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ABSTRACT

This study is an interdisciplinary ecological study addressing the fine-scale relationships

between plants, invertebrates and the enviromnent in an alpine ecosystem. Alpine

environments are marked by steep environmental gradients and complex habitat mosaics

at various spatial scales. Regular forming periglacial patterned ground landfonns on the

Old Man Range, Central Otago, South Island, New Zealand present an ideal medium for

studying plant-invertebrate-environment relationships due to their partitioning of the

landscape into discrete units of contrasting environmental conditions, and the existence of

some baseline knowledge of the soil, microclimate, vegetation and flora.

The study was conducted in three types of pattemed ground (hummocks, stripes and

solitluction terraces) on tbe Old Man Range. Each component of the study was sampled

at the same spatial scale for eomparison. Temperature was recorded in the soil and

ground surface from April 2001 to March 2004 in microtopographic subunits (microsites)

of each patterned ground landfonn. Plant species cover was sampled within each

microsite; invertebrates were sampled from soil cores taken from the same locations as

plant samples in April 200 I and September 2001. The two sampling occasions coincided

with autumn before the soil freezes, and winter when maximum freezing was expected.

Fine-scale changes in the topographic relief of the patterned ground led to notable

differences in the timing and duration of snow. The steepest environmental gradients

existed during periods of uneven snow distribution. The soil in exposed or south-faeing

microsites froze first, beginning in May, and typically froze to more than 40cm depth.

Least exposed microsites rarely froze. Within the microtopography, patterns of freezing

at specific locations were consistent between years with only minor differences in the

timing or depths of freezing; however, notable variation in freezing existed between

similar microsites.

Within the microtopography, different assemblages of organisms were associated with

different microsites. In total, 84 plant and lichen species were recorded, grouping into six

community types. Species composition was best explained by growing degree-days,

freeze-thaw cycles, time frozen and snow-tree days; species diversity and richness

increased with increasing environmental stress as indicated by freeze-thaw cycles, time

frozen and exposure.
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In total 20,494 invertebrates, representing four Phyla, 12 Classes, 23 Orders and 295

morpho-taxa were coIlected from 0,17m3 of soil, Acari, CoIlembola and Pseudococcidae

were the most abundant invertebrates, Over 95% of the invertebrates were found in the

plant material and first 10cm depth of soil, Few significant relationships were found

between diversity, richness or abundance of invertebrate taxa and the microsites;

however, multivariate analyses identified distinct invertebrate assemblages based on

abundance, Invertebrate composition was best explained by recent low temperature and

moisture, particularly in winter; however, plant composition also explained invertebrate

composition, but more so in autumn.

This research has shown that organisms in the alpine environment of the Old Man Range

are sensitive to fine-scale changes in their environment. These results have implications

as to how historical changes to the ecosystem may have had long-lasting influences on

the biota, as weIl as how a currently changing climate may have further impacts on the

composition and distribution of organisms.
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CHAPTER ONE: INTRODUCTION

"These outlines of the distributions of animals deal with a rather young branch of

science ...the interpretation of at first seemingly simple facts in the domain of the

zoologist, had soon to enlist the help ofwell-nigh all other branches ofNatural Science. "

Hans Gadow (1913)



Chapter 1. General introduction

1 INTRODUCTION

1.1 ECOLOGY: AN INTERDISCIPLINARY SCIENCE

Ecology is, at its heart, the study of organisms and their environment (Began et al.,

1990). It is a science that draws on elements from a spectrum of disciplines to understand

and explain observed patterns of organisms. The explanation of the spatial patterns of

organisms is one of the fundamental branches of ecology, and has occupied scientists for

well over a hundred years (e.g. Wallacc, 1876; Heilprin, 1887; Gadow, 1913).

The physical environment is the template for spatial patterns of organisms; most

organisms appear to exhibit distribution patterns that ret1ect abiotic factors, such as

temperature, moisture availability, solar radiation and soil nutrients. These factors can

occur on the scale of millimetres or thousands of kilometres. It is in the context of the

physical environment framework that physiological thresholds and life cycles are limited

and intra- and interspecies interactions occur. The physical (or abiotic) environment is a

variable that, although complex and dynamic, is ever-present. There really are no

exceptions; even the interactions and distribution of the human organism arguably

operates in the context of the physical environment.

The influence of the environment on the survival of individual organisms and spatial

distributions of populations becomes greater towards the extreme places on Earth.

Antarctica, the polar deserts of the Arctic, the hot deserts and the highest mountain ranges

are at the thresholds of terrestrial life (Sornme, 1995). They represent the physical

extremes, where biotic interactions appear to have little influence (but see Callaway et al.,

2002). However, most terrestrial systems exist short of the extremes, where biotic

interactions such as competition, predation, parasitism, comrnensalisms, mutualism, can

be highly complex. Thus, attempts to understand the patterns of organisms, short of the

most extreme places on Earth, must take into account an organism's interactions with

both the abiotic and biotic components of the environment. It is the objective of the

ecologist to tease apart the component interactions in order to explain the patterns; it is

required that an ecologist be interdisciplinary.
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1.2 AIMS

This thesis is an interdisciplinary stndy of the relationships between plants, invertebrates

and their environment. This thesis aims to gain insight into the patterns and processes of

three periglacial alpine environments on the Old Man Range, South Island, New Zealand,

and the determinants of the fine-scale spatial and temporal patterns of organisms in that

environment.

1.3 MOUNTAIN ECOSYSTEMS

Mountains occupy about 40 million km' of the world's land surface area; some 27

percent of the terrestrial surface lies above lOOOm a.s.!. (Mountain Agenda, 1997). Of

that, approximately 4 million km' is within the vegetated belt that lies between the upper

limit of trees and the lower limit of permanent snow and ice (Korner, 1995). This area,

the alpine life zone, holds approximately 4% of the world's vascular plant diversity

(Korncr 2003). Alpine environments are characterised by a high level of plant species

richness due to the compression of life zones, the multitude of contrasting microhabitats

over small spatial scales and the geographically isolating nature of mountain systems

(Korner 2002; 2003). Mountain environments are also characterised by high levels of

endemism; over half of the twenty-five listed biodiversity hotspots of the world include

mountain environments, and at least four include alpine life zones (Myers et al., 2000).

However, on the global scale, the status of the largest constituent of the alpine life zone,

the invertebrates, remains largely unknown and without thorough consideration (Korner.

2002).

1.3.1 A CHANGING WORLD FOR INVERTEBRATES'!

The world is overwhelmingly run by invertebrates, in terms of biodiversity, biomass and

ecosystem processes (Wilson, 1987). Invertebrates constitute approximately 90% of all

terrestrial animal species (Briggs, 1994), and through physiological and behavioural

adaptations, they have exploited nearly every terrestrial habitat of the globe. They are

crucial to ecosystem function through nutrient cycling and soil production; they are

important as herbivores, predators, pollinators and seed dispersers. In short, they

influence (and are influenced by) the biotic patterns of nearly all other organisms. Life

on Earth as it exists today, would not survive without invertebrates (Wilson, 1987).
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Nonetheless, the planet is changing; ecosystems are changing and habitats are being

destroyed, and with it the world is experiencing an unprecedented rate of species loss

(May, 1988; Mawds1ey and Stork, 1995). Much of it, particularly for invertebrates, goes

unrecorded (McKinney, 1999). While the loss of species is a considerable cone em in

terms of intrinsic values (Samways, 2005), the loss of species may have deleterious

effects on ecosystem processes, or reduce the resilience of ecosystems to environmental

change (e.g. Lawton, 1994; Naeem et al., 1994; but see Wardle et al. 1997). Thus, the

conservation of biodiversity is becoming increasingly mainstream, and attention has been

devoted to the conservation of the invertebrate biodiversity and the health of the

invertebrate components (Wilson, 1988; Samways, 1994; 2005; New, 1995). Still, many

environmental changes occur over a period of time, and most go undetected without

mechanisms in place to monitor these changes. Some examples of monitoring

programmes include the Global Observation Research Initiative in Alpine Environments

(GLORIA, accessed 18 September, 2006; Grabherr et al., 2000) and the International

Tundra Experiment (ITEX, accessed 18 September, 2006; Molau and Malgaard, 1996).

While invertebrates suffer the disadvantages of frequently being small and difficult to

identify, they are, due to their mobility, fast reproductive rates and thermal sensitivity,

generally more responsive than other biological groups (e.g. plants, birds or mammals) to

spatial and temporal changes in the environment (e.g. New, 1995; 1998). Slight changes

in the environment may alter speeics composition, species interactions, and ecosystem

processes (e.g. Callaghan and Jonasson, 1995; Hooper et al., 2005; Rac et al., 2006).

Monitoring the composition, abundances, population dynamics and distributions of

invertebrates over time is an increasingly common way to monitor changes in the

environment (e.g. Noss, 1990; New, 1995; Rykken et aI., 1997; McGeoch, 1998;

Simberloff, 1998; Jonsson and Jonsell, 1999; Sinclair et al., 2006a). Invertebrates are

increasingly becoming the modem "canary in the mineshaft."

At first, consideration of the welfare of mountain habitats, alpine biodivcrsity and alpine

invertebrates may seem superfluous; alpine environments have suffered fewer of the

human impacts that have aft1icted the wanner coastal and lowland areas. Further,

mountain environments are among the most common formally protected land types.

Using data compiled from the UNEP-World Conservation Monitoring Centre, Thorsell

(1997) showed 473 protected sites in 63 countries of the world are greater than 10,000

hectares in size and are over 1500m a.s.l. and meet the strictest IUCN categorisation
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(categories I-IV). These sites total some 264 million hectares of formally protected land

in mountain ecosystems. However, mountain ecosystems are still seriously threatened.

Over a third of the mountainous area of category I-IV protection lies in Greenland, and

many nations with substantial alpine systems have no system of protection in place

(Hamilton, 2002). Grazing, tire, invasive species, deforestation, mining and recreational

activities affect mountain systems worldwide contributing to ecosystem changes and loss

ofbiodiversity (e.g. Mark and Dickinson, 2004), and still knowledge is imprecise of how

alpine ecosystems will cope with potentially the most severe impact, anthropogenically

induced global climate change.

1.3.2 A CHANGING CLIMATE:

There is now a general consensus that the Earth's climate is changing due to increased

levels of greenhouse gases; the Earth's mean surface temperature has risen by 0.6'C over

the last century, and twelve of the warmest years in the last 100 years have been since

1983 (Fitzharris, 200 I; IPCC, 2001). While all terrestrial ecosystems may be affected by

a changing climate, alpine environments, due to their characteristically low temperatures,

are predicted to be more sensitive than most (Haslett, 1997; Diaz et al., 2003, Korner,

2003). Thus, in addition to being important in their contribution to the world

biodiversity, alpine systems have been observed to be suitable locations for monitoring

climate change, because i) they occur worldwide, ii) they have sharp environmental

gradients, and iii) life zones are compressed and often sharply defined (Mark et al.,

2006). Changes may be recognised in the interactions, abundances and spatial

distributions of species. Vascular plants have traditionally been the universal indicator

for biological monitoring; already, plants in alpine ecosystems and at treeline have begun

to respond to a changing global climate (e.g. Grabherr et al., 1994; WaIther et aI., 2005).

There are few comparable works on invertebrates'. However, there is a growing

argument that invertebrates may be more responsive to changes in the alpine zone than

other organisms, thus being more sensitive indicators of climate shifts and a better

I A recent search on Web of Science using the words "insect(s)" or "invertebratets)". as well as

"climate change" and "alpine"gave 29 references. The same search using the words "planus)" or

"vegetation" as well as "climate change" and "alpine" gave a list of 362 references (ISI Web of

Science, http://isiknowledge.com; accessed on 1 September, 2006).
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predictor of, or at least complementary to, the possible outcomes (e.g. Hodkinson and

Bird, 1998; Hoschitz and Kaufrnann, 2004a; 2004b).

The main obstacle to incorporating invertebrates in monitoring programmes is a general

lack of information; in most mountain environments, even the most basic information,

such as systematics, richness, life cycles, interactions and distribution of invertebrates, is

lacking. The knowledge that does exist is typically incongruent in time or space (but for

New Zealand see White and Sedcole, 1991), and rarely at a fine enough scale to make

predictions or conclusions. Thus, baseline studies on the interactions between and within

species and the environment that determine the distribution of different taxa are important

for monitoring changes and predicting the fate of species due to a changing environment.

It is necessary to have a detailed understanding of the factors that influence the current

natural species distributions, fluctuations in population densities and community

interactions as a baseline for future comparisons.

1.3.3 FINE-SCALE, LOOKING MORE CLOSEtY

In writing of the glacier meadows of the High Sierra, John Muir (1894) wrote;

"Parting the grasses and looking more closely you tnay trace the branching of their

shining stem ....'...Beneath the lowest leaves you discover afairy realm ofmosses, - hypnum,

dicranum, polytrichum, and many others, - their precious spore-cups poised daintily on

polished shafts, curiously hooded, or open, showing the richly ornate peristomas l\-'orn

like royal C1YJlVns. Creeping liverworts are here also in abundance, and several rare

species offungi. exceedingly small, and Fail, and delicate, as if made only for beauty.

Caterpillars, black beetles, and ants roam the wilds ofthis lower world, making their way

through miniature groves and thickets, like bears in a thick It'OOd. "

Muirs poetic observation of scale is perceptive. Invertebrates interact with their

environment at a wide range of scales. While at one extreme, some invertebrates cross

thousands of kilometres, such as the monarch butterfly iDanaus plexippus) that in the

course of several generations traverse North America (Brower, 1977); at the other

extreme are the countless invertebrates in the litter, soil, and canopy that may perceive

slight changes in the microenvironment, and operate at a similarly small scale. Hence,

the scale at which the organisms operate should be considered.

The alpine environment is a spatially complex, heterogeneous environment (see Milne,

1991 for definition of heterogeneity), more so than any other terrestrial environment
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(Komer. 2003), Environmental gradients are severe and variable, microhabitats are

correspondingly small and temporal, and the effects of climate change on structuring

invertebrate assemblages and invertebrate survival in the alpine environment is likely to

be complex and operate at a scale of metres to centimetres, referred to in this thesis as

"fine-scale" (e.g. Illich and Haslett, 1994, Haslett, 1997, Boggs and Murphy, 1997;

Sinclair, 2001a; Sinelair et al., 200 I; Hoschitz and Kaufmann, 2004a; Rae et al., 2006).

Alpine environments present ideal field experimental sites, particularly under the

umbrella of accelerating climate change (Korner, 2003). Further, species in alpine

ecosystems are closely linked with their environment and frequently close to their

distributional limits. Worldwide, few ecosystem studies have been attempted in cold

regions; still fewer studies have involved invertebrate assemblages. An excellent

opportunity is afforded in the New Zealand alpine environment where distinctive

patterned ground features have been studied in the past, biologically (plants; Billings and

Mark, 1961; Mark and Bliss, 1970) and physically (freezing and soil activity; Mark,

1994). This base knowledge provides a platform for an ecosystem study designed to

establish the plant-invertebrate-environment inter-relationships at the fine-scale.

1.3.4 PERIGLACIAL PATTERNED GROUND LANDFORMS OF THE OLD MAN RANGE:

MICROTOPOGRAPHY IN AN ALPINE ENVIRONMENT

The rolling planar ridgeline of the Old Man Range, Central Otago, New Zealand may at

first appear to be contrary to the steep environmental gradients, compressed life zones

and complex microhabitat mosaics that characterise mountains systems; sporadically

situated schist tors, deeply incised valleys and steep rocky cirques are the only large-scale

features that offer a sense of variability in the landscape; however, at a smaller scale,

periglacial landforms partition the landscape into repeated geomorphological units. On

the Old Man Range, several types of pcriglacial features are represented (Billings and

Mark, 1961; Mark and Bliss, 1970); prominent among them are the patterned ground

features: soil hummocks and parallel soil stripes, as well as, a type of mass movement:

solifluction terraces (for full descriptions, see Chapter 2). For simplicity, these three

periglacial features are hereafter collectively referred to as patterned ground (see

Washburn. 1956 for definitions of patterned ground and mass movement; see French,

2000 for discussion on periglacial). Patterned ground in Central Otago was first observed

in the literature by Cockayne (1928) and later described by McCraw (1959). Subsequent
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attention has been considerable, particularly with contributions relating to vegetative

interactions (e.g. Billings and Mark, 1961; Mark and Bliss, 1970; Bliss and Mark, 1974)

and geomorphology (e.g. Brockie, 1973; Orwin, 1993). Recent reviews in the progress of

periglacial study in New Zealand discussed hummocks and stripe formations of Central

Otago (Soons and Price, 1990; Augustinus, 2002). The morphology and repeated nature

of these features provides an ideal natural experiment for studying the interrelations

between invertebrates, plants and the microenvironment.

Little is known of the invertebrates of the Old Man Range. While numerous collections

of the more conspicnous species have been made by members of the Entomological

Society of New Zealand, the vast majority of taxa are unknown; no studies have looked at

the soil invertebrate community or the spatial organisation of communities (Barbara

Barratt, personal communication 2006; but see Yeates, 1974). Few ecological studies in

New Zealand environments have looked at the line spatial scale, and still fewer in the

New Zealand alpine environment (but see Sinclair cl al., 2001)

1.4 THESIS STRUCTURE

This thesis consists of six related chapters, linked by the common theme of the

determinants of the spatial patterns of the flora and fauna in the alpine ecosystem. Each

chapter is structured as a stand-alone paper, so it may read as an individual body of

research (although for efficiency, references have been compiled at the end). As a result,

repetition may be apparent, particularly in the introduction and methods of each chapter.

This thesis is an interdisciplinary ecological study, and draws on available baseline

information; however, it was important in the research design for the components (plants,

invertebrates and environment) to be looked at on the same scale, both spatially and

temporally.

1.4.1 A BRIEF SUMMARY OF HIE CIIAPTERS IN THE THESIS

• In chapter two, 1 characterise the climate in different parts (microsites) of

patterned ground. In particular, I focus on the spatial and temporal patterns of

snow, and how that translates into biologically relevant differences between

mierohabitats.

• In chapter three, I look specifically at the soil processes and mechanisms of the

hummock and stripe patterned ground. Using three years of microclimate data, I

8



Chapter 1. General introduction

examme the spatial and temporal patterns of freezing in the soil to hetter

understand soil movements, hummock and stripe maintenance and soil processes

that dictate ecosystem characteristics.

• In chapter four, I look at the patterns of diversity, abundance and composition of

plants in patterned ground at the same scale as considered in Chapters 2 and 3.

While considerable work has been done on the distributions of plants in patterned

ground, I take a statistical approach i) to test previous observations, ii) to relate to

environmental factors and iii) to relate to invertebrate distributions.

• In chapter five, I survey the invertebrates of the patterned ground and give

detailed summaries of the current status of knowledge on the component groups.

The distribution of invertebrates in patterned ground is likely to be determined by

a variety of physical and biological factors.

• In chapter 6, I consider the influence of microclimate and plants on the

composition and abundance of invertebrates in the soil of the patterned ground on

two occasions of contrasting soil conditions (unfrozen in autumn; and frozen in

winter).

• In chapter seven, I synthesise the main findings of the thesis and discuss these in

the context of a changing environment.
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2 MICROCLIMATE VARIATION IN PATTERNED GROUND

FEATURES, OLD MAN RANGE (KOPUWAI RESERVE),

CENTRAL OTAGO, NEW ZEALAND

2.1 INTRODUCTION

Although generally considered relatively simple in terms of biodiversity, alpine

environments have an extraordinary level of spatial complexity (Haslett, 1997). Life

zones are compressed and patterns of life emerge as a fine-scale mosaic delimited by

steep environmental gradients (Korner, 2003), Strong gradients of wind exposure, solar

radiation, snow cover, soil moisture and temperature exist over a scale of centimetres.

Microtopography, as it interacts with the alpine environment, plays a significant role in

these gradient patterns, where even minor changes in relief are accompanied by

pronounced changes in microhabitat,

The fine-scale distribution and micro habitat use of organisms is closely related to the soil

and surface microclimate of the alpine environment (e.g. Billings and Bliss, 1959;

Klikoff, 1965; Talbot et al., 1992; Stanton et al., 1994; Haslett, 1997; Hoschitz and

Kaufrnann, 2004a; 2004b; Sinclair et al., 2001; Rae et al., 2006), The survival of

organisms in the severe alpine environment depends on an ability to exploit microhabitats

within physiological thresholds, In the alpine environment, temperature is often regarded

as the most important limitation of biological significance to plants and invertebrates; to

organisms, low temperatures and freeze-thaw cycles limit function and productivity,

retard development rates and may cause injury or even death (e.g. Somme, 1995; Korner,

2002),

The Old Man Range consists of broad ridges and incised valleys, marked by prominent

and sporadic schist tors, The range, contiguous with the Garvie Mountains and Old

Woman Range, forms part of a high c. 700km' cushion field-dominated pcneplain with

varying cover of tall tussock tChionochloo macros. Many of the valley heads have been

modified by glacial activity, fanning prominent cirques on the eastern slopes, Extensive

mass movement has occurred on the steeply-facing southern and eastern slopes, Soils on

the main summit ridge are formed from Quaternary loess deposits (Molloy and

11



Chapter 2. Microclimate variation in patterned ground

Blakemore, 1974). Periglacial patterned ground landforms, including hummocks, stripes

and solifluction terraces, are a striking feature of the Old Man Range (Billings and Mark,

1961; Mark and Bliss, 1970; Mark; 1994).

Regarded as related features, soil hummock and stripe formations can reach over 30cm in

height and l50cm across (personal observations). They are composed of fine-textured

sandy A and B horizons, of primarily loessial origins, that are situated over a nearly

horizontal coarse rocky C horizon (Figure 2.1); the depth of the A and B horizons at the

study site ranges from as low as 2cm in the furrows to sometimes more than 30cm under

the hummocks (Mark, 1994). Fragments of unweathered schist are found throughout the

soil profile, and are frequently concentrated in the furrows, where the stone (>2mm

fraction) content exceeds 20% of the soil (Mark, 1994). Soil bulk density generally

increases with depth, and is slightly higher in the furrows (Mark, 1994). The soil surface

is rich in organic matter, which is greater in the crests (31.8%) than in the furrows

(15.1%) (Mark, 1994). A surface organic 0 horizon, consisting wholly of partially

decomposed or comminuted plant exists intermittently up to 10cm, though typically less

than lcm (personal observations). Mark (1994) made the first empirical records on the

microclimate on hummocks and stripes, showing hummocks and stripes differentially

freeze, due to crests freezing more readily than furrows over winter.

rocky Chorizon

tm

Figure 2.1. Profile of soil hummocks . Notice fine-textured A and B horizons are situated over a
nearly horizontal coarse C horizon .

Solifluction terraces are broad soil terraces on sloping ground (Figure 2.2). On the Old

Man Range, solifluction terraces are up to 140cm height at the face, and tend to occupy

leeward (north to northeast aspect) slopes over T where they are locally common (Mark

and Bliss, 1970; personal observation, 2001). Solifluction terraces on the Old Man Range

12
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are active; the upper slope moves 3.6mm per year (Mark, 1994). Downslope mass

movement of terraces , likely limited to spring when soils are supersaturated, results in

localised periodic collapse of the terrace face and burial of near-surface soil layers at the

foot of the face (Mark, 1994). In the lee of the terrace, soils are dark and rich in organic

matter, especially in the immediate lee of the terrace (Mark and Bliss, 1970). Below the

terrace, the A and the B horizons each varies between 2 and 12cm depth (Mark and Bliss,

1970). On the upper slopes of the terrace, soils resemble the coarse C horizon below the

terrace. The upper slope of the terrace has numerous fragments of schist, especially as

surface pavement. Rocks below the terrace are less ordered and typically under the

surface.

Figure 2.2. Solifluction terrace site. Exposed soil on the terrace face is an indication of recent
collapse. Terrace face is 1.4 m in height. The tall tussock is Chionochloa macra, and the
dominant cushion plant to the left is Dracophyllum muscoides.

The climate of the alpine environment of the Old Man Range is characterised by a

relatively low annual air temperature range, a low (c. 2°C) annual mean air temperature

and 'frequent freeze-thaw cycles year-round (Mark and Bliss, 1970; Bliss and Mark,

13
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1974). Data from c.1600m a.s.1. on the Old Man Range suggest virtually half the days of

the year fluctuate across the freezing point, while nearly another third of the days never

thaw (Mark and Bliss, 1970). The longest consecutive period without frost is typically

from 8 to 13 days (Mark and Bliss, 1970). Even during the warmest month, freezing

occurs on 40% of the nights (Mark and Bliss, 1970) and the soil annually freezes up to 60

cm in depth in winter (Mark, 1994). However, Mark (1994) gives further evidence that

broad climatic characterisations are not applicable to the complexity of ecosystems at the

fine-scale, and extrapolations of air-temperatures as surrogates for changes in soil

temperatures (e.g. Thorn, 1979; Hall, 1997) are tenuous and frequently flawed (Thom et

al., 1999). Thus, characterising microclimates is an important component in

understanding the fine-scale distribution of organisms and ecological processes. This

chapter aims to characterise the microclimate variation within three patterned ground

features of the Old Man Range, Central Otago, South Island, New Zealand with

consideration of the biological significance.
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2.2 METHODS

2.2.1 STUDY AREA

Three study sites were located on the summit ridge of the Old Man (Obelisk) Range

(hummock site: 45'20'23.8"S, 169'12'25.6"E, e. 1640m a.s.!.; stripe site: 45"20'30A"S,

169'11'55.0"E, c. 1590m a.s.!.; terrace site 45"22'31.0"S, 169'12'24.2"E c. 1620m a.s.!.;

Figures 2.3 and 2.4). Sites were within tbe recently established (1996) Kopuwai Reserve.

Hummock and stripe sites were located approximately at the same locations studied by

Mark (1994) and the solifluction terrace used was the same as documented by Billings

aud Mark (1961). The hummock site has only a slight (2-3') east aspect slope, while the

stripe site slopes west 3-10' (Mark, 1994). At these sites, hummocks and stripes range

between 15cm and 30cm in height, and 70cm and 150cm across (Mark, 1994). The

studied solifluction terrace has a face that is approximately l.4m in height, making it one

of the tallest solifluction terraces known on the Old Man Range (personal observation).

The terrace is situated on a northeast-facing slope of approximately 10' (Mark, 1994;

personal observation).
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..~. ~.,,.

Elevation in metres

_ 11-2511

_ 2511-51111

_ 51111-1,11011

_ 1,000-1,500

o
o
o
o

1,5011- 2,11011

2,111111- 2,5011

2,500 - 3,11011

3,11011-3,71111

Figure 2.3. Map showing location of Old Man Range (45'20'23"S, l69 'I2'25"E), South Island,
New Zealand. Scale 1:6,000,000.
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. M f t [the Old Man Rang e showing the hummock, stripe and terrace studyFIgure 2.4 . ap 0 par 0

sites .
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2.2.2 TEMPERATURE DATA

To test for differences in microclimate between regions of the microtopography,

categories (microsites) were assigned to each landform based on Mark and Bliss (1970).

The solifluction terrace was divided into the following microsites: upper slope of the

terrace (zone 1), terraceface (zone 2), immediate lee of the terrace (zone 3), mid lee of

the terrace (zone 4),.Iar lee ofthe terrace (zone 5), and beyond most lee effects (zone 6;

Figure 2.5A). The hummocks and stripes were divided into the following microsites:

crest, side andfill'row (Figure 2.SB). See Appendix A for a complete description of the

methods of delineating microsites.

Temperature data were taken at a 6 hour recording interval (0.00, 6.00, 12.00, 18.00

hours) from 24 April 2001 through 5 March 2004 using CRlOX data loggers (Campbell

Scientific Inc., Logan, UT, USA) (Figure 2.6A) and calibrated LM35 CZ integrated

circuit temperature sensors, or thennistors (range -40'C to 110'C, accuracy of ±OA'C;

National Semiconductor Corporation, Santa Clara, CA USA), sealed into plastic pipette

tips with epoxy (Figure 2.6B).

Soil thermistors were positioned in the soil of three microsite types at the hummock and

stripe sites (crest, sides, and furrow) and five microsite types at the solit1uction terrace

(zone I, zone 3, zone 4, zone 5, and zone 6). Thermistors were placed at a series of live

depths (1cm, 5cm, l Ocm, 20cm and 40cm) beneath each of three crests and four depths

(1cm, 5cm, lOcrn, and 20em) beneath each of three furrows and three sides at both the

stripe and hummock sites (Figure 2.5C). Thennistors were placed at a series of four

depths (1cm, 5cm, l Ocm, and 20cm) beneath each of five microsites (zones I, 3, 4, 5, and

6) of a single terrace. The face of the terrace (zone 2) was omitted to avoid destabilizing

the solifluction terrace. A lack of resources precluded replication of the terrace site

zones. Probes were inserted horizontally into undisturbed soil from a small (c. 25cm x

15cm wide) pit (Figure 2.5C). The small pit was immediately retilled with the original

soil and vegetation, and periodically checked for disturbance due to frost heaving or

sheep activity (Figure 2.5D).

Air temperature was recorded at I.Sm height at each site. Surface level air temperature

was recorded in each microsite category at each site. Each air temperature thermistor was

suspended in a horizontal l Ocm section of 6cm white PVC tube and affixed to a metal

stake (Fig 2.5D). For thermistors at surface level, the lower part of the PVC tube was cut
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out, allowing the thermistor to rest on the ground, while still being shaded from direct

sun.

A

Zone1

B

Crest

~Furrow

O.5m

Figure 2.5. Micro sites of the (A) solifluction terrace, and (B) hummock and stripe formations.

Figure 2.6. (A) Stripe study site (c.1590m a.s.l.) on the Old Man Range viewed looking northeast.
Data logger was housed in the large (47cm x 47cm x 22cm) steel box. (B) Thermistor probe
before placement in the soil. Epacridaceae Dracophyllum muscoides , the dark cushion plant in the
background, is a dominant cushionfield species. (C) Excavated soil pit with probes in place. (D)
Soil and vegetation was replaced so as to minimi ze impact. 1. Surface thermistor placement. 2.
Soil thermistors entering soil (zone 5 terrace site). Celmisia viscosa, Asteraceae, the large leaved
herb, is a dominant herbfield species (Billing s and Mark, 1961) ; this photo is taken in zone 5.
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2.2.3 FREEZE-THAW CYCLES

Freeze-thaw cycles were calculated for each year. Due to water chemistry and soil pore

size distribution, soil water does not typically freeze at precisely O'C. As a consequence,

many different definitions have been proposed for suitable temperature thresholds for a

freeze-thaw cycle (e.g. Schmidlin et al., 1987; Baker and Ruschy, 1995). In this study, a

freezing event was counted at any given location (i.e. air, surface, soil) when the

temperature dropped below -0.5'C and thawing when the temperature rose above O.O'C

(Davey et al., 1992).

2.2.4 DEGREE-DAYS

The total amount of heat required, between lower and upper thresholds, for an organism

to survive and develop from one point to another in its life-cycle, can be calculated in

physiological units called degree-days (DD). Degree-days, a product of temperature and

time, are a quantitative measure of accumulated heat between a maximum and minimum

development threshold for each day. One degree day occurs when the average daily

temperature for a day (24 hours) is one degree over the threshold temperature. The

cumulative heat accumulation units are called "degree-days above O'C" or Thawing

Degree Days (TOO), and "degree-days above 5'C" or Growing Degree Days (GOD;

Molau and Molgaard, 1996). Molau and Molgaard (1996) suggest snow-melt is best

predicted by TDD, whereas the best correlation with plant growth is GDD. Growing

degree-days are commonly used in agriculture and forestry to predict plant or invertebrate

development; however, here, it was used as a relative comparison of physiological

potential between microsites. Growing degree-days were calculated on an annual basis

using the formula:

max. + min.

2
GDD=L:---

where max. is the maximum daily temperature. min. is the minimum daily temperature.

Growing degree-days were calculated for days with mean daily temperature above the

developmental threshold (>5'C mean daily temperature: Molau and Molgaard, 1996). An

upper threshold value was not considered to apply to this environment.
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2.2.5 SNOW COVER

The duration of snow cover at each micro site was calculated from temperature data at

Icm soil depth. Snow cover was considered present when the daily temperature range

was less than OSC and the average daily temperature was less than I'C (Fosaa et al.,

2004). Snow cover was verified through examination of air and surface temperature data,

while precipitation events were verified using National Institute of Water and

Atmospheric Research (NIWA) records at the Roxburgh Hilltop (climate station 15943;

45.54'3" S 169.39'1" E; 518m a.s.l.) and Alexandra High Bridge (climate station 15923A;

45.26'5" S 169.38'6" E; 160m a.s.l.). Snow conditions and depth of snow pack were also

checked during periodic visits to the range during the nearly three year study.

2.2.6 DATA ANAL VSIS

Comparisons of freeze-thaw, degree-days, and snow cover were made between microsites

and years using a Generalized Linear Model (GLZ) in Statistica (v.7, StatSoft Inc., Tulsa,

OK, USA), using a Poisson or negative binomial distribution. A log link function was

selected for each model and when appropriate, a type III analysis was conducted,

otherwise a type I was used. Pairwise comparisons were made using least-square means

and confidence limits.

Due to equipment malfunction, complete data records were not available from all sites for

the entire recording period (April 2001 to March 2004); thus, missing data from some

thermistors precluded complete assessment of some thermal characteristics. . Annual

means and counts were omitted if more than 50/0 of the data were missing for a given

year. Degree day data were omitted if more than 5% of the snow-free days (i.e. daily

maximum surface temperature> I 'c) data were missing.
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2.3 RESULTS

2.3.1 AIR TEMPERATURE

Continuous air temperature records from 24 April 2001 to 4 March 2004 were obtained

for the three sites on the Old Man Range (Figure 2.7). During the entire sampling period,

temperatures ranged less than 40'C (25.9T to -13.6'C) (Table 2.1); daily temperature

ranges were regularly over lOT and as high as 30'C (stripe site on 11 October 2003).

Mean annual temperatures were near-freezing (c. 3'C) and mean monthly temperatures

ranged between 9.1'C and -2.9'C (Figure 2.7). Although air temperatures were seldom

below freezing for more than a day (c. 80% of freeze-thaw cycles were of less than a

day), daily minima were less than -OSC on c. 50% of the days and less than -YC on

c.15% of the days (Table 2.1). Freeze-thaw cycles were frequent and occurred regularly

throughout the year (Figure 2.7). The longest recorded time without frost was 37 days

(23 February to 31 March 2003).

Air temperatures for the three sites did not differ significantly; temperature data between

the three sites were highly correlated (Pearson correlation; r> 0.95, p < 0.004) and mean

monthly temperatures showed little differences between sites (Figure 2.7). Over 80% of

the daily maxima differed by less than YC and over 90% of the daily minima differed by

less than 2°C. The three sites also had similar annual patterns and percentages of days

that temperatures remained below the freezing point, days that l1uctuated across the

freezing point, or days that remained above the freezing point (Figure 2.8). The greatest

percentage of frost-free days occurred in January and March, while the greatest

percentage of freeze-thaw and frozen days occurred from June to Octoher (Figure 2.8).

Growing degree-days ranged from 959 to 1130 (Table 2.1). In the first two years, where

there was comparable data, the stripe site recorded more growing degree-days than the

hummock site in each year.
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Figure 2.7. Six-hourly air temperature data at 1.5111 above the surface for the CA) hummock site,
(B) stripe site and (C) solifluction terrace site from the Old Man Range from April 200 I to March
2004. CD) Mean temperatures of each month were calculated for each site over the same period.
Errorbars represent one standard error.
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Table 2.1 Summary of air temperature data recorded on the Old Man Range from 2S April 200I to
4 March 2004. Temperatures were recorded L5m above the surface. 'Temperature CC); 2 Count:
* insufficient data for assessment.

Year Hummock Slripe Terrace
Annual mean' 2001-02 2.6 • 2.7

2002-03 2.3 2.5 •
2003-04 •

Absolute maximum' 2001-02 18.1 25.9 19.5
2002-03 205 22.9 19.4
2003-04 19.4 24.1

Absolute minimum' 2001-02 -10.7 -106 -98
2002-03 -10.2 -107 -12.3
2003-04 -13.6 -12.9 -110

Days with minima <-OSC' 2001-02 164 163
2002-03 195 192 •
2003-04 186 179 •

Days wilh minima <-5'C' 2001-02 59 48
2002-03 63 66
2003-04 68 60 •

Freeze-thaw cycles' 2001-02 105 84
2002-03 119 120
2003-04 138 126

Growing degree-days 2001-02 959 1130 1040
2002-03 988 1037
2003-04 • •
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Figure 2.8. Mean percentage of frozen days (dark shading), freeze-thaw days (light shading), and
frost-free days (no shading) per month at 1,5111 above the surface for three years from April 2001
to March 2004.
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2.3.2 MICROCLlMATE OF PATTERNED GROUND

Surface and soil temperatures are summarised in Table 2.2 and Table 2.3. During tbe

study period, temperatures ranged from 41.TC to -15.TC (a range of 57.4'C) on the

surface and 25XC to -9.5T (a range of 34.6'C) in the soil between lcm and 40cm. The

coldest temperatures on the surface for each site were recorded in the hummock crest,

stripe crest, and terrace zone 1 microsites (Table 2.2). The warmest temperatures on the

surface for each site were recorded in the hummock fUlTOW, stripe furrow, and terrace

zone 1 micro sites (Table 2.2). The greatest diurnal temperature ranges were at the ground

surface, where>W'C shifts occurred between 20 and 40% ofthe days and the maximum

diurnal shift was 40.6'C (recorded from zone 1, 3 October 2001). Mean annual

temperatures were between 2.YC to 4SC on the surface (Table 2.2), and between 1.8'C

to 5.0·C in the soil (Table 2.3) Mean daily minima at the surface were near O'C and

mean daily maxima were between 5.TC and Il.2'C (Table 2.2).

