tolerance, as it occurs over a wide altitudinal range, but there are
variations in several aspects of size, growth and behaviour with altitude. The upper
limit is probably determined by temperature, but the lower limit may be determined
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by soil moisture deficits. This is evidenced in drier areas where it is out competed by

the more drought tolerant hard tussock (Festuca novae-zelandiae). Growth rates of
mature tussocks vary directly with temperature and are indicated differences in
tussock height. Leaf spread, plant height, and inflorescence height generally decrease
with altitude. Growth begins later and stops earlier with increasing altitude. Leaf
elongation is generally correlated with air and soil temperatures and sometimes
evaporation. Leaf production decreases with altitude, but leaves function longer at
higher altitudes. Two new leaves per tiller are produced at lower altitude, and only
one at high altitude. Leaves are functional for an extra year at higher altitudes. There
is a close relation between air and soil temperatures and growth rates (Mark, 1965c).

In one study, tussocks from different altitudes were grown in different
environments to determine whether intra-specific variations in growth and
development were genetic or environmentally influenced. Plants shifted to warmer
sites increased in height, those moved to colder sites were relatively shorter. Plants
transplanted to a warmer site outside of the natural species distribution continued to
grow through the winter, which did not occur in other, native sites. Soil temperature
and precipitation affected growth.

Growth increased by 13 % for every degree

temperature increase, whilst an increase in precipitation decreased growth. It was
concluded that the environment clearly plays an important role in directly controlling
the growth and development of narrow-leaved snow tussock, and also guides genetic
differentiation among the populations (Mark, 1965a).

This species cannot reproduce vegetatively so factors controlling flowering,
fruiting, germination and establishment are important. The plants do not flower every

season.
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Day length and temperature control flowering, which is induced by

abnormally warm conditions during long days, and flower production increases with
increasing temperatures.

The extreme maximum air temperature is not a critical

factor, but minimum air temperature is a key factor, and is probably related to
duration above a threshold. The intensity of flowering is related to duration of mild
temperatures. When the plants are shifted to warmer sites they flower annually.
More regular flowering has also been seen by isolated plants in roadside gravel and on
tracks and rocks, which is explained by higher local temperatures at these sites. This
effect of temperature may be temporary as plants transplanted to a warm site outside
the current species distribution had increased flowers the first year, but less in the
second year. Flowering for two or more consecutive seasons may negatively affect
further flowering due to depletion of food reserves. Increased temperatures in the
field did not increase flowering, but these areas have lower minimum temperatures
than the warmer transplant site. Light intensity appears to have no effect. It was
found that the stages of development are retarded with altitude.

Inflorescence

development is delayed by 10-12 days for every 300m increase in altitude. Size of
florets and seed weight decreased with altitude, and seedling survival is affected by
frost (Mark, 1965d).

2.5

Snow Tussocks and Water Yield

Many studies have been done on the water yield of snow tussock grasslands
(Campbell, 1987, 1989; Campbell and Murray, 1990; Holdsworth and Mark, 1990;
Ingraham and Mark, 2000; Mark and Rowley, 1976; O'Loughlin, Rowe, and Pearce,

22
1984; Pearce, Rowe, and O'Loughlin, 1984; Rowley, 1970). In all cases tussock
grasslands have been seen to provide a higher water yield compared to other land
uses. McSaveney and Whitehouse (1988) summarised research done on the water
yield of snow tussocks up until 1988. They identified several aspects of snow tussock
grasslands that enable them to have higher water yields and sustain moderate stream
flows for longer than streams in other areas. Firstly, snow tussocks control their water
loss by furling their leaves, collect water from fog and wind driven rain, and trap
snow. Secondly, stream flows from the Otago uplands are also sustained by many
bogs and ponds present, and because the land is covered by a coarse debris mantle.

Snow tussocks can control their water loss, which may be an adaptation to arid
environments. Water loss from the leaves through transpiration is low due to the leaf
structure of the plant. The stomata of located in grooves on the concave side of the
leaves, and in dry conditions the leaves roll up preventing water loss. The leaves are
long and narrow with a high surface area and are efficient at catching and straining
water (Clearwater, 1999). Tussocks mounted over rain gauges intercepted four to six
times as much precipitation than standard rain gauges (Rowley, 1970).