FREEZE-THAW CYCLES

Over three years, annual number of freeze-thaw cycles at the ground surface at the three

sites ranged from 9 to 124, encompassing 4% to 29% of the days and occurring year

round in most microsites (Table 2.2; Figure 2.9). The greatest percentage of freeze-thaw

cycles at the ground surface occurred in October. November and from February to May

(Figure 2.9). However, despite frequent frosts, severe temperatures at the ground surface

were infrequent; most microsites had 13 or fewer days a year that reached below -5'C

(Table 2.2). The exception to this was the stripe crest which recorded between 44 and 58

days below -YC each year (Table 2.2). Snow cover was critical 111 controlling the

severity of temperatures experienced at each microsite, as well as 111 controlling the

number and seasonality of freeze-thaw cycles (Figure 2.10). During seasons of full snow

coverage, freeze-thaw cycles were reduced to near zero, while freeze-thaw cycles were

most frequent in seasons of partial snow coverage (Figure 2.10). The surface of

hummock sides and furrows had greater freeze-thaw cycles and days reaching below 

OSC than stripe sides and furrows (Table 2.2; Figure 2.9).

In the soil, temperatures and freeze-thaw cycles rapidly attenuated with depth (Figure

2.11; Table 2.3). The greatest number of freeze-thaw cycles in the soil was in zone 1 at

l cm depth, with 28 cycles in year 1 (2001-2002) and 30 in year 3 (2003-2004) (Table
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2.3). Most microsites, however, had fewer than 10 cycles per year at the same depth.

Furrows of both sites had significantly fewer freeze-thaw cycles than crests at I and 5cm

depth (Figure 2.12), a trend which, although not significant at p = 0.05, continued to

20cm depth. At Icm, there were significantly more freeze-thaw cycles in year 2 (2002

2003) than in year 1 (2001-2002).

GROWING DEGREE-DA IS

Growing degree-days ranged from 890 to 1699 at the surfaee and from 884 to 1569 in the

soil at all depths (Table 2.2 and Table 2.3). At 1cm and 5cm, there was no difference in

growing degree-days between microsites. However, at lOcm, all stripe microsites were

greater than hummock side and furrow microsites, and at 20cm, the stripe side was

greater than the hummock side and hummock furrow microsites (Figure 2.13). The

variation of growing degree-days was greater in year 1 (2001-2002) than in year 2 (2002

2003) at lOcm and 20cm.

SNOW COVER AND SEASONS

Temperature variations at the ground surface (Ocm) and estimated periods of snow cover

in microsites of contrasting exposure made evident three main seasonal periods (a, b. c) of

biological importance during the annual cycle (Figure 2.10). Characterised by a lack of

lasting snow cover and higher temperatures, period a (summer) was the longest period in

each year of the study, ranging from 26 to 31 weeks. Air temperatures and surface

temperatures at all microsites were closely coupled in period a, with changes in air

temperature closely matched by similar changes in surface temperature (p = 0.84, P <

0.001; Figure 2.14). Daily maximum surface temperatures were generally 1O'C higher

than maximum air temperatures. Diurnal temperatures fluctuated rapidly and freeze-thaw

cycles were most numerous during period a (Figure 2.10). Period a was the only part of

the annual temperature cycle where a less exposed low-lying microsite (i.e. hummock

furrow) had comparable or greater number of freeze-thaw cycles than a counterpart

exposed microsite (i.e. hummock crest) (Figure 2.10). Although freezing events were

common in period a, snow events were less common, typically limited to the months

leading up to period b (e.g. March 2002, April 2002, May 2002, May 2003) and the

months following period b (e.g. October 2002, November 2002; Figure 2.10). The lowest

temperatures recorded each year for the less exposed microsites (e.g. furrow or zone 3)

were in period a (Figure 2.10).
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Period b (spring/autumn) was characterised at each site by an incomplete covering of

snow over the microtopography. Except where data were missing to verify, period b

occurred twice annually. The first period b occurred in autumn months after the first

lasting snow of the season. During this time of the year, snow was redistributed into the

low-lying and leeward microsites, while windward exposed areas remained free of snow.

The second period b in the annual temperature cycle occurred in spring months when

snow on the more exposed microsites melted whilst snow remained in the low-lying less

exposed microsites. The second period b (spring), spanning less than a month, was

generally shorter than the first period b (autumn), which ranged from 20 days to three

months. During period b, overall surface temperatures matched air temperatures less than

in period a (p = 0.53, P < 0.001; Figure 2.14). Microsites under snow (furrow, zone 3,

zone 4) were somewhat decoupled from atmospheric temperatures (p = 0.29, P < 0.001),

while temperatures at snow-free microsites (crest, zone 1, zone 6) were still strongly

coupled with atmospheric temperatures (p = 0.72, p < 0.00 I) and diurnal temperatures

continued to fluctuate widely. The difference in freeze-thaw eyclcs between snow-free

and snow covered microsites was greatest in period b (Figure 2.10). During the study

period, the more exposed microsites experienced the lowest temperatures (the lowest

surface temperatures recorded each year) and the greatest diurnal temperature shifts in

period b (Figures 2.10 and 2.14).

Period c (winter) was characterised by an inferred a lastiag snow cover and stable near

freezing surface temperatures over all microsites. Snow cover during period C inhibited

(i.e. decoupled) the connection between soil surface and the atmospheric temperatures,

although a positive relationship was still statistically significant (r = 0.14, P < 0.001;

Figure 2.14). At the stripe site, crest surface temperatures during period c continued to

fluctuate somewhat, each year having the greatest number of days below -S''C. Surface

temperatures were typically at or below O'C. Diurnal temperature ranges in the furrow

microsite were typically less than I.O'C and few freeze-thaw cycles occurred (Figure

2.10). Temperatures at the ground surface were quite similar in all parts of the

microtopography during period c. In 2002, consistent snow cover lasted for only 9 days

in zone 1, in contrast to the lee of the terrace (zone 3 and zone 4) where snow

accumulated each year for c. 140 days, and was not released until as late as the end of

November. At the hummock and stripe sites, the duration of snow cover was

significantly greater in the furrow microsites (174 ± 3 s.e. and 159 ± 4 S.C., respectively)
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than in the crest microsites (131 ± 8 s.e. and 103 ± 4 s.e., respectively) at both sites

(Figure 2.15). From the same comparisons, years 2 (2002-2003) and 3 (2003-2004) had

significantly longer snow cover than year 1 (2001-2002) (Figure 2.15).

Soil temperature range and rates of change rapidly attenuated with depth and

temperatures were clearly delayed from surface temperature shifts (Figure 2.11). Freeze

thaw cycles occurred year round in the soil of the more exposed microsites, but were

most common in period b. By contrast, freeze-thaw cycles in the less exposed microsites

were mostly limited to period a.
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Table 2.2. Summary surface temperature data recorded from microsites of three sites on the Old
Man Range from April 2001 to March 2004. 'Temperature CC); 2 Count: * insufficient data for
assessment.

Annual mean' Absolute maximum' Absolute minimum'
site Microsite Year 1 Year 2 Year3 Year 1 Year2 Year 3 Year 1 Year 2 Year3

Hummock crest 3.3 3.4 2.2 278 30.5 26 -{I 1 -6.0 -6.8

side 2.5 2.5 16 339 32.0 33.2 -6.5 -5.0 -6.9

furrow 30 2.9 2.3 32.4 34.1 35.6 -6.7 -6.0 -62

Stripe crest 2.9 2.7 19 238 26.6 257 -12.8 -126 -15.7

side 4.1 3.8 29 26.4 27.5 27.3 -2.8 -1.6 -2.5

furrow 4.5 4.0 3.4 25.8 28.4 26.7 -4.6 -6.8 -9.7

Terrace zone 1 5.3 3.4 41.7 268 28.3 -46 -8 -9.4

zone 3 4.5 4.0 35.8 395 40.3 -3.7 -2.2 -35

zone4 4.7 3.8 28.5 31.0 31.1 -3.8 -2.7 -2.7

zone 5 3.6 2.5 30.9 34.9 337 -5.4 -35 -4.3

zone 6 4.2 3.2 24.8 27.2 289 -5.2 -4.4 -58

Mean daily maximum' Mean daily minimum 1 Days <-DSC
Site Microsite Year 1 Year 2 Year3 Year 1 Year2 Year 3 Year 1 Year2 Year3

Hummock crest 7.8 8.2 5.7 0.4 0.3 -0.3 151 166 165

side 7.2 7.5 5.8 -0.3 -0.5 -0.9 239 253 238

furrow 7.9 8.2 6.6 0.3 0.0 -0.2 138 136 227

Stripe crest 7.7 8.3 5.7 -0.4 -1.0 -13 148 219 196

side 7.1 7.6 5.7 1.9 1.7 1.2 39 27 59

furrow 7.8 8.4 6.5 1.8 1.6 1.0 28 44 67

Terrace zone 1 11.2 8.4 19 0 132

zone 3 85 8.7 2.1 16 12 17

zone4 8.5 7.2 2.1 1.5 14 29

zone 5 7.7 58 0.8 0.3 99 107

zone 6 8.2 69 1.5 0.7 52 87

Days <-5'C Freeze-thaw eyeless Grow"lng oeqree-days-
Site Microsite Year 1 Year 2 Year 3 Year 1 Year 2 Year3 Year 1 Year 2 Year 3

Hummock crest 13 2 12 56 87 72 1151 1148

side 4 2 5 86 89 73 890 960

furrow 1 6 3 65 72 57 1001 987

Stripe crest 47 44 58 66 124 114 1069 1072

side 0 0 0 9 21 32 1178 1123

furrow 0 2 5 22 43 63 1244 1036

Terrace zone 1 21 111 1699

zone 3 0 0 11 18 1299

zone 4 0 0 11 31 1441

zone 5 1 0 37 53 1146

zone 6 1 3 46 80 1259
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Table 2.3. Summary of soil temperature data (mean, absolute maximum and absolute minimum)
recorded from l cm, 5cm, l Gcm, 20cm and 40cm depth from microsites at three sites on the Old
Man Range from April 2001 to March 2004. 'Temperature CC); * insufficient data for assessment.

Mean' Absolute maximum' Absolute minimum'

Site Microsite Year 1 Year 2 Year 3 Year 1 Year 2 Year3 Year 1 Year2 Year 3

Hummock crest 1 3.2 3.0 2.0 21.0 22.1 20.7 -6.2 -6.2 -6.6

5 3.1 2.9 18 16.6 16.8 15.2 -49 -49 -5.3

10 3.4 3.2 2.1 15.4 15.4 13.6 -2.9 -29 -3.7

20 3.3 3.1 2.0 13.4 13.4 11.4 -1.0 -10 -1.9

40 3.3 3.2 2.1 10.7 10.7 9.6 -0.2 -0.2 -0.2

side 1 3.4 3.3 2.4 18.8 20.3 18.7 -1.3 -1.3 -2.4

5 3.3 3.4 2.5 221 24.3 229 -4.0 -4.0 -3.8

10 35 3.3 2.4 16.4 16.4 16.0 -0.5 -05 -1.1

20 3.3 3.2 2.2 12.6 126 11.6 -0.2 -0.2 -0.3

furrow 1 3.7 3.4 2.7 22.7 25.1 23.7 -1.0 -1.0 -1.7

5 3.9 3.6 2.8 19.7 19.7 18.1 -0.1 -0.1 -0.3

10 3.5 3.3 2.4 16.0 160 14.1 -0.3 -0.3 -0.4

20 3.5 3.3 2.5 12.6 126 11.3 -0.2 -02 -0.2

Stripe crest 1 3.5 3.1 2.1 19.8 19.8 18.1 -9.5 -9.5 -6.7

5 3.6 3.2 2.2 17.2 17.2 14.5 -6.9 -6.9 -4.7

10 4.2 39 2.9 151 15.1 135 -5.5 -5.5 -3.2

20 3.5 3.0 2.1 12.8 128 11.5 -3.1 -3.1 -1.7
40 3.5 3.0 2.2 11.1 11.1 10.1 -0.8 -09 -1.3

side 1 3.4 2.8 20 22.2 22.2 21.3 -5.1 -5.1 -55

5 3.5 3.0 21 19.0 19.0 17.4 -5.0 -5.0 -3.3

10 4.3 3.9 3.0 159 15.9 14.0 -3.5 -3.5 -1.8

20 3.8 3.3 2.4 13.0 13.0 11.1 -2.1 -2.1 -1.5

furrow 1 3.9 34 2.7 21.0 23.6 22.2 -1.9 -1.9 -2.5

5 4.1 3.5 2.8 18.7 18.7 18.3 -1.3 -1.3 -1.5

10 4.9 4.6 3.7 16.5 165 15.3 -0.6 -0.6 -0.3

20 3.9 3.5 2.5 12.1 121 10.9 -1.1 -11 -0.3

Terrace zone 1 1 4.4 3.3 22.3 230 22.8 -7.4 -7.4 -5.2

5 4.1 29 19.7 19.7 18.8 -5.3 -5.3 -5.3

10 46 3.3 189 18.9 18.0 -4.4 -4.4 -2.4

20 4.7 3.5 151 15.2 13.6 -1.8 -18 -0.8

zone 3 1 46 3.8 21.8 22.9 22.5 0.4 0.6 0.2

5 4.4 3.4 175 17.5 15.9 0.4 0.4 -0.6

10 50 4.1 15.9 159 14.3 10 1.0 0.8

20 4.5 3.5 120 12.0 108 0.7 08 0.5

zone4 1 5.0 37 18.8 18.8 17.2 05 0.5 0.4

5 4.7 3.4 16.6 16.6 14.8 0.3 0.2 -0.4

10 4.5 3.1 14.3 14.3 12.6 0.2 0.1 0.1

20 5.3 4.0 13.4 13.4 11.9 1.1 1.0 1.0

zone 5 1 4.3 3.1 16.7 16.7 186 -0.6 -06 -0.8

5 4.1 2.8 14.0 14.0 14.1 -0.3 -0.3 -05

10 49 3.6 13.5 13.5 11.9 08 0.9 05
20 5.0 3.7 12.2 12.2 11.0 0.9 1.1 0.9

zone 6 1 46 3.4 23.0 24.3 22.3 -5.3 -5.3 -37

5 4.7 3.3 20.4 20.4 19.8 -4.4 -4.4 -2.8

10 4.7 3.3 17.4 17.4 16.7 -28 -2.8 -2.2

20 49 3.7 156 15.6 14.7 -1.3 -1.3 -1.1
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Table 2.3. (continued) Summary of soil temperature data (days recording temperatures <-o.Ye
and days recording temperatures <-YC) recorded from Icm, 5cm, l Ocm, 20cm and 40cm (D ~

depth) at tlnee sites on the Old Man Range from April 2001 to March 2004. * Insufficient data for
assessment.

Days <-OSC Days <SC

Site
Micro-

0 Year 1 Year 2 Year 3 Year 1 Year2 Year3
site

Hummock crest 1 973±14.3 88.7±13.3 121±20.6 3.0±06 1.0±O.O 2.3±1.9
5 95.0±11.0 72.7±22.8 106±166 0 0 0.3±0.3
10 50.0±3.2 10.0±3.2 61.3±3.7 0 0 0
20 20.3±8.7 1.0±0.0 347±13.4 0 0 0
40 0 0 0 0 0 0

side 1 22.0±9.8 7.3±3.3 34.0±16.5 0 0 0
5 21.3±21.3 20.3±20.3 30.7±30.7 0 0 0
10 1,O±1.0 0.3±0.3 4.0±4.0 0 0 0
20 0 0 0 0 0 0

furrow 1 1.3±09 4.0±O.6 21.3±12.0 0 0 0
5 0 0 0 0 0 0
10 0 0 0 0 0 0
20 0 0 0 0 0 0

Stripe crest 1 83.3±20.8 96.0±42.0 108±42.6 13.0±35 2.3±1.3 2.3±2.3
5 71.7±168 59.0±28.6 777±225 6.3±3.2 O.7±O.3 0
10 387±15.4 14.3±13.3 27.3±11.8 1.7±1.7 0.3±0.3 0
20 37.0±4.4 27.0±19.0 45.3±9,O 0 0 0
40 11.0±6.4 37.7±19.6 11.3±11.3 0 0 0

side 1 93.7±22.4 116±45.5 134±37.9 1.3±1.3 0.3±0.3 O.7±O.7

5 76.7±24.2 907±47.8 110±41.0 O.7±O.7 O.3±O.3 0
10 20.3±4.9 11.3±9.8 133±8.5 0 0 0
20 18.0±13.5 22.7±21.2 24.7±20.3 0 0 0

furrow 1 26.7±21.4 2.3±1.5 27.0±170 0 0 0
5 22.3±22.3 O.3±O.3 14.0±14.0 0 0 0
10 O.7±O,7 O.3±O.3 0 0 0 0
20 3.7±3.7 03±0.3 0 0 0 0

Terrace zone 1 1 87 63 10 3
5 83 66 4 1
10 53 42 0 0
20 20 3 0 0

zone 3 1 0 0 0 0
5 0 1 0 0
10 0 0 0 0
20 0 0 0 0

zone 4 1 0 0 0 0
5 0 0 0 0
10 0 0 0 0
20 0 0 0 0

zone 5 1 4 6 0 0
5 0 2 0 0
10 0 0 0 0
20 0 0 0 0

zone 6 1 45 57 3 0
5 40 45 0 0
10 20 3 0 0
20 12 9 0 0
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Table 2.3. (continued) Summary of soil temperature data (freeze-thaw cycles and degree-days)
recorded from Icm, Scm, lOcrn, 20cm and 40cm depth at three sites on the Old Man Range from
April 2001 to March 2004. 2 Count; * insufficient data for assessment

Freeze-thaw cycles" Growing degree-days2

Site Microsite 0 Year 1 Year 2 Year 3 Year1 Year2

Hummock crest 1 53±4.3 10.3±74 9.7±7.2 1053±92 1000±41
5 1,O±O.O 1.0±00 1.0±0.0 980±38 952±19
10 1.7±0.6 2.0±0.6 23±1.3 1045±42 985±16
20 1.0±0.0 0 1.3±03 998±50 944±32
40 0 0 0 886±27 884±23

side 1 2.0±0.0 1.7±O.9 60±0.6 1021±38 1002±57
5 33±3.3 10.3±103 8.7±8.7 1051±29 1008±41
10 0.3±03 0 O.7±O.7 989±48 966±41
20 0 0 0 921±24 900±28

furrow 1 07±0.3 2.7±O.9 50±2.5 1146±19 1100±5
5 0 0 0 1134±41 1053±31
10 0 0 0 988 ±17 942±4
20 0 0 0 934±42 887+48

crest 7.0±1.0 14.7±2.7 163±1.3 1089±99 1046±71
5 3,3±1.9 6.0±2.1 6.0±1.5 1083±78 1003±54
10 2.7±0.3 2.0±20 7.3±2.0 1213±41 1108±39
20 1.3±03 1.0±0.6 2,O±0.6 988±14 923±13
40 27±18 1.7±1.2 1.0+1.0 927±52 889+62

side 1 4.3±1.2 10,O±2.5 113±4.2 1020±137 921±140
5 3.3±1,2 3.7±1.2 5.0±1,7 1044±125 960±63
10 2.0±O.6 1.0±O,6 3.7±1.9 1235±101 1109±38
20 2.0±0.0 1,O±O.6 33±19 1040±68 967±43

furrow 1 2.0±1.2 1.7±1.2 6.3±1.2 1093±20 1062±33
5 1.0±1.0 0 1.7±1.7 1081±27 1028±38
10 O.3±O.3 0 0 1302±102 1189±99
20 O.7±O.7 0 0 962±24 931±16

Terrace zone 1 1 28 30 1568
5 3 10 1436
10 9 16 1513
20 6 2

zone 3 0 0
5 0 1 1303
10 0 0 1377
20 0 0 1229

zone 4 1 0 0 1536
5 0 0 1428
10 0 0 1323
20 0 0 1516

zone 5 1 1 3 1299
5 0 1 1242
10 0 0 1426
20 0 0 1434

zone6 1 7 20 1569
5 7 8 1560
10 4 5 1513
20 6 3 1596
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Figure 2.9. Mean percentage of frozen days (dark shading), freeze-thaw days (light shading), and
frost-free days (no shading) per month at the ground surface in microsites of the hummock,
stripe and solifluction terrace for three years from April 2001 to March 2004.
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Figure 2.13. Mean number of growing degree-days for crest side and furrow microsires at
hummock and stripe sites at lcm, 5C111, 10cm and 20cm. Error bars represent one standard error.
Different letters are shown where there was a significant (p < 0.05) difference. Wald l for GLZ
(Poisson distribution and log link) comparisons are shown; degrees of freedom in parenthesis.
Statistical significance:", p < 0.05; **, p < 0.01.
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2.4 DISCUSSION

2.4.1 MICROCLlMATES OF PATTERNED GROUND

The Old Man Range is a broad planar range with low topographic relief. Periglacial

features, such as hummocks and stripes «OAm height) and solit1uction terraces «lAm

height), contribute some of the most striking microtopographical variation on the range.

This chapter characterised the variability of microclimates within the microtopography of

three types of patterned ground, confirming and further demonstrating that significant

climatic gradients result from this tine-scale topographic variation (see Chapter 3).

Microclimatic differences between microsites were most evident at the ground surface;

however, some differences, such as absolute minimum temperature and days below 

OSC and -5'C, were still perceptible at ZOcm depth in the soil. Differences between

microsites for growing degree-days were most evident in the deeper soiL

Previous climate records and air temperatures tram this study have established that

freezing is a pervasive characteristic of the alpine environment of the Old Man Range.

Between 1963 and 1968, Mark and Bliss (1970) found freezing air temperatures to occur

on 80% of the days and throughout the year. Over the period of the current study,

freezing occurred year-round and on an average of about 50% of the days. In some

microsites, the ground surface was frozen or reached freezing up to 71% days of the year

and up to 40em depth in winter. Surface temperatures were commonly relatively severe,

reaching -YC up to 58 days of the year and reaching as low as -15.TC. However, over

much of the microtopography, freezing and freeze-thaw cycles were not common and

surface temperatures were not as severe. In the soil of the hummocks and stripes,

micrositcs divided into two categories: those experiencing several freeze-thaw cycles

(exposed) and those that experienced very few (less exposed). By l cm depth, most

microsites experienced few freeze-thaw cycles and most absolute minimum temperatures

that were recorded were probably not sufficiently severe to cause injury to many alpine

invertebrates and plants (see Bremner, 1988; Bannister et al., ZOOS). Even at the ground

surface, four of the 11 microsites investigated here were exposed to fewer than sixty

freeze-thaw cycles per year.
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BiOLOGiCAL iMPLlCA nONS

It has long been known that seasonal temperature variations commonly induce vertical

movements of soil animals in the soil profile (e.g. Usher, 1970; Luxton; 1981; Didden,

1993); these movements are often attributed to food availability, or environmental

factors, such as avoiding extreme temperatures. In the patterned ground of the Old Man

Range, the benefits are clearly rnicrosite-depcndcnt. In exposed parts of the

microtopography, clearly the depth within the soil and vegetation is an important factor in

determining the minimum winter temperatures and number of freeze-thaw cycles,

whereas under snow in less exposed sites (furrows, zone 3, and zone 4) temperatures and

variance of temperatures change little with depth, so invertebrates gain little benefit from

burrowing. Bremner (1988) found no evidence of burrowing behaviour by invertebrates

in a mid-altitude tussock (Chionochloa rigida) grassland. However, he observed seasonal

and daily changes in microhabitat of invertebrates. He also showed active overwintering

invertebrates moved into tussocks when inter-tussock temperatures dropped, and that

with few exceptions, most invertebrate species depended on ameliorated microhabitat to

avoid low temperatures. Northern Hemisphere studies have had similar findings (e.g.

Luff, 1966; Bossenbroek et al., 1977a; 1977b; Dermis et al., 1994). The tussock structure

may serve as an important refuge for the survival of some invertebrates, especially

surface-dwelling species (Crafford and Chown, 1992; Bale et al., 2000). Although no

work has been done specifically on the cold tolerance of invertebrates of the Old Man

Range, it is likely the absolute minimum temperatures recorded in some microsites of this

study were below the lethal temperatures for many species (Bremner, 1988; Sinclair,

2001a; 2001b; Ramlov et al., 1992). Thus, some invertebrates inhabiting the plant

material and upper layers of soil probably need to escape freeze-thaw cycles and severe

temperatures in order to survive. The heterogeneity of the microclimates of patterned

ground may facilitate a seasonal movement comparable to invertebrates in a tussock

grassland environment.

Absolute minimum temperatures at the ground surface were not below known frost

resistance of selected plants of the Old Man Range (Bannister et al., 2005). However, the

seasonality of frost resistance of species suggests episodic frosts may limit the

distribution of some species (e.g. snowbank species) from exposed areas. Additionally,

frost cycles may limit the distribution of some plants through frost heaving. Induced by

the growth of ice-needles or ice lenses at the freezing front, frost heaving can separate the
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uppermost layers of soil. Heaving may uproot seedlings, can cause instability of tbe root

area, and may, in combination with wind, lead to desiccation or death (Bergsten et al.,

200l;Kiirner,2003). Some plants are better adapted to soil movement and frost activity

than others, and freezing activity has been shown to be important in the distribution of

plants in patterned ground habitat (e.g. Anderson and Bliss, 1998; Perez, 2002). Billings

and Mark (1961) demonstrated a differential distribution of plant species in the patterned

ground, indicating plants may be aligned in the microtopography along gradients such as

frost resistance.

Few values for degree-days are available for the mountains of the South Island and no

records exist of ground surface or soil, making comparisons difficult or impossible (Mark

and Dickinson, 1997). Meurk (1978) found degree-days WC base threshold) over the

snow-free period range from about 2000 at tree-line to 522 at the upper limit of the high

alpine zone. At l560m a.s.l. for the Old Man Range, Meurk (1978) reported 986 degree

days during the snow-free season, comparable to GOD (5'C base threshold) recorded in

this study, but 250 to 423 degree-days lower when data from the current study were

recalculated as TOO (OT base threshold). Mcurk (1978), however, only collected

degree-days during the snow free season, which is likely to account for the discrepancy.

Ground surface growing degree-days were clearly regulated by snow cover, suggesting

changes in the timing, patterns, and amount of annual snow cover could have significant

effects on the physiological potential of sites or microsites. Less exposed microsites

recorded higher maximum temperatures and higher daily temperatures than

corresponding exposed microsites during period a. However, less exposed microsites had

significantly longer snow cover and a shorter growing season. In short, less exposed

micrositcs have shorter seasons, ameliorated winters, and warmer summers, while

exposed microsites have longer growing seasons, more severe winters and cooler

summers. Differences between microsites in the number of growing degree-days were

detected in the deeper layers (lOcm and 20cm) ofthe stripe and hummock site; however,

differences were largely due to slightly elevated air temperatures at the stripe site than the

hummock site. The differences between mierosites and sites may translate into important

differences in levels of plant productivity, microbial and soil fauna activity, and nutrient

cycling between the sites.

As freeze-thaw cycles were restricted in the soil and became less frequent and severe with

depth, and growing degree-days were undifferentiated in the plant and upper soil layers,
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other factors may be of greater severity to invertebrates. The survival of invertebrates in

cold temperatures is related to temperature and time (Block, 1990). The presence of ice

lenses and frozen soil may inhibit burrowing by soil animals, cause freezing, or severe

depletion of energy reserves. Thus, the length of exposure to ice (time frozen) may be a

more important factor in the survival of soil organisms and the patterns and length of

freezing may be a more important variable to the survival and distribution of organisms

(Semme, 1996; Coulson et al., 2000).

Figure 2.16. Photo of stripe crest surface thermistor on (A) 02 September 2005 and (B) 14
January 2006. Exposed for long periods of winter , this thermistor recorded between 44 and 55
days below -5°C each year. Side and furrow surface thermistors are to the left of the photographs.

The most important factor in differentiating microsite microclimates on the Old Man

Range was snow cover as inferred by temperature records (Figure 2.16). Due to the

thermal properties of snow on ground and soil climates, three distinct seasons (no snow

cover, partial snow cover and complete snow cover) were visible. Snow was

redistributed from exposed windward to leeward aspects by the high winds typical of the

Old Man Range. Following snow fall, snow was moved from exposed windward

microsites into leeward slopes and furrows, until the surface microtopography was

completely obscured by snow and all microsites were covered with enough snow to

decouple surface temperatures from air temperatures . While the timing of snow release
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and depth varied somewhat year to year, the spatial pattern of snow cover was largely a

function of the predominant wind direction and the shape of the (rnicro-) topography.

That spatial patterns of snow deposition tend to be consistent from year to year (Johnson

and Billings, 1962; Talbot et al., 1992; Stanton et al., 1994), reinforces the observation

that temperatures and freeze-thaw cycles during period b affect particular parts of the

microtopography more than others each year. The lowest temperatures recorded and the

differences in temperature and freeze-thaw cycles between exposed (snow free) and less

exposed (snow covered) microsites were greatest in period b (Figures 2.10), suggesting

period b may be the most stressful time of the year for organisms. Paradoxically, period c

(winter) at the ground surface was less severe than period a (snmmer), in terms of the

frequency and number of freeze-thaw cycles and rates of temperature change.

The current study highligbts the importance in defining the freezing threshold in

environments. Microsites recorded temperatures at or very near the freezing point for

extended periods. Using different definitions of the freezing threshold with the same data

yields substantially different results in relation to freeze-thaw cycles or duration of soil

freezing. These differences allow drastically different biological interpretations.

2.4.2 CONCLUSION

This study examined how microtopography influences the microclimate in three areas of

periglacial patterned ground. Characterising microclimates is an important, yet often

neglected, aspect of ecological studies. This study has highlighted some biologically

significant aspects of the temperature regime applicable to patterned ground habitats in

oceanic mountain systems, Four main points emerge from this study:

I. Significant microclimate differences occur over fine-spatial scales in the soil and

surface environment of patterned ground on the Old Man Range, with different

rnicrohabitats of patterned ground experiencing different amounts of freezing,

severe temperatures and snow cover.

2. Snow cover is the most important factor in differentiating microclimates of

microsites in patterned ground and defining biological seasons at the ground

surface.

3. The steepest fine-scale environmental gradients exist during period b when there

is differential snow cover.
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4. Accumulated thermal energy (as measured by growing degree days) is largely

undifferentiated between microsites and sites. Differences in growing degree

days at deeper deptbs are largely due to site-level differences (i.e. terrace site>

stripe site> hummock site).
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CHAPTER THREE: PATTERNS OF FREEZING IN NON-

SORTED EARTH HUMMOCKS AND STRIPES ON THE

SOUTH ISLAND, NEW ZEALAND

"Freezing is the most importantfactor in the periglacial climate" (Lozinski 19(9)
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3 PATTERNS OF FREEZING IN NON-SORTED EARTH

HUMMOCKS AND STRIPES ON THE SOUTH ISLAND,

NEW ZEALAND

3.1 INTRODUCTION

Patterned ground is one of the most striking features of the periglacial environment, and

characterises areas where suitable lithology and topography exist or has existed in

combination with moist or intermittently frozen soils and a cold climate (Soons and Price,

1990). In New Zealand, a variety of periglacial patterned ground landforms have been

reported from Mt Ruapehu, the Black Birch Range in Marlborough, Big Ben Range,

Canterbury, the Main Divide, Mt Cook Natioual Park, Arthurs Pass National Park, as

remnants on the Banks Peninsula, Canterbury (Gradwell, 1957; Soons, 1962; Soons and

Price, 1990; personal observations). However, patterned ground landforms are

particularly prevalent on the block fault schistose mountains of Central and North Otago

(e.g. McCraw, 1959; Brockie, 1973; Billings and Mark, 1961; Mark and Bliss, 1970;

Fahey, 1986; Orwin, 1993; Mark 1994).

On the high ranges of Central Otago, frost-induced non-sorted soil hummocks (also

known in the literature as thufur (singular thufa) or pounus; Thoroddsen, 1913; Van

Vliet-Lanoe cl al., 1998; Schunke and Zoltai, 1988; Grab, 1994; 1997a; 1998; 2005a;

2005b; Van Vliet-Lanoe and Seppala, 2002) and stripes are a conspicuous and locally

prominent geomorphological component of the landscape. On the Old Man Range,

hummocks occur as small (less than 40cm high) repeating hillocks or mounds, and

stripes, fundamentally the same formation as hummocks (Washburn, 1979; Krantz et al.

1988; Billings and Mark, 1961), form long elongate corrugations on slopes. Billing and

Mark (1961) partitioned hummocks and stripes into three subunits (referred to here as

microsites): i) the high flattened apex region or crest, ii) the sloping region or side and iii)

the low inter-hummock depression etfurrow (Figure 3.1).

Mark (1994) conducted the first empirical work on the thermal regimes of hummocks and

stripes, observing pronounced temperature differentials between crests and adjacent

furrows during winter. Mark (1994) found that crests tended to be frozen throughout the
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winter, whilst furrows remained predominantly unfrozen. Thus, Mark (1994) concluded

that the features, previously regarded as inactive relicts of a previously more severe

climate (McCraw, 1959), were currently active. At 2950m a.s.l. in eastern Lesotho, Grab

(1997a; 1998) also found differential freezing between a hummock (thufa) crest and

adjoining depression . Grab (1997a) attributes the development of differential freezing in

the hummock and stripe landscape to three principal factors: i) the crest areas have a

smaller volume and larger surface to volume ratio, which renders the crests more

susceptible to temperature changes ii) crests have a greater fraction of organic matter in

the soil, which leads to increased evaporative cooling, and iii) crests are more exposed to

freezing temperature s due to less snow cover. Additionally, the pattern of freezing and

temperature gradients in the hummocks of eastern Lesotho are aspect-controlled, a likely

mechanism for the evolution of stripes from hummocks (Grab, 2005b).

A
Crest

a.5rn

Figure 3.1 (A) Profile of a hummock and stripe, showing crest, side and furrow micro sites. (B)
Photo (oblique) of hummock showing microsites. White contour line shows approximate
transition between microsites.
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Mark (1994) and Grab (1997a) ascribed the contemporary maintenance of the patterned

ground topography to the movement of soil moisture along an energy gradient toward the

freezing front (cryosuction). They argued that an energy differential between the (higher

energy) unfrozen and (lower energy) frozen earth produced an energy gradient sufficient

to cause soil moisture to move from unfrozen furrows to frozen crests. As a result, soil

water transports fine-grained soil particles from furrows to crests (Schunke and Zoltai,

1988). Further, water and water vapour freeze upon reaching the freezing front, causing

differential frost heaving of the soil (Mackay, 1980; Mark 1994). However, there is a

lack of published evidence for the movement of soil moisture in these features, and

knowledge of the freezing patterns of hummock and stripe formations is still imprecise

(Washburn, 1985; Schunke and Zoltai, 1988), Moreover, the pattern of freezing and

seasonal movement of moisture in hummocks is likely to have important consequences to

the patterns of life in patterned ground, which has received little attention,

The maintenance of the hummock and stripe formations of the Old Man Range by means

of seasonal movement of soil moisture down an energy gradient relies on three

assumptions: i) freezing occurs predominantly in the crests ii) soil moisture should be

higher in the crests than in the furrows when a temperature gradient exists and iii) that the

pattern of freezing within the microtopography of hummocks and stripes must be

consistent each year. This chapter tests these assumptions using four predictions: i) crests

consistently freeze first at the onset of winter, ii) crests remain frozen for longer during

the year iii) the patterns of freezing and the time frozen differential are consistent

between years, and iv) soil water content is higher in the crests than the furrows during

winter. While answering questions of geomorphological concern, this chapter addresses

some of the wider biological implications of freezing activity within the hummock and

stripe landscape.
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3.2 METHODS

3.2.1 THE SITES

Two study sites were located on the summit ridge of the Old Man Range (Kopuwai

Reserve), Central Otago, South Island, New Zealand (hummock site: 45"20'23.8"S,

169"12'25.6"E, c.1640m a.s.l; stripe site: 45"20'30.4"S, 169'11 '55.0"E, c.1590m a.s.l.;

Figure 2.3). A survey of the Old Man Range showed that stripe and hummock

formations occupy an area of more than 1000ha of the range above 1500m a.s.l. (Figure

3.2). Soils are formed from Quaternary loess deposits (Molloy and Blakemore, 1974).

The hummocks and stripes are eomposed of a fine-textured sandy A and B horizon

situated over a nearly horizontal coarse rocky C horizon. Depth of the A and B horizons

at the study site ranges from 2 to 30cm (Mark, 1994). Fragments of unweathered schist

are found throughout the soil profile, and are frequently concentrated in the furrows

where the stone (>2mm traction) content exceeds 20% of the soil (Mark, 1994). Bulk

density generally increases with depth and is slightly higher in the furrows (Mark, 1994).

The soil surface is rich in organic matter, and higher at the crests (31.8%) than the

adjacent furrows (15.1 %) (Mark, 1994). Hummocks and stripes in this area are generally

between 15cm and30cm in height and between 0.7m and 1.5111 across (Mark, 1994). The

crests are dominated by cushion plant species, including Dracophyllum muscoides and

Raoulia hectorii, while in the fu,TOWS are typically herbfield species, particularly

Celmisia viscosa and lichens such as Cetraria islandica ssp. antarctica (Mark and Bliss,

1970; see Chapter 4).
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Figure 3.2. Map of Old Man Range show ing extent of hummock and stripe type formations, based
on recordings made by the author.
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3.2.2 TEMPERATURE DATA AND SOIL WATER CONTENT

Soil temperatures were recorded at 6 hour intervals (0.00,6.00, 12.00, 18.00 hours) from

24 April 2001 through to 5 March 2004 by Campbell CRI0X data loggers (Campbell

Scientific, Logan, UT, USA) (Figure 3.3A). Calibrated integrated circuit temperature

sensors (thennistors, National Semiconductors, model: LM35 CZ, range -40°C to 110°C,

accuracy of ±OA°C), sealed into plastic pipette tips with epoxy were positioned in the soil

of three microsite types (crest, sides, and furrow) at both sites (Figure 3.3B). Thermistors

were placed at a series of five depths (I cm, 5cm, lOem, 20cm and 40cm) beneath each of

three crests and four depths (1cm, 5cm, 10cm, and 20cm) beneath each of three furrows

and three sides beginning at the O-Ah soil interface (see Appendix A). The O-Ah soil

interface was designated as the transition between the upper organic layer consisting

wholly of partly decomposed or comminuted litter and the lower mineral Ah soil horizon

containing limited humified organic material. Probes were inserted horizontally into

undisturbed soil in the sidewalls ofa small (c. 25em x 15cm) pit (Figure 3.3C). The pit

was immediately refilled with the original soil and vegetation (Figure 3.3D). A total of

39 thermistors were positioned in the soil at each site (see Appendix A).

The amount of time (calculated as the number of six-hour time units) for which each

microsite was frozen during each year was counted; freezing was assumed to have

occurred if the temperature was below -OSC and thawing when the temperature rose

above O.O'C (Davey et al., 1992). Each year began on 25th April and ended the following

year on 24'" April.

Three rcplieate cores were taken to 25 cm depth from crests and furrows at each site and

in autumn (before soil freezing) and winter (at maximum soil freezing), for a total of 24

cores). A 58mm diameter corer was used in autumn; however due to its ineffectiveness in

frozen soil a replacement corer (lOOmm diameter) was used in winter. Plant matter and

the organic layer (0 horizon) were immediately removed from the core. Water content of

each core was determined gravimetrically and corrected for core size.
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Figure 3.3. (A) Stripe study site (c.1590m a.s.!.) on the Old Man Range viewed looking northeast.
Data logger was housed in the large (47cm x 47cm x 22cm) steel box. (B) Thermistor probe
before placement in the soil. Dracophyllum muscoides, the dark cushion plant in the background,
is a common cushionfield species. (C) Excavated soil pit with probes in place. (D) Soil and
vegetation was replaced to pit so as to minimise impact. 1. Surface thermistor housing. 2. Soil
thermistor cables entering the soil. Celrnisia viscose is a common herbfield species.

3.2.3 DATA ANALVSIS

3.2.3.1 FREEZING PATTERNS

A 5m x 5m area surrounding the thermistor probes was surveyed using a theodolite

(Sokkia C32 Automatic Level, Japan) with an accuracy of ± 1Omm. Points were

measured every 250mm along each axis. Contour maps were constructed using OCAD

(v. 8.00, Steinegger Software, Baar, Switzerland, 2002). Two cross-sections (referred to

here as profiles) of the site encompassing thermistors were constructed from elevation

data at each site (Figures 3.4 and 3.5). The approximate position of the freezing front

was tracked from temperature data by fitting a linear trendline between temperature

values of thermistors registering freezing temperatures and values of the nearest

thermistors registering non-freezing temperatures.
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3.2.3.2 FREEZING AND SOIL WATER CONTENT

Time frozen was compared between microsites (crest, side and furrow) and years (2001

04) using a Generalized Linear Model (GLZ) in Statistica (v. 7. StatSoft Inc., Tulsa, OK,

USA); a Poisson distribution was used for testing lcm, 10cm and 20cm, and negative

binomial for Scm. The model also used a log link function. When appropriate, a type III

analysis was conducted (I cm) otherwise a type I was used (Scm, 10cm, 20cm).

Differences were isolated using least square means and confidence limits.

The soil water content of microsites was compared for each depth separately, using a

General linear Model (GLM) using MINITAB (Release 14.20, Minitab Inc. State

College, PA, USA, 2005). Data were log.; (x+l) transformed prior to analysis. Post-hoc

multiple comparisons were conducted using Tukey's tests. The same process was

repeated. comparing the mean minimum daily temperatures of microsites for the five

days prior to soil sampling.

56



Chapter 3. Patterns offreez ing in patterned ground
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Contour interval 2cm(indexcontour interval10cm)
contours: thermistor locations:

(I{;j) hill (!) crest
/J'v side

(JP depression (!) furrow

profile line:

Figure 3.4 . Microtopography near data logger (centred on 45°20 '23.S"S, 169'l 2"25.6"E),
hummock site, Old Man Range, New Zealand, showing profiles A and B. See also Figure 3.6 .
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Figure 3.5. Microtopography near data logger (centred on 45°20 '30A"S, 169 '11 "55,O"E), stripe
site, Old Man Range, New Zealand, showing profile A and B, See also Figure 3.7.
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3.3 RESULTS

3.3.1 FREEZING PATTERNS

The annual pattern of freezing in selected hummocks and stripes is shown in Figures 3.6

and 3.7. respectively. During the study period. the limit of the season of continuously

frozen soil was May to November (Chapter 2). Freezing started each year between 1

May and IS June. The earliest onset of continuously frozen soil at each site was IS May

2001, IS May 2002 and 3 May 2003.

The freezing front originated in the crest and side microsites; however, some furrows

froze near to the time of the initial freezing: hummockfurrow 3 froze each year late May

to early June (Figure 3.6A); stripe furrow 2 froze in early June 2002 and 2003 (Figure

3.7A); and hummock furrow J froze in May 2002 (Figure 3.6B). Following the initial

freezing of the soil, a period of rapid (up to 1.2cm per day) frost penetration during June

and July was typical of crests and stripe side 3 (Figure 3.7A). This period of rapid

freezing was never observed in furrow microsites. For stripe crest J and stripe crest 3,

the period of rapid freezing emerged from deeper depths with an unfrozen layer c.1Ocm

depth, suggesting a side origin of the freezing front (Figure 3.7A).

Maximum freezing depths were reached between mid-July and September. Stripe crest J

and stripe crest 2 froze to 40cm depth or more each year. Crests froze to more than 20cm

depth except hummock crest 3 and hummock crest 2 which froze to a depth less than

20cm in 2002, and stripe crest 3 which froze to less than lOcrn in 2002. There was

considerable variation between sides in the maximum depth of freezing; however, most

side mierosites froze from Icm to 20cm depth each year. Only stripe side 3 froze more

than 20cm depth; of the four furrow microsites which were observed to freeze, hummock

furrow J. hummock furrow 3 and stripe furrow I haze to less than 5cm depth. while

stripe furrow 2 froze to more than 20em. The maximum depth of freezing of each

microsite varied only slightly between years « 1Ocm), except stripe crest 3, hummock

crest 3 and hummock crest J which were c. 20cm deeper in 2001 and 2003 than in 2002.

Variation in the freezing pattern between side microsites suggested aspect had a

pronounced int1uence on the pattern of freezing in the soil. This is most evident in the

characteristic z-shaped isotherm in the stripe site (Figure 3.6A). Figure 3.7A shows the

penetration of the freezing front from stripe side 3, positioned with a southerly aspect.
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towards stripe crest 3. A similar pattern emerged on the steep south east facing slope

between stripe crest 1 and stripe furrow 2. In both cases, a freezing front spread

downward from the surface as well as across from the side, forming two freezing fronts.

Stripefurrow 2 experienced a similar second freezing front in September 2001, where c.

20cm froze while c. 10cm remained unfrozen (Figure 3.7A).

Thaw commenced as early as July for each microsite, but more typically in September.

Frozen soil was most long-lived in crest microsites at c. 20cm (between 10cm and 40cm)

although some shallow soil frequently remained frozen until October and November.

Hummock furrow 3 and stripe furrow 2, which froze each year, remained frozen each

year until late October or early November. Frozen soil was recorded in each year until as

late as November, typically between Scm and 20cm depth. Once initiated, the soil

thawed rapidly from above and below, with maximum thawing rates in excess of l Ocm

per day. The soil below 1cm remained largely without frosts from December to March

each year. Hummock side 3 recorded 7 frosts and stripe side 3 recorded 2 frosts between

December 2002 and March 2003, the highest record in those months.
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3.3.2 TIME FROZEN

Between 1cm and 40cm depth. the soil was frozen from 0 to 188 days each year; the

highest record was stripe side 3 which was frozen for 4512 hours overall in 2003. At

1cm depth. hummock crests had significantly greater time frozen than stripe furrows

(Figure 3.8), while time frozen between microsites was not found to be significantly

different at 5cm, lOcm, or 20cm. However, throughout the soil profile there was a trend

of crests having greater time frozen than furrows, Time frozen was not significantly

different between years at any depth (Figure 3.8).

Figure 3.9 shows variation between years for each replicate, demonstrating inter

microsite variability in time frozen was greater than between year variability. Exceptions

to this are stripe /iUTOlV 2 at 1cm and 5em and hummock crest 1 and hummock crest 2 at

20cm which all had notably lower time frozen in 2002 than in 2001 or 2003.
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3.3.3 SOIL WATER CONTENT

Soil water content of crests was significantly higher than furrows in both winter and

autumn (GLM, FS.24 = 5.85, P = 0.001; Figure 3.10). In autumn, the mean daily minimum
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temperatures were well above freezing in the soil at all microsites and there was no

significant difference between microsites at any depth for the five days leading up to soil

sampling (Figure 3.11). In contrast, all of the mean daily minimum temperatures for the

five days leading up to the winter sampling were below freezing in crests, and mean daily

minimum temperatures were significantly higher in furrows than in crests at every depth

(Figure 3.11).
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Figure 3.IO. Soil water content of a 10cm diameter x 25cm depth core taken from two sampling
dates (01 May 2001 and 08 August 2001) from crests, sides and furrows. Microsites with different
letters differ significantly (GLM Tukey test, p < 0.05). Dashed fine denotes the volume of soil
water in summer for both a crest and furrow reported by Mark (1994)~ and as calculated for the
same volume (620.5cm 3

) .
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3.4 DISCUSSION

Early assessments regarded the hummock and stripe landfonns of the Old Man Range as

inactive relicts of a more severe climate; the non-sorted vegetated features lacked obvious

indications of current soil activity (McCraw, 1959; Billings and Mark, 1961; Mark and

Bliss, 1970). However, Mark (1994) interpreted temperature differentials between frozen

crests and unfrozen furrows as an activating mechanism for contemporary maintenance.

Similar conclusions were made of temperature differentials found in analogous features

in eastern Lesotho (Grab, 1997a). Although the patterns of freezing in the thufur of

Lesotho have subsequently been more clearly established (see Grab 200Sb), the patterns

of freezing in the hummocks and stripes of the Old Man Range still required clarification,

and the mechanisms involved in the maintenance remained unconfirmed.

3.4.1 PATTERNS OF FREEZING

Soil began to freeze near mid-May at the hummock and stripe sites, following a long

period of decreasing air and soil temperatures. In agreement with Mark (1994), freezing

was predominantly initiated in the crests and sides; however, some furrows experienced

early freezing as well. During June and July, the freezing front expanded rapidly

downwards reaching a maximum depth beneath crests (Figures 3.6 and 3.7). A region of

frozen soil remained under most crests until after snowmelt, often surviving until mid

November. At Scm, crests were frozen for c. 143 days a year in the hummocks and c. 80

days in the stripes, while furrows never froze at Scm in the hummocks and for only c. 19

days in the stripes (Figure 3.8). Grab (1997a) found a hummock crest in eastern Lesotho

frozen for 87 days (12cm depth), and Mark (1994), observed a stripe crest on the Old

Man Range, New Zealand to have been frozen for over a 100 days (Scm depth).

Although statistically significant differences in time frozen were limited to I cm, Figures

3.6 and 3.7 show the development and persistence of freezing conditions under the crests

and sides. The lack of statistical significance can only be attributable to high variances

and low power. Differential freezing occurred consistently between years as shown in

Figures 3.6 and 3.7. There was no detectable annual variation in time frozen and the

patterns of freezing at each point in the microtopography were similar between years.

Assuming that differential freezing is the source of the frost heaving and soil movement,

then the consistent patterns of freezing implies that this mechanism occurs every year and

in the same direction.
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There was considerable within-microsite variation in the pattern of freezing and time

frozen, suggesting that other factors, such as aspect, variatiou in temperature and snow

cover, and vegetation are crucial in the freezing patterns in this environment. Grab

(2005b) found northern aspects ofa thufa at 15cm to be frozen less than 70 days while its

corresponding southern aspect was frozen for over 100 days. By comparison, in this

study, at 20cm iu a stripe in 200 I, 2002, and 2003, a northwest aspect (i.e. stripe side 1)

was frozen for c. 4, 1, and 1 days, respectively, while a corresponding southeast aspect

(i.e. stripe side 3) was frozen for c. 82, 69, and lIS days, respectively (Figure 3.7A).

Therefore, differences in the freezing patterns of side microsites may be largely attributed

to aspect, as clearly illustrated in Figure 3.7A. A characteristic z-shaped isotherm forms

each year, due to a penetrating freezing front, originating on the southerly aspect. The

east-west profile of the hummock site showed some crests have two ice lenses with an

unfrozen layer in between, late in the year. Grab (2005b) presents a similar progression

of the ice lens in a thufa, which suggests the thufur of eastern Lcsotho and New Zealand

have similar spatial patterns of freezing.

The duration and distribution of snow is an important determinant of soil thermal regimes

in cold region systems (e.g. Zhang and Stamnes, 1998; Pavlov and Moskalenko, 2002;

Grundstein et al., 2005; Grab 2005a; 2005b; Zhang, 2005). Deep and late-thawing snow

insulates soil, decreasing frost penetration, slowing thawing, and reducing thermal

gradients and variance (Schunke and Zoltai, 1988; Scppala, 1990; 1994; Grab, 2005b).

Thus, thufur and soil hummocks are most prevalent where snow cover is thin or IS

redistributed unevenly and are generally absent from regions where snow cover IS

particularly thick and melts late (Thorarinsson. 1951; Schunke and Zoltai, 1988). On the

Old Man Range, snow depth can reach over a metre; however, severe winds, typical of

the range, redistribute snow into regular spatial patterns according to the topography.

Before substantial snow accumulates, snow is blown free from crests and accumulates in

low troughs (Chapter 2), in the lee of obstructions, or in the lee of the main ridge. In

spring, crests are exposed before furrows, though, from 2001 to 2003, records show this

time period was shorter than in autumn (Chapter 2). Consequently, crests are exposed to

severe autumn and spring temperature fluctuations through a lack of snow insulation,

while temperatures in furrows are decoupled from the air temperatures due to snow

accumulation, reducing diurnal temperature extremes and causing furrows that freeze to

be among the last areas to thaw. Thus, snow accumulation is expected to vary due to
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microtopography, vegetation, and wind direction, and this is likely to account for some of

the variation in pattems of freezing within microsites.

Variation in freezing pattems may also have been int1uenced by vegetation cover. Plants

in the alpine zone modify their microclimate, contributing to variation in soil thermal

properties (Holtmeier and Broll, 1992; Young et al., 1997; Komer, 2003). Plant stature,

leaf arrangement, surface roughness, pigments, and height above the ground of each plant

influences the conductance of heat into and out of the soil. Plant albedo and insulation is

important in the formation and degradation of palsas (Railton and Sparling, 1973; Zoltai,

1993; Allard et al., 1996; Matthews et al., 1997, Pissart, 2002). Although no direct

measurements were made, some plants on the Old Man Range influence the snow cover

and ablation patterns due to structural or thermal properties (personal observation). Large

stature species such as Celmisia viscosa and Chionochloa macro make efficient

windbreaks, trapping early-season snow amongst the leaves or in the lee of the wind. In

spring, the same species act as heat traps that extend up into the snow, melting out snow

faster than surrounding low-lying vegetation (see also Twaddle, 1995). Compact cushion

plants, with their dense canopy, are particularly efficient heat-traps, and may conduct heat

differently than other plants (Korner, 2003; Figure 3.12).

Other causes of variation in the freezing patterns may have been dne to scattered

fragments of schist which are common in the soil, especially in the furrows (personal

observation). Ploughing boulders and uprighted schist fragments, common features of

the Old Man Range, are evidence of differential thermal conductivity between the schist

and surrounding soil (Ballantyne, 2001). Early freezing of some furrows (i.e. stripe

furrow 2) may have been due to the higher thermal conductivity (diffusivity) of the

fragments to the surrounding soil, which would cause rapid growth of a freezing front

through the boulder and the proximate soil (Figure 3.13). Without late season snow cover

the reverse would be expected; however, snow cover would likely mask the effect of

accelerated thaw.

3.4.2 CRYOSUCTION

Cryosuction is a process that occurs in differentially frozen soil whereby a hydraulic

gradient induces the migration of moisture vapour from unfrozen soil toward a freezing

front where it freezes (Hohmann, 1997). Resulting frost-heaving from the growing ice

lens and possibly the transport of fine-grained soil particles through moving moisture
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could maintain patterned ground features, such as hummocks and stripes (Schunke and

Zoltai, 1988). Cryosuction occurs typically in fine-grained soils and has been identified

as an important process in the maintenance of periglacial formations including palsas

(Gurney, 2001; Pissart, 2002) lithalsas (Allard et al., 1996; Pissart, 2002) pingos

(Seppala, 1986) and thufur (Grab, 2005a; 2005b).

Figure 3.12. Hummo ck side I has a NNE aspect and is covered by (1) Celmisia viscosa. Hummock
side I freezes early, but never to more than 5cm. The structure of plants may be important in
influencing in the way snow is collected and/or heat is lost. Plant structure and colour may also be
important in the loss of heat from the soil; for example, the difference between (2) live and (3)
dead Dracophyllum muscoides shown here.
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Figure 3.12. Stripe furrow 2, remarkable for being the only furrow frozen until later than October
each year to more than Scm depth. Large exposed schist fragments, which have a greater thermal
diffusivity than the surface loess soil, may contribute to the cooling of the soil at this site and the
depth and pattern of freezing.
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As water migrates towards freezing soil there is an associated drying of the soil that

precedes the freezing front (Dirksen and Miller, 1966; Gurney, 200 I). In finding the

same soil moisture levels in samples taken from a crest and a furrow, Mark (1994)

concluded the soil of the stripe site was at field capacity for soil moisture (see Figure

3.10). Therefore, greater soil moisture in the crests than in the furrows in winter, or soil

moisture levels that are 111 excess of field capacity could be indicative of moisture

movement. In this study, winter soil water content data appeared to confirm this

hypothesis: crests held significantly more soil water than furrows. However, autumn

samples (the unfrozen "control") also had significantly differentiated water content,

before winter freezing and without a significant thermal gradient (Figure 3.12). Thus, the

pattern of differentiated water found in this study began previous to freezing and is

probably due to factors other than a thermal gradient. Therefore, this study does provide

not support for cryosuction as the primary mechanism for current hummock and stripe

maintenance.

The most reasonable explanation for the differential soil moisture in autumn is the higher

soil organic matter and deeper A and B horizons in the crests and sides than in the

furrows, and that the soil is generally at or near its field water holding capacity (see Mark

1994). If a thermal gradient drives water vapour towards a freezing front of soil at water

capacity, it is likely that the water vapour will not penetrate the frozen sailor increase the

water content of thc frozen soil. The associated drying of the soil that precedes the

freezing front must therefore be minor.

An alternative explanation is that over the summer the soil may desiccate differentially

due to differences in water demand by different plant species. Water vapour loss is

strongly dependent on vegetation type (Bliss, 1960; Mooney et al., 1965), possibly

leading to a mosaic of moisture levels in hummocks and stripes. While these

explanations fail to account for the greater than Mark's (1994) suggested field capacity of

soil moisture levels in the crests during autumn, it is plausible that variation in the soil

structure, texture, organic content or drainage may yield higher soil moisture levels than

previously recorded.

3.4.3 HUMMOCKS AND STRIPES

Non-sorted hummocks and stripes of the Old Man Range have been treated in the

literature as fundamentally the same phenomenon (McCraw, 1959; Billings and Mark,
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1961; Mark and Bliss, 1970; Brockie, 1973; Mark, 1994). From observations of soil

structure and vegetation, Billings and Mark (1960) and Mark (1994) suggest stripes were

an elongated form of hummock, coalescing from downslope movement such as

solifluction. Similarly, Lewkowicz and Gudjonsson (1992) also attributed elongate

morphologies of the hummocks to downslope mass movement. Grab (2005b) observed

that stripes at 2950m a.s.l. in eastern Lesotho were oriented downs lope where the slope

was more than 3', whereas hummocks on slopes less than 3' hummocks tended to

elongate in a southwest-northeast orientation. From this, he concluded primary growth of

thufur was greatest on the southwestern aspect of hummocks where freezing is most

severe. Likewise, the stripes of the Old Man Range are oriented southwest-northeast,

related to slope and freezing appears aspect-related, suggesting a similar evolution to

those of Lesotho. However, no stripes have been observed on the Old Man Range with a

slope less than 3', which suggests some downslope movement is required in the soils of

the Old Man Range to form stripes.

3.4.4 BIOLOGICAL IMPLCATlONS OF FREEZING ACTIVITY

The soil of hummock and stripe patterned ground of the Old Man Range supports a

mosaic of microenvironments of potentially great biological consequence to the survival,

productivity, and distribution of organisms. Over a scale of centimetres, the soil is

exposed to a range of freezing from 0 to 188 days, where freezing fronts may penetrate

more than 40cm depth. Freezing is an important thermal threshold for most organisms.

While most plants in the New Zealand alpine environment must survive sub-freezing soil

temperatures (e.g. Bannister, 2005), sudden changes in snow cover in combination with

frozen soil water can cause severe desiccation in some plants, which could lead to death

(Larcher and Siegwolf, 1985; Bannister et al., 2005). Invertebrates also have strategies to

survive sub-freezing temperatures and exposure to frozen soil. Some invertebrates, such

as alpine weta (Hemodeina maori Hutton) and alpine cockroaeh (Celatoblatta

quinquemaculata Johns), survive extracellular ice formation (Ramlov et al., 1992; 1993;

Block et al., 1998; Sinclair, 2000), while members of dominant soil groups like mites and

springtails depend on supercooling to survive (Cannon and Block, 1988). However,

temperatures in the New Zealand alpine environment still regularly reach below winter

survival temperatures for many invertebrate species, thus organisms are forced to select

suitable microhabitats or be killed (e.g. Sinclair et al., 2001).
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The physical nature of freezing also presents several constraints on soil biota. Where ice

develops, soil plus vegetation are heaved and the substrate becomes periodically loose.

Deep penetration of the soil by freezing temperatures can cause massive heaving of the

soil. On slopes, these frost-induced movements in combination with moisture loading in

spring can lead to secondary processes such as soil creeping (solifluction). Plant roots

can be forced out of the ground, broken, or damaged (Korner, 2003). Frozen soil also

reduces gas exchange so that oxygen consumption due to heterotrophic respiration may

lead to periodic anoxia for microbial activity, invertebrates and plant roots; encased by

ice, overwintering invertebrates commonly encounter oxygen deficiency (e.g. Condradi

Larsen and Somme, 1973; Somme and Condradi-Larsen, 1977a; Andrews, 1996;

Strathdee and Bale, 1998; Hoback and Stanley, 2001; Hodkinson and Bird, 2004). Soil

processes in alpine soil are also severely limited by temperatures and soil freezing (e.g.

Bardgett and Leemans, 1996; Brooks et al., 1998; Brooks and Williams, 1999; Costello

and Schmidt, 2006). Skogland et al. (1988) showed a single freeze-thaw cycle could kill

up to 50% of the soil microbial population. Freeze-thaw cycles in some instance have

been shown to increase soil activity (e.g. Taylor and Parkinson, 1988); however, extended

freezing suppresses microbial activity (Sjursen et al., 2005). The highest microbial

activities often occur immediately after thawing (e.g. Schinner, 1983; Skogland et al.,

1988). The development of important consumers in the soil, such as Collembola,

mesostigmatid and oribatid mites, is often temperature and time dependant (e.g. Hopkin,

1997; WaIter and Proctor, 1999), thus the spatial and the temporal patterns of spring thaw

and autumn freezing are likely to be crucial in invertebrate populations, plant nutrient

uptake and soil processes. The relatively low amount of soil movement in hummocks

and stripes suggests soil mixing and movement of nutrients are largely biologically

driven.

3.4.5 CONCLUSION

This study investigated the spatial and temporal patterns of freezing in hummock and

stripe patterned ground. Through understanding the pattems of freezing and mechanisms

of maintenance in the hummocks and stripes of the Old Man Range, this study helps

clarify aspects of the patterned ground environment that are of biological significance.

Three main points emerge from this study:

1. Freezing predominantly occurs in the crests.
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2. The patterns of freezing at specific locations within the microtopography were

consistent between years with only minor differences in the timing or depths of

freezing. Variation in freezing existed between similar microsites; this variation

is probably best attributable to aspect, snow lie pattems and vegetation cover.

3. There is no evidence of cryosuction, thus bulk frost heave is probably minimal in

the patterned ground.

The patterns and timing of freezing have important biological significance for plants and

invertebrates which operate at the microscale. Although the microtopography is a highly

heterogeneous landscape in terms of freezing, consistency at the line-scale allows a level

of predictability of the freezing patterns and annual microclimate (see Chapter 2), in a

given microhabitat. From this, it is hypothesized that organisms in this landscape exploit

optimal microhabitats on a similarly fine-scale, ret1ected in species distributions. This

hypothesis is addressed in Chapters 4 and 6.
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CHAPTER FOUR: FINE-SCALE SPATIAL VARIATION

OF PLANT COMMUNITIES AND PLANT DIVERSITY IN

ALPINE PATTERNED GROUND, OLD MAN RANGE

(KOPUWAI), CENTRAL OTAGO
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PLANTOFSPATIAL VARIATION

COMMUNITIES AND PLANT DIVERSITY IN ALPINE

4 FINE-SCALE

PATTERNED GROUND, OLD MAN RANGE (KOPUWAI),

CENTRAL OTAGO

4.1 INTRODUCTION

Towards the physical limits of life. distribution of organisms becomes increasingly

delimited by environmental constraints (e.g. Sohlberg and Bliss, 1984; Ellis-Evans, 1997;

Anderson and Bliss, 1998; Gooseff el al., 2003; Sinclair el al., 2006). In cold regions,

plant distribution and plant assemblages commonly relate to gradients in abiotic factors

such as freezing, soil heaving, temperature, soil moisture, solar radiation and snow (e.g.

Billings and Bliss, 1959; Klikoff, 1965; Sohlberg and Bliss, 1984; Chujo, 1985; Walker,

1989; Evans and Fonda, 1990; Talbot et al., 1992; Bliss et al., 1994; Bokheim et al.,

2003).

The spatial pattem of snow, a consequence of local winds and topography, is generally

consistent Irom year to year (Johnson and Billings, 1962; Kudo and Ito, 1992; Talbot et

al., 1992); thus, the spatial and temporal pattern of snow is one of the most important

factors influencing ground surface and soil micro-environments in the alpine

environment. For plant life, snow provides protective insulation during winter, moisture

during snow-melt, and controls the length of each growing season. Snow, as it influences

soil temperatures, is also important in determining soil microbial activity and soil nutrient

cycling, which can indirectly influence plant productivity and composition (Bliss and

Mark, 1974; Jones, 1999; Lipson et al., 1999; Wardle et al., 2004; Nemergut et al., 2005).

Consequently, a substantial number of studies have found high-alpine plant community

pattems linked with the depth and duration of snow cover, as it acts on soil moisture,

winter microclirnate (e.g. freeze-thaw cycles, depth-of-freezing) and length of the

growing season (e.g. Billings and Bliss 1959, Johnson and Billings, 1962; Billings and

Mooney, 1968; Kuramoto and Bliss, 1970; Canaday and Fonda, 1974; Douglas and Bliss,

1977; Bell and Bliss, 1979; Isard, 1986; Talbot et al., 1992; Evans and Fonda, 1990;
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Kudo and Ito, 1992; Walker et al., 1993; Stanton et al., 1994; Heimstra et al., 2006;

Kozlowska and Raczkowska, 2006).

Differential snow accumulation has been observed within microtopographical patterned

ground features of the Old Man Range, New Zealand (Billings and Mark, 1961). At the

fine-scale, snow collects first in low furrows on the leeward side of higher crests and in

snowbanks below the ridges, where eddying wind discharges snow. The deeper

snowpack can persist from days to weeks longer in the spring than on the neighbouring

exposed areas (Chapter 2). This results in clear fine-scale environmental gradients, such

as differential freezing of the ground surface and soil environment (Mark, 1994; Chapter

3). Organisms only a few centimetres apart will consequently experience very different

seasonal microclimates, which could have substantial effects on the overwintering energy

reserves, oxygen availability, and temperature-related mortality (see Condradi-Larsen and

Somme, 1973; Somme and Condradi-Larsen, 1977a; 1977b; Davey et al., 1992; Somme,

1995; Sinclair et al., 2003b; Irwin and Lee, 2003).

The characteristic regular partitioning of the patterned ground landscape and small-scale

habitat diversification makes patterned ground an ideal situation for studies on

vegetation-environment interactions; numerous studies have looked at fine-scale plant

distribution patterns in arctic and alpine patterned grounds (e.g. Billings and Mooney,

1959; Billings and Mark, 1961; Johnson and Billings, 1962; Carbiener, 1964; 1966; Mark

and Bliss, 1970; Koizumi, 1979; Shaver et al., 1979; Jonasson and Skold, 1983; Chujo,

1985; Jonasson, 1986; Anderson and Bliss, 1998; Rossi et al., 1998; Walker et al., 2004;

Liptzin, 2006). Most of these studies identify a mosaic of communities and high degree

of unevenness in plant distributions associated with and delimited by the geomorphic

processes and structure of patterned ground landforms. Mark and Bliss (1970) identified

strong microhabitat zonation along small-scale gradients of exposure within the

microtopographical patterned ground features on the Old Man Range. They observed

differentiation in vegetation cover between small (c. 25cm high) hummocks and inter

hummock furrows, with larger features supporting more extensive zonation. Solifluction

terrace features, rising to over a metre in height, supported several distinct vascular plant

community zones (Mark and Bliss, 1970). Despite the attention the vegetation of the

patterned ground here has received, the fine-scale distribution of species within the

patterned ground has yet to be quanti fied and the exact causes for uneven plant species

distributions remain equivocal.
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In order to identify the extent to which plant communities can be predicted by position

within patterned ground microtopography, and to better understand the limiting abiotic

factors this chapter aims to i) quantify and characterise the patterns of plant and lichen

species diversity, distribution and composition in relation to subunits of the

microtopography (microsites), and ii) correlate fine-scale environmental variables with

plant and lichen distribution in three types of patterned ground.
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4.2 METHODS

4.2.1 SITE DESCRIPTION

Three study sites were located on the summit ridge of the Old Man Range (hummock

site: 4so20'23.8"S, 169'12'2S.6"E. c. 1640m a.s.l.; stripe site: 4Y20'30A"S.

169'11'SS.O"E, c. lS90m a.s.l.; terrace site 4S'22'31.0"S, 169'12'24.2"E c. I620m a.s.l.)

in the Kopuwai Reserve, Central Otago, South Island, New Zealand (Figure 4.1).

Detailed site descriptions are given by Mark (1994) for the hummocks and stripes and

Billings and Mark (1961) for the solifluction terrace (Figure 4.1).

The studied hummocks and stripes are generally between IScm and 30cm in height and

between 0.7m and 1.Sm across (Mark, 1994). The soil parent material, Quaternary loess

deposits, is composed of a tine-textured sandy A and B horizons situated over a nearly

horizontal coarse rocky C horizon (Mark and Bliss, 1970; Molloy and Blakemore, 1974;

Mark, 1994). Depth of the A and B horizons at the study site ranges from 2cm to 30cm

(Mark, 1994). Fragments of unweathered schist are found throughout the soil profile, and

are frequently concentrated in the furrows where the stone (>2mm fraction) content

exceeds 20% of the soil (Mark, 1994). Bulk density increases with depth and is slightly

higher in the furrows (Mark, 1994). The soil surface is rich in organic matter, higher at

the crests (31.8%) than the adjacent furrows (lS.l%; Mark, 1994). Stripes and

hummocks occupy an area of more than 1000ha above IS00m a.s.l., mostly on the

windward side of the main ridge (Chapter 3). Crests freeze more readily than furrows

over winter, providing evidence for current soil activity (Mark 1994; Chapter 3).

Solif1uction terraces range in height from 4cm to 140cm on the Old Man Range (Mark

and Bliss, 1970). Solifluction terraces tend to occupy leeward (north to northeast) slopes

over T where, above 1200m a.s.l., they are locally common (Mark and Bliss, 1970;

personal observation, 2001). The studied solifluction terraces are active features, with the

upper slope moving 3.6mm per year (Mark, 1994). Downslope mass movement of the

terrace is likely to be limited to spring when soils are supersaturated, resulting in

localised periodic collapse of the terrace face and burial of near-surface soillayers at the

foot of the face (Mark, 1994). In the lee of the terrace, soils are dark and rich in organic

matter, especially in the immediate lee. Below the terrace, the A horizon varies between

2cm and 12cm depth. The B horizon, slightly Iightcr in colour, has a similar range in
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thickness. On the upper slopes of the terrace, soils resemble the C horizon from below

the terrace. The upper slope of the terrace has numerous fragments of sehist, especially

as surface pavement. Rocks below the terraee are less orderly and typically under the

surface.

4.2.2 VEGETATION

Categories of microtopography (micro sites) were assigned to each landform based on

Mark and Bliss (1970). The solit1uction terrace was divided into the following

microsites: upper slope ofthe terrace (zone 1), terraceface (zone 2), immediate lee ofthe

terrace (zone 3), mid lee 0/ the terrace (zone 4), fill' lee 0/ the terrace (zone 5), and

beyond most lee effects (zone 6; Figure 4.2A). The hummocks and stripes were divided

into the following microsites: crest, side and/ilrrow (Figure 4.2B). See Appendix A for a

complete description of the methods of delineating microsites.

Three 20m transects were established at each site in areas exemplary of each patterned

ground type (Figure 4.3; Figure 4.4). At the hummock site, transects ran southeast to

northwest. At the stripe site, transects ran perpendicular to the line of stripes along the

contour in a generally southeast to northwest direction (Figure 4.3). Transects on the

terraces ran down slope from an arbitrary point on the terrace tread of three well

developed terraces. Relative elevation oftransects was surveyed every 100mm along the

transect with a Sokkia Co. Ltd. C32 Automatic Level (accuracy of ±lOmm, Kanagawa,

Japan). Ten centimetre increments along each transect were delineated into the

microsites identified by Mark and Bliss (1970).

Plant and lichen cover was sampled at points along each transect usmg a stratified

random sampling approach (Greig-Smith, 1983). Three 100mm x 100mm plots were

randomly selected from within each microsite type along each transect (99 plots total;

Figure 4.3). This study had two confounding factors which gave reason to use 100mm x

100mm quadrats:

1. Changes in topography in the context of this study were on a fine scale (> 1Ocm)

and were abrupt, and the vegetation was of predominantly short, prostrate

species, growing compactly and closely intermixed. A larger quadrat size would

risk losing microhabitat resolution or transgressing microhabitat boundaries

within the patterned ground.
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2. As this study fanned part of a comprehensive ecological study where plant

communities would later be related to invertebrate assemblages, larger vegetation

plots risked misrepresenting microhabitats selected by invertebrates.

Local frequencies of vascular, bryophyte and lichen species were determined by placing a

25-cell IOOmm x IOOmm grid over the plot and recording the number of cells in which

shoots of each species occurred. This produced a relative local shoot frequency score

between 0 and 25. Percent cover of vascular, bryophyte and lichen species, based on the

total area covered by each species in the plot, was also estimated. To reduce sampling

error in percent cover estimation, all estimations were made by the author. Litter and

dead plant material, rock (>50mm), stone (20-50mm), gravel (2-20mm) and mineral soil

«2mm) were also recorded tram each plot using both methods.