Campbell (Campbell, 1987; 1989) showed that C. rigida is conservative in its
water use; transpiration is constrained by physiological control.

Losses from

transpiration are less than typical values for pasture and crops, but similar to forest
values. Interception losses are less than a forest, as there is a low canopy storage
capacity and low rates of wet canopy evaporation.
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Lysimeter studies have been done to compare the water yield from different types

of vegetation cover (Holdsworth and Mark, 1990; Rowley, 1970). They showed that
unmodified snow tussock produced the highest water yield when compared to burnt
and clipped snow tussock, short blue tussock, and bare soil. They also showed that
water yield increased as the tussock recovered from grazing or burning. The study by
Holdsworth and Mark (1990) showed that the mean annual precipitation was higher
than potential evapotranspiration. A site on the southern Lammermoor range had the
highest water yield, at 80 % of the received precipitation. Increased yield of snow
tussock was only partly related to low actual evapotranspiration; it was also attributed
to interception of wind-driven fog and rain. The water yield was highest during the
snow free half of the year, and was attributed to the high occurrence of fog. There
was a significant correlation between water yield and precipitation and duration of
saturated air.

Studies on fog interception attempt to determine if the fog trapped by the high
surface area of the leaves makes a significant contribution to the water yield
(Campbell, 1987; Mark and Rowley, 1976). Evidence for this is not clear, but a
recent isotopic study by Ingraham and Mark (2000) supports the argument that fog
interception by snow tussocks is significant.

Twaddle (1995) investigated interception of snow by snow tussocks. It was
found that 20 em snow tussock stored three times the amount of water than 10 em
snow tussock. This is due to the snow being trapped in drifts on the downward side of
individual tussock plants, which also act as a buffer from wind and sunlight so the
snow melts slower.
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A paired catchment study at Glendu on the southern Lammermoors, where one
catchment was planted with exotic forest, showed a higher water yield from the snow
tussock catchment (O'Loughlin et al., 1984; Pearce et al., 1984). Flow is sustained at
moderate levels for extremely long periods compared to catchments with other
vegetation covers. The low flow rates were 4-6 times higher than areas of similar
precipitation in other regions with different vegetation types. Summer transpiration
rates were half that predicted, whilst winter rates were similar to estimates. It was
found that the amount of evaporation was low in relation to the available energy,
which was attributed to slow growth, and a high proportion of dead leaves that shade
the live ones from the sunlight. There was also a slow response to storm rainfall.

When compared to pasture, snow tussock has a higher water yield as pasture
extracts more water from the soil in summer than the tussock, as it has a higher
transpiration rate. With a change to pasture cover there are longer periods with low
yields. Burning regimes also affect the water yield. After a period of burning there is
rapid growth for the first two years then growth rates slow. Burning leads to soil loss
and weed invasion, with a decrease in transpiration and an increase in evaporation
(McSaveney and Whitehouse, 1988).
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3 Methodology
This study used the CLIMPACTS climate modelling program (Sims et al., 2002).
CLIMPACTS is an integrated assessment model (lAM) developed as part of a
collaborative research programme led by the International Global Change Institute
(IGCI) at the University of Waikato, and funded by the New Zealand Foundation for
Research, Science and Technology. The aim of this programme was to develop an
lAM which could be used to address questions about the impacts of climate change on
the New Zealand environment, at a national, local, and site scale (Kenny, Ye, Flux,
and Warrick, 2001). The model focuses on the impacts on agriculture, and can model
the suitability of an area for a particular crop under different global warming
scenarios. In this study it was used to project future changes in temperature and
precipitation at a national scale.

The model is based on the MAGICC global climate model (Model for the
Assessment of Greenhouse Gas Induced Climate Change) which projects global mean
temperatures and sea level changes from a user-defmed scenario of greenhouse gas
emissions. For this study, the SRES Al emission scenario was used. This is the most
recent Intergovernmental Panel of Climate Change (IPCC) mid-range scenario
(Kenny, Harman, and Warrick, 2002). The climate sensitivity level is also defmed by
the user, and this study used the middle range or 'best guess' sensitivity of 2.5 °C.
The third user-defmed parameter is the general circulation model, or GCM. Two
GCMs are recommended in the CLIMPACTS literature, the CSIR09 and HadCM2
transient models. For this study the HadCM2 model was used, as it has a higher
resolution and provides a better reflection of regional climate differences (Mullan,

Wratt, and Renwick, 2001).
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The CLIMPACTS model links these parameters to

historical New Zealand climate data to generate predictions of future climate patterns.

Three climate variables were identified as having a significant impact on
vegetation and water yield. These were temperature, precipitation and atmospheric
C02· The specific increase in C02 levels is beyond the scope of this study, it is
therefore assumed that C02 levels will be higher than at present, but to an unknown
degree. Changes in temperature were examined using CLIMPACTS by modelling the
mean annual temperature, minimum temperature of the coldest month (July), and
maximum temperature of the warmest month (January) for 2050 and 2100.

The

maximum and minimum temperatures were chosen in order to determine if there was
any trend in the annual temperature range. Changes in precipitation were examined
by modelling the mean annual precipitation, winter, and summer precipitation for the
same two years.

This was to determine if there was any seasonal pattern to

precipitation changes (autumn and spring precipitation were also modelled but
showed the same result so are not included here).

The maps were examined in order to determine the predicted changes to
temperature and precipitation. These changes were then related to the ecology of
narrow-leaved snow tussock to determine how this species may be affected by climate
change. This was used to identify any potential impacts on the water yield of snow
tussock grasslands.
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4 Results
4.1

Temperature

The predicted increase in mean annual temperature for 2050 and 2100 for the
area of the Taieri catchment is shown in Figure 4.1.

There is a gradient of

temperature increase from south to north, with the highest change in temperature to
the north. The Lammermoor plateau has a temperature increase of 0.5 - 0.6 °C by
2050, and 0.85-0.95 °C by 2100.

Figure 4.2 shows the changes in maximum temperatures in the warmest month
(January) as predicted for 2050 and 2100.

The maximum temperature on the

Lammermoor plateau only increases 0.2-0.4 °C by 2050 and 0.5-0.6 °C by 2100.
There is a south-west to north-east gradient of maximum temperature increase.

Figure 4.3 shows the increase in minimum temperatures in the coldest month
(July) for the Taieri catchment area for 2050 and 2100. There is an increase in
minimum temperature of 0.8-1.0 °C by 2050 and of 1.4-1.7 °C by 2100. There is a
clear gradient of increasing minimum temperature change with the distance from the
coastline.

Figures 4.2 and 4.3 have been made with the same colour scale to allow for direct
comparison. They show that minimum temperatures are predicted to increase at more
than twice the rate of maximum temperatures. All three figures show an increase in
temperature change gradient from 2050 to 2100.
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Figure 4.1: Increase in mean annual temperature of the Taieri catchment area for the year 2050
(top) and 2100 (bottom)
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Figure 4.2: Increase in maximum temperature in January of the Taieri catchment area for the
year 2050 (top) and 2100 (bottom). Note that the scale is the same as for figure 4.3 to allow direct
comparison.
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Figure 4.3: Increase in minimum temperature in July of the Taieri catchment area for the year
2050 (top) and 2100 (bottom). The white area in the top left of the lower image indicates values
above 1.7 °C. Note that the scale is the same as in figure 4.2 to allow direct comparison.
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4.2

Precipitation

There is only a minimal increase in mean annual precipitation for the
Lammermoor plateau predicted for the next hundred years. Figure 4.4 shows only a
maximum of70 extra mm by 2100. In 2050, the increase is only 20-40 mm.