Initially, both systems of recording plant data were employed so as to benefit from the

advantages of each. Local frequency scoring is a more robust method of sampling,

avoiding the pitfalls of visual estimations. Further, as quadrat size decreases, local

frequency approaches percent cover (Greig-Smith, 1983); therefore, percent local shoot

frequency score in these samples was expected to be closely correlateel to species cover

and provide a more reliable quantitative and repeatable methoel. However, even with

20mm x 20mm cells, many species, particularly those with spreading or thread-like

growth form (e.g. the lichen Thamnolia vermicularisi. were over-represented using local

frequency, while tight cushion species (e.g. Colobanthus buchananii, Dracophyllum

muscoidess were often under-represented using the same method. Therefore, percent

cover was used throughout the analysis.

The percent cover of species was used to derive three common measures of alpha species

diversity for each plot for micro- (microsite) and meso- (site) scale comparisons.

l. Margalef's (1958) index (d), is a measure of the number of species in each quadrat,

or species richness (5), roughly normalised by the number of individuals (N):

d= (8-1) /log,N

u. Simpsons (1949) Index (A) of decreasing heterogeneity, expressed in the form I-A

(Peet, 1974):

l-l=I-LP/
I"""'" 1
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where Pi is the proportional abundance, or the proportion of the total percent cover in the

sample, arising from the ith out of S species (Simpson. 1949). This index represents the

probability that an individual randomly selected from a sample will belong to a different

species than one previously selected. This index provides a measure of diversity which is

less biased by sample size than species richness.

HI. Shannon Weaver (Shannon and Weaver, 1949) measure (also known as the

Shannon-Wiener diversity):

where Pi is again the proportional abundance arising from the ith out of total species

richness (S). Similar to the Simpsons index, the Shannon Wiener diversity index

provides a measure of diversity which is less biased by sample size than species richness.

Equitahility, frequently termed evenness, is an expression of how evenly individuals of a

sample or site (here, counted as a percentage of the whole) are distributed among the

different species of a sample or site. In order to detect differences in equitability between

micro sites and sites, the most commonly used expression of equitability, Pielou's (1966)

evenness (J') index, was calculated:

J' = H' (observed) / H'max

where H'""" is recognised as the maximum possible diversity (H) which would be

achieved if all species were equally abundant and calculated as:

It should be noted that Pielou's evenness (J), an index of dominance, differs distinctly

from the aforementioned evenness, which was a reference to the uniformity, or

randomness, of species distributions. For example, a sample with a high Piclous

evenness (J) would have nearly equal numbers of each species recorded; whereas,

several samples with similar species composition would be said to have a high evenness,

or uniformity. To avoid confusion, Piclous evenness (J) is always referred to as

equitability (J}

Nomenclature of plants follows the Landcare Research database of New Zealand plant

names (Landcare Research, 2006a). A complete species list and authorities are given in

Appendix B.
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A

Zone 1

B

Crest

~Furrow

a.5rn

Figure 4.2. Diagrammatic profiles of (A) solifluction terrace , and (B) hummock and stripe
formations, showing microsites .

Figure 4.3. North-northwest view of 20m transect at the stripe site. The aluminium standards
mark the beginning and end of the transect.
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Figure 4.4. View of the terrace site looking west. The cushionfield to the left of the photograph is
dominated by Dracophyllum muscoides , the tall tussock in the lee of the terrace is Chionochloa
macra. The inset shows the topographical survey of the terrace being undertaken.

4.2.3 ENVIRONMENTAL FACTORS

Soil temperatures were measured at Icm depth below the O-Ah soil horizon interface at

each site from 24 April 2001 through 5 March 2004. The O-Ah soil interface was

designated as the transition between the upper organic layer consisting wholly of partly

decomposed or comminuted litter and the lower mineral Ah soil horizon, containing

limited humified organic material. The 0 horizon was up to IOcm in depth, though

typically less than Icm (personal observation). Three replicate sets of thermistors were

positioned in each microsite at the hummock and stripe sites, while one set of thermistors

was located in each of the microsites at the terrace site (See Appendix A). Temperatures

were recorded onto CRIO data loggers (Campbell Scientific , Logan, Utah, USA) using

LM35 CZ thermistors (range -40°C to 110°C, accuracy of ±OAoC; National

Semiconductors, Santa Clara, CA USA) sealed into 5ml plastic pipette tips (Mettler

Toledo , Columbus, Ohio, USA) with 5ml Epiglass ht 9000 epoxy (Akzonobel Pty Ltd.,
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Melbourne, Victoria, Australia). Temperatures were recorded at SIX hourly intervals

(0.00,6.00, 12.00, 18.00 New Zealand Standard Time).

Freeze-thaw cycles and time periods below freezing, likely to be linked with root

mortality (Tierney et al., 200 I) and plant growth (Weih and Karlsson, 2002), were

derived from logged microclimate data at Icm depth (Bergsten et al., 2001). A freeze

thaw cycle was counted when the temperature shifted from :2:0°C to ";-O.5°C and then

back to :2:0°C (Davey et al., 1992). This accounted for the effects of solutes in the soil

water and error of the thermistors. Time frozen was calculated as a summation of six

hour time units a thermistor recorded freezing temperatures over a year (Chapters 2 and

3). The mean number of freeze-thaw cycles and time periods below freezing for each

microsite was computed for three years using Sinclair's (200Ib) macro on Microsoft

Excel (Microsoft Corporation, Seattle Washington, USA, 2003).

The total amount of heat required, between lower and upper thresholds, for an organism

to survive and develop from one phase to another in its life-cycle, can be calculated in

physiological units called degree-days (DD). Degree-days, a produet of temperature and

time, are a quantitative measure of accumulated heat between a maximum and minimum

development threshold for each day. One degree day occurs when the average daily

temperature for a day (24 hours) is one degree over the threshold temperature. The

cumulative heat accumulation units are called "degree-days above O°C" or Thawing

Degree-days (TOO), and "degree-days above 5°C" or Growing Degree-days (GOD;

Molau and Malgaard, 1996). Molau and Molgaard (1996) suggest snow-melt is best

predicted by TOO, whereas the best correlation with plant growth is GOD. Growing

degree-days are commonly used in agriculture and forestry to predict plant or invertebrate

development; however, here, it was used as a relative comparison of physiological

potential between microsites. Growing degree-days were calculated on an annual basis

using the formula:

L:
max. + min.

GDD=
2

where max. is the maximum daily temperature in degrees C, min. is the minimum daily

temperature. Growing degree-days were calculated for days with mean daily temperature

above the developmental threshold (>5°C mean daily temperature; Molau and Molgaard,

1996). An upper threshold value was not considered in this study. Degree-days within

the microsites were calculated based on the temperatures recorded at 1cm depth.
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The duration of snow cover at each microsite was calculated from temperature data at

lcm depth. Snow cover was considered present when the daily temperature range was

less than O.SOC and the average daily temperature was less than 1°C (Fosaa et al., 2004).

Snow cover was verified through examination of air and surfaee data, while preeipitation

events were estimated using N1WA reeords at the Roxburgh Hilltop (climate station

1S943; 4S'32'34.8"S l69'23'27.6"E; S18m) and Alexandra High Bridge (climate station

1S923A; 4S'16'1.2"S 169'22'S8.8"E; 160m). Snow conditions and depth of snow paek

were also checked during periodic visits to the range throughout the three years.

At the hummock and stripe sites, where three sensors were placed in each microsite,

environmental variables snow cover, growing degree-days, time frozen and freeze-thaw

cycles were ealculated and expressed as a mean of the mean replicate values for each

mierosite. At the terrace site, environmental variables were expressed as a mean of

annual variables.

The relative exposure of quadrats was calculated using an index of exposure (Ex) derived

from topographic data:

Ex = -1 (logo (1+ Ehp) / logo (1+ Dhp»

where Ehp is the elevation (cm) below the nearest hummock highpoint or terrace crest and

Dhp is the distance (cm) to the nearest hummock high point or terrace crest. I-lighpoints

were assigned an -Ex score of 0, the maximum local exposure. -Ex data were made

negative so that increasing Ex would correspond to increasing exposure. Slope was

measured using a clinometer (model: PM-S-360PC, Suunto, Vantaa, Finland) and aspect

in degrees East or West from grid North were measured at each quadrat using a eompass

(model: A-30, Suunto, Vantaa, Finland).

Soil moisture is an important environmental influence on plant composition, both in

tenus of water availability and frost heaving. In order to detect relative moisture levels of

an unfrozen ground and a frozen ground state, samples were taken in April (autumn)

before substantial freezing and in September (winter) when maximum freezing was

likely. The soil moisture of the upper S cm of mineral soil (i.e. O-Ah to Scm) was

determined gravimetrically. On each sampling date, three replicate soil cores were taken

from each microsite at each site (totalling 33 cores). Soil cores were taken using a S8mm

diameter diamond toothed drill corer (Boart Longyear Ltd.. Auckland, New Zealand) on

the first sampling date; however, this corer perfonmed unsatisfactorily in frozen-soil
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conditions and alternatively, a 100mm diameter hinged slide hammer corer was used

(Leinaas, 1978; Meyer, 1996). After removal, the 0-5 cm horizon was immediately

sliced from the core and sealed into plastic bags. Each sample was weighed wet and then

placed into a soil tin and oven dried at 105°C for 48 hours', and reweighed.

Soil texture, bulk density and chemistry were not measured for this study as earlier work

had shown negligible differences between microsites (Mark, 1994).

4.2,4 STATISTICAL ANALYSES

VEGETATION AND FLORA

Richness and diversity

A Kruskal-Wallis rank ANOVA was performed to detect differences in plant species

richness, diversity and equitability at the meso- (site) and mirco- (microsite) level.

Pairwise multiple comparisons were made using Dunn's Method (for unequal sample

sizes) and Tukey Test (for equal sample sizes) to identify sources of significant

difference.

Species distribution patterns

If the distribution of a species is random within a site, the individuals of that species

would be found in equal proportions of samples in each mierosite. The Chi-square (l)

dispersion test was used to determine whether small-scale distribution patterns of plant

and lichen species within the patterned grounds conformed to a theoretical even

distribution (Zar, 1984). Calculations were based on species presence counts in each

quadrat. Stripe and hummock data were combined to allow inclusion of rare species.

Microsite groups

Non-parametric multivariate techniques contained in PRIMER (Plymouth Routines in

Multivariate Ecological Research), as described in Clarke (1993), were used because they

I Through reweighing a random subset of the samples after every 6 hours of drying, 24 hours was

determined to be the approximate minimum time required to attain constant weight of most of the

samples. At 48 hours, all of the samples had reached a constant weight.
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are powerful tools in the analysis of community-structure data (PRIMER version 5.2.4,

PRIMER-E ltd., Plymouth, UK, 2001). A similarity matrix was constructed using the

Bray-Curtis similarity measure on non-standardized, square-root transformed species

percent cover for each quadrat. A square root transformation moderately downplays the

importance of abundant species, while still retaining tbe main quantitative data

configuration (Clarke, 1993). The Bray-Curtis coefficient is unaffected by joint species

absences between samples, making it snitable for data with large numbers of zeros

(Quinn and Keough, 2002).

A formal significance test for differences between micro sites was performed using a one

way analysis of similarities (ANOSlM). Roughly analogous to a one-way ANOVA, the

non-parametric ANOSIM procedure allows a formal test of the null hypothesis, but is

based on the corresponding rank similarities between samples of the similarity matrix

(Clarke, 1993). The test statistic R, through the derivation of a random set of recalculated

permutations of the data, gives an absolute measure of differences between sites and

among replicates within sites (microsites). Here, the maximum, 999 random

permutations. was used. The null hypothesis tested was that there was no difference in

species composition between microsites. The null hypothesis was rejected if et :0:0.05

(i.e. if :0:49 of 999 simulated values of R from random re-labelling of samples were as

large as (or larger than) the observed R).

R is calculated from the equation:

R = (rB-rw)/(M/2)

Where rw is the average of all rank similarities among replicates within microsites, and rB

is the average rank similarities emerging from all pairs between different microsites, and

M = 11(11-1)/2 and 11 is the total number of samples under consideration (Clarke and

Warwick, 1994). The test statistic R may range from -I to 1, but typically falls between 0

and 1. In a situation where R = l , all the replicates in one sample group (rnicrosite) are

more similar to each other than to any other replieate from another sample group (Clarke,

1993). In general, an R statistic of less than 0.25 indicates groups that are barely

separable, while an R statistic of greater than 0.50 suggests a measure of overlap, but

different, while an R statistic greater than 0.75 shows the groups are clearly separated. A

highly negative R statistic corresponds to higher similarities across a sample group than

within.

93



CflOp/cr 4. I-'{onl distribution {'ul/erns

Two-dimensional ordinations of the calculated similarity matrix were displayed using

non-metric multidimensional scaling (MDS; Clarke and Green, 1988; Kruskal and Wish,

1978). The distance separating sample quadrats on the MDS plot reflects the relative

similarity in species composition between those samples; therefore, plots close together

on the MDS plot have similar species composition, while those far apart are

compositionally distinct. The stress coefficient coupled with each MDS is a measure of

how well the two-dimensional plot represents the n-dimensional similarity matrix

(Clarke, 1993). As a rule, a stress coefficient below 0.2 indicates an acceptable

representation of the underlying similarity matrix in the MDS diagram (Clarke, 1993).

An MDS diagram with a stress coefficient that is greater than 0.2 suggests that a two

dimensional diagram is insufficient for accurate interpretation of the data. Construction

of an MDS algorithm is an iterative procedure, refining point positions to identify the best

possible solution; therefore, a minimum of 99 random restarts was set for the analysis,

selecting the solution with the lowest stress coefficient.

Plant community patterns

Using the Bray-Curtis similarity matrix of square root-transformed data, quadrat samples

were clustered using a hierarchical agglomerative method in PRIMER. Clustering was

done using group average-linking. Groups were taken at the arbitrarily-selected 20%

similarity level and then superimposed on the MDS ordination plot (based on square root

transformed abundances and Bray-Curtis similarities) previously constructed.

First, the SIMPER function was used to i) find plant species that typified microsites and

vegetation types and ii) species that discriminate between those types. This was achieved

by calculating the average dissimilarity between every sample in the first group paired

with every sample in the second group (and so on), then compnting species contributions

to this average. Data were first square-root transformed and microsites (vegetation types)

used as factors. Based on the average within-group similarities, the percentage

contribution to the total average similarity for each species was calculated using a ratio of

the species average similarity to the standard deviation of species average similarity, and

then given as a percent (Clarke, 1993). Species that contribute a high percentage to the

total average similarity typify microsites (and vegetation types).

Second, the SIMPER routine was used to find the average dissimilarity coefficients

between paired vegetation types and show mean contributions of species to the average
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dissimilarity. The average dissimilarity in each pairwise comparison is the average of the

dissimilarity contribution of each species. The average dissimilarity for each species

contribution is the ratio of the species average dissimilarity to the standard deviation of

species average dissimilarity, and given as a percent (Clarke, 1993). The total average

dissimilarity of a community in a pairwise comparison with another community is the

sum of all average dissimilarities of species. Speeies data were square root transformed,

and vegetation types used as factors.

ENVIRONMENTAL FACTORS

Univariate comparisons

In order to determine if a relationship existed on a small scale between riehness and

environmental factors, regression (linear and polynomial) analyses were run on richness

indices (S, H', Jj based on the first and seeond component scores of a principlal

component analysis (PCA) of seven environmental factors (exposure, winter soil

moisture, autumn soil moisture, time frozen, freeze-thaw cycles, snow-free days, and

degree-days). PCA seores were derived using loglo(x+I) transformed and normalised

data. Prior to univariate analyses, all richness variables were tested for normality with a

Kolmogorov-Smirnov normality test.

Biotic - environmental comparisons

The multivariate correlation procedure, BIOENV within Primer, was utilised to determine

if a combination of environmental variables could explain the variation in species

composition between microsites (Clarke and Ainsworth, 1993). BlOENV correlates

combinations of subsets of the rank order of samples in the environmental variable

similarity matrix with the rank order of samples in the species composition similarity

matrix. Environmental factors (freeze-thaw cycles, time frozen, snow-free days, growing

degree-days, exposure, aspect, winter soil moisture and autumn soil moisture) were log III

(x+ I) transformed, while speeies eomposition data were square root transformed prior to

constructing the similarity matrices. The environmental similarity matrix was

constructed using a Normalised Euclidcan similarity index (Clarke, 1993). All

environmental faetors were normalised prior to matrix construetion to adjust for

differences in units between variables. The distribution of species after transformation

was non-normal, therefore the Speannan rank correlation coefficient (pJ was used for all
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multivariate analyses. In order to determine whether correlations were consistent across

different sites, correlations were undertaken for all sites together, and then for individual

sites.

Draftsman plots, showing correlation coefficients of all paired envirornnental variables,

were constructed prior to analysis. This enabled the removal of significant sources of eo

linearity. For pairs of environmental variables with correlations greater than 0.90, one

variable was eliminated.
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4.3 RESULTS

4.3.1 PATTERNED GROUND

MICRO£NVIRONM£NTS

Transect profiles, showing the magnitude and frequency of the topographical features, are

shown in Figure 4.5. Hummock formations ranged in height from 0.1Om to 0.43m at the

hummock site (mean 0.26m ±O.OI standard error), and O.ISm to 0.37m at the stripe site

(0.27m ±0.0l). Distance between bummocks crests ranged from 0.70m to 2.60m (1.71m

±0.08) at the hummock site and from 0.70m to 2.30m (1.60m ±0.07) at the stripe site.

A
4 ,

I I

:J
ii,

t1e
s:
-'j t20
E
§
s: t3

0 5 10 15 20

B

I :ij,
~ t2
m
0 1 J:s
"

oJ 3

0 5 10 15 20

Distance along transect (m)

Figure 4.5. Scaled two-dimensional profiles of three transects (11-13) at the (A) hummock and (E)
stripe sites showing relative height elevation changes within each transect Note: vertical axis is
non-continuous.

Figure 4.6 shows elevation profiles for the solit1uction terrace transects. Mean slope of

transects were between 20' and 21'. Terraces ranged in height between 0.79m and 1.44m

(l.05m ±0.2). On this north-facing slope, terraces fanned every 20m to 60m, beginning

approximately 300m down slope of the ridge crest.
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Figure 4.6. Scaled two-dimensional profile of three transects (t1-t3) at the solifluction terrace site.
Vertical dimension is proportional, although elevation differences between transects is not actual.
Note: vertical axis is non-continuous.

4.3.2 VEGETATION

RICHNESS AND DIVERSITY

From three sites, 84 plant and lichen species (47 vascular, 4 bryophyte, 1 liverwort, 32

lichen) were recorded (Appendix B); hereafter generically referred to a plant species.

Damaged or infertile specimens precluded species-level identification for 12 lichens and

1 liverwort. All taxa identified to species were indigenous and have been previously

recorded from the same or similar areas of the Old Man Range (Billings and Mark, 1961;

Mark and Bliss, 1970; Galloway, 1985; 2000). Floristically, lichens (32 species) and

Iorbs (32 species) were the most abundant; ten graminoid species and live woody species

were present. Structurally, cushion plants, species with a compact prostrate or cushion

growth form, were the dominant life-form. Cushion plant species accounted for 37% of

the live plant cover of the three sites. Non-cushion forming herbs accounted for 24% of

the total plant cover, and tussock-forming graminoids, particularly Chionochloa macra,

accounted for 14% of the live plant cover at the sites.

Live-cover of the sites was largely dominated by three species: Dracophyllum muscoides,

Celmisia viscosa and Chionochloa macra (Figure 4.7A). The mean percent cover was

<1% for 73 (87%) species. Only three species tPoa colensoi, Polytrichum juniperinutn,
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and Thamnolia vermicularis) occurred in more than 50% of the quadrats, while 39 (46%)

species appeared in less than 5% (Figure 4.7B).

The total of 59 plant (including mosses, lichens and liverworts) species were recorded at

the hummock site, 57 species at the stripe site, and 64 species at the terrace site.

However, there was a significant difference in median plant species richness (Kruskal

Wallis Test, H, = 14.90, p < 0.01) and plant species diversity' (Kruskal-Wallis Test, H, =

9.83, p < 0.01) between sites (Table 4.1). Dunns pairwise multiple comparisons of sites

showed a significant (p < 0.05) difference in S between the terrace site and both the

hummock and stripe sites, and a significant difference in H' between the terrace site and

the stripe site (p < 0.05). Equitability (J') showed no significant difference between sites

(Kruskal-Wallis Test, H, = 4.78, p = 0.09).
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Figure 4.7. (A) Species abundance (average percent cover) histogram. (B) Species frequency
(number of plots present) histogram.

2 Diversity and richness indices, Margalefs index (d), the Shannon-Weincr index (II') and 1

Simpsou's index (1-)..) all gave the same results; thus Shannon-Weiner index (H') was chosen as it

is a commonly employed diversity index.

99



CIJlJPfd 4. 1-'/0111 distribution panems

Table 4.1. Diversity index medians, average ranks and z-values at the hummock, stripe and
terrace sites. Within each index. sites with different letters differ significantly (Kruskal-Wallis
Test, Tukey Test: C/< 5%).

Site S H' I
med. rank z med. rank z med. rank z

Hummock (n=27) 9.0' 576 1.61 1.20" 55.8 1.23 0.600 54.1 0.87

SIripe (n=27) 9.0' 62A 263 1AO' 60A 2.22 0.64 0 57.2 1.53

Terrace (n=45) 6.0b 38.0 -379 0.86' 40.3 -3.08 0.50 e 43.2 -215

At the microsite scale, median plant species richness (S) differed significantly between

the eleven micro sites (Kruskal-Wallis Test, H ,o = 29.00, P = 0.001; Table 4.2). Stripe

furrow and hummock side microsites had a greater plant species richness (S) than zone 4

and zone 5 (Tukcy Test, p < 0.05; Table 4.2). There was also a significant difference in

median diversity (fI') of microsites (Kruskal-Wallis Test, Hill = 22.05, P = 0.015; Table

4.2). Zone 5 had a higher diversity (H') than stripe furrow (Tukey Test, p < 0.05). There

was no detectable difference between microsite equitability (J') (Kruskal-Wallis Test, Hill

= 15.90, p= 0.102).

Table 4.2. Diversity index medians, average ranks and z-values for microsites (n = 9 for each
microsite). Within each index. sites with different letters differ significantly (Kruskal-Wallis Test,
TukeyTest: C/< 5'Yo).

Microsile

med.

S

rank z med rank z med. rank z

Hummock cresI 6.0'b 455 -0.49 1.11" 47.6 -0.27 0.64 0 48.9 -012

Hummock side 12.0' 740 2.63 1.78" 69.9 2.18 0.71 0 64.9 1.63

Hummock furrow 7.0eb 53.3 036 0.93" 49.9 -001 0.55 0 486 -0.16

SIripe crest z.o» 496 -004 1.26" 49.3 -0.07 i 062 0 48.1 -021

SIripe side 9.0'0 62.0 131 137" 53A 0.38 0.61 e 482 -0.19

SIripe furrow 13.0' 75.6 2.81 1.76' 786 3.13 0.75 0 75.3 278

Terrace zone 1 8.0'b 50.2 002 1.07" 44.2 -0.63 OA9 o 44.2 -063

Terrace zone 3 7.0eb 35A -1.59 1.140
' 45.9 -045 0.61 0 53.6 0.39

Terrace zone 4 4.0' 30.1 -2.18 0.660
' 36.2 -1.51 OA7 e 43.3 -073

Terrace zone 5 5.0b 251 -2.73 OA5' 26.6 -257 0.28 0 28.0 -2A1

Terrace zone 6 8.0'b 49.2 -009 1.22" 48A -0.17 0.60 0 46.9 -034
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PLANT DISTRIBUTION PATTERNS

Hummock and stripes

Between stripes and hummocks, Mark and Bliss (1970) fonnd no obvious difference in

the soil characteristies or overall plant species composition of analogous microsites; thus

in this study, plant data (here taken to include lichens) from the stripe and hummoek sites

were combined to increase power on x' analyses. With data combined, 12 species

satisfied the assumptions of x' (Table 4.3). Four species, Dracophyllum muscoides,

Raoulia hectorii, Alectoria nigricans and Lecanora epibryon ssp. broccha, were

associated with crest and side microsites. The tine-scale distribution of most plant

species was similar at both the hummock and stripe sites; however, thirteen of the 22

most common species had higher percentages in the furrow microsite at the stripe site

than at the hummock site (Figure 4.8). Three species were found only in the furrows

tLepraria neglecta, Poa incrassata and lichen sp.S), Cladonia sp.2 was found only on the

sides; however, interpretation is limited due to the insufficient data on these species. No

species were found exclusively on the crests.

Table 4.3. Counts of the common plant (including lichens) species of patterned ground listed
alphabetically. Statistical significance: **, p < 0.01: ", p < 0.05.

Species count

crest side furrow d.f. X'
Alectorla nlgrlcans 9 5 1 2 8.9'

Ce/mlsla viscose 3 6 7 2 2.3
Cetraria Islandlca ssp. antarctica 9 14 13 2 3.5
C/adlna mitis 3 8 7 2 35
Dracophyllum muscaldes 15 9 1 2 22.0"

Lecanora eplbryon ssp. broccha 5 8 1 2 7.1'
Luzu/a puml/a 2 7 5 2 37
Poa co/ensal 10 14 12 2 2
Po/ytrlchum junlperlnum 13 13 16 2 1.9

Raoufia hectorii 10 4 0 2 14.7"
Rytidosperma pumilum 2 8 6 2 5
Thamno/la vermicularis 15 14 11 2 25
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A

Lichen sp.5 (n~3)
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Rytidosperma pumilum (n=5)

Gautheria nubicofa (n=5)
Lycopodium fastigiatum (n=7)

Cladonia sp. 2 (n=2)
Luzu/a pumila (n=?)

Polytrichum juniperinum (n=22)
Celmisia viscosa (n=?)

Cetraria islandica ssp. antarctica (n=19)
Cladina mitis (n=13)
Poa colensoi (n=23)

Thamnolia vermicu/aris (n=21)
Leptinella goyenii (n=6)

Lecanora epibryon ssp. broccha (n=10)
Ce/misia Jaric/folia (n=8)

C%banthus buchananii (n=2)
Alectoria nigricans (n=6)

Raoufia hectorii (n::7)
Dracaphyffum muscaides (n=13)

0 20 40 60 80 100

(%) distribution among microsites

Figure 4.8. The distribution of plant species occurrences (recorded in >3 quadrats) among
pattemed ground micrositcs at the (A) hummock and (B) stripe site. Data includes lichens and
bryophytes. Significant X' (p < 0.05) results shown in bold,
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Solifluction terrace

At the solifluction terrace site, no species fulfilled the assumptions of x' for all microsite

classes. When microsites were grouped as less exposed (zone 3, zone 4 and zone 5) and

more exposed (zone 1 and zone 6), seven species fulfilled the assumptions of X' (Table

4.4). Dracophyllum muscoides, Thamnolio vermicularis and Poa colensoi were

associated with the exposed microsites, while Chionochloa macra and Racomitrium

crispulum were significantly associated with the less exposed microsites (Table 4.4).

Some less abundant species had line-scale distributions which were suggestive of limited

distributions; Alectoria nigicans, Abrotanella inconspicua, Celmisia luricifolia, Raoulia

hectorii and Psoroma sp.l were limited to exposed microsites, zone 1 and zone 6, while,

Carex pyrenaica, Brachyscome sinclairii, Celmisia prorepens, and Kelleria villosa were

found only in the lee of the terrace (Figure 4.9). For most of the abundant species, the

greatest percent of occurrences were in zone I, zone 3 and zone 6, Kelleria childii and

Celmisia viscosa were the only species with the greatest proportion of occurrences in

zone 5 and Celmisia prorepens was the only species with the greatest proportion of

occurrences in zone 4 (Figure 4.9).

Table 4.4. Species counts in exposed (zone I and 6) and less exposed (zone 3, 4, and 5) microsites
at the terrace site. Statistical significance: **, p < 0.01; *, P < 0.05.

Species

Racomitrium crispulum

Ce/misia viscosa

Chionoch/oa macra

Oracophyllum muscoides

Po/ytrichum juniperinum

Poa co/enso!

Thamnol!a vermicularis

count
zones 1 & 6 zones 3 4 & 5

dt X'
(exp~sed) (less eXEosed)

0 13 12.2"

4 6 0.5

0 17 18.2**

15 3 23.4"

7 15 12

13 9 6.5'

11 1 18.2"
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Carex pyrenaiea (n=4)
Braehyscome sinclakii (n=5)

Racomitrium erispulum (n=13)
Celmisia prorepens (n=5)

Chionoehloa macra (n=17)
Kel/eria villosa (n=7)

Rytidosperma pumilum (n=5)
Po/ytrichum juniperinum (n=22)

Celmisia viscosa (n=10)

Kelleria childii (n=3)
Leptinella goyenii (n=3)

Poa colensoi (n=22)
Luzula pumila (n=3)

Thamnolia vermiculeris (n=12)
A/eeton'a nigricans (n=5)

Abrotanella inconspieua (n=6)
Celmisia laricifolia (n=6)

Anisotome imbricate (n=6)
Dracophyllum muscoides (n=18)

Raoulia hectorii (n=5)
Psoroma sp.1(n=3)
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Figure 4.9. The distribution of plant species occurrences (recorded in >3quadrats) among
patterned ground microsites at the solifluction ten-ace site. Data include lichens and bryophytes.
Significant / (0'< 0.05) results are shown in bold.
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CHARACTERISING MICROSITES

Plant species composition of microsites differed significantly (one-way ANOSIM; 999

permutations; Global R = 0.41, permuted statistics greater than or equal to Global R: 0, p

= 0.001); however, there was considerable overlap in species composition for some

microsites (Figure 4.10). Pairwise tests showed 45 of 55 paired microsites differed

significantly (Table 4.5).

Stress: 0

_1._

• hcrest zone 1

... hside -+- zone 3

• hfurrow $ zone 4

screst • lone5

,--', sside lZJ zone 6

Cl s furrow

Figure 4.10. MDS on the percent cover of plant and lichen species from 99 quadrats (11
microsites) based on Bray-Curtis rank similarities of square root transformed abundance data. h =

hummock s = stripe.

CHARACTERISING FINE-SCALE COMMUNITY PATTERNS

At the 20% similarity threshold, six vegetation types (A to F) were delineated (Fig 4.11).

The communities were distinct; dissimilarity between each vegetation type were all

greater than 80% (SIMPER routine; Table 4.5). Twelve species of vascular plant,

bryophyte and lichen contributed more than 5% to the average dissimilarity between

vegetation types (Table 4.6). Within vegetation type, similarities ranged from 26.6%

(vegetation type B) to 56.3 (vegetation type C; Table 4.7). The species that typified each

vegetation type are shown in Table 4.7.
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Table 4.5. R statistics and significance for pairwise comparison of microsites (for each microsire n 9; total number of permutations per comparison ;c_" 999)
based on one-way analysis of similarities (ANOSIM) between microsites based on Bray-Curtis rank similarities of square root transformed species percent
cover data. Statistical significance: ", p <0.05; **, P < 0.01. R statistic is on a scale of 0 (indistinguishable) to 1 (all similarities within the groups are less than
any similarities between the groups.)

C>
0'

Hummock

Stripe

Terrace

Hummock Stripe Terrace

crest side furrow crest side furrow zone1 zone3 zone4 zone5 zone6

crest -- 0.41" 0.76" 006 0.21' 0.79" 015' 0.84" 0.69" 0.70" 0.14'

side -- 0.23' 022' 0.11 0.10 0.63" 0.66" 0.50" 0.38" 0.14

furrow -- 0.56" 0.44" 0.16' 0.83" 0.55" 0.41" 0.28' 0.25'

crest -- 0.04 0.43" 015' 0.64" 0.58" 0.60" 0.D7

side -- 0.16' 0.33" 0.66" 0.57" 0.66" 0.04

furrow -- 0.95" 0.65" 0.53" 0.48" 0.33"

zone1 -- 0.82" 0.69" 0.77" 0.18'

zone3 -- -0.02 015 0.55"

zone4 -- 0.06 0.35"

zone5 -- 0.34"

zone6
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Figure 4.11. MDS of percent cover of plant and lichen species from eleven microsites based on Bray-Curtis rank similarities of square root transformed
abundance data. A = Dracop hy llum muscoides vegetation type; B = Poa colensoi vegetation type; C = Celmisia viscosa vegetation type; D = Abrotanella
inconspicua - Polytrichum juniperinum vegetation type; E = Kelleria childii vegetation type; F = Chionochloa macra vegetation type. Envelopes generally
indicate grouping for guidance.
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Table 4.6. Average percent dissimilarity between vegetation types A - F based on analysis of
similarity percentages (SIMPER) of 99 plots. Combinations of vegetation types with higher
percent dissimilarity were more dissimilar. A Dracophyllum muscoides vegetation type (n = 31); 8
Poa colensoi vegetation type (n = 29); C Celmisia viscosa vegetation type (n = 18); 0 Abrotanella
inconspicua - Polytrichumjuniperinum vegetation type (n = 3); E Kelleria childii vegetation type
(n = 4); F Chionochloa macra - Celmisia prorepens vegetation type (n = 14).

Vegetation lype

A B C D E F

A 83.8 91.9 92.1 92.4 97.1

B 84.5 84.6 896 940

C 91.5 94.0 94.4

D 86.8 95.2

E 90.1

F

Table 4.7. Average percent cover of plant and lichen species (contributing more than YYo to the
average dissimilarity after square root transformation) typifying and discriminating between
vegetation types (20 1% similarity). Highest percent cover for each taxon is shown in bold type.

Vegelalion type

A B C D E F

Abrotaneffa inconspicua 0.7 01 10 17.7 1.0 0

Celmisia prorepens 0 0 0 0 0 18.8

Celmisia viscosa 01 1.4 63.7 0 0 0

Chionochloa macra 00 0.0 23 0 2.8 48.2

Dracophyffum muscoides 53.3 2.2 0.9 0 0.5 0.1

Kefferia childii 0.3 0 0 0 72.5 0

Phyffachne colensoi 0 0 0 8.0 0 0

Poa colensoi 2.8 9.8 1.1 03 0.8 09

Raoulia hectorii 7.3 23 0 0 0 0

Polytrichum juniperinum 0.5 4.9 0.8 5.7 2.6 1.9

Cetraria islandica ssp. antarctica 0.8 8.0 2.5 0.7 0 0

Lepraria neglecta 0 0.2 0.3 6.0 0.5 <0.1
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Table 4.8. Analysis of similarity percentages (SIMPER) highlighting which species typified each
vegetation type (determined based on percentage contribution of each species to the average
similarity within each vegetation type). Percent contributions greater than 20% to within site
similarities are shown in bold.

Vegetation
type

A

B

C

o

E

F

Average similarity
within communities

483

26.6

56.3

298

50.0

440

indicator species (contributing greater
than 5% towithin similarity)

Dracophyllum muscoides
Thamnolia vermicularis
Raoulia hectorii

Poa co/ensoi
Cetraria islandica ssp. antarctica
Polytrichum juniperinum
Thamnolia vermicularis
Cladina mitis
Lecanora epibryon ssp. broccha

Celmisia viscosa
Cetraria islandica ssp. antarctica

Abrotanella inconspicua
Po/ytrichum juniperinum
Lepraria neglecta
Gaultheria nubicola

Kelleria childii
Polytrichum juniperinum

Chionoch/oa macra
Celmisia prorepens
Racomitrium crispulum
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Percent contribution
to similarity within
vegetation type (%)

745
60
6.0

27.5
17.0
16.2
7.8
5.0
5.0

86.5
59
468
30.2
8.0
74

82.0
95
745
11.1
57
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Figure 4.12 . Example of vegetation type A with (1) Dracophyllum muscoides, (2) Raoulia hectorii
and (3) Thamnolia vermicularis. Inset (A) shows vegetation type A in winter.

A. Dracophyllum muscoides vegetation type

Typified by the epacrid shrub Dracophyllum muscoides, vegetation type A characterised

c. 31% of the quadrats. The vegetation type dominated the most exposed parts of the

sites, particularly zone 1 and crest microsites; however, it was also found patchily on

sides and zone 6 (Figure 4.12). With an average similarity of 48.3%, this vegetation type

was one of the most uniform communities in species composition (Table 4.8). D.

muscoides averaged 53% cover of vegetation type A, and contributed 74.5% to the overall

average group similarity (Table 4.8) . The cushion daisy Raoulia hectorii (averaging 7%

cover) and fruticose lichen Thamnolia vermicularis (averaging 1% cover) were also key

species in vegetation type A. The tufted grass, Poa colensoi (averaging 2.8% cover), was

also typical , but never abundant.
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Figure 4.13. Interface between vegetati on type B and C. (1) Poa colensoi, (2) Celmisia viscosa ,
(3) Cetraria islandica ssp. antarctica.

B. Poa colensoi vegetation type

Vegetation type B, typified by the ubiquitous small-tufted grass Poa colensoi,

characterised c. 29% of the quadrats in nine of 11 microsites (Table 4.8; Figure 4.13).

Vegetation type B was particularly prominent at the stripe site, where it accounted for c.

56% of the quadrats. Highly intermixed, vegetation type B had the lowest average

within-group similarity of any vegetation type (27.0%); P. colensoi only averaged 9.8%

cover and contributed only a combined 27.5% of the overall group similarity (Table 4.7;

Table 4.8). Other important components of this vegetation type included: fruticose lichen

Cetraria islandica ssp. antarctica (averaging 8.0% cover) and ubiquitous bryale moss

Polytrichum juniperinum (averaging 4.9% cover), as well as lichens Cladina mitis

(averaging 4.1% cover), Thamnolia vermicularis (averaging 1.5% cover) , and Lecanora

epibryon spp. broccha (averaging 1.8% cover).
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Figure 4.14. Vegetation type C is typified by Celmisia viscosa , a relatively large herb daisy which
frequently grows in dense patches. Hat (inset A) measures c.28cm wide.

C. Celmisia viscosa vegetation type

Vegetation type C, typified by Celmisia viscosa, characterised c.18% quadrat samples

(Figure 4.14). Widespread throughout the sites, this vegetation type was found in eight of

11 microsites. Typically growing in large well-defined patches , C. viscosa averaged

63.7% cover and contributed 86.5% to the overall average similarity (Table 4.6; Table

4.7). At 56.4% similarity, vegetation type C was the most homogeneous vegetation type.

Few species were found associated with C. viscosa ; however , Cetraria islandica spp.

antarctica (2.5% average cover) was commonly found growing amongst C. viscosa stems

(Figure 4.13; Table 4.7).

D. Abrotanella inconspicua - Polytrichumjuniperinum vegetation type

Typified by the herbaceous cushion, Abrotanella inconspicua , vegetation type Doccupied

c. 3% of the quadrats , and limited to hummock furrow microsites . Abrotanella

inconspicua, growing in small uniform cushions, was the distinguishing species of this
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vegetation type, averaging 17.7% cover and accounting for 46.8% of the low 29.8%

average similarity of the group (Table 4.8). Polytrichum juniperinum (averaging 5.7%

cover), Lepraria neglecta (averaging 6.0% cover) and the creeping shrub Gaultheria

nubicola (averaging 1.3% cover) were found growing in association.

Figure 4.15 . Interface between cushion plants (1) Kelleria childii and (2) Phyllachne rubra.
Pencil is approximately 7mm in diameter.

E. Kelleria childii vegetation type

Vegetat ion type E was typified by the dense herbaceous cushion Kelleria childii, which,

like Abrotanella inconspicua, was found growing in small uniform cushion mats (Figure

4.15). Vegetation type E characterised 4% quadrat samples and was limited in range to

hummock furrow and terrace zone 5 microsites. Kelleria childii averaged 72.5% cover

and accounted for 96.5% of the 50.0% average within-group similarity (Table 4.6; Table

4.7). Due to the dense growth-form of Kelleria childii cushions, few other species were

found growing in association; however, Polytrichum juniperinum (2.6% average cover)

was found growing in association in all plots .
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Figure 4.16 . Example of vegetation type F with (1) Chionochloa macra, (2) Celmisia prorepens
and (3) Brachyscom e sinclairii. Leaves of Celmisia prorep ens are approximately 2cm in width.

F. Chionochloa macra vegetation type

Typified by slim snow tussock, Chionochloa macra, vegetation type F occupied c. 14%

of the quadrats (Figure 4.16). Vegetation type F was a common vegetation type in zone 3,

zone 4, and zone 5. With an average similarity of 44.0%, this vegetation type was one of

the most uniform communities in species composition (Table 4.8). C. macra averaged

48.2% cover of vegetation type F and contributed 74.5% to the overall group similarity

(Table 4.6; Table 4.7). Found between the tussocks , snowbank daisy, Celmisia prorepens

(11.1% cover), and bryale moss, Racomitrium crispulum (5.7% cover) , were distinctive

components of vegetation type F.
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4.3.3 ENVIRONMENTAL FACTORS

!vflCROCLlMATE

Soil and ground-surface temperatures differed significantly between some microsites; the

greatest differences in temperatures were at the ground surface, particularly in seasons of

partial snow cover (Chapter 2). From April to July, and from September to November,

snow frequently formed an incomplete covering of the patterned ground. Protruding or

windward microsites such as zone 1 and crest microsites were free of snow for

considerably more of the year than neighbouring leeward and low microsites (Chapter 2).

In seasons of incomplete snow cover, nocturnal ground surface temperatures were up to

13°C degrees colder in microsites free of snow than ones under snow. It was also during

this time of the year that microsites experienced the coldest ground surface temperatures

of the year (-15.TC, recorded 04 July, 2003). Conversely, daytime temperatures at the

ground surface of microsites free of snow were considerably wanner than neighbouring

microsites covered by snow, with differences up to 40.9°C being recorded (terrace site, 3

October, 2001). Strong temperature gradients in autumn resulted in differential freezing

of the soil (Chapter 3). Crests of the hummocks and stripes, and zone 1 and zone 6 of the

terraces froze readily in the period of partial snow cover leading to winter. Under snow,

zone 3 and zone 4 of the terraces, as well as furrows of the hummocks and stripes, rarely

froze, with temperatures at 5cm depth typically just above O°c, In the microsites with

extended periods without snow during the autumn and spring, the soil was frozen up to

188 days year" at Icm depth and experienced up to 30 freeze-thaw cycles year" at 1cm

depth (Table 4.9). Strong temperature gradients, chiefly between November and May,

also generated differences in average daily soil temperatures between microsites. Mean

growing degree-days (GDD) ranged tram 1020 to 1568 year" (Table 4.9).

Other environmental differences were observed. Tbe exposure index (Ex) for each plot

ranged from 0 at the most exposed microsites, to -0.96 at the least exposed sites (Table

4.9). Most plots had an average aspect less than 90 degrees, indicating a strong northerly

component in the samples. Soil moisture content varied between seasons; however,

relative content soil moisture (oven dry weight basis) of microsites was fairly consistent

between autumn (April) and winter (September) (Table 4.9). At the hummock and stripe

sites, soil moisture was highest in the crest microsite and lowest in the furrow microsite;

at the terrace site, soil moisture was highest in zones 1, zone 5 and zone 6.
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UNHARIATE DIVERSITY-PRINCIPAL COMPONENT COMPARISONS

Figure 4.17 displays the first two axes of the principal component analysis (PCA)

ordination on the transformed data of the eight environmental factors from Table 4.9.

The first two components accounted for 72.5% of the variation (Table 4.10). The first

principal component (PCI) clearly represents a gradient of environmental severity; the

number of freeze-thaw cycles, time frozen and exposure decreased from left to right

along the axis (Figure 4.17; Table 4.10). However, variables were roughly equally

weighted along PC1, and all factors were significantly correlated with PCl (Table 4.10).

The second principal component (PC2), appears to represent a gradient of physiological

potential, and is largely dominated by variables which did not feature strongly in the first

axis. In particular, degree-days and snow-free days increased with more northerly (i.e.

decreasing) aspect along PC2 (Figure 4.17; Table 4.10).

Figure 4.18 shows the relationship between richness, speeies diversity (H') and

equitability (J') and the first two axes of the principal component analysis. There was a

significant negative correlation between richness and the first and second principal

component score using a linear regression; species diversity and equitability also had

significant negative correlations with PC2 (Figure 4.10). The linear regression of species

richness against PC1 accounted for 10.2% of the variation (SS) and against PC2

accounted for 13.1% of the variation. Against PC2, linear regressions fin diversity and

equitability accounted for 9.0% and 4.0% of the variation, respectively. Values for

richness, diversity and equitability for Community B were consistently above the

regression line while values for community C consistently fell below the regression line,

reflecting the relative difference in richness between these communities. Polynomial

relationships consistently showed less significance with these same data (Figure 4.10).
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communities (A-F) in relation to the first and second axis scores from environmental principal
component analysis. Linear and polynomial regression lines are shown with equations and
significance: *, p < 0.05; "", P <0.01.
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Table 4.10. Coefficients (eigenvectors) of environmental variables making up the first and second
principal component axes. PCI accounted for 43.9% of the variation, eigenvalue = 3.51; PC2
accounted for 28.6% of the variation, eigenvalue = 2.29. Spearman's Ps (rank correlation
coefficient) significance (p < 0.05) indicated with an asterisk.

PC1 PC2

Time frozen -0.485' -0 156

Freeze-thaw cycles -0.483' 0180'

Snow-free days -0252' 0553'

Growing degree-days (GOD) 0216' 0.526'

Index ofexposure (Ex) -0387' 0243

Aspect -0201' -0.431'

Soil moisture (autumn) -0391' -0.267'

Soil moisture (winter) -0.279' 0.212'

MULTIVARIATE BlOnC-ENVIRONMENTAL COi'dPARISONS

Four variables explained SI % of the observed variation in the distribution of plants at the

three sites (Table 4.12). When selected individually, growing degree-days had the largest

correlation coefficient (p, = 0.44), followed by time frozen V), = 0.43), snow-free days V),

= 0.43), and freeze-thaw cycles VJ,· = 0.43). The interaction between these four

environmental variables and the plant species composition is illustrated in Figure 4.19.

Time frozen, freeze-thaw cycles, snow-free days and degree-days were also important in

maximising matching coefficients at the site-level; growing degree-days had the largest

coefficient when selected individually for the hummock VJ, = 0.47) and terrace rp,. = 0.43)

sites, while freeze-thaw had the largest coefficient at the stripe site VJ, = 0.29; Table

4.12). Aspect was also required to maximise the matching correlation coefficient at the

stripe site (Table 4.12). The correlation eoefficients of sites ranged from 0.35 (stripe site)

to 0.49 (hummock site).

Within vegetation types, D and E had the highest maximum correlation coefficients;

however, the low number of samples of these vegetation types (D: n = 3; E: n = 4) could

have contributed to these high values (Table 4.12). Within vegetation type C, the

combination of growing degree-days and exposure maximised the matching eoefficient

(P., = 0.57), while in vegetation type S, the eombination of time frozen, growing degree

days, and aspect maximised the matching coefficient V), = 0.57; Table 4.12). In
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vegetation type F, the maximum correlation coefficient was 0.35, independently

accounted for by winter soil moisture (p, = 0.35). Measured environmental variables

poorly explained variation in plant composition within vegetation type A (Table 4.12).
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Table 4.11. Maximum BIOENV matching coefficients (Ps) between the eight environmental variables and plant composition of the three sites and six
vegetation types (AMF). Individual correlation coefficient (Ps) between the eight environmental variables and vegetation types are shown. Numbers in bold
identify environmental variables that maximised the matching correlation coefficient for each site and vegetation type. No paired combination of environmental
variables had a correlation greater than 0.90, thus all eight variables were used.

Correlation coefficient of individual factors

Max. p, Time frozen
Freeze- Snow-free GDD Ex Aspect

Soil moisture Soil moisture
thaw cycles season (autumn) (winter)

All 0.51 0.43 0.43 0.43 0.44 029 0.15 0.31 0.30
-_.

Sites

,'-' Hummock 0.49 0.43 0.42 0.22 0.47 0.15 -0.04 -0.13 -0.01N

Stripe 0.35 0.20 0.29 0.16 0.15 0.06 0.22 0 0.07

Terrace 0.46 0.43 0.42 0.09 0.43 0.36 -001 0.01 0.10

Vegetation types

A 0.15 0.12 0.10 -0.05 0.07 0.04 -0.03 0.09 -0.02

B 0.40 0.31 0.27 0.07 0.30 -001 0.27 0.25 -0.01

C 0.57 0.23 0.12 0.01 0.56 0.41 0.12 0.07 0.11

D 1.0 10 10 1.0 1.0 1.0 1.0 1.0 1.0

E 0.71 0.54 0.54 0.20 0.20 0.14 -0.77 0.54 0.31

F 0.35 -0.126 -0.13 -0.05 0.28 ·0.01 -0.16 0 0.35
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Stress:0.18

F

Stress: 0. 18

F

Figure 4.19 . MDS bubble plots of Bray-Curtis similarity, square root transformed species cover
data with (A) time frozen and (B) freeze-thaw cycles superimposed on quadrat samples . Bubbles
of increasing size represent increasing environm ental variable value (Scale: six-hour units time
frozen, 0 to 530; number of freeze-thaw cycles, 0 to 29). Coloured envelops indicate vegetation
type groupings for guidance .
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Figure 4.19. (continued) MDS bubbl e plots of Bray-Curtis similarity, square root transformed
species cover data with (C) snow-free days and (D) growing degree-days superimposed on quadrat
samples . Bubbles of increasing size represent increasi ng environmental variable value (Scale:
snow-free days, 191 to 277 ; growing degree -days , 1020 to 1579). Coloured envelops indicate
vegetation type groupings for guidance.
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4.4 DISCUSSION

4.4.1 PLANT RICHNESS AND DIVERSITY

Species richness in alpine environments varies considerably at several spatial scales (e.g.

Onipchenko and Semenova, 1995; Molau, 2004; Onipchenko et al.; 2005; Brunn et al.,

2006; Camarero et al., 2006; Vonlanthen et al., 2006). At the macro-scale, plant diversity

in the alpine environment decreases almost linearly with increasing elevation (Korner.

2003; but see Mark et al., 2000); in the Southern Alps species richness above treeline

decreases by c. 1.8 species for each lOOm increase in elevation, and at an even greater

rate on ranges east of the divide (Mark et al., 1989; Mark et al.. 2000). In New Zealand,

recent studies have found differences in diversity between broad community types (Rate,

2005) or along elevation gradients (Onipchenko et al., 2005).

This study found that spatial patterns of diversity vary in periglacial patterned ground on

a scale of metres to centimetres. However, differences were only significant between

microsites with extremes in richness and diversity. Species-rich microsites (e.g. stripe

furrow and hummock side) were dominated by small highly intermixed and overlapping

species, particularly lichens. Lichens fanned the largest component in species rich

microsites, constituting as much as 60% of the species. In contrast, species poor

microsites (e.g. zone 4 and zone 5) were dominated by a few relatively large stature and

densely growing species such as Chionochloa macra, Celmisia prorepens and C. viscosa,

which attained maximum vigour and appeared to out-compete the small creeping or

cushion-form species. Lichens III particular, while capable of exploiting most

microhabitats, were less prevalent in microsites dominated by Chionochloa macro and

Celmisia prorepens.

These findings are generally in agreement with work on broad eommunity types in other

alpine environments in Central Otago (e.g. Talbot et al., 1992; Rate, 2005; Brown et al.,

2006). Talbot et al. (1992) found higher levels of richness in cushionfield communities

than in herbfield or snowbank communities, and Rate (2005) found higher levels of

richness in cushionfield communities than in herbfield or tall tussock fragments. Rate

(2005) suggests the large stature species, such as Chionochloa macra, out-compete

smaller species for light, thus reducing overall diversity. C. macra also produces a mat of
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leaf litter often several centimetres thick, which comparatively few plants grow through

(personal observations; see also Grime, 1973). C. macra may also mechanically damage

neighbouring plants through abrasion; the long leaf blades lash at the soil surface during

strong winds, an action that is revealed by "halos" that appear on the snow surface in

winter (personal observations). A mechanical action such as this may impact some

neighbouring plants or destroy establishing plants. Also important may be the spatial

dominance of roots, competition for soil nutrients (e.g. Jonasson and Callaghan, 1992;

Havstrom et al., 1993), or environmental stress (Kammer and Mohl, 2002). In the Swiss

Alps, Vonlanthen et al. (2006) showed richness was greater in less severe alpine

communities, decreasing monotonieally with decreasing daytime temperature and

increasing daily maximum wind speed; no relationship was found between species

richness and low temperatures, winter dieback or frost days. Vonlanthen et al. (2006)

emphasise the relative importance of day time temperatures in influencing diversity

compared with the influence of night time episodic freezes.

In contrast to Vonlanthen et al. (2006), this study found richness and diversity increased

linearly with increasing environmental severity (i.e. freeze-thaw cycles, time frozen,

exposure) and with decreasing physiological potential (i.e. growing degree-days, snow

free season). The wannest surface and soil temperatures and greatest snow coverage

were recorded in the lee of the terrace and the furrows (Chapter 2), areas with notably low

species diversity. Vegetation dominated by Poa colensoi, found in exposed microsites of

the hummock and stripe site, typieally had the highest diversity. In alpine snow-beds

eommunities in Japan, Kudo and Ito (1992) also found richness was lower in

microhabitats with longer periods of snow cover. While the difference between the

results in the current study and those from Vonlanthen et al. (2006) may be an artefact of

the vastly different scales or the relative size of the plants in relation to the size of the

quadrat (see Oksanen, 1996), there may be fundamental differences in the constraints on

richness and diversity in eontrasting mountain environments. For example, lichens that

are intolerant of snowbank communities are the most important group in the most diverse

microsites; in other mountain ranges, lichens may not feature as strongly. Also, it may be

that more species on the Old Man Range are closer to their physiological limits, restricted

by year round cool temperatures and episodic cold temperatures that characterise the

range (Chapter 2). It may also be that facultative relationships have a greater impact on

fine-scale diversity (e.g. Sohlberg and Bliss 1984; Kikvidze and Nakhutsrishvili. 1998;
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see Callaway, 2002; Michalet et al., 2006). For example, cushion plants are well known

to modify their environment, decoupling temperatures tram ambient air temperature,

reducing surface wind velocity and retaining moisture in accumulated organic matter

(Korner, 2003). In this way, cushion species act as a type of ecosystem engineer,

ameliorating the microhabitat to the benefit of other species (Cavieres et al., 2002;

Badano and Cavieres, 2006; Cavieres et al., 2006). Looking at plant diversity in high

alpine Andean communities, Badano and Cavieres (2006) found that cushion species not

only had a positive effect on species richness and diversity, but also found that the

magnitude of tbe effects increased with added elevation. From this, they suggest cushion

form species are increasingly important to maintaining a high diversity in increasingly

extreme environments. The New Zealand alpine flora is particularly rich in cushion

species (Mark and Adams, 1995); with changes in the global climate, understanding the

abiotic and biotic relationships of species will become increasingly important for

understanding and conserving alpine biodiversity. Clearly, conceptual models of

diversity and environmental stress developed in dissimilar mountain environments should

be carefully scrutinised (e.g. Kammer and Mohl, 2002).

4.4.2 PLANT DISTRIBUTION

The mierotopography of patterned ground was important in the fine-scale distribution of

plant species. Microtopographical landforms produced a pattern of species that alternated

between wind-resistant and relatively drought-tolerant cushion species in the more

exposed areas and more sensitive plants restricted to the less exposed areas. Six

vegetation types emerged, each having a distinct combination of species (Figure 4.11).

Each vegetation type (A-F), barring vegetation type B, elosely compare to the

characteristic alpine habitat-physiognornic types (cushionfield, herbfield, snowbank,

tussock grassland) of Central Otago described by Billings and Mark (1961), Mark and

Bliss (1970) and Talbot et al. (1992). The early succession species Poa colensoi is an

abundant and central element in the alpine environment, emphasised by the location of

vegetation type B in Figure 4.11. It is constrained the least by the environment (Figure

4.17), and is the principle coloniser of disturbed sites (Roxburgh et al., 1988; Brown et

al., 2006). In terms of biodiversity, the community has the lowest similarity and the

greatest numher of characterising species (Table 4.8), suggesting the F. colensoi

community may be critical habitat for some less common or less competitive species, and

is an important contrihution to the mountain biodiversity.
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Of the species that fulfilled the requirements of the chi-square analysis, four species at the

hummock and stripe sites (33% of the testable species) and five species at the terrace site

(71% of the testable species) occurred more commonly in particular microsites than

would be expected if random distributions predominated (Tables 4.3 and 4.4).

Dracophyllum muscoides. although exhibiting a wide tolerance of exposure and found in

most microsites, dominated crests and zone 1. Raoulia hectorii and Alectoria nigricans

had narrower ranges, but were still predominantly found on crests and sides. Thamnol!a

vcrmicularis was found widespread at the hummock and stripe sites, but was largely

limited to zone I and zone 6 at the terrace site. Most species with non-random

distributions were selective of the exposed microsites; only Chionochloa macra and

Racomitrium crispulum were selective of less exposed microsites at the terrace and no

species were selective of the furrow micro site at the hummock and stripe sites. This was

surprising, as the more protected, less exposed micro sites have been suggested to be

largely composed of species intolerant of exposure (Mark and Bliss, 1970). However,

while the proportionately higher number of species selective of exposed microsites

indicates the exposed micro sites contain more habitat-specific species, the fact that less

than 20% of the species were able to be tested, indicates a more balanced proportion of

species selective of eachmicrosite may exist, but would require more intensive sampling.

The range of exploitable microhabitats or the "grain" of the landscape is different for

each species in the alpine environment. For example, Poa colensoi and Thamnolia

vermicularis had undifferentiated distributions in the micro habitats of the stripe and

hummock sites; however, at the terrace site, where the difference between exposed and

less exposed micro habitats was more extreme, both species were selective of exposed

microsites (Table 4.4). For other species, distribution thresholds were at a coarser grain

than exist in the micro habitats of patterned ground. For example, Polytrichum

juniperinum and Celmisia viscosa had undifferentiated distributions at the hummock and

stripe site, as well as the terrace sites, suggesting the limits to their distribution were

outside the scale of the sampled microhabitats. To the contrary, Mark and Bliss (1970)

indicate P. juniperinum and C. viscose have limited distributions within the

microtopography of patterned ground, found predominantly on sheltered sides and in the

furrows of hummocks and stripes, and in the lee of the ten-ace. Their evidence suggests

the random distribution of P. juniperinum and C. viscosa in this study may have been an

artefact of merging the data or insufficient sampling. Regardless, the disparate
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sensitivities of species to fine-scale microhabitat changes emphasises the importance of

scale when sampling plants in the alpine environment.

4.4.3 MICROSITES

Mark and Bliss (1970) and Billings and Mark (1961) described plant composition of the

hummocks, stripes and solit1uction terraces in reference to subdivisions (i.e. microsites)

of the microtopography. As there was no apparent difference in vegetation pattern

between stripes and hummocks, and the soil profiles were essentially alike, Billings and

Mark (1961) and Mark and Bliss (1970) treated the stripes and hummocks together, and

no direct comparison was made between the stripes and hummocks and the solitluction

terraces. In comparing the plant composition of microsites from each patterned ground

landform, this study confirmed a zonation of vegetation within each patterned ground

landfonn with regards to microtopography and found support for the divisions first

proposed by Billings and Mark (1961) and later modified by Mark and Bliss (1970).

However, this study made some important clarifications to the microsite divisions.

While the analogue crest and side microsites at each site were indistinguishable at the

hummock and stripe sites, stripe furrows and hummock furrows had quite different

species composition (Figure 4.20). On the MDS plot, hummock furrows appeared in two

clusters: one dominated by Celmisia viscosa and another dominated by Kelleria childii

and Abrotanella inconspicua (Figure 4.10). In contrast, stripe furrows, undifferentiated

from stripe and hummock sides, were dominated by Poa colensoi and Cetraria islandica

ssp. antarctica. Differences in plant composition between hummock and stripe furrows

probably stem from site-level environmental differences, such as the overall aspect of the

sites, the differences in hydrology, soil drainage, timing of snowrnelt or growing degree

days (GDD).

At the hummock and stripe sites, a continuum of plant composition extended from

hummock crests to stripe furrows (Figure 4.20). Of terrace microsites, only zone 6 had

hummock and stripe microsite analogues. Zone 6 was characterised by a wide breadth of

species, particularly Dracophyllum muscoides, Celmisia viscosa and Poa colensoi, which

indicates the microhabitat is complex or that zone 6, as delineated, transgressed a natural

ecorone.
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Figure 4.20. Percent distribution of vegetation type (A-F) in microsites of patterned ground.

Despite Billings and Mark (1961) describing the zones in the lee of the terrace as "fairly

distinct breaks in continuum composition," zone 3, zone 4 and zone 5 were statistically

indistinguishable. Mark and Bliss (1970) make the important observation that zone 3

may not exist in terraces less than 100cm in height, and that there is a degree of variation

between terraces and sites. In this study, the terraces measured were 79cm, 109cm and

144cm. Mark and Bliss (1970) did not describe their methods for measuring the height of

a terrace, so it is likely that at least one of the terraces was less than one metre by their

metric, which may account for the highly overlapping zone 3 and zone 4. Regardless, the

consecutively larger groupings indicate a compositional continuum from zone 3 to zone

5; therefore, the delineations between zone 3, zone 4 and zone 5 used in this study were

not an ideal indicator of the plant community interfaces at this particular site.
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4.4.4 PLANTS AND THE ENVIRONMENT

The distribution of plants was largely dictated by the covering of snow, and in particular

the period of incomplete snow cover. Freeze-thaw cycles, growing degree-days, snow

free season and time frozen had the greatest correlation with the plant community

composition, explaining over 50% of the variation, and independently explaining over

40% of the variation. The timing and extent of freezing in the soil and the amount of

thermal energy conducted into the soil is largely controlled by the covering of snow

(Chapter 2 and 3). In patterned ground on the Old Man Range, most freeze-thaw cycles

at the ground surface occur when there is partial snow cover (Chapter 2); the spatial

pattern of freezing of the soil is related to microsite position, aspect and differential snow

cover (Chapter 3); and the accumulation of degree-days varies little between microsites in

periods of no snow (Chapter 2).

Within vegetation types, environmental variables correlated most closely with the Poa

colensoi type (p, = 0.57), because vegetation type C was widely distributed and had the

lowest within-vegetation type similarity. Correlations between the environmental

variables and vegetation type A were extremely low and unlikely to represent important

factors in determining plant pattems within that vegetation type. Plant composition at the

stripe site had the lowest correlation with environmental factors (p; = 0.35) among sites,

indicating that the other factors at the stripe site may be impacting on the distribution of

species.

The remaining variation in plant composition is likely to be explained by complex biotic

interactions between plants, invertebrates and soil microbes, set in the framework of

historical human impacts. There may also be important environmental factors (e.g. solar

radiation and wind) that could better explain species distributions. The importance of

biotic interactions in physically harsh environments, such as the alpine environment, is

gaining increased attention (e.g. Michalet et al., 2006). Plants modify their

microenvironment in varying ways and degrees (Gold, 1998; Young et al., 1997;

Cavieres et al., 2002; Badano and Cavieres, 2006). On the Old Man Range, Chionochloa

macra is likely to be as important at modifying environmental conditions as the small

scale undulations in the topography investigated in this study. While for some plants the

shade and abundant litter may compromise survival of some species, others may benefit

from the shelter, accumulation of organic matter, amelioration of the local microclimate,

and alteration of the snow patterns caused by C. macra. For lichens, the most important
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factor in fine-scale distributions of species is the substrate; many species require a

specific substratc on which to establish, such as stone, soil, or litter (Galloway, 1985).

Any significant distribution patterns of these species would be expected to correlate more

closely with these factors, rather than location within the microtopography. Human

impact, particularly pastoral burning, is another factor which may have had a lasting

influence on species distribution. The past practices of burning tussock to improve the

palatability of the native grasses for stock has greatly modified the alpine environment of

the Old Man Range. Relict C. macra tussocks in the highest parts of the range are

evidence of this practice (Billings and Mark, 1961). It is likely that late-lying snow and

snowmelt moisture may bave buffered the impact of fire, providing the necessary

protection for these refugia of tussock, found in zone 3, zone 4, and zone 5. The current

distribution of some species, particularly the long-lived C. macra, within these sites was

therefore likely to be a reflection of the patterns of survivorship of individual tussocks

from historical fires, rather than microhabitat specificity, or that C. macra has been

unable to re-establish in the tire-exposed areas because the microclimate or soil

conditions have been severely degraded.

4.4.5 CONCLUSIONS

This study quanti tied fine-scale variation in species diversity, species distributions and

community composition in patterned ground, Old Man Range, Otago, New Zealand. The

following are the main findings:

I. At the fine-scale, plant species diversity and richness increase with increasing

environmental stress, as indicated by freeze-thaw cycles, time frozen and

exposure.

2. Most plant and lichen species tested had a limited distribution within pattemed

ground

3. Environmental variables (growing degree-days, freeze-thaw cycles, time frozen,

and snow-free days) explained over half the variation in plant composition in

pattemed ground.
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CHAPTER FIVE: INVERTEBRATES IN ALPINE

PATTERNED GROUND , OLD MAN RANGE (KOPUWAI

RESERVE) , CENTRAL OTAGO, NEW ZEALAND

Rhytirhinini MS sp. 2

Photo by Barbara Barratt.
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5 INVERTEBRATES IN ALPINE PATTERNED GROUND,

OLD MAN RANGE (KOPUWAI RESERVE), CENTRAL

OTAGO, NEW ZEALAND

5.1 INTRODUCTION

Over 7% (19,654 km') of the New Zealand landmass lies between the climatic tree-line

and the lower limit of permanent snow and ice (Mark and McLennan, 2005). Capping

the discontinuous ranges that span the length of the South Island and the volcanoes of the

North Island, alpine ecosystems constitute nearly 24% of the almost 83,000 km' of the

extant indigenous grasslands in New Zealand (Mark and McLennan, 2005). The

discontinuity of alpine ecosystems in concert with New Zealand's long isolation has

resulted in high levels of speciation and local endemism in alpine flora and fauna

(Wardle, 1978; Mark and Adams, 1995; Mark and Dickinson, 1997; Wardle et al., 2001).

About 93% of plant species and all insect species limited to alpine ecosystems are

endemic and many of the species have very restricted ranges, thus making New Zealand's

alpine areas of particular biological interest (Mark and Adams, 1995; Mark and

Dickinson, 1997). Moreover, most alpine systems in New Zealand, due to their relative

inaccessibility and lower agricultural productivity, have escaped the extreme

modifications found at lower altitudes so that c. 98% of the combined low- and high

alpine zones still exist with relatively low levels of invasive exotic species compared with

grassland systems at lower elevations (Mark and McLennan, 2005). These

characteristics, in addition to a general public affinity for mountain areas. have lead to a

disproportionate amount of alpine grasslands being protected compared with ecosystems

at lower altitudes. In New Zealand, alpine areas have been formally recognised for their

ecological and cultural heritage values for over a century since the establishment of

Tongariro National Park in 1887. Now, c. 54% of the alpine land area in New Zealand is

under formal protection, an area which constitutes c. 54% of all formally protected

grasslands (Mark and McLennan, 2005).

Notwithstanding the formal protection afforded extensive parts of the alpine zone in New

Zealand, little is known about the vast majority of the invertebrate species that occur
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there. Basic information on most invertebrates, such as distribution, abundance and

preferred habitat is lacking (Watt, 1975; MeGuinness, 2001). Due to their vast numbers,

small size, low public interest, and dearth of experts, invertebrates, in particular, soil

invertebrates, have historically been under-represented in ecological research in most

ecosystems (New, 1995; 1998; Derraik et al., 2001; Murray et al., 2003; 2006).

Conservation-stimulated ecological research on indigenous fauna is still dominated by the

few fairly well-known charismatic fauna which engender public interest and sympathy.

Consequently, conservation management decisions and reserve design are still typically

made with an imperfect appreciation of the invertebrate component. Although there has

been progress to amend historical predilections (e.g. Kim, 1993; New, 1998; Derraik et

al., 2001; McGuinness, 2001; Ward and Lariviere, 2004), there is still a strong bias away

from invertebrates and a paucity of knowledge on most of the estimated 80,000 species of

invertebrates in New Zealand (McGuinness, 2001). Furthermore, New Zealand, despite

being recognised as a biodiversity hotspot (Myers et al., 2000) and hosting world

renowned species recovery programmes (e.g. Kakapo, Kaki, Chat ham Islands Black

Robin, Takahe), is suffering escalating threats to its biodiversity with increasing pressures

on the resources of the land and sea (DOC/MFE, 2000; McGuinness, 2001). Even

formally protected areas are at risk of loss of biodiversity. Large-scale factors, such as a

changing climate, alter the composition of plant and invertebrate communities,

particularly alpine systems (Korner, 2003; Halloy and Mark, 2003; Fitzharris, 2004;

Bannister et al., 2005), which may alter nutrient cycling and other soil processes and

ultimately cause malfunctions in the ecosystem (For discussion, see Hooper et al., 2005).

Soil fauna are particularly integral in soil and ecosystem processes and function; basic

knowledge of invertebrates is fundamental for understanding and predicting ecosystem

changes in the alpine environment and forecasting ecosystem collapses.

The conservation of New Zealand native invertebrate fauna, and thus New Zealand

ecosystems, may hinge on the ability of scientists to identify issues of importance to

biological conservation so that resource managers are equipped to make informed

conservation management decisions (Roberts, 1988; Vane- Wright et al., 1991; Shafer,

1995; New. 1995; Kerr, 1997). This will. at least, require basic information on

invertebrates from a spectrum of ecosystems across New Zealand. Baseline surveys are

the first step in enabling scientists to propose these questions. As the conservation of

indigenous biodiversity is now considered an integral part of natural resource
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management (Westman, 1990; Probst and Crow, 1991; Burton et al. 1992; McCarthy et

al., 2006) and with inarguably deficient knowledge of invertebrate fauna, the need for the

dissemination of baseline information on invertebrate and native invertebrate systems is

imperative.

Periglacial patterned ground represents a umque habitat in the mountains of New

Zealand, and is particularly conspicuous on the mountains of Central Otago. Historical

pastoral practices have had a range of impact on these habitats, creating a gradient of

vegetation modification (McGlone et al., 1995). The vegetation of these micro

topographical landforms has been documented throughout much of their range (e.g.

Billings and Mark, 1961; Mark and Bliss, 1970; Chapter 4); however, no formal survey

has ever been done of the invertebrates in patterned ground, and little is known of the soil

fauna in any part of the Central Otago high mountains. This chapter aims to survey the

invertebrate fauna of the patterned ground, with respect to a gradient of ecosystem

modification, and to develop a baseline for future research of the invertebrate

communities in Central Otago alpine communities. The results of this chapter are

presented with reviews of the current knowledge of the key invertebrate groups found in

this study. While some data in this chapter are presented quantitatively, an in-depth

analysis of the line-scale distribution of invertebrates is presented in Chapter 6.

136



Chapter 5. Invertebrates in patt erned ground

5.2 METHODS

5.2.1 SITES

Three study sites were located on the summit ridge of the Old Man Range (hummock

site: 45°20'23.8"S, 169°12'25.6"E, c. 1640m a.s.l. ; stripe site: 45°20'30A"S,

169°11 '55.0"E, c. 1590m a.s.l.; terrace site 45°22'31.0"S, 169°12'24.2"E c. 1620m a.s.l.)

in the Kopuwai Reserve , Central atago; South Island, New Zealand (Figure 5.1).

Detailed site descriptions are given by Mark (1994) for the hummocks and stripes and

Billings and Mark (1961) for the solifluction terrace . The sites were located at

approximately the same locations described by Mark (1994) for the hummocks and

stripes and Billings and Mark (1961) for the solifluction terrace .

N

-L,
Figure 5.1. Regional map of Otago , South Island , New Zealand, with notabl e mountain ranges
identified.
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Categories of microtopography (microsites) were assigned to each landform based on

Mark and Bliss (1970) . The solifluction terrace was divided into the following

microsites: upper slope ofthe terrace (zone 1), terraceface (zone 2), immediate lee ofthe

terrace (zone 3), mid lee of the terrace (zone 4), far lee of the terrace (zone S), and

beyond most lee effects (zone 6; Figure S.2A). The hummocks and stripes were divided

into the following microsites: crest, side andfurrow (Figure S.2B). See Appendix A for a

complete description of the methods of delineating microsites.

A

Zone1

B

Crest

~Furrow

a.5m

Figure 5.2. Profiles of solifluction terrace (A), and hummock and stripe (B) formations, showing
microsites.

The studied solifluction terraces ranged in height from 0.7 to lAm. They were situated

on a northeast facing slope from 20° to 30°. In this region, solifluction terraces tend to

occupy leeward (north to northeast) aspect slopes over T where they are locally common

(Mark and Bliss, 1970; personal observation, 2001) . The solifluction terrace is an active

feature, with the upper slope moving 3.6mm per year (Mark, 1994). Downslope mass

movement of the terrace is likely to be limited to spring when soils are supersaturated,

resulting in localised periodic collapse of the terrace face and burial of near-surface soil

layers at the foot of the face (Mark, 1994). In the lee of the terrace, soils are dark and rich

in organic matter , especially in the immediate lee of the terrace . Below the terrace, the A

horizon varies between 2 and 12cm depth . The B horizon, slightly lighter in colour, has a

similar range in thickness. On the upper slopes of the terrace, soils resemble the C

horizon from below the terrace . The upper slope of the terrace has numerous fragments

of schist, especially as surface pavement. Rocks below the terrace are less orderly and

typically under the surface.
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The hummocks and stripes are composed of a line-textured sandy A and B horizon

situated over a nearly horizontal coarse rocky C horizon. Depth of the A and B horizons

at the study site ranges from 2 to 30cm (Mark, 1994). Soils are formed from Quaternary

loess deposits (Molloy and Blakemore, 1974). Fragments of unweathered schist are

found throughout the soil profile, and are frequently concentrated in the furrows where

the stone (>2mm fraction) content exceeds 20% of the soil (Mark, 1994). Bulk density

generally increases with depth and is slightly higher in the furrows (Mark, 1994). The

soil surface is rich in organic matter, higher at the crests (31.8%) than the adjacent

furrows (15.1 %; Mark, 1994). Hummocks and stripes in this area are generally between

15cm and 30cm in height and between 0.7m and 1.5m across (Mark, 1994). Stripes and

hummocks occupy an area of more than 1000ha above 1500m a.s.l., mostly on the

windward side of the main ridge (see Cbapter 3). Crests freeze more readily than furrows

over winter (Mark 1994; Chapter 3), evidence for current soil activity.