The increase in precipitation in summer and winter is very slight. For 2050 the
Lammermoor plateau has a no more than 10 extra millimetres of rain in winter and 15
mm in summer. By 2100 there is only another 5 added mm in both seasons (Figures
4.5, 4.6)

There is a clear gradient of increasing change in annual precipitation from the
coastline to inland Otago, and from the north to south Otago. This gradient gets
steeper with time, as it is much stronger in 2100 (Figure 4.4). It is present in summer
(Figure 4.5), but in winter south Otago is drier than north Otago (Figure 4.6).
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Figure 4.4: Increase in mean annual precipitation for the year 2050 (top) and 2100 (bottom).
White areas on the top left of both maps indicate values higher than 150 mm.
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Figure 4~5: Increase in summer precipitation (December, January, February) for the year 2050
(top) and 2100 (bottom). Notes the scale is the same as for figure 4.6 to allow direct comparison.
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Figure 4.6: Increase in winter precipitation (June, July, August) for the year 2050 (top) and 2100
(bottom). White areas on the top left of both maps indicate values higher than 60 mm. Note the
scale is the same as for figure 4.5 to allow direct comparison.
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5 Discussion

5.1

Predicted Climate Changes

The CLIMPACTS images show changes to the climate of the upper Taieri
catchment over the next century. Annual temperatures may increase by up to half a
degree for each 50-year period. Winter minimum temperatures will increase at more
than twice the rate of summer maximum temperatures. This will lead to a smaller
annual temperature variation. However, precipitation changes will be minimal, with
an average annual increase of only 30 mm per 50 years. There does not appear to be a
significant change in the seasonal distribution of precipitation due to climate change.

The results of any climate model are questionable, as there are many uncertainties
involved and not all of the processes involved are currently understood (Mullan et al.,
2001). Other models may show a different pattern of rainfall for the same area given
different climate sensitivity values, emission scenarios or GCM pattern.

5.2

Climate Change Impacts on Chionochloa Rigida

5.2.1 Carbon Dioxide

An increase in atmospheric C02 is expected to increase the growth rate of snow
tussocks through increased rates of photosynthesis (McGlone et al., 1990). The extent
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and duration of this increase is uncertain, due to potential negative feedbacks. New

leaves show the highest response to this increase, but as tussocks are long lived plants
they may not benefit as well as other species, especially invasive species that may outcompete tussocks.

Increased C02 levels have been shown to increase water

efficiency, so tussocks may be able to survive better in drier areas due to increased
atmospheric carbon dioxide levels.

5.2.2 Temperature
The increase in temperature over the next 100 years is expected to increase
growth rates of Chionochloa rigida. Mark (Mark, 1965a, 1965c; 1965d) showed that
growth rates, flowering and seeding all increased with a decrease in altitude, which is
correlated with an increase in temperature. Other effects include longer growing
season, increased leaf production, and greater seed size. The higher temperature may
also induce a higher frequency of flowering. It is uncertain whether this increase in
flowering will be a positive or negative effect as early studies showed that there was a
potential loss of food reserves with more frequent flowering. Increased temperatures
will allow snow tussock to spread into higher altitude areas where previously they
were constrained by minimum temperatures. The high rate of increase of minimum
temperatures is an important factor. Mark (1965d) attributed higher rates of flowering
of tussock plants when transplanted to Dunedin to the increase in minimum
temperature. Higher temperatures in the field sites did not induce flowering, as the
minimum temperatures were still lower.

Higher minimum temperatures may

therefore significantly affect the range and flowering of tussock grasslands.
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Higher temperatures mean lower frost occurrence and a shorter period of snow
lie. Lower rates of frost will increase recruitment of snow tussocks as more seedlings
will survive.

As snow tussocks are long lived plants, this changes will only be

important in areas where the tussocks are spreading, or at the edges of their range.
The shorter period of snow lie will allow increased growth during the winter months
as the tussocks will receive a higher amount of solar radiation when previously they
would have been buried.

Indirect effects on C. rigida may be more significant than the direct effects of
increased temperatures. One example is the invasion of pest and weed species that
may have previously been hindered by low temperatures. These may out-compete the
tussocks and alter the ecosystem. Species that may become more invasive include
exotic pasture species.

Pastoral farming may become more productive as these

species become more successful. This means that larger areas of tussock grassland
could potentially be converted to pasture.