The vegetation of the patterned ground is closely related to changes in the topography

(Mark and Bliss, 1970; Chapter 4). Exposed microsites are typically dominated by the

epacrid cushion shrub, Dracophyllum muscoides and the cushion herb, Raoulia hectorii.

In less exposed sites, herbfield species, such as Celmisia viscosa, and lichens such as

Cetraria islandica ssp. antarctica, dominate. The lee of the terrace is occupied snow bank

species such as Celmisia prorepens, Brachyscome sinclairii, Celmisia haastii and

Psychrophila obtusa, as well as the snow tussock, Chionochloa macra (Mark and Bliss,

1970; Chapter 4). Lichens form an important component of all microsites, particularly

more exposed areas (Chapter 4). The plant composition of the Old Man Range has been

severely transformed by the pastoral practices such as burning and grazing (McGlone et

al., 1995; McGlone et al.. 1997). Remnant tussocks along the main ridge line and more

complete tussock cover on the neighbouring Garvie Mountains are suggestive of greater

tussock cover on the Old Man Range previous to pastoral burning (AIan Mark, personal

communication 2001).

The climate of the alpine environment of the Old Man Range is characterised by a low

annual temperature range, a low (c. 2'C) annual mean temperature and frequent freeze

thaw cycles year-round (Mark and Bliss, 1970; Chapter 2). Data from c. 1600m a.s.l. on

the Old Man Range suggest virtually half the days of the year fluctuate across the

freezing point, while nearly another third of the days never thaw (Mark and Bliss, 1970).

The longest consecutive period without frost is typically from 8 to 13 days (Mark and
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Bliss, 1970). Even during the warmest month, freezing occurs on 40% of the nights

(Mark and Bliss, 1970) and the soil annually freezes up to 60 cm in depth in winter

(Mark, 1994). Although freezing is a pervasive element of the Old Man Range alpine

zone, Chapters 2 and 3 showed that microclimates (including time and frequency of

freezing) vary considerably at the fine-scale and ameliorated microhabitats exist in the

patterned ground terrain.

5.2.2 SAMPLING

To estimate density of invertebrates, 66 soil cores were taken (Leinaas, 1978; Edwards,

1991); three replicate cores were taken randomly from within each microsite at points

along 20m transects at each site. To detect seasonal population and spatial variation,

sampling was conducted in two seasons: autnmn (before substantial freezing of the soil)

and winter (when maximum freezing of the soil was likely). Soil cores were taken using

a 58mm diameter diamond toothed drill corer (Boart Longyear Ltd., Auckland) on the

first sampling date; however, this corer performed unsatisfactorily in frozen-soil

conditions and subsequently a 100mm diameter hinged slide hammer corer was used

(Leinaas, 1978; Meyer, 1996; Figure 5.3). All cores were taken from between 10:00 to

15:00 hours, as some invertebrates have daily migrations (Fox and Stroud, 1986;

Bremner, 1988). After extraction of the soil core from the ground, cores were

immediately sectioned at the field site into divisions at lcm intervals to a depth of 15cm,

and at 5cm intervals thereafter (Figure 5.4). Soils were sectioned on a stainless steel tray

using serrated knives and masonry chisels, beginning with the plant material and organic

layer (Figure 5.5). All divisions were immediately sealed into individual paper bags.

Trays were wiped clean with 70% alcohol and allowed to dry between each core. In the

field, the samples were stored in insulated containers before being transported to cold

stores at AgReseareh, Invermay Agricultural Centre, Mosgiel. Cores of the snowpack

above the samples were also taken and sealed into plastic bags. Samples were stored at

4'C for fewer than seven days before being put through the extraction process (Leinaas,

1978).
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Figure 5.3. Slide hinged hammer corer. Photo shows technique for hammering corer into frozen
soil,

Plant materiallayer-------,

Oem (O-Ah boundary)

Dark brown sandy loam
(Asoil horizon)

Lightbrown sandy loam
(B soil horizon)

---15em

"---30em

Figure 5.4. Diagram ofa soil core, showing the divisions. From 0 cm (O-Ah interface) to 15 cm,
fractions were 1 cm thick. From l5 cm onwards, fractions were 5 cm thick.
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Figure 5.5. Soil cores were divided in the field on steel trays and bagged separately.

5.2.3 EXTRACTION

Invertebrates were extracted from core slices by inverting each slice and placing in small

modified Tullgren funnels (Figure 5.6A) for a period of 96 hours (Tullgren. 1918,

Haarlov, 1947, Maefadyen, 1955; Edwards, 1991). A subset of the samples was

examined every 12 hours for 168 hours; c. 99% the extractable invertebrates were

collected in the first ninety-six hours. Squares of steel 2.5mm mesh measuring 75mm on

a side were placed in funnels leaving gaps up to l Omm between the mesh and the funnel

to allow larger specimens downward passage. The funnels had a larger diameter than the

soil samples to prevent condensation on the funnel walls (Haarlov, 1947). Whitford

dispersion (Whitford Pty. Ltd., Singapore) was applied to the rim of each funnel to

prevent invertebrates from climbing out of the funnel. Funnels were placed in bottom

ventilated fibre-board chambers (730mm x 700mm x 580mm) with four 40 watt

incandescent light bulbs (Figure 5.6B). Invertebrates, moving downward along a

temperature/moisture gradient were collected in plastic cups containing 70% ethanol, 1%

glycerine (Figure 5.6A). After the extraction of the soil samples, the extracted material

was washed through 250flm gauze to remove fine partieulate matter and then stored in

70% ethanol in sealed plastic vials at 4'C. Melted snow samples were also filtered
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through 250llm gauze and stored in 70% ethanol in sealed plastic vials at 4T. Samples

were initially sorted by the author under a low power binocular microscope (Nikon SMZ

2T, Japan). When possible, morpho-taxa were sent to specialists for further

identification. The authorities for described species from the site are given in Appendix

C.
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A 1

2

3

4

5

7

Figure 5.6. (A) Diagram showing the Tulgren funnel design 1. Whitford Dispersion no. 29,
"Fluon" (Whitford Pty Ltd. Singapore) applied to rim of funnel to prevent invertebrates from
climbing out of the funnel 2. Sample inverted 3. Steel wire mesh (2.5mm gauge) cut into a square
to allow gaps «lOmm) along the edge for larger specimens 4. Plastic funnel 5.70% ethanol and
1%) glycerine solution in cup 6. Direction of invertebrate movement 7. Heat, moisture and light
gradient. (B) Photo of samples in the chamber.
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5.3 RESULTS AND DISCUSSION

5.3.1 FAUNISTlCS

In total. 20.494 invertebrates were collected from 0.17m3 of soil. The invertebrates

represented four Phyla (Annelida, Arthropoda, Mollusca, and Nematoda), 12 Classes

(Oligochaeta, Arachnida, Chilopoda, Collembola, Crustaceae, Insecta, Pauropoda,

Protura, Symphyla, Gastropoda, Adenophorea, and Secernentea), and 23 Orders (sec

Appendix C). In total, 295 recognisable taxonomic units or morpho-taxa were identified,

though this number would have been higher if all taxa had been identified to species

level. Only 21 morpho-taxa were identified as described species (Appendix C). Four

morpho-taxa iIrenimus sp.1, Baeosomus sp. 4, Nestrius sp. 1, Stylommataphora sp. 1)

were matched to morpho-taxa in other collections. Sminthurus viridis (Symphypleona)

Aptinothrips stylifer (Thysanoptera) were the only taxa collected that are known to be

exotic to New Zealand (Appendix C).

MORPHO-TAXA

Acari (including: Mcsostigmata, Oribatida, Prostigmata, Astigmata; 135 morpho-taxa)

and Coleoptera (61 rnorpho-taxa), together comprised 63% of the total number of

morpho-taxa. Seven Orders, including Stylommatophora (Gastropoda), Amphipoda,

Isopoda (Crustaceae), Cephalostigmata (Symphyla), Pseudoscorpiones (Arachnida),

Hymenoptera and Neuroptera (Insecta) were represented by a single morpho-taxon

(Appendix C).

At the hummock and stripe sites, Acari accounted for over 38% of the morpho-taxa on

both sampling occasions (Figure 5.7). Mesostigmata (20.0% and 18.6%, respectively)

was the most morpho-taxa rich group in autumn; Oribatida (21.7% and 20.9%,

respectively) was the most rnorpho-taxa rich group in winter (Figure 5.7). At the terrace

site, Mesostigmata, Oribatida, Prostigmata and Coleoptera each contributed between 12%

and 19% of the morpho-taxa (Figure 5.7). Coleoptera contributed less than 10% in

autumn and more than 12% in winter at the stripe and hummock site (Figure 5.7). In all

cases, Acari and Collembola accounted for more than 50% of the number of morpho-taxa

(Figure 5.7). The proportion of Coleoptera morpho-taxa relative to other groups was

higher in winter than in autumn (Figure 5.7)
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In total, microsites had between 72 and 119 morpho-taxa represented (Table 5.1). The

greatest total number of morpho-taxa collected was in the lee of the terrace. As the

sampling volume was different between seasons, direct comparisons of morpho-taxa

numbers between seasons are difficult; however, it is interesting to note that at each

rnicrosite of the stripe site the number of morpha-taxa collected in autumn was greater

than in winter, despite sampling only a third of the soil volume. The greatest number of

rnorpho-taxa collected in a single season was in winter at terrace zone 3. Between 3 and

17% of the morpho-taxa found in each microsite were unique to that microsite. Site

specific morpho-taxa numbers were highest in zone 4 and lowest in exposed crest and

zone 1 microsites (Table 5.1)

DENSITY OF INVERTEBRATES

Table 5.1 shows densities of invertebrates for each microsite in autumn and winter.

Invertebrate density for microsites ranged between 23,800 and 243,000 m" (Table 5.1);

there was considerable variation between seasons and microsites (Table 5.1). With

10,720 specimens and an overall density of 21,727 (± 19,349 s.e.) m", Hemiptera was the

most abundant group; however, a single sample was composed of over 10,000

Pseudococcidae. Arthropleona (Collembola), Oribatida, Prostigmata and Mesostigmata

were also abundant (Table 5.2).

Collembola and Acari accounted for more than 80% of the specimens collected, except in

the winter samples tram the terrace site, where Hemiptera accounted for over 80% of the

specimens collected (Figure 5.8). Among Acari, Oribatida accounted for the greatest

proportion of specimens in each season and at each site (Figure 5.8).

VERTICAL DISTRIBUTION OF INVERTEBRATES

Invertebrates were overwhelmingly found in the plant material and the uppermost layers

of soil (Figure 5.9). Ovcr 95% of the invertebrates were found in the plant material and

first lOcm of soil, and no specimens were found in the snow column. The terrace site had

the highest proportion of specimens in the plant material, while the stripe site had the

lowest proportion (Figure 5.9). A greater proportional abundance of invertebrates at the

hummock and terrace sites was in the plant material in winter than autumn. The stripe

site showed minimal changes in the proportion of invertebrates in the plant material
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between autumn and winter; however, there were slightly lower proportions of specimens

at 1cm and 2cm, and greater proportions of specimens at 3 to 5cm in winter (Figure 5.9).

Table 5.1. Numbers of morpho-taxa and microsite-specific morpho-taxa and mean densities (±
one standard error) of invertebrates from autumn and winter samples from micro sites.

Microsite-
Morpho-taxa specific Density of invertebrates (thousands mo2)

rnorpho-
Autumn Winter Total taxa Autumn Winter Combined

crest 57 68 91 5 41.0±17.2 48.2±13.2 44.6±9.4

Hummock side 36 75 82 7 27.3±7.0 46.9±13.4 37.2±8.1

furrow 42 68 88 5 33.8±10.4 202±6.4 27.0±6.3

crest 63 26 72 2 75.1±19.4 8.1±3.3 41.6±17.4

Stripe side 71 46 94 15 89.7±30.1 11.1±51 50.4±222

furrow 58 48 86 10 39.9±1.1 7.8±3.2 23.8±7.3

zone 1 49 49 73 7 43.1±16.5 21.8±10.7 32.5±100

zone 3 61 93 119 10 36.1±88 26.0±8.3 310±5.8

Terrace zone 4 52 82 108 18 42.6±9.6 14.4±3.8 28.5±7.8

zone 5 65 80 116 15 127±89.6 14.0±4.6 70.3±47.4

zone 6 62 74 103 14 33.7±149 452±437 243±218

Tolal 194 242 295 53.6±9.3 61.0±39.7 57.3±202
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Table 5.2. Taxonomic groups of invertebrates. number of specimens, number of morpho-taxa. and
mean densities (specimens m-2 ± s.e.) of invertebrates from autumn and winter samples from
hummock stripe and terrace site. t Methods of extraction were inadequate for nematodes, thus
only presence is reported: X = present in samples.

Taxon no. morpho-laxa hummock stripe terrace

Phylum Nematodat

unknown 5 2 X X

Class Adenophorea

Dorylaimida 93 8 X X X

Mermithida 2 1 X

Plectida 2 2 X

Class Secernentea

Tylenchida 32 4 X X X

Phylum Annelida

Class Oligochaetae

Haplolaxida 311 6 527± 164 2111 ± 1579 1445 ± 472

Phylum Mollusca

Class Gastropoda

Stylommatophora 2 2 0 21.0 ± 210 4.2 ± 4.2

Phylum Arthropoda

Class Crustacea

Amphipoda 6 0 7.1 ± 7,1 21.0 ± 174
Isopoda 3 0 0 12.7 ± 9.4

Class Chilopoda

Scolopendromorpha 26 49.1 ± 29.1 7.1 ± 7.1 118±43.5
Class Pauropoda

Tetramerocerata 28 4 0 7.1 ± 7,1 131 ± 612

Class Symphyla

Cephalostigmala 78 14.1 ± 9.7 266± 209 347 ± 95.6
Class Arachnida

unknown Acari 10 1 0 210± 210 0
Astigmala 147 2 719± 216 21.0 ± 21.0 339± 189
Mesostigmata 1534 39 5133±1107 6451 ± 1747 6426 ± 1365

Oribatida 2660 43 10,267 ± 2313 8137 ± 2114 9356 ± 3937
Prosligmata 733 44 2476 ± 531 3017 ± 725 3053 ± 1045
Araneae 29 17 35.2 ± 224 190± 77.3 80.2 ± 31.8
Pseudoscorpiones 2 1 0 0 8.4± 8.4

Class Protura

Protura 54 4 774 ± 38.6 21.0 ± 21.0 279 ± 81.4

ClassCollembola

Arthropleona 3571 16 11,831 ± 1918 15,534 ± 3851 12,810 ± 3916
Symphypleona 17 2 493 ± 23.2 0 92.8 ± 43.2
Class Insecta

Coleoptera 202 57(16IaNa) 240± 52.3 386± 102 1067 ± 252
Diptera 90 11(9IaNa) 310± 664 302±113 224 ± 560
Hemiptera 10720 14 3342> 1201 2321 ± 1344 44,402 ± 42,573
Hymenoptera 1 1 0 0 12.6 ± 12,6

Lepidoptera 15 4 (4IaNa) 424 ± 25.2 77.6 ± 386 0
Neuroptera 1 1 0 21.0 ± 21.0 0
Thysanoptera 120 6 (2IaNa) 620± 321 112±65.2 279± 166

TOTAL 20494 295 36,377 ± 4733 38,605 ± 9518 81,138 ± 44,103
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5.3.2 MORPHO-TAXA RECORDS AND TAXA REVIEW

PHYLUM NEM4TODA

Class Adenophorea, Order Dorylaimida

A total 93 Dorylaimida were collected (Appendix C). Dorylaimida were common to

lOcm at each site; 87% were collected in autumn.

Dorylaimida is an abundant and ubiquitous group of soil nematodes in New Zealand, and

one of the most common nematode groups in Central Otago high-country tussock

grasslands (Yeates, 1974; Yeates and Lee, 1997; Bell et al., 2005). Yeates and Lee

(1997) and Bell et ai. (2005) both report densities of individuals of Dorylaimida on

Mount Benger (l170m a.s.l.; 45'35'06.12"S 169'15'38.4"E) reaching over I x 10' m"

(see Mount Benger on Figure 5.1). Dorylaimida (i.e. Falcihasta palustrisi contribute up

to 39% of the total abundance of nematodes on the Obelisk (Old Man) Range (Yeates,

1974).

Important in soil food webs and nutrient cycling, Dorylaimida are small «lOmm)

nematodes, which occupy several trophic feeding groups, including plant-parasites,

omnivores and predators (Yeates, 1998). Of the genera represented in the current study,

Oxydirus, Falcihasta, Aporcelaimus, Aporcelaimellus, Pungentus and Eudorylaimus are

omnivores; the mouthparts suggest a range of food sources could be ingested (Nigel L.

Bell, personal communication 2005). Iotonchus and Clarkus are primarily predators as

adults (Yeates and Wardle, 1996); however, the juvenile stages of some monochids are

bacterial-feeders (Nigel L. Bell, personal communication 2005). Iotonchus and Clarkus

are widespread in tussock grass lands (e.g. Yeates, 1974; Yeates and Lee, 1997; Bell et

ai., 2005), although they are absent from some drier sites (Yeates, 1974), and Clarkus are

reduced in the first 30 months following fire (Yeates and Lee, 1997). Dorylaimida are

frequently sensitive to habitat (e.g. Yeates and Saggar, 1998; Yeates, 1996),

environmental disturbance (e.g. Thomas, 1978; Sohlenius and Wasilewska, 1984; Yeates

and Lee, 1997) or pollution (e.g. Zullini and Peretti, 1986; Steiner, 1995). Thus,

Dorylaimida, particularly the relatively large monochid predators and long-lived (i.e.

months) omnivores, have received considerable attention as indicators of soil conditions

and management history (Yeates and Wardle, 1996; Bangers, 1990; Yeates, 1994; Yeates

and King, 1997; Bangers and Ferris, 1999; Yeates and Bangers, 1999).
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Class Adenophorea, Order Mermithida

Two specimens in the Mennithidae were found in the soil at the hummock site.

Mennithidae are large (50-150mm) obligate parasitic nematodes of arthropods

(entomopathogens), chiefly insects, as well as spiders, pseudoscorpions, crustaceans,

earthworms, leeches, and molluscs (Poinar, 1983). They are typically specific to a single

species or to one or two families.

Class Adenophorea, Order Plectida

A single specimen of Plectidae sp. and Fleetus sp, (Plectidae) were found in the plant

material in the lee of the terrace in autumn.

Plectidae are small «2mm) nematodes that feed on bacteria through a hollow tubular

stoma (or mouth). They are abundant in the soil and important in the decomposition of

organic matter. Plectus are abundant in tussock grasslands systems in Central Otago

(Bell et 01., 2005). For example, Yeates (1974) found that 3% of nematodes under

Chionoehloa macra and cushionfield vegetation at 1500m a.s.l. on the Obelisk (Old Man)

Range were Plectus. Vegetation, soil properties and disturbance, such as fire, have been

shown to be some of the most important factors to the density of Plectus in tussock

grass lands (Yeates, 1974; Yeates, 1996; Yeates and Lee, 1997; Yeates and Saggar, 1998;

Bell et al., 2005).

Class Secernentea. Order Tylenchida

Thirty-five Tylenchida specimens were collected in mineral soil, 34 of which were

collected in autumn. Genera represented included: Helicotylenchus (Holplolaimidae),

Criconema (Criconematidae) and Hemicycliophora (Hemicycliophoridae).

Tylenchida is a group of ectoparasitic nematodes found commonly in the soil.

Ectoparasitic nematodes use an oral stylet to puncture the cell wall of living tissue and

inject enzymes to partially digest the cell contents. Tylenchida generally feed on some

combination of plant roots, fungi and moss, depending on the species (Ounn and Crow,

2001). They typically feed at or near the root tip or root hairs. Although plant-feeding

Tylcnchida can cause plant damage and are associated with crop failures and yield

reduction (Scott, 1984), few species are known to cause severe injury to the plant host

(Dunn and Crow, 2001).
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Tylenchida is likely to be the most abundant Order of invertebrates in tussock grassland

soils in New Zealand, with numbers reaching 9 x IO'm·2 (Yeates and Lee, 1997; Yeates

and Saggar, 1998; McIntosh et al., 1999, Bell et al., 2005). Helicotylenchus generally

have wide host ranges and are found in abundance in both natural and modified habitats

(Yeates, 1974; Yeates and Wouts, 1992; Wouts and Yeates, 1994). Yeates and Lee,

(1997) found Helicotylenchus to respond positively to fire in the first 30 months in

tussock grasslands. Criconema in New Zealand are found in undisturbed native forest

and tussock grassland and arc generally absent from or uncommon in exotic pastures

(Yeates, 1974; Yeates, 1991). Thus, the presence of both Criconema and Helicotylenchus

are good indicators of native grassland habitats (Yeates and Lee, 1997; Yeates and

Saggar, 1998; Bell et al., 2005). In unbumed tussock on Mount Benger, the density of

Helicotylenchus reaches over 1.8 x 1a' m" and Criconema reach 36 x 105 m" (Bell et al.;

2005). Hemicycliophora is not a common genus in the soil and little is known about

them in New Zealand (Nigel L Bell, personal communication 2005). Hemicycliophora

has not been found at Mt. Benger and few records exist in Central Otago habitats (Bell et

al., 2005). Hemicycliophora extract poorly by most methods, which may contribute to

the low recovery ratc of this genus (Nigel L Bell, personal communication 2005).

PHYLUt,t ANNELtDA

Class Oligochaeta. Order Haplotaxida

In total, 311 Haplotaxida (=Annelid) were collected, of which, 264 were microdriles (in

this thesis classed in the Suborder Tubificina) and 47 megadriles (in this thesis classed in

the Suborder Lumbricina). Abundant in both seasons and at every site, Haplotaxida had a

density of 1359 (±480 s.e.) m", Tubificina were particularly abundant in the lee of the

terrace, even in winter, while, Lumbricina were absent. In addition, Lumbricina were

largely (>90%) limited to the plant material and the upper 3cm of soil, whereas Tubficina

were most abundant in mineral soil (Figure 5.10). The proportion of Lumbricina and

Tubificina in the plant material and uppermost layer of soil was greater in winter than in

autumn (Figure 5.10).
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In many ecosystems, Oligochaeta are among the most important decomposers in

terrestrial ecosystems in terms of soil formation, structure and fertility, including some

alpine environments (Edwards, 2004; Seeher et al., 2005). In New Zealand, most native

earthworms inhabit forest and grassland habitats that retain undisturbed soil and native

vegetation (Minor, 2006), Species of earthW01111 frequently inhabit specific habitats or

zones of the soil environment: litter, subsurface or deep soil (Minor, 2006). Neodrilus,

found in the eastem areas of the South Island, is known mostly from native forest litter

(Lee, 1959). Tubificina are typically found in highly organic environments. Overall

density of Oligochaetae was higher in this study than reported from Mt Benger or Deep

Stream (Table 5.3), though that is likely to be partially a result of the difference in depth
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sampled. However, the density of Haplotaxida in tall tussock grassland ranges from only

a few individuals per square metre to more than 30,000 m", and densities fluctuate

widely from year to year and within sites (Yeates and Lee, 1997: Barratt et al., 2005).

PHYLUM MOLLUSCA

Class Gastropoda, Order Stylommatophora

Two specimens of an undescribed Punctidae were collected. One specimen was found on

a crest at the stripe site in the plant material of a sample dominated by Raoulia hectorii

and Poa colensoi. The other specimen was found in zone 5 of the terrace in the plant

material of a sample dominated by Celmisia viscosa. This undescribed morpho-taxon of

Punctidac is a ground-dwelling detritivorc common throughout southern areas of New

Zealand (Gary Barker, personal communication 2005),

Punctidae is one of the most speciose families of terrestrial mollusc in New Zealand

(Solem et al., 1981): however, fix most of the snails in New Zealand, knowledge on the

biology and habitat requirements is imperfect (Gary Barker, personal communication

2005). In tussock grasslands in Central Otago, snails are common but never abundant

(e.g. Barratt et al., 2005).

PHYLUM ARTHROPODA

Class Crustacea, Order Amphipoda

Three specimens of Panorchestia tenuis were found in the lee of the terrace in the winter

sampling: two specimens were in the plant material in zone 6 and one was at 3cm depth

in zone 3. Panorchestia tenuis is one of the most common and widespread landhoppers

in New Zealand, occurring in most habitats from sea-level to over 2000m a.s.!. (Duncan,

1994).

The Talitridae (landhoppers) are the only family of fully-terrestrial amphipods in New

Zealand. They are common detritivores of forests, scrubland, and grasslands.

Susceptible to desiccation, Talitridae are restricted to moist environments, found under

rocks and logs, in litter, and in moss. Talitridae often inhabit burrows in the soil and are

typically only active at night (Duncan, 1969). There are some indications that they may

be more active in moist conditions and that small scale distribution patterns may be

related to the variation in amount of water present (Duncan, 1969). Ferguson et af.
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(2005) identify Talitridae as one of the groups of invertebrates most adversely affected by

tire. Some species of Talitridae are highly localised, restricted to specialised habitats,

while others are widespread (Kelvin Duncan, personal communication 2004).

Class Crustacea, Order lsopoda

Three specimens of Styloniscidae were found in the uppermost layers of soil in the lee of

the terrace in winter. Isopoda are common, but at a low density in tall tussock grassland

(e.g. Ferguson et al., 2005; Barratt et al., 2005). Terrestrial Isopoda (woodlice) are

typically found in moist habitats such as litter, soil, moss, rotting logs and under stones.

They feed on decaying and rotting plant material, fungi and plant matter.

Class Chilopoda, Order Scolopendromorpha

In total, 26 Henicopidae (Scolopendromorpha) specimens were collected (Table 5.2).

Although found widespread, 77% of the specimens were collected in zones 3, zone 4 or

zone 5.

Primarily found in litter and under rocks, Chilopoda are common in tussock grassland of

Central Otago and exceed 100 m" in Chionochloa rigida grasslands (Barratt et al., 2005),

though numbers may be reduced by tire (Ferguson et al., 2005). Henicopidae are active,

fast moving predators typically less than 15mm long (Hoffman, 1982). The legs of the

first segment of centipedes have been modified into maxilipeds, which appear as enlarged

claws. These claws possess a poison gland which is used to suppress prey, such as

Collembola, Acari, and other small invertebrates.

Class Pauropoda, Order Tetramerocerata

Representing four morpho-taxa, 28 Pauropoda were collected, predominantly in the

mineral soil in the lee of the terrace (Table 5.2). A single specimen of Stylopauropoides

sp. found at thc stripe site was the only specimen tram outside the terrace site. All four

morpho-taxa were new to science (Ulf Scheller, personal communication 2005).

The Pauropoda are soft, unpigmented myriapods with cylindrical bodies 0.5-5mm In

length. Diagnostically, Pauropoda have nine to eleven pairs of legs, branched antennae,

and lack eyes. Pauropoda feed on fungal hyphae, well-decayed plant tissue, and bodies

of dead animals. They are generally found in moist areas under rocks, logs, in litter and

in the soil (Hagvar, 1997). Pauropoda are common in alpine environments worldwide
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(Ulf Scheller, personal communication 2005). In New Zealand, Pauropoda are common

in a range of habitats, including beech and podocarp forests (McColl, 1974) and tussock

grass1ands (Ferguson et al., 2005; Barratt et al., 2005). Pauropoda appear to respond

positively in the third and fourth years following fire in tussock grassland (Ferguson et

al., 2005). The diversity and biology of New Zealand Pauropoda is largely unknown (Ulf

Scheller, personal communication 2005).

Class Symphyla, Order Cephalostigmata

Symphyla had an average density of 234 (±72.7 s.e.) m" (Table 5.3). Of the total

specimens collected, 65% were from the terrace site in winter.

In New Zealand, Symphyla have been recorded from a range of habitats, including beecb

and podocarp forests (McColl, 1974) and tussock grasslands (Ferguson et al., 2005);

however the diversity and biology of New Zealand Symphyla is virtually unknown.

Symphyla are active myriapods, generally less than l Smm long. The Syrnphyla body is

divided into two tagmata, a head and a segmented trunk, and possess ten to eleven pairs

of legs. Highly active, Symphyla generally inhabit moist areas under stones, logs, in the

soil or ground litter, and in moss (Hagvar, 1997); they feed on dead and decaying plant

material, microflora, root hairs and rootlets, dead or dying nematodes and arthropods

(Michelbacher, 1949; Waiter et al. 1989).

Class Arachnida, Order Astigmata

Astigmata was composed of two morpho-taxa of Acarus sp. Acarus sp. were most

abundant near the surface; however they were found patchily throughout the soil to 25cm

depth. Astigmata abundance was higher in this study than on Mount Benger (Barratt et

al., 2006), but contributed a similar proportion to the overall Acari abundance (Table

5.3).

Acarus are saprophagous and fungivores. Astigrnata commonly inhabit litter, organic

matter and animal nests, or wherever fungi are abundant (Woodroffe, 1953; Evans, 1992;

Marshall et al., 2003). Astigmata are common in stored grain and foods, and cold stores

where they can multiply rapidly and become serious pests (Scott, 1984; Evans, 1992;

personal observation, 2001).
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Class Arachnida, Order Mesostigmata

In total, 1534 Mesostigmata specimens were collected representing 39 morpho-taxa

(Table 5.2). Although the highest proportions of Mesostigmata were typically in the

plant material, up to 84% were in the soil (Figure 5.11). Parasitina sp.l and ef.

Uropodina sp.2 were the most abundant Mesostigmata with 493 and 213 specimens,

respectively. In abundance, Mesostigmata represented 30% of the Acari collected, and

was typically the second most abundant group of Acari (Table 5.2; Figure 5.9).

Relative to Oribatida, there are few studies on free-living Mesostigmata in alpine

environments (see ling et al., 2005), particularly in New Zealand. On Mount Benger, the

density of Mesostigmata has been measured at 3058 m", and make up about 24% of the

Acari (Barratt et al., 2006). Free-living Mesostigmata commonly inhabit mosses and

lichens or organic debris, such as litter, animal nests, decaying wood, humus, and soil

environments. Many are predators of small animals such as Collembola, Nematoda,

enchytraeids, Acari, and Protura; a few Mesostigmata members are microphytophagous

(Evans, 1992).
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Class Arachnida, Order Oribatida

In total, 2660 Oribatida specimens were collected representing 43 morpho-taxa (Table

5.2); overall density of Oribatida was 9272 (±1963 s.e.) m'. Oribatida represented 51%

of the Acari, the greatest abundance of any Acari group, comparable to 62% and 50%

reported from Mount Benger and Deep Stream, respectively (Table 5.3; Barratt et al.,

2006). Nearly half of the 2660 oribatid specimens collected in the current study were

Poronoticae sp.l and Oppioidea sp. More than 50% of Oribatida were found in the plant

material and the uppermost centimetre of soil; less than 6% were below 5cm (Figure

5.12).

Oribatida are well-sclerotized mites that most commonly inhabit mosses, litter or the

uppermost surface of the mineral soil where decaying vegetation and microflora

associated with its decay provide an abundant source of food (Evans, 1992). Oribatida

are most commonly phytophages or saprophages. feeding on dead higher plant material,

microbial plant and fungal matter, or both (Reutimann, 1987; Evans, 1992). Oribatida are

commonly the most abundant mites in the alpine environment (e.g. ling et al., 2005;

Barratt et al., 2006); as a result are amongst the key groups in alpine soil processes and

nutrient cycling, through promoting microbial infections on leaves, distributing microbial

spores and mobilising nutrients locked in organic matter (Reutimann, 1987). In New

Zealand forests and grasslands, mites are frequently the most abundant arthropod in the

soil and litter; among mites, Oribatida are typically the most abundant (Luxton, 1985).
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Class Arachnida, Order Prostigmata

In total, 733 Prostigmata specimens were collected, representing 43 morpho-taxa and

16% of the total mites collected (Table 5.2). Of the Prostigmata morpho-taxa only

Tydeidea spA, the most abundant morpho-taxon, had more than 50 specimens (165).

Raphignathus gracilis, Scutastigmaeus montanus and Enstigmaeus sp.l were found in

low numbers in less exposed microsites at the hummock and terrace sites. Stigmaeus

campbellensis was found in most microsites at the terrace site in winter. Prostigmata

were predominantly in the plant layer (Figure 5.13). On Mount Benger, Prostigmata

make up 14% of the mites and have a density of 1783 ± 1070 m" (Barratt et al., 2006).

Prostigmata commonly inhabit mosses, lichens or plant matter, as well as organic debris,

rotting logs, humus, and soil; they are frequently well-represented in alpine ecosystems

(Evans, 1992; Ruzicka and Zacharda, 1994; ling et al., 2005; Zacharda and Kucera,

2006). Prostigmata occupy a number of tropic feeding levels (Fan and Zhang, 2005). Of

the groups represented in this study, Tarsonemina, Stigmaeidae (Raphignathina) and

Penthalodidae (Eupodina) are phytophagous representatives; Tetranychidae

(Raphignathina) may be obligate plant-feeders; Endeostigmata, Tydeidae (Eupodina) and

Pygmephoridae (Tarsonemina) are predominantly fungivores; and Bdellidae and

Cunaxidae (Eupodina) are predators (Evans, 1992).
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Class Arachnida, Order Araneae

Of the 29 Araneae (spiders), 27 of the specimens were juveniles, which made

identification difficult. The most abundant group was Lycosidae, found in each site in

winter. Spiders were patchily distributed in microsites and had an overall density of 97.8

(±26.8 s.e.) m" (Table 5.3). They were found predominantly in the plant layer and the

uppermost layers of soil.

Spiders contribute to soil and litter community dynamics (Petersen and Luxton, 1982).

Many are selective of microhabitats based on the physical structure, and assemblages

reflect microhabitat preferences (e.g. Uetz, 1979; Bultman and Uetz, 1982; Topping and

Lovei, 1997; Derraik et al., 2003; Wagner et al., 2003; Pearce et al., 2004), and can be

used as indicators of habitat or conservation value (e.g. Willett, 2001; Scott et al., 2006).

In the New Zealand grassland and alpine environments, spiders, particularly in the

Lycosidae and Salticidae, are among the top invertebrate predators (Forster and Forster,

1999). In tall tussock on Mount Benger, spiders respond negatively to tire (Ferguson et

al., 2005). In Central Otago, groups represented in this study (e.g. Lycosidae,

Linyphiidae, Micropholcommatidae, Gnaphosidac, Salticidae and Agelenidae) commonly

construct silken tunnels, burrow refuges or inconspicuous webs, often under rock slabs

(personal observations); under-rock microhabitats are important for spiders overwinteriug

in the alpine environment (Sinclair et al., 200 I).

Class Arachnida, Order Pseudoscorpiones

Two immature Pseudoscorpiones specimens (Chernetidae) were found in a sample

dominated by Chionochloa macra and Celmisia prorepens in zone 3 in the winter

sampling,

Pseudoscorpiones are small predatory arachnids that occupy a wide range of terrestrial

habitats in Central Otago (Forster and Forster, 1999). On the Rock and Pillar Range,

Pseudoscorpiones are active in modified tussock grasslands (Rufaut, 2002) and mid

altitude shrubland (Olearia bullata; Dcrraik et al. 2001; Derraik et ul. 2003).

Pseudoscorpiones are a common component of Chionochloa rigida tussock grasslands,

although Pseudoscorpiones are the least abundant arachnid group (Table 5.2; Ferguson et

al., 2005; Barratt et al., 2005). Ferguson et al. (2005) found Pseudoscorpiones

abundance in tussock grasslands of Central Otago is lowered by tire for at least four years

following burns. Pseudoscorpioncs primarily feed on Collembola and Acari (Johnson

165



Chapter 5. invertebrates ill patterned ground

and Wellington, 1980a; 1980b; Schlegel and Bauer, 1994; Forster and Forster, 1999),

seizing their prey with conspicuous pincer-like pedipalpi, where venom is exuded to

subdue the prey,

Class Protura, Order Protura

Fifty-four Protura representing four undescribed species of Eosentomon were found in the

soil (Andrzej Szeptycki, personal communication 2005), Protura were found up to 25cm,

though maximum abundances were between lcm and 7cm, and predominantly (67%) at

the terrace site in the winter. In winter, proportions of specimens in the plant material

and 1cm were lower than in autumn (Figure 5.14), Protura had an overall density of 40

(±23 s.e.) m".

Protura are small, typically unpigmented, softly sclerotised arthropods 0,5-2mm in length,

Lacking both antennae and eyes, Protura have modified forelegs which function as

sensory organs, Protura feed on fungi, predominantly mycorrhizae (Krauss and Funke,

1999) and are typically found in soil, leaf litter and decaying matter in a wide range of

habitats, Under certain conditions, Protura form dense aggregations, recorded at 9 x 10'

m" in sapling spruce (Picea abies) forest litter (Krauss and Funke, 1999), Protura occur

widely, though are infrequently recorded in alpine ecosystems (e.g. ling et al., 2005, but

see Rusek, 1993), In New Zealand, Protura are a common, sometimes abundant,

component of native forests (McColl, 1974; Tuxen, 1983), tussock grasslands (Tuxen,

1983; Ferguson et al., 2005; Barratt et al., 2005), and rarely in alpine tussock grass lands

(Tuxen, 1983), It is estimated less than 10% of the species in New Zealand are known

(Andrzej Szeptycki, personal communication 2005),
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Figure 5.14. Proportions ofProtura specimens with depth in (A) autumn and (B) winter.
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Class Collembola, Order Arthropleona

In total 3571 Arthropleona (Collembola) were collected, making it after Hemiptera tbe

most abundant Order (Table 5,2), More than 60% of Arthropleona were in the plant

material and uppermost centimetre of soil, althongh they were found to 25 cm depth

(Figure 5, IS), At the stripe and hummock site, the distribution of Collembola was largely

undifferentiated between seasons; however, a slight shift out of the plant material into the

soil was apparent at the terrace site (Figure 5,15),

Arthropleona, the largest Order of Collembola, are small «lOmm) primitive hexapods,

Common on every continent, Collembola are among the most abundant and ubiquitous

terrestrial arthropods worldwide; in cold regions, they are frequently the most abundant

hexapod, Collembola most commonly feed on fungal hyphae, decaying plant matter,

living vegetation, algae or pollen; few Collembola are predatory (Hopkin, 2002), Thus,

Collembola are critical to decomposition of organic matter, soil fertility, nutrient cycling

and an important food source for many predators in the alpine environment. Collembola

are sensitive to environmental changes, which has generated interest in their use as

biological indicators (Hopkin, 1997); numerous studies in arctic and alpine environments

have examined the possible consequences of climate change on Collembola composition

and abundance (e.g, Kennedy, 1994; Coulson et al, 1995; 1996; Hodkinson et al., 1998;

Coulson, 2000; Sjursen, 2005a; 2005b; Dollery et al. 2006), In general, densities of

Collembola range widely, and are commonly aggregated (Hopkin. 1997), On Mount

Benger, Yeates and Lee (1997) reported densities between 2490 and 3142 m", Barratt et

aI. (2005) recorded 7537 ± 3766m''-
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In the current study, SIX families of Arthopleona were represented (Isotomidae,

Entomobryidae, Neanuridae, Hypogastruridae, Onychiuridae, Odonetellidae).

Isotomidae, the most abundant family of Collembola, were found widespread throughout

the microsites and had an overall density of 6295 (±798 s.e.) m", Of Isotomidae,

Cryptopygus caeclls and C. antarcticus were the most common, with overall densities of

2535 (±357 s.e.) n'-' and 1662 (±335 s.e.) m", respectively. C. caecus, with a reduced

furca and lacking pigment, was typically found in the soil just below the surface. Most

members ofthe Isotomidae live in the soil and litter layers.

Entomobryidae were most abundant in the plant and litter layers, and were rarely found

more than 3cm below the surface. Acanthocyrtus sp. and cl'. Willowsia sp. were the most

common Entomobryidae, with average densities of 471 (±107 s.e.) m" and 801 (±289

s.e.) m", respectively. Entomobryidac had a density of 1524 (±340 s.e.) m".

Entomobryidae are fast moving and agile Collembola, occupying a range of habitats

(Hopkin, 2002). They have a large furca which enables them to leap many times their

own body length.

Neanuridae was represented by Friesea sp. and cf Vitronura sp.; Friesea sp. was

widespread at all three sites, with an average density of 1945 (±1208 s.e.) m-'. Friesea

sp. was sometimes found in large aggregations (c. 6.1 X 104 m") in the plant material and

upper few centimetres of soil. With only 43 specimens found in total, cf. Vitronura sp.

was less common; most specimens were found at the terrace site. Most members of the

Ncanuridae arc terrestrial, found in the soil, litter, and under bark and stones. Friesea are

frequently carnivorous (Hop kin, 1997).

Ceratophysella sp. (I-Iypogastruridac) was found in the plant material and upper few

centimetres of soil; most Ceratophysella were found at the terrace site. Hypogastruridae

are terrestrial, found in soil, under bark, in litter and are frequently found in conspicuous

aggregations or 'swarms' (Hagvar, 2000; Hopkin, 2002).

Onychiuridae, represented by Dinaphorura sp. and Tullbergia sp., were common in most

microsites, particularly between 1 and IOcm, and had an average density of 3283 (±50 1

s.e.) m". Members of the Onychiuridae are litter- and soil-dwelling Collembola, almost

always are lacking pigment, eyes and furca.

A single immature Odonetellidae specimen was found under Chionochloa macro in the

immediate lee of the terrace.
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Class Collembola, Order Symphypleona

Two morpho-taxa of Symphypleona were found at the sites: an unknown, presumably

native Sminthurinus (Katiannidae) and the exotic pest clover springtail, Sminthurus

viridis (Sminthuridae). In total, 13 Sminthurinus were found in a range of microsites,

though predominantly (70%) at the terrace site, Four Sminthurus viridis were collected,

Sminthurus viridis is probably the most economically important pest Collembola

worldwide, particularly in the Southern Hemisphere where it has been introduced

(Greenslade and Ireson, 1986), It feeds largely on low growing herbs and shrubs, and is

capable of decimating agricultural crops, particularly clover and lucerne (Bishop and

Barchia, 2003), The distributional limit of S. viridis in it native Scandinavia is roughly

defined by a climatic boundary that corresponds to areas experiencing temperatures

greater than IO'C for 100 consecutive days (Hopkin, 1997), During the study period,

there were never more than 14 consecutive days exceeding lOT, and less than 125 days

per year in total rising above IO'C (personal observations), suggesting S. viridis is a

vagrant to the study site, Springtails are often dispersed by the wind, which is suggested

to be an important dispersal mechanism (Farrow and Greenslade, 1992; Dunger et al.,

2002; but see Coulson et al. 2003),

Class Insecta, Order Coleoptera

In total, 202 Coleoptera specimens were collected, Total Coleoptera density was 750

(± 129 s.c.] m"; amongst microsites, the highest density of Coleoptera was in zone 3 in

autumn 3280 (±2144 s.e.) m'2 On Mount Benger, Coleptera density ranges from 270 to

370 m" making it one of the most abundant macro-invertebrate taxa in tussock grassland,

Curculionidae and Staphylinidae, with 66 and 86 specimens, respectively, were the most

abundant Coleoptera, while ten families (Anobiidae. Byrrhidae, Carabidae, Corticariidae,

Corylophidae, Cryptophagidae, Melandryidae, Scarabaeidae, Scydmaenidae, and

Ulodidae) were represented by four or fewer specimens,

Curculionidae (weevil) were represented by 18 morpho-taxa (see Appendix C), Twenty

six specimens of Baeosomus, the most abundant weevil genus, were present at each site,

They were predominantly in the least exposed microsites. Baeosomus is a genus of small

weevils «2mm) found only in New Zealand and Australia, Members of Baeosomus are

particularly prevalent in Otago grasslands (Murray et al., 2003), Baeosomus rugosus are

widespread through Otago and Southland in a range of native habitats and elevations
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(Barratt and Patrick, 1987; Murray et al., 2006). Baeosomus spA is widespread in

Central Otago in alpine tussock grasslands over 1000m a.s.1., found on the Umbrella

Mountains, Rough Ridge, Garvie Mountains and Old Man Range (Barbara Barratt,

personal communication 2005; Figure 5.1). Members of Baeosomus, formerly known as

Bryocatus, have long been considered to be host-specific to particular moss species

(Kushel, 1964; May, 1987); however, those associations have only recently been

examined (Murray cl al., 2006). Murray et al. (2006) found close associations between

Eve species of Baeosomus and particular species of moss; Baeosomus rugosus was

associated with the moss Tortula truncata, and B. cf crassipes, the most common weevil

species in the current study, was associated with the moss Polytrichumjuniperinum.

A single specimen of Peristoreus was found at the terrace site. This specimen was found

at lcm depth in a sample core dominated by Dracophyllum muscoides (60% cover).

Peristoreus is an endemic genus typically found in native habitats; many members arc

oIigophagous (host specific; May, 1993). Some species are limited to Dracophyllum

(Barratt et al., 1998); however, members of Peristoreus have been found on a wide

variety of plants including; Hoheria angustifolia (Sullivan Cl al., 1995), Olearia bullata

(Derraik et al., 2001), Celmisia verbascifolia, C. semicordata, (Mark et al., 1989), C.

hectorii, Kelleria sp. (Dickinson et al., 1998), Cassinia vauvilliersii, Oreobolus

pectinatus, Usnea sp., Polytrichum juniperinum (Barratt and Patrick, 1987), and

Meticago sativa (Barratt et aI., 1998).

The Tropiphorini (broad-nosed weevils) were represented by three lrenimus morpho-taxa,

including I. egens. Five of six specimens were found singly in the plant material in the

lee of the terrace in winter. A single Irenimus sp. 1 was found in autumn on the crest of a

hummock; Irenimus sp. 1 is also abundant on Mount Benger (Barbara Barratt, personal

communication 2005). Members of Irenimus are typically polyphagous (Bremner, 1988;

Barratt and Kuschel, 1996; Barratt et al., 1998), and the larvae are soil dwelling, feeding

particularly on the roots of Gramineae, such as Chionoehloa spp. Festuca spp. and Poa

spp. (May, 1993). There is also some evidence that some Irenimus shelter at the base of

tussocks in winter (Bremner, 1988; Barratt et al., 1998). Irenimus, an endemic genus,

forms a large component of tussock grassland invertebrate fauna (Barratt and Kuschel,

1996; Murray et al., 2003), as well as modified pastures in Otago (Barratt et al., 1998;

Syrett and Smith, 1998). Charaeteristic of grass lands and alpine communities, Irenimus

spp. have been recorded up to 1850m a.s.1. on the Garvie Mountains, 1860m a.s.1. in the
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Eyre Mountains (Mark et aI., 1989), and 1900m a.s.l, on The Remarkables (Patrick et al.,

1992). Irenimus egens is found in a variety of natural and modified habitats in Central

Otago and at least as far north as the Canterbury plains (Barratt et al., 1998). Ubiquitous,

1. egens has been observed above l300m a.s.l, on the Old Man Range and Old Woman

Range, as well as parts of the Ida Valley and in the upper Taieri River valley, where it can

be the most abundant weevil species (Barbara Barratt, personal eommunication 2005).

The Rhytirinini (Curculionidae) was represented by three morpho-taxa, all found at the

terrace site. Nestrius sp.l was found up to gem depth in zone 1 and zone 6; samples were

dominated by Dracophyllum muscoides (42-61 % cover). Samples containing Rhytirinini

sp.2 were dominated by Poa coIensoi (25% cover), while samples containing Rhytirinini

sp. 1 were dominated by Chionochloa macra (80% cover) and Celmisia prorepens cover

(14% cover). Nestrius sp. 1 has been found on several mountain ranges in Central Otago

up to 1500m a.s.l., particularly to the west and north of the Old Man Range (Murray et

al., 2003). Nestrius are commonly found in the litter and soil of native grasslands and

less frequently in cultivated areas over much of Otago (May, 1966; 1977; Barratt and

Pat rick, 1987; Murray et al., 2003). Although they do not appear to exhibit host

preference (Murray et al., 2006), Murray et al. (2003) suggest Nestrius may be sensitive

to soil disturbance and rely on the intactness of native vegetation. Nestrius, an endemic

genus, are flightless, nearly blind, and considered less active than other weevil species

(Barratt and Patrick, 1987).

These groups of Curculionidae recorded in the current study are diagnostic of Central

Otago indigenous tussock grasslands (Barratt and Patriek, 1987; Mark et al., 1989;

Patrick et al., 1992; Dickinson et al., 1998; Murray et al., 2003). The density of

Curculionidae was 300 (±63 s.e.) m" at the terrace site; densities of weevils reported on

Mount Benger ranged from ID to 142 ni' (Ferguson et 01.,2005). As adults, weevils are

exclusively phytophagous, feeding on plant foliage, stems and roots (Klimaszewski and

Watt, 1997); the larvae usually feed on plant tissue (May, 1987; 1993).

Staphylinidae (rove beetles), represented by 18 morpho-taxa, contributed 42% to total

Coleoptera abundance. Eighty-seven percent of Staphylinidae specimens were found at

the terrace site, where the average density was 565 (±241 s.e.) n,.2 In particular,

Aleocharinae and staphylinid larvae were predominantly at the terrace site. Overall

density of Staphylinidae was 291 (±114 s.e.) m"; densities reported from Mount Benger

range from 14 to 170 m" (Ferguson et al., 2005). The subfamilies and genera represented
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in this study are common to a wide range of habitats in Central Otago, and have a

remarkable local diversity (see Dickinson et al., 1998), Staphylinidae characteristically

have small narrow bodies, reduced elytra and t1exible abdomens, features that enable

them to successfully exploit an enormous variety of habitats inaccessible to other

Coleoptera (Klimaszewski et al., 1996), Occurring in virtually all terrestrial habitats,

Staphylinidae are typically epedaphic (surface-dwelling) predators, feeding on small

invertebrates including springtails, mites and nematodes (Klimaszewski et al., 1996),

A total of 11 Chrysomelidae (leaf beetles) specimens were found in the plant material,

Allocharis sp, were found in a sample dominated by Chionochloa macra (50%) and

Celmisia prorepens (45%), and Chaetocnema sp.l and Chaetocnema sp.Z were found in

samples dominated by Poa colensoi, Raoulia hectorii and Dracophyllum muscoides.

Allocharis and Chaetocnema are abundant in Central Otago to 1800m a.s.l, (e.g. Mark et

al., 1989; Partick et al., 1992; Dickinson et al., 1998), Most Chrysomelidae are

phytophagous, feeding on leaf material, while some feed on pollen and anthers; many

Chrysomelidae are oligophagous. Allocharis larvae usually feed on the leaves of

Celmisia spp, Galcrucinae (e.g, Chaetocnemai mine roots and leaves, though some feed

externally on foliage, fruits and flowers (Patrick et al., 1992; Klimaszewski and Watt,

1997),

Thirteen Coccinellidae (ladybirds) were collected from samples abundant with

springtails, mites and mealy bugs. Coccinellidae adults and larvae generally feed on soft

bodied insects and mites, especially aphids and mealy bugs (Klimaszewski and Watt,

1997). Members of the genus Diomus are commonly found in indigenous grass lands in

Central Otago (e.g. Otago Section of the Entomological Society, 1985; Dickinson et al.,

1998).

A single Carabidae (ground beetle), Oopterus pygmeatus, was found in a tussock

dominated sample in the lee of the terrace in winter. 0. pygmeatus are predatory and

measure less than 5mm in length. It occurs in montane to alpine habitats in tussock grass,

litter, moss, mat plants, and under stones (Larochelle and Lariviere, 2001). 0. pygmeatus

is distributed over the southern part of the South Island and Stewart Island (Patrick et al.,

1992; Dickinson et al., 1998; Larochelle and Lariviere, 2001). The type locality for 0.

pygmeatus is the Old Man Range (Larochelle and Lariviere, 200 I).
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Three Melanopthalma sp. (Latridiidae) were found deep (8-20cm) in the soil in winter.

Additionally, two adult Cryptophagidae were collected at 4 and 9cm depth in winter, and

three larvae were collected in the plant material and upper soil layers. Latridiidae

(mildew beetles) and Cryptophagidae (silken fungus beetles) are fungal feeders,

particularly of fungal spores, although Cryptophagidae commonly feed on hyphae and

conidia as well. They are typically associated with leaf litter, foliage, rotting logs, moss,

and bark.

Seven Elateridae (click beetles) larvae were collected between 1 and 8cm depth. Adults

occur in foliage of trees and shrubs, rotting logs, under bark, of dead trees, and on the

ground. Elaterid larvae are saprophagous (detritus feeder), phytophagous or predaceous.

In New Zealand, most elaterid larvae are predators of soil-inhabiting invertebrates, and as

such, are important in regulating soil processes.

Two specimens of Scydmaenidae (stone beetIes), representing two morpho-taxa, were

found in winter in side microsites. Scydmaenidae typically live in moist leaf litter and

rotting material. Most are predatory, feeding on small invertebrates such as mites and

springtails.

Byrrhidae (moss beetles), Corylophidae (hooded beetles), Melandryidae (leaping beetles),

Scarabaeidae (scarab or chafer beetles), and Zopheridae (false darkling beetles) were each

represented by a single specimen. These families are common in alpine regions of

Central Otago, although they are rarely abundant (Diekinson et al., 1998; Ferguson et al.,

2005; Barratt et al., 2005). They all occur in a variety of habitats, frequently found in

decaying plant material, leaf litter, on mossy vegetation, or in damp soil. Members of the

Byrrhidae, Corylophidae, Melandryidae, and Zopheridae are typically fungal feeders,

most often found in association with decaying plant material. Byrrhid adults have also

been recorded feeding on alpine Celmisia spp. and larvae have been observed feeding on

moss (Larochelle and Lariviere, 2001). Melandryid larvae typically inhabit hard

substrates such as wood or bracket fungi (Larochelle and Lariviere, 2001), thus its

presence here IS surpnsmg. Members of the Scarabaeidae are saprophagous or

phytophagous. They are found in similar habitats, though the larvae may be found deep

into the soil in low densities (Larochelle and Lariviere, 2001; Ferguson et al., 2005).
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Class Insecta, Order Diptera

Ninety specimens of Diptera were collected, and only three specimens were an adult.

Seventy-five percent of the larvae were found in the soil. Diptera density was 269 (±43

s.e.) m", comparable to density of Diptera on Mount Benger (Barratt et al. 2005). Found

widespread, Empididae sp.l was the most abundant morpho-taxon.

Diptera larvae form an important part of the soil and litter fauna in most terrestrial

habitats (e.g. Petersen and Luxton, 1982; Hovemeyer. 1999). Diptera larvae are an

important component of grassland soil; larvae generally feed on decaying organic matter

such as plant and animal matter, while other species feed on living plant roots, seedlings,

florets or seeds (e.g. Kelly et al., 1992; McKone et al., 200 I),

Class Invecta, Order Hemiptera

In total, 10,720 Hemiptera were collected, predominantly Pseudoeoccidae. With over

10,000 specimens, Rhizoecus rumicis was the most numerous invertebrate species

sampled. Most specimens were taken from a single sample dominated by Dracophyllum

muscoides in zone 6 of the terrace site in winter. In this sample, R. rumicis had a density

of c.1.3 x 10" m", the greatest density of any taxon in this study. R. rumicis is found

widespread in New Zealand and Australia. It has been found amongst roots of Agrotis

capillaris, Lolium perenne, Festuca rubra, Ammophila arenaria, Cortaderia futvida;

Rumex acetosella, Cotula sp., and Lepidothamnus laxifolius, as well as in pasture soils

(Cox, 1987). Balanococcus poae and Ventrispina ef. otagoensis were patchily abundant

at all three sites. Specimens of both species were found in the plant material and

uppermost soil horizons. B. poae was predominantly in samples dominated by Celmisia

viscosa, while Ventrispina sp. was most often in samples dominated by Dracophyllum

muscoides. B. poae is common in tussock grasses, typically occurring on the roots and

bases (Cox, 1987). It is found in numerous habitats and has a wide range of host plants

including: Agrostis canina, Poa sp., Carex sp., Chionochloa flavescens, C. pallens and

Gaultheria depressa (Cox, 1987). B. poae has also been documented as a pest of

ryegrass iLolium perennei and white clover (Trifolium repens) (Cox, 1987). The three

known species of Ventrispina in New Zealand are also widespread, having been recorded

on numerous plant species and in various habitat types (Cox, (987). Pseudococcidae are

small (l-5nuu) plant-feeding insects; many in New Zealand exhibit host preferences
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(Cox, 1987). Around half of the 116 known species in New Zealand are found in alpine

or subalpine habitats (Cox, 1987).

A single Delphacodes (Delphacidae) specimen was found in the plant material of a

sample dominated by Poa coiensoi. Delphacidae (plant hopper) are found worldwide,

including many arctic and alpine environments (e.g. Wilson, 1997), typically in moist

habitats on or close to the ground. They primarily feed on members of the Juncaceae,

Cyperaceae and Poaceae, and almost all Delphidae show marked host preference

(Dolling, 1991).

Three Maoricicada nigra frigida (Cieadidae) nymphs were found in the plant material

and uppermost soil layers in the lee of the terrace. First instar nymphs of M. nigrafrigida

have been observed in Ce/misia viscosa herbfields along the Old Man Range (1. Dugdale,

personal communication 2004). M. nigra frigida and M. nigra nigra from the Main

Divide are unique among Cicadidae (cicadas) worldwide in their restricted alpine

distributions. New Zealand has a diverse Cicadidae fauna, with approximately 44

species; nearly all of these are endemic.

Leaf hoppers cf. Euacanthella brunnea and Zygina sp. (Cicadellidae) and Novolopa

montevaga (Ulopidae), were found in the litter and uppermost soil layer. Eucanthella

brunnea was found only in samples dominated by Poa colensoi, Zygina has a wide range

of host plants; in Otago it has been recorded in high abundance on Hieracium spp. (Syrett

and Smith, 1998) and has been found in mid-altitude shrublands (Derraik et al., 2001).

The type locality of Novoiopa montevago is the Old Man Range (Knight, 1973).

Three Aphidoidea (aphids) nymphs were found in the soil. Aphids are typically

associated with their primary feeding host (Scott, 1984). Some aphids survive winter

through selection of a micro habitat, frequently overwintering on a host, which may differ

from the feeding host, or finding thick vegetation cover (Scott, 1984). Aphids feed

throughout their nymphal and adult life, probing plant phloem; frequently attaining pest

status (Scott, 1984).

Nine Enicocephalidae (gnat bugs) were found at a range of depths and microhabitats.

Enicoccphalidae are typically found inhabiting moss, plant litter, loose soil, rotting wood,

and under bark, but are also known from nests (Schuh and Slater, 1995). They are

generalised predators, feeding primarily on soft-bodied arthropods, such as Collembola

and Symphyla.
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The Lygaeidae (seed bugs, ground bugs, mi1kweed bugs, chinch bugs) was represented

by two endemic species, Nysius hut/ani and Rhypodes anceps. While only a single

specimen of R. anceps was found, N hut/ani nymphs were locally abundant, with an

average density of 58 (±34 s.e. m"); both species were collected from the plant material.

In all five samples where N huttoni was found, Dracophyllum muscoides was the

dominant plant species, ranging from 55% to 87% cover. N huttoni, the New Zealand

wheat bug, is widely distributed throughout New Zealand, the Three Kings Islands and

the Chatham Islands (Eyles and Ashlock, 1969). It is most common, however, in the

drier parts of Central Otago and south Canterbury (Gurr, 1957; Hutton, 1898). N huttoni

has been recorded from several discontinuous mountain ranges in Otago and Canterbury

up to 1830m a.s.1. elevation (Eyles and Ashlock, 1969), although low temperatures

reduce development, survival and reproduction (He et al., 2003; Gurr, 1957). N huttoni

is an economically important pest, feeding on seedling stems and seeds of young crucifers

and wheat crops (Scott, 1984; Eyles, 1965; Ferguson, 1994; He and Wang, 1999).

Nonetheless, wheat and crucifer crops are considered a secondary food source as N

huttoni feeds commonly on a variety of native (e.g Raoulia spp., Celmisia sessiliflora,

Muehlenbeckia spp. and Coprosma propinqua) and non-native (e.g. Hieracium spp"

Trifolium spp., Lolium spp.) plants.

Four specimens of Pentatomoidea (stink bugs, shield bugs, burrower bugs) were found in

the soil to 6cm, although Pentatomoidea generally live above ground (Lariviere, 1995).

Some Pentatomoidea are predatory; however, most feed on plant juices.

Class Insecta, Order Hymenoptera

Hymenoptera was represented by a single ant specimen (Monomorium antarcticumi,

found in zone 6 of the terrace in the autumn sample period. M antarcticum is found

throughout New Zealand, the Chatam Islands, the Kermadec Islands, and Rapa Island

(Englund, 2003; Landcare, 2006b). AJ. antarcticum is an important component in Central

Otago ecosystems, such as montane shrublands (Derraik, 2001; 2003), modified

grasslands (Rufaut, 2002) and tall tussock grasslands (Ferguson et al., 2005; Barratt et al.,

2005) where it is frequently found in dense swarms (Barratt et al., 2005).

Class Insecta. Order Lepidoptera

A total of 15 Lepidoptera (moths and butterflies) specimens were found. All specimens

collected were larvae in the earliest stages of development. Currently, little is known
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about the early development and life histories of most New Zealand alpine moths, thus

identification was limited to higher taxonomic levels (Brian Patrick, personal

communication 2004).

A single Torticidae (leaf roller) was found in the plant material of a sample dominated by

Dracophyllum muscoides (79% cover) at the hummock site. A large portion of torticid

species are stem borers, although species in the group occupy a wide range of life

strategies (White, 2002). Sixty percent of the New Zealand torticid fauna are found in the

alpine zone (Kushel, 1975).

The five specimens of Gelechioidea were found in the plant material of four samples.

Gelechioidea larvae are commonly saprophagous and inhabit litter habitats, but the vast

group also includes many phytophagous species, many of which are stem borers (White,

2002).

In terms of taxonomy, biology and biogeography, Lepidoptera is likely to be the best

documented Order of invertebrates in New Zealand (see Barratt and Patrick, 1987;

Dugdale, 1988; White, 1991; Emerson et al., 1997; White, 2002). The Lepidoptera of

Central Otago ecosystems, in particular, have received considerable attention through

numerous studies and regional surveys (e.g. Patrick et al., 1985; 1987; 1992; 1993; Mark

et al., 1989; Patrick, 1989; 1994; Dickinson et al., 1998). Lepidoptera occupy most

habitats and have species characteristic of most biotopes of New Zealand (Patrick and

Dugdale, 2000). A large proportion of the New Zealand Lepidoptera fauna is limited to

the alpine zone (Kuschel, 1975; Mark and Dickinson, 1997).

Class Insecta, Order Neuroptera

A single Hemerobiidae larva specimen was found in zone 4 of the terrace at 15-20cm

depth in the soil. Native Neuroptera (lacewings) are widespread in Central Otago, but

rarely abundant and often missed in sampling (see Derraik et al., 200 I; Rufaut, 2002;

Ferguson et al., 2005; Barratt et al. 2005); Ferguson et al. (2005) found Neuroptera at

densities of less than 0.05 m" in most years between 1999 and 2004, except in 2000 when

densities were up to 1.7 m".

Neuroptera are primitive, typically predacious insects. They are known to disperse long

distances between mountain ranges (Sugg et al. 1994). Neuroptera larvae are predacious,

seizing prey with large mandibles and injecting a paralysing poison into the prey. The
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larvae commonly excavate conical shaped pits in loose sandy dry soil to capture prey that

wander into the pit.

Class Insecta, Order Thysanoptera

A total of 120 specimens of Thysanoptera (thrips) were eollected, predominantly in the

plant material, though few were found in the soil up to 20em depth. Walkerthrips neatus

was the most abundant species of Thysanoptera; although, 87% of the specimens were

found aggregated in two samples. TV neatus was collected from exposed microsites,

where Dracophyllum muscoides ranged in cover from 35% to 87%. Baenothrips moundi

and TV neatus are fungal feeders, feeding on hyphae at the base of tussoek grasses

(Laurence Mound, personal communication 2004). B. moundi is widespread throughout

New Zealand, inhabiting litter in most habitats. B. moundi is probably native to Australia

where it is found across the country, and like Anaphothrips zelandicus, was probably

transferred naturally across the Tasman Sea by wind (Mound, 1983). The endemic TV

neatus is known only from the type specimen taken from I585m on the Dunstan Range

(Mound and Walker, 1986). Aptinothrips stylifer is a grass feeder, and presumably so is

A. zelandicus (Laurence Mound, persoual communication 2004). A. stylifer, a European

exotic, is found along the central South Island, predominantly in native tussock litter,

lichens and mosses, as well as low altitude pasture (Mound and Walker, 1982). On

Mount Benger, the ahundance of Thysanoptera (mainly Aptinothrips rufus and A. slyliter)

responded negatively to fire in the first year tollowing fire (Ferguson cl al., 2005). A.

zelandicus is widespread in leaf litter (Mound and Walker, 1982). Originally thought to

have a specific host plant (Mound, 1978), A. zelandicus is now thought to be polyphagous

(Mound and Walker, 1982). A. zelandicus, although native to New Zealand, Chat ham

Islands, and Antipodes Islands, is likely to have been self-introduced from Australia

(Mound and Walker, 1982; Mound, 1983). Thysanoptera are small «3.5mm) typically

plant or fungal feeding insects; they feed by puncturing and sucking the contents out of

individual cells of the host species. They can also be important pollinators (Mound and

Terry, 2001; Terry, 2001; Mound, 2005). Thysanoptera are important components of

native tussock grassland in Central Otago (e.g. Barratt et al., 2005); however, most

research on Thysanoptera in New Zealand has focused on the few exotic pest species

(Mound and Walker, 1982; 1986).
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Table 5.3. Density (numbers m-2 ±s.e.) of major invertebrate groups for three sites in Central
Otago. Sources: t. Barratt et al., 2005; H, Barratt et ol.. 2006; 1, Bell et al., 2005. X = present in
samples; Not ID ~ not identified.

Deep Stream Mount Benger Old Man Range

Elevation (m) 680-720 1100-1170 1580-1650

Map reference 4544'8169'54'E 4558'816926'E 4520'8169'12'E

Vegetation-type Talltussock grassland
low-alpine talltussock Alpine cushionfield,
grassland herbfield and snowbank

Phylum Nematoda 907,000 ± 80,9001 581.300 ± 50,1001 X

Phylum Annelida

Class Oligochaetae

Haplotaxida 491 ± 157t 103 ± 20.3' 1376±480

Phylum Mollusca

Class Gastropoda

Stylommatophora 8.7± 1.91 1.8 ±0.6t 7.7± 6.0

Phylum Arthropoda

Class Crustacea

Amphipoda 307 ± 26.8T 300 ± 42.91 11.6± 8.1

Isopoda 46.7 ± 7.21 8,5± 2.0t 58 ± 4.3

ClassChilopoda

Scoiopendromorpha 378 ± 34,OT 145± 252' 691 ± 22.0

Class Pauropoda

Tetramerocerata NotlDt NotlOt 61.6± 28.7

ClassSymphyla

Cephalostigmata 669± 53.61 109± 1441 234± 72.7

Class Arachnida

Astigmata 182 ± 62Tt 92± 13t1 356± 108

Mesostigmala 4783 ± 64711 3058 ± 407" 6080± 830

Oribatida 6711 ± 700tt 7943 ± 2187tT 9272± 1963

Prostigmata 1689 ± 373tt 1783 ±1070tt 2886± 529

Araneae 55.2 ± 4.6' 133± 14.1' 97.8 ± 268

Pseudoscorpiones 3.0± 0,91 0,5± 0.31 3.9± 3.9

Class Protura

Protura NotlOt NotlDt 154± 41.1

Class Collembola

Arthropleona and Symphypleona 5423 ± 20431t 7537 ± 3766tt 13,341 ± 2111

Class Insecta

Coleoptera 152 ± 11.01 270 ± 20.7t 656± 128

Diptera 432 ± 81' 86.8 ± 11.5t 268± 43.5

Hemiptera

Homotera 16.8 ±4.11 11.3 ± 2,51 21,627 ± 19.350

Pseudococcidae 20.3 ± 5.2t 144 ± 65t 21.579 ± 19,349

Heteroplera 272 ± 33' 25,5 ± 5.51 100± 35.8

Hymenoptera

Formicidae 1277 ± 332' 907 ± 85.8t 5.7± 5.7

Others 3.8±2.1T 11.5 ± 1.61 0

Lepidoptera 11.8 ± 2.2T 51 ±23' 32.7± 13.0

Neuroptera 01 01 5.7±5.7

Thysanoptera 21.7±7.61 678 ± 19,7' 327±118
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5.4 CONCLUSIONS

The alpine patterned ground of the Old Man Range has a rich invertebrate fauna,

particularly of Acari, Coleoptera and Collembola. The composition from two sampling

occasions was largely made up of a few widespread or patchily distributed morpho-taxa.

Most taxa were found in the plant material and litter and less than 5% were found below

10em. These results provide an important baseline data of invertebrate patterns in

patterned ground and alpine systems in New Zealand for future comparisons.

5.4.1 A COMPARISON OF FAUNA

There have been few quantitative surveys of invertebrates in the New Zealand alpine

environment from which to draw direct comparisons; however, recent work on Mount

Benger (I lOOm a.s.l.) provides a useful baseline (see Barratt et al., 2005; 2006; Bell et

al., 2005). Mount Bcnger is part of the same mountain massif as the ridgeline of the Old

Man Range, and is covered in dense tall tussock (mainly Chionochloa rigida) grassland.

In comparison, low invertebrate numbers were expected in the current study due to the

more severe annual temperatures, lower organic matter, nutrient tUl110Ver, productivity

and the less complex plant structure of the alpine environment (see Mark, 1965; Meurk,

1978). Nevertheless, invertebrates, in particular Haplotaxida, Coleoptera, Hemiptera,

Acari and Collembola, were more abundant on the Old Man Range than on Mount

Benger (Ferguson et al., 2005; Barratt et al., 2005; 2006; Table 5.3). By removing

invertebrates from below IOcm, as well as the outlier sample with > I0,000

Pseudococcidae tram the analysis, invertebrate density on the Old Man Range was

36,820 (±5293 s.e.) m". In comparison, densities of macro-invertebrates on Mount

Benger were 1619 (±94 s.e.) m" and microarthropods were 20,413 (±407s.e.) m" (Barratt

et al., 2005; 2006). While the greater invertebrate density on thc Old Man Range may

reflect an actual difference, slight methodological differences may have been important.

First, differences in the dimensions of the soil sample may affect the ability of

invertebrates to escape. The turves collected by Barratt er al. (2005; 2006) were 317mm

x 317mm and 50mm thick, whereas soil cores from this study were 58mm (in autumn)

and 100mm (in winter) in diameter and IOmm and 50mm thick (see Methods). As heat

extraction depends upon the behaviour of invertebrates to actively avoid heat and

desiccation stress (Barratt et al., 2005), some taxa, which remain stationary or less mobile

in the extraction process, may have been underestimated in the larger turf samples. In
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samples with a higher surface area to volume ratio, the chance of invertebrates being at or

near the soil surface and thus escaping would be greater. A second methodological

difference is that Barratt et al. (2005; 2006) used ISO watt bulbs which heat the extraction

chambers to 6S'C (Colin Ferguson, personal communication 2006), whereas 40 watt

bulbs heated chambers to less than SO"C (personal observations). Higher temperatures

during extraction may destroy some species sensitive to heat or desiccation, or

conversely, the cooler temperatures may have promoted eggs in the soil to hatch, thus

leading to different results of invertebrate abundance. Some degree of bias is inevitable

in any invertebrate sampling regime (see Rufaut, 2002); therefore, it is important to

recognise the possible bias associated with a particular method and interpret the results

accordingly.

Although the quantitative sampling and extraction methods used in this study are

considered to be satisfactory for most invertebrate groups encountered (Crook et al..

2004; Barratt et aI., 2005), the invertebrate fauna reported here is likely to be an

underestimate for several groups. Highly mobile taxa, such as Diptera, Orthoptera, and

large Carabidae (Coleoptera), while expected to be in low densities, are likely to have

moved away from the corer during the sampling process. Other species were completely

absent from the sampling. For example, some nocturnal species that shelter under rocks

during the day, such as Celatoblatta quinquemaculata (Blattodea), and Anagotus

latirostris (Curculionidae) were likely to have been underestimated; large numbers (c.

100) of C. quinquemaculata were observed in and under the steel boxes that house the

climate stations at each site and exoskeletons were also found in samples up to several

metres away (personal observations). A. latirostris was observed under rocks near the

study area, particularly near tors (personal observations). However, both C.

quinquemaculata and A. Iatirostris were absent from any samples.

The heat extraction method is ineffective for relatively immobile taxa or organisms that

respond to heat or desiccation by curling up or remaining immobile, such as Mollusca,

I-Iaplotaxida or Nematoda, which may not escape the soil before temperatures become too

high or soil becomes too dry (Nigel L. Bell, personal communication 2004; R.J.

Blakemore personal communication 2004). Nematoda were the most abundant

invertebrates sampled on Mount Benger, reaching densities of 14.6 x 105 (±1.3 x 105s.e.)

m"; thus, density of Nematoda in the current study (711 ± 190s.e. m") are considered

gross underestimations (see Bell et al., 2005).
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Acari and Collembola are the most abundant arthropod groups in the indigenous

grasslands of Central Otago and the alpine environment of the Old Man Range (Table

5.3). Relative proportions of micro-arthropod groups were similar on the Old Man Range

to those from Mount Benger; Oribatida were the most abundant Acari followed by

Mesostigmata and Prostigmata (Barratt et aI., 2006). Collembola in both studies were

dominated by Isotomidae, aecounting for c. 50% of the Collembola collected (Barratt et

al., 2006). Among macro-invertebrates, Barratt et al. (2005) found the abundance of

most groups was generally lower at Mount Benger than Deep Stream, except Aranae and

Coleoptera. Coleoptera were consistently among the most abundant macro-invertebrate

fauna on Mount Benger. Barratt et al. (2005) did not record swarms of Pseudococcidac

of the magnitude reported in this study; however, Pseudococcidae were patchy and

always one of the most abundant invertebrate taxa on Mount Benger. While nearly

absent from this study, Formicidae (Hymenoptera) were the most important int1uenee on

invertebrate abundance on Mount Benger (Barratt et al., 2005).