5.2.3 Precipitation
The impacts of increased temperature on these tussock grasslands is likely to be
minimal, as the increases are very slight, and C. rigida already occupies a wide habitat
range and is restricted in drier, not wetter, areas. The tussock species may increase its
range into areas that were previously too dry, but given the small actual increase in
rainfall, this area will not be large.

In the wettest areas some tussocks may be

replaced by wetland and bog species, and existing wetland areas may increase slightly
marea.
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5.3

Impacts on Water Yield

An increase in precipitation would increase the water yield of the Taieri

catchment, as there will be more water in the hydrological cycle. However, the
predicted values shown in this study are not significant enough to have much of an
effect. The increased growth of tussocks due to temperature increases and C02
fertilisation may increase their ability to trap water from rain and fog, as they will
have a greater leaf area for interception. However, if pest and weed species reduce
the tussock cover, then water yield will be reduced. This will also occur if the
grassland reverts to shrubland. A decrease in snow due to higher winter temperatures
will also reduce the water yield.

5.4

Management Issues

In order to preserve the high levels of runoff, it will be necessary to prevent the
grasslands from reverting to shrub land.

This may have been achieved with a

regulated fire program, but there may be too high a risk of invading weed species to
utilise this method. The snow tussock grasslands may shift their range upslope, so
areas of higher elevation, such as the neighbouring Rock and Pillar Range, may
become better areas for maximising water yield.
subsequent loss of alpine species.

This will of course mean a
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The status quo will need to maintained, at least in the short term, in order to
achieve a stable water yield. Any positive effects from an increase in precipitation are
not likely to be significant in this century from these predictions. It may be necessary
to actively prevent the invasion of exotic weeds as well as encroaching native shrubs.
This will probably need to be done mechanically, and potentially need many resources
in the form of money and labour time. Because the tussock grasslands are not the
original vegetation cover, and not the stable state, they will need to be actively
managed in order to preserve them in their current form. Increased growth rates of
the tussock may alleviate this problem, but will not be enough, as the threat of
invading species will grow stronger.

The Te Papanui conservation park is likely to be effective in protecting the snow
tussock grasslands at least in the short term.

Invading species may have to be

controlled as the climate warms. As it is a conservation park, the first priority is not
to maintain the water yields. If native shrub species invade the park then they may be
left to follow their natural path of succession. This will potentially decrease the water
yield of the area. In order to manage the water yield other areas may need to be set up
and specifically managed for this purpose. This will involve protecting the tussock
cover by removing invasive weeds and shrub species.

McSaveney and Whitehouse (McSaveney and Whitehouse, 1988) suggest that
managing snow tussock areas by allowing moderate grazing of stock is the most
practical method for maximising water yield.

This is due to some limited data

showing a slight increase of water yield from moderately grazed tussock.

Light
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grazmg may prevent the invasion of some pest and shrub species, but it may
encourage others. This method of management needs to be approached with caution.
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6 Conclusions

There are many uncertainties involved in predicting future climate changes and
their potential impacts.

The specific response of tussock grasslands and other

ecosystems cannot be accurately predicted, as there are many inter-related factors.
However, some generalisations can be made:

• There is a predicted increase in both temperature and precipitation for the upper
Taieri catchment over the next 100 years, but for precipitation this is only slight

• The increased temperatures are expected to induce increased growth rates of
snow tussock grasslands, but they may be out competed by invading exotic and
native species

• The implications of these climate changes for water yield are positive, as long as
the grasslands are not replaced by invading species

• Existing conservation areas may be sufficient, but active management will be
required to prevent the spread of invasive species

6.1
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Directions for Future Research

The predictions given for future climate changes are very uncertain, and future
developments in climate modelling may produce more reliable estimates. The issue
of fog drip contributing to water yield requires further investigation, along with
studies on the impact of climate change on the incidence of fog in the local area.
Impacts on the disturbance regimes could also be examined, such as the potential
increase in fire risk and the occurrence of extreme weather events such as storms and
droughts. Research could also be done on the impacts of increased atmospheric C02
on tussock grasslands. Further investigation is required into the most effective
management strategies for snow tussock grasslands.
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