5.4.2 FINAL REMARKS

This study is the first extensive inventory of the surface- (epedaphic) and subsurface

dwelling (euedaphic) invertebrate communities in the alpine zone of the Old Man Range,

Central Otago, South Island, New Zealand, and the first invertebrate inventories in the

world specifically of patterned ground. With 295 morpho-taxa, over 20000 specimens

and several species new to science. this study has shown the alpine environment of the

Old Man Range, in spite of environmental modifications (i.e. removal of snow tussock),

supports a diverse and unique fauna. While not exhaustive, this study provides detailed

quantitative measurements of alpine soil fauna from which future comparisons may be

made.
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CHAPTER SIX: DETERMINANTS OF FINE-SCALE

INVERTEBRATE DISTRIBUTION PATTERNS IN

ALPINE PATTERNED GROUND, OLD MAN RANGE

(KOPUWAI RESERVE), CENTRAL OTAGO

Collembola (Eruomobryidae and Isotomidae). Photo by Barbara Barratr.
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6 DETERMINANTS OF FINE-SCALE INVERTEBRATE

DISTRIBUTION PATTERNS IN ALPINE PATTERNED

GROUND, OLD MAN RANGE (KOPUWAI RESERVE),

CENTRAL OTAGO

6.1 INTRODUCTION

The physical environment is a major limiting factor in the survival of organisms in the

alpine environment, particularly for species at the edge of their range (Somme and Block,

1991; Bird and Hodkinson, 1999; Korner, 2003). Organisms must tolerate extremes in

temperature, moisture, oxygen and solar radiation (e.g. Condradi-Larsen and Sornme,

1973; Somme and Conradi-Larsen, 1977a; 1977b; Semme, 1979; Block and Zettel, 1980;

Schatz and Somme, 1981; Bannister et al., 2005). The spatial distribution of plants and

invertebrates often reflect variations in environmental factors (e.g. Isard, 1986; Kudo and

Ito, 1992; Hiji, 1994; Gerben, 1995; Materna, 2000; Buse et al., 2001). These spatial

distribution patterns are evident at both the large (e.g. Mark et al., 2000; Jing et al., 2005)

and small scales (e.g. Rae et al., 2006), and have led to these supposedly "simple"

communities (see Haslett 1997 for discussion) to be proposed as model ecosystems for

understanding species-environment interactions. However, the importance of biotic

relationships, such as competition, parasitism, predation, food availability and refuge

sites, to the distribution of organisms in alpine environment is also becoming increasingly

clear (Holtmeier and Broil, 1992; Choler et al., 2001; Callaway et al., 2002; Nemergut et

al., 2005; Bandano and Cavieres, 2006; Long, 2006).

The alpine environment is characteristically heterogeneous (Korner, 2003). Sharp

gradients in the mountain environment, particularly due to the influence of topography on

snow deposition, as well as exposure, solar radiation, and soil movement, interact to

create a complex mosaic of habitats that operate at the fine-scale. The tine-scale

interactions between the environment and the distribution of alpine vegetation has been

well documented (e.g. Billings and Bliss, 1959; Billings and Mark, 1961; Johnson ancl

Billings, 1962; Mark and Bliss, 1970; Douglas ancl Bliss, 1977; Helm, 1982; Chujo,

1985; Williams, 1987; Evans ancl Fonda; 1990; Holtmeier and Broil, 1992; Kudo ancl Ito,
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1992; Talbot et al., 1992; Komarkova, 1993; Walker et al., 1993). However, by

comparison, little attention has been given to the influence of microhabitat on

invertebrate distribution and abundances in the alpine environment.

In most environments, the spatial patterns of invertebrates at smaller scales retlect

patterns in habitat. Research has stressed the importance of factors such as temperature,

humidity and light; as well as biotic aspects of the microenvironment such as plant

composition, plant structure and litter composition (e.g. Niernela et al., 1986; 1992; 1996;

Antvoge1 and Bonn, 200 I; Setala et al., 1995; Kiovula et al., 1999; Hoschitz and

Kaufrnan, 2004a; 2004b; Kaufman, 2001; Harris et al., 2004; Hugo et al., 2004; Sinelair

et al., 2006a; 2006b). As conditions in the environment change, so does the distribution

of invertebrates; for example, temperature variations commonly induce seasonal vertical

movements of invertebrates in the soil profile (e.g. Usher, 1970; Luxton, 1981; Didden,

1993; Leinaas, personal communication 2000) and to ameliorated mierohabitats (Leinaas,

1983; Danks, 1991; Leather et al., 1993; Brernner, 1988; Sinclair et al., 200lb). In

winter, Collembola often escape anoxic conditions of waterlogged or frozen soils by

migrating into the snow (Leinaas, 1981; 1983). Many soft-bodied animals, such as

Enchytracidae, Collembola, and some Prostigmata, that are particularly sensitive to

desiccation, undertake vertical movements deeper into the sailor redistribute to moist

patches to avoid drought (e.g. Verhoef and Witteveen, 1980; Verhoef and Van Selm,

1983; Davcy, 1992; Didden, 1993; Samrne, 1995; Sinclair et al., 2003). While the

importance of the biotic and abiotic environments on the distribution of invertebrates is

often assnmed in the alpine environment, few studies have considered both on the

microspatial distributions of invertebrates (see Sinclair et al., 2001; Hoschitz and

Kaufman, 2004a; b; Rae et al., 2006).

Regular deformations of the soil surface on the snmmit of the Old Man Range, caused by

periglacial activity, provides an ideal setting to test the links between invertebrates, plants

and the environment. Regular patterns in snow, microtopography, freezing of the soil and

soil moisture within the patterned gronnd topography form a mosaic of microhabitats at

the ground level and in the soil environment on a scale of centimetres to metres (Mark

and Bliss, 1970; Mark, 1994; Chapter 2; Chapter 3). This mosaic of microhabitats is

reflected in the fine-scale distribution of the alpine flora (Billings and Mark, 1961; Mark

and Bliss, 1970; Chapter 4). The aim of this chapter is to investigate the patterns of

invertebrates and the relative roles of biotic and abiotic factors in determining their fine-

186



Chapter 6. Determinants ofline-scale invertebrate composition

scale (tens of centimetres) distribution in three types of patterned ground (vegetated soil

hummock and stripes, and solifluction terraces), and to examine differences in these

relationships between autumn (before soil freezing) and winter (when freezing is most

extensive).
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6.2 METHODS

6.2.1 STUDY SITES

Three study sites were located on the summit ridge of the Old Man Range (hummock

site: 45°20'23.8"5. 169'12'25.6"E. c.1640m a.s.1.; stripe site: 45°20'30.4"5.

169'11 '55.0"E. c.1590m a.s.1.; terrace site 4Y22'31.0"S. 169'12'24.2"E c.1620m a.s.1.) in

the Kopuwai Reserve, Central Otago, South Island. New Zealand (Figure 6.1). Each site

was located in areas exemplary of each patterned ground type. and at the approximate

location of Mark (1994) for the hummocks and stripes, and Billings and Mark (196 J) for

the solitluction terrace (Figures 6.2 to 6.4).

6.2.2 VEGETA nON

Categories of microtopography (microsites) were assigned to each landfonn based on

Mark and Bliss (1970) (Chapter 4; Figure 4.2). See Appendix A for a complete

description methods used to delineate microsites.

Three 20m transeets were established at each site. Along each transect, each ten

centimetre increment was delineated into a microsite. Two points were randomly

selected from the delineated points within each mierosite type along each transect (66

points in total). Using a 100mm x 100mm quadrat that was centred on the point, the

percent cover of plant and lichen species was sampled around each of the 66 points. Also

recorded from each quadrat, were percent cover of dead plant material and litter, rock

(>50mm), stone (20-50mm). gravel (2-20mm), mineral soil «2mm) and mean vegetation

height. Mean vegetation height was the average of four measurements taken at the

corners of each IOOmm x 100mm quadra!. For cushion-forming species, a graduated

metal rod was inserted through the plant. until reaching solid earth. Corners with no

vegetation were recorded as "0", To reduce sampling errors, all estimations of cover and

measurements of vegetation height were made by the author.
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Bremner, 1988). After extraction of the soil core from the ground, cores were

immediately sectioned at the field site into Icm divisions to a depth of 15cm, and at 5cm

intervals thereafter. Soils were sectioned on a stainless steel tray using serrated knives

and masonry chisels, beginning with the plant material and organic layer (see Figure 5.5).

All divisions were immediately sealed into individual paper bags. Trays were wiped

clean with 70% alcohol and allowed to dry between each core. Snow cores were left

undivided and sealed in plastic bags. In the field, the samples were stored in insulated

containers before being transported to a cool store at AgReseareh, Invennay Agricultural

Centre, Mosgiel, where they were stored at 4'C for fewer than seven days before being

put through the extraction process (Leinaas, 1978).

6.2.4 INVERTEBRATE EXTRACTION

Animals were extracted from soil core slices by placing each inverted intact soil sample

onto small modified Tulgren funnels (maximum diameter llOmm) (see Figure 5.6A).

Squares of steel wire mesh (2.5mm gaps) measuring 75mm on a side were placed in

funnels leaving gaps up to l Omm between the mesh and the funnel to allow larger

specimens downward passage. The funnels had a larger diameter than the soil samples to

prevent excessive condensation on the funnel walls (Haarlov, 1947). Whitford dispersion

(Whitford Pty. Ltd., Singapore) was applied to the rim of each funnel to prevent

invertebrates from climbing out of the funnel. Funnels were placed in ventilated fibre

board chambers (73cm x 70cm x 58cm) with four 40 watt light incandescent bulbs for 96

hours (see Figure 5.6B). Invertebrates were collected in plastic cups containing 70%

ethanol, I% glycerol. After the extraction of the soil samples, the extracted material was

washed through 250j.lm gauze to remove tine particulate matter and then stored in 70%

ethanol in sealed plastic vials at 4'C; melted snow samples were treated in the same

manner. Samples were initially sorted by the author under a low power binocular

microscope (Nikon SMZ-2T. Japan). When possible, morpho-taxa were sent to

specialists for further identification.

6.2.5 THE ENVIRONMENT

Soil temperatures were measured at Icm depth below the O-Ah soil horizon interface at

each site from 24 April 2001 through 25 April 2003. The O-Ab soil interface was

identified as the transition between the upper organic layer consisting wholly of partly

decomposed or comminuted litter and the lower mineral A soil horizon, containing
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limited humified organic material. The 0 horizon ranged in thickness from <I cm to

10cm. Three replicate sets of thermistors were located in each of the microsites at the

hummock and stripe sites, while one set of thermistors was located in each of the

microsites at the terrace site. Temperature was recorded at the ground surface in each

microsite at each site. Each air temperature thermistor was placed in a horizontal 10cm

section of 6cm white PVC tube. The lower part of the PVC tube was cut out, allowing

the thermistor to rest on the ground, while still being shaded from direct sun.

Temperatures were recorded onto CRI0 data loggers (Campbell Scientific, Logan, Utah,

USA) using LM35 CZ thermistors (range -40°C to I 10°C, accuracy of ±OAoC; National

Semiconductors, Santa Clara, CA USA) sealed into 5ml plastic pipette tips (Mettler

Toledo, Columbus, Ohio, USA) with 5ml Epiglass ht 9000 epoxy (Akzonobel Pty Ltd.,

Melbourne, Victoria, Australia). Temperatures were recorded at six hourly intervals

(0.00, 6.00, 12.00, 18.00 hours daily, New Zealand Standard Time). From temperature

data, freeze thaw cycles, time frozen, growing degree-days, and duration of snow cover

were computed, A complete description of these calculations is contained in Chapters 2

and 3.

The relative exposure of quadrats was calculated using an index of exposure (E,) derived

from topographic data:

-Ex> log, (HEhp) / log, (I+Dhp)

where Ehp is the elevation (cm) below the nearest hummock highpoint or terrace crest and

Dhp is the distance (cm) to the nearest hummock high point or terrace crest. High points

were assigned an -Ex score of 0, the maximum local exposure. -Ex data were made

negative (Ex), so that increasing Ex would correspond with increasing exposure. Slope

was measured using a elinometer (model: PM-5-360PC, Suunto, Vantaa, Finland) and

aspect in degrees East or West from North were measured at each quadrat using a

compass (model: A-30, Suunto, Vantaa, Finland).

Soil cores were taken on each of the two (April and September) sampling occasions tram

soil immediately adjacent to each core used for invertebrate sampling. The llpper 5cm of

mineral soil (i.e. from the O-Ah interface to 5cm) was analysed gravimetrically for water

content and subsequently screened with a 2111m sieve to determine moisture content of the

<2mm fraction.
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6.2.6 DATA ANALYSIS

INVERTEBRATE PATTERNS

Richness diversity and abundance

Fauna were described using density (number m"), richness and Shannon-Weaver

diversity index (H'), A two-way ANOVA was used to compare the effect of season and

microsite on taxon richness and diversity (Shannon-Weaver) on each occasion from

whole-core data using MfNITAB (Release 14.20, Minitab Inc. State College, PA, USA,

2005), Data were corrected for core size difference between autumn and winter,

calculated on a per metre square basis, and log,o(x+ I) transformed prior to analysis,

Total invertebrate density, the density of the seven most common Orders and twenty of

the most common taxa were analysed in more detail (season, microsite and depth) using a

General Linear Mode! (GLM) and a spilt-plot design, The error term for the season,

micro site and season-microsite interaction was core (season x microsite). Other effects

were tested against the residual mean square, In order to simplify the analyses,

invertebrate data tram each core were combined into 5cm increments, Also, some of the

twenty most common taxa are the result of the combining of more than one morpho-taxon

to higher taxonomic groups to increase tbe sample size (i.e. Lumbricina, Curculionidae,

Staphylinidae and Phlaeothripidae) or because of within-group identification uncertainties

(i.e. Tydeidae).

For each test of Order-level density, data were tested for normality and homogeneity of

variance. If either assumption was violated, comparisons were made using a GLM on

rank transfonned data for Order-level analysis, Data for the 20 common taxa were not

normally distributed, so separate non-parametric Kruskal-Wallis tests were used to

compare the effects of season, micro site and depth on invertebrate density, Wbole-core

data were used for season and microsite comparisons, while depth interval data were used

to test for differences with depth,

Composition and community patterns

A similarity matrix was constructed using the Bray-Curtis similarity metric, on non

standardised, fourth-root transformed whole-core species abundance data (corrected for

core size) in PRIMER version 5.2,4 (PRIMER-E ltd" Plymouth, UK, 2001),

Comparisons of season and microsite effects on invertebrate composition were made
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using a two-way crossed analysis of similarities (ANOSIM). Two-dimensional

ordinations of the calculated similarity matrix were displayed using non-metric

multidimensional scaling (MDS; Clarke and Green, 1988; Kruskal and Wish, 1978).

The species contributing to the within-group similarities and between-group

dissimilarities of seasons and microsites were investigated using the similarities

percentage procedure (SIMPER; Clarke, 1993). Data were non-standardised, fourth-root

transformed, and seasons used as factors. The procedure was repeated using site as the

factor.

A comparison of invertebrate composition between sites was made using a one-way

ANOSIM. The species contributing to between-group dissimilarities of seasons and

microsites were investigated using SIMPER.

Invertebrate correlations with environmental variables

To find the subset of environmental variables that best accounts for invertebrate patterns,

BlOENV, a non-parametric analysis, based on rank similarities, was used (Clarke and

Ainsworth, 1993). For each season, an environmental similarity matrix was formed using

the Bray-Curtis similarity measure of distance, because many environmental variables

were unable to be normalised. For calculations, variables were transformed log,o(x+ 1)

and standardised; of variables that were highly correlated (p, > 0.90), only one was

retained for analyses. Table 6.1 shows environmental inputs. An invertebrate similarity

matrix was formed using the Bray-Curtis similarity of fourth-root transformed

invertebrate overall abundance data and compared to the environmental matrix using a

Speannan rank correlation. This procedure was done in a step-wise manner, adding

variables successively "K" at a time until no further improvement ofp was obtained. The

procedure was repeated for Haplotaxida, Acari, Collembola and Coleoptera.

Using the Spearman rank coefficient, pairwise correlations were performed between each

of the environmental variables and the univariate measures (richness, diversity and

abundance) of all invertebrates, Haplotaxida (Annelida), Prostigmata, Oribatida,

Mesostigmata, Collembola and Coleoptera.
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Table 6.1. Environmental variables measured in each plot. Some variables although listed, were
not included in the analysis if they were highly correlated (p > 0.90) with another variable.
Variables included in the analysis are indicated. Correlations: *, p> 0.90.

Environmental Factor

Thermal Data

Time frozen (six-hour time units recorded peryear)

Freeze-thaw cycles (cycles peryear)

Snow-free days (days peryear)

Growing degree-days (accumulated degrees above a threshold peryear)

Mean temperature at theground surface for24 hours priortosampling (OC)*

Maximum temperature at theground surface for24 hours priortosampling ("Cl'

Minimum temperature at theground surface for24 hours priortosampling (0C)*

Mean temperature at 1 cmdepth for24 hours priortosampling (OC)*

Maximum temperature at 1 cmdepth for24 hours priortosampling (OC)*

Minimum temperature at1 cmdepth for24hours priortosampling ("C)*

Soilmoisture

Soil moisture (%oven dryweight)

Microtopopography

Exposure (Exindex)

Aspect (degrees South ofMagnetic North)

Ground cover variables

Litteranddead plant material cover (%)

Bare soilcover(%)

Stone cover(2-20mm) (%)

Gravel content of soilsamples «2mm) (%weight)

Mean vegetation height from fourcorners of plot(cm)

Abbreviaton Used?

TF Yes

F-T Yes

SF Yes

GOD Yes

MTO No
MxTO No
MnTO No
MT No
MxT No
MnT Yes

SM Yes

Ex Yes

A Yes

L Yes

SS Yes

St Yes

G Yes

VH Yes

Invertebrate correlations with vegetation

Spearman rank correlations were made between plant and invertebrate diversity, between

plant and invertebrate richness, and between plant richness and invertebrate abundance.

All correlations were repeated for Acari, Collembola and Coleoptera.

Similarities in patterns between vegetation and invertebrate similarity matrices were

compared using the procedure RELATE in PRIMER (Clarke and Warwick, 1994). The

Spearman rank correlation method was used, producing a correlation coefficient, where

the coefficient value will be zero if there is no relation between the two similarity

matrices, and 1 if the among-sample relationships in each group is the same. Vegetation

similarity matrices, based on square-root transformed cover data, were compared with the

invertebrate similarity matrices of fourth-root transformed data for all taxa, Collembola,

Acari, and Coleoptera.

A similarity matrix was constructed using the Bray-Curtis similarity measure, on non

standardised, fourth-root transformed whole-core total invertebrate morpho-taxa
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abundance data (corrected for core size difference) in PRIMER. The same was done for

abundance data for Haplotaxida, Mesostigmata, Oribatida, Prostigmata, Collembola and

Coleoptera.

To find a subset of plants that best accounted for invertebrate patterns, BIOENV was

used. A plant similarity matrix was formed using the Bray-Curtis similarity measure of

distance. For calculations, variables were square root-transformed; in this analysis, no

variables were highly correlated ip; > 0.90). Plants used in the analysis were the 12

species that contributed more than 5% dissimilarity between vegetation types (see Table

4.7). An invertebrate similarity matrix was formed using the Bray-Curtis similarity of

fourth-root transformed invertebrate abundance data and compared to the environmental

matrix using a Spearman rank correlation. The procedure was repeated for Haplotaxida,

Acari, Collembola and Coleoptera data.

Comparisons of invertebrate composition based on vegetation types (see Chapter 4) were

made using a one-way ANOSIM. Two-dimensional ordinations of the calculated

similarity matrix were displayed using MDS (Clarke and Green, 1988; Kruskal and Wish,

1978). The species contributing to significant between-group dissimilarities of vegetation

types were investigated using SIMPER. Data were non-standardised, fourth-root

transformed, and vegetation type was used as a factor,

Invertebrate relations

Similarities in patterns between invertebrate group similarity matrices were compared

using RELATE. The Spearman rank correlation method, and fourth-root transformed

data for Haplotaxida, Collembola, Acari and Coleoptera were used to construct the

matrices.
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6.3 RESULTS

6.3.1 INVERTEBRATE RICHNESS

In total 295 morpho-taxa were collected in the plant material. litter, and soil from the

study quadrats (Appendix C). No invertebrates were collected from the snow samples. A

summary of mean invertebrate richness and diversity measures for each microsite are

shown in Table 6.2.

The richness and diversity of total invertebrates, Haplotaxida, Acari and Collembola did

not differ between micro sites or seasons, whereas the richness and diversity of Colcoptera

were higher in winter than in autumn (Table 6.3). Richness and diversity of all

invertebrates and Acari tended to be higher in winter in microsites at the hummock and

ten-ace site and lower in microsites at the stripe site, and the reverse in autumn, resulting

in a significant microsite-season interaction (Table 6.3).

6.3.2 INVERTEBRATE DISTRIBUTION

DISTRIBUTION OF THE DOMINANT ORDERS

The density of total invertebrates, Haplotaxida, Mesostigmata. Oribatida and Collembola

were higher in autumn than in winter (Tablc 6.4). The abundance of Prostigmata,

Coleoptera and Hemiptera were similar on the two sampling occasions (Table 6.4).

Abundance varied with depth for all groups (Table 6.4); greatest densities of Collcmbola,

Acari, Coleoptera and Hemiptera were in the plant material; the density of Haplotaxida

was highest at 1-5cm (Figure 6.6). Depth distribution differed between the two sampling

occasions for all invertebrates, I-Iaplotaxida, Oribatida, Mesostigmata, Prostigmata and

Collembola (Table 6.4; Figure 6.6); this season-depth interaction resulted from a greater

decrease in autumn in I-Iaplotaxida, Oribatida, Mesostigmata, Prostigmata and

Collembola abundance III the plant material and shallow soil than in the deeper soil

(Figure 6.6).

The abundance of Colcoptera was greatest in zone 3 and zone 5 (Table 6.5), and the

distribution with depth differed between microsites (site-microsite interaction; Table 6.4).

In zone 3, zone 4, zone 5 and zone 6, Coleoptera were most abundant in the upper soil,

while elsewhere, Coleoptera were scattered throughout, and largely associated with the

plant layer. A greater reduction in the abundances of invertebrates in all stripe microsites
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III comparison to the hummock microsites resulted in significant microsite-season

interactions in Mesostigmata, Oribatida and Collembola (Table 6.4; Figure 6.7).

Mesostigmata were greater in abundance and iuevitably proportion in zone 3 in winter

than in autumn; Oribatida increased in abundance and inevitably proportion in zone 6 and

hummock sides; and Collembola increased in abundance and proportion in hummock side

(Figure 6.7). Depth distribution differed between the micro sites for Oribatida and

Coleoptera (Table 6.4). Oribatida were abundant in the plant material in the hummock

crest and side, stripe crest and zone 1, but were largely undifferentiated in the soil.

Amongst the remaining Orders, few groups showed significant microsite differentiation;

Cephalostigmata (Symphyla) and Tetramerocerata (Pauropoda) were greatest in zone 3,

zone 4 and zone 5 of the solil1uction terrace (Kruskal-Wallis, Cephalostigmata: H =

26.31, df. = 10, p <0.01; Tetramerocerata: H = 21.67, df. = 10, P = 0.02; Table, 6.5).

Astigmata (composed entirely of Acarus spp.) abundance was greatest on hummock sides

(H = 27.98, df. = 10, p = 0.002; Table 6.5).
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Table 6.2. Univariate diversity measures of combined data for autumn and winter for invertebrates in microsites in patterned ground. Mean values ± one
standard error.

hummock stripe terrace

crest side furrow crest side furrow zone 1 zone 3 zone 4 zone 5 zone 6

Richness

All 35.3±4.1 27,B±5.5 25.5±5.0 23.7±5.6 29.7±4,9 24.5±2.7 22.5±4,2 363±5.2 28.6±4.1 31.8±38 30.2±45

Haptotaxida 02±0.2 1.3±03 12±0.5 05±0.2 1.0±03 1.2±05 1.0±04 1.2±O.3 O.8±O.3 O.8±O.3 1.0±O.4

Acari 223±3.1 14.3±3.1 127±27 13.2±3.9 14.7±3.9 13.7±2.1 10.8±2.0 17.3±3.1 14.2±2.8 16.7±2.2 16.3±3.3

Ccllembola 6.5±O,6 4.8±1.4 4.7±O.7 5.3±OA 6.8±O.3 4.7±O.7 5.7±1.0 5.0±O.9 5.5±O.4 5.7±1.0 6.5±O.4

Coleoptera 1.5±O.2 1.5±O.8 1,O±O.6 O,8±O.4 2.0±0.8 0.8±04 1.7±0.6 3.3±0.6 3.2±0.6 2.7±0.8 23±0.7-_._-
Diversity {H)

t.J All 2.92±01 2.30±01 2.31±03 2.38±O.3 2.56±O.1 2,69±O.1 2.30±O.2 2.96±0.1 2.70±O.2 2.85±O.2 2.33±040
0

Haplotaxda 0 032±0.1 0.24±02 0 O.11±O.1 O.26±O.2 O.14±O.1 O.16±O.1 O.12±O.1 0.09±0.1 O.18±O.1

Acari 2.58±O.1 1,85±O.2 1.87±03 1,83±O.3 2.11±O.3 2.12±0.1 1.82±0.2 2.31±0.2 1.97±0.2 2.28±O.2 1.91±O.3

Collembola 1.47±O.1 1.13±O.2 O,96±O.1 1.30±O.1 1.38±O.1 1.20±02 1.26±0.2 1.40±O.1 1.35±0.1 1.18±0.2 158±0.1

Coleoptera O.32±O.1 0.44±03 0.36±0.2 0.22±01 0.66±02 0.21±0.1 0.38±0.2 1.01±0.2 0.99±0.2 o64±0.3 0.74±0.3
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Table 6.3. ANOVA table showing Fcratios of (A) invertebrate richness and (B) invertebrate
diversity (H) of selected taxa collected from three patterned ground sites on the Old Man Range
(c.1600m a.s.l.). Statistical significance: *, p < 0.05: ** p < 0.01.

A. Species Richness df. All invertebrates Haplotaxida Acari Collembola Coleoptera

Microsite 10 1.14 0.86 1.58 1.18 150

Season 1 1.66 046 087 1.17 10.60**

Mcrosite'season 10 3.04" 0.57 4.03" 121 140

B, Diversity dJ All invertebrates Haplolaxida Acari Collembola Coleoplera

Microsite 10 137 0.90 1.74 1.00 143

Season 1 0.56 050 0.07 0.01 1304"

Microsile*season 10 133 0.85 3.03" 108 1.22

Table 6.4. GLM table ofFcratios of invertebrate abundance collected from three patterned ground
sites on the Old Man Range (c.1600m a.s.I.). Total (Total invertebrates): Haplotaxida (Hapl.):
Oribatida (Orib.): Mesostigmata (Meso.): Prostigmata (Pros.); Collembola (CoIL): Coleoptera
(Cole.): Hemiptera (Hemi.). Statistical significance: *, p < 0.05; ** P < 0.01.

Density dJ Total Hapl. Mesa. Orib. Pros. Coil. Cole. Hemi.

Season 11 14.9** 436' 18.6" 834" 034 934" 5.06 0.26

Microsite 10 1.26 1.10 077 1.07 042 0.69 4.14** 2.02

Season xmicrosite 10 3.31" 0.63 2.07' 3.84" 1.83 3.07" 1.08 1.86

Depth 5 351" 13.6" 134** 227** 82.5" 179" 22.2·· 47.0**

Season xdepth 5 9.53·· 3.25' 643" 3.12* 443" 836" 099 149

Microsite xdepth 50 132 0.86 1.17 1.70** 095 1.00 146' 1.24

Season xmicrosite xdepth 50 140 0.85 1.95 2.07" 1.67*· 142' 1.12 131
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Figure 6.5. Mean density (thousands m') of dominant invertebrate groups from all sites at each
depth category in autumn (dark) and winter (light) 2001. Error bars represent one standard error.
Note the different scales for each x-axis.
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Table 6.5. Summary of the mean invertebrate densities (thousands m') of Orders and common taxa in microsites of hummock, stripe and solifluction terrace
patterned ground with standard error in brackets. t Methods of extraction were inadequate for Nematoda, thus values reported are considered an inaccurate
(under-) estimate. Statistical significance: *, p < 0.05; ** P < 0.01; *** P < 0.001.

Hummock Stripe Solilluction terrace
crest side furrow ... crest side furrow zone 1 zone 3 zone4 zone 5 zone 6

Phylum Nematoda
Class Adenophorea

Dorylaimidat 0.50±0.36 0.08±006 166±1.41 0.19±0.08 0.13±0.08 0.23±0.08 1.35±1.25 O.46±O.20 O,25±O.13 0.19±019 O,32±O.21
Mermithidat 0 0 004±0.04 0 0 0 0 0 0 0 0
Plectidat 0 0 0 0 0 0 0 0 006±0.06 0 0.06±0.06

Class Secementea
Tylenchidat 038+038 0 0.06+006 0.63+0.56 0.44±032 006±0.06 0.13+0.13 0.21 +0 12 0 0 0.06+0.06

Phylum Anneiida
Class Oligochaetae

Hapclaxida 002±0.02 O.80±O.28 0.76±0.34 O.38±O.20 5.28±4.71 O.68±O.44 0.48±0.36 3.29±1.73 1.01±O.79 1.50±1,22 O.95±O,52
Lumbricina 0 0.19±0.13 o59±0.36 0.19±0.19 0.23±0.12 0.17±007 034±0.31 0 0 0.23±0.16 0.06(0.04)
Tubificina 0.02±0.02 0.61±0.28 0.17+0.15 0.19+0.13 5.05+4.75 0.51+0.44 0.15+0.08 3.29+1.73 1.01±0.79 1.26+1.26 0.88(0.531

Phylum Mollusca
t.J Class Gastropoda
0 Stylommatophora 0 0 0 0.06±0.06 0 0 0 0 0 0.02±0.02 0+.

Phylum Arthropoda
Class Crustacea

Amphipoda 0 0 0 0 0 0.02±0.02 0 O.O2±O.O2 0 0 008±0.08
Isopoda 0 0 0 0 0 0 0 0.04±004 0 002±0.02 0

Class Chilopoda
Scolopendromorpha 0 O.O8±O.O6 O.O6±O.O6 0 0 O.O2±O.O2 0 O.23±O.18 O.13±O.O7 O.17±O.O8 O.O6±O.O6

Class Pauropoda
Teframerccerata' 0 0 0 0 0 0.02±0.02 0 0.28±0.28 0.19±0.11 0.19±0.09 0

Class Symphyla
Cephalostigmata** 0 0 0.04±0.03 0.13±0.08 0.63±063 0.04±004 0 0.64±037 o59±0.19 0.40±0.15 0.11±007

Class Arachnida
Acari 25.22±6.59 18.78±537 10.92±230 19.71±8.19 17.59±8.00 12.67±4.55 10.03±2.60 14.89±305 11.45±2.58 39.89±28.80 19.41±6.22

Astigmata (Acarus sp.I" 036±0.23 1.58±0.41 0.21±0.17 0 0 0.06±006 0 038±0.17 008±0.06 0.25±0.25 0.98±0.90
Mesosllgmata 738±2.56 382±0.71 419±1.97 6.00±2.66 7.87±4.06 5.49±2.63 2.30±O.92 6.20±1.81 519±1.51 10.52±4.75 7.92±4.19

Uropodina sp. 1.08±0.40 o55±0.17 091±068 1.45±0.80 1.01±0.43 0.63±0.42 0.44±030 038±031 032±0.18 2.00±1.16 0.70±0.50
Parasifina sp. 0.61±0.28 o83±0.32 0.74±030 196±0.98 2.23±1.04 2.78±1.72 0.61±0.28 2.43±0.58 2.84±1.23 4.74±2.14 2.55±1.17
Mesostigmata sp.4 0.13±007 0.21±0.15 0.15±0.12 o65±0.26 0.55±0.29 0.15±0.08 0.13±007 032±0.18 0.21±0.12 0.65±0.37 0.42±037

Oribatida 14.55±395 11.28±533 4.97±1.04 12.33±5.17 6.67±2.97 5.41±2.14 5.12±1.45 6.45±1.50 4.45±2.30 2230±19.70 8.47±2.87
Poronofcae sp. 1 1.10±0.47 396±2.09 0.88±0.35 2.46±1.53 1.01±025 221±1.01 0.89±039 1.81±1.03 2.67±1.99 15.90±15.52 0.53±035
cf.Ceratozetoidea sp. 0.47±0.42 0.06±0.06 1.36±0.95 1.96±1.09 0.42±037 0.70±0.41 038±0.26 0.19±0.19 0 0.08±0.06 0.63±0.34



Table 6.5. (continued)

hummock stripe solifluclion terrace

crest side furrow crest side furrow zone 1 zone 3 lone 4 zone 5 zone 6
Opcooea so. 2.92±1.18 484±4.59 0.53±0.46 0.80±0.51 118±0.73 0.34±0.31 0.63±0.21 1.52±051 0.15±0.08 1.01±0.51 4.11±3.2f
Pycnoncficae sp, 4*' 1.86±O.93 0.06±0.06 0 03±0.31 0.32±0.32 0 2.64±1.41 0 0 0.06±0.06 0.23±0.19

Prostigmala 2.92±120 210±0.98 1.54±0.36 1.39±0.56 2.42±1.38 171±0.75 2.61±1.40 1.86±O.43 173±0.74 6.82±4.97 2.05±0.80
Tydeidae O.63±O.14 O.85±O.80 0.48±0.24 o63±0.25 162±0.93 0.40±0.19 1.54±121 0.40±023 0.53±0.21 4.67±4.44 0.17±0.08

Araneae o11±006 0 0 0.19±0.13 o34±0.18 0.04±0.04 0.11±0.07 0.04±0.04 0.04±0.04 0.19±0.13 0.02±0.02
Pseudoscorpionida 0 0 0 0 0 0 0 0.04±0.04 0 0 0

Class Protura
Protura 0 0.02±002 o21±0.1O 0.06±006 0 0 0.06±0.06 0.49±0.24 0.23±0.17 0.40±0.26 021±012

Class Ccllembola
Anhopleona 11.37±3.15 1213±3.64 1199±3.77 18.42±8.00 20.36±7.99 7.82±2.28 14.91±5.49 7.16±1.55 914±3.13 2517±1876 7.68±2.14

Entomobryidae 2.11±0.56 1.21±0.64 o25±0.11 162±0.78 4.33±3.18 0.93±0.60 1.12±0.64 0.91±0.33 137±0.83 o84±0.48 2 08±096
cl. Wiflowsia sp. 0.93±0.49 o11±0.60 0 1.22±0.80 3.60±2.81 0.04±0.04 0.17±0.12 0.44±0.30 1.03±0.64 0.25(0.13 1.03±0.71

Isotomidae 5.94±2.24 597±2.80 4.95±178 9.47±4.54 890±2.51 3.71±1.28 10.52±3.94 3.97±1.18 5.44±2.15 6.69±3.51 3.69±1.12
Isotoma sp. 1.20(061 0 0.08±008 505±3.38 1.10±0.68 0 2.32±1.40 0.15±0.07 0.06±0.06 0.95±0.80 0.15±0.12
cf. 150toma sp.' 3.20±2.06 2.82±2.82 0 O.87±O.63 202±202 o65±0.24 0 002±0.02 0.06±0.06 0.08±0.08 0
Cryptopygus caecus 072±0.27 1.42±054 4.30±1.82 2.17±1.30 2.40±109 2.19±O,77 3.58±1.53 2.30±1.26 2.87±0.96 4.15±1.86 1,79±O.57

le
Cryptopygus antarcticus 0.42±0.30 1.48±0.88 O.45±O.18 1.39±O.72 3.02±1.59 O.61±O.35 4,62±1.73 1.09±O.92 2.06±1.86 1.49±O.94 1.65±O.860

Ch Neanuridae 030±0.19 2.65±1.44 2.82±1.61 0.61±0.33 0.90±0.60 0.06±0.06 0.36±0.24 O.66±O.29 0.13±0.09 1363±13.40 070±0.21
Friesea sp. 0.30±0.19 265±1.44 282±1.61 0.59±0.32 0.90±0.60 0.06±006 0.02±0.02 0.32±0.20 0.11±0.08 13.25±13.17 0.38±0.17

Onychiuridae 3.03±1.42 2.31±0.90 3.96±2.27 6.72±2.94 6.23±2.76 3.10±0.91 272±097 1.60±057 2.17±1.11 3.08±1.38 1.20±0.57
Dinaphorura sp. 3.03±1.42 231±0.90 3.96±2.27 6.72±294 6.23±2.76 310±0.91 2.72±0.97 0.97±042 2.17±1.11 3.08±1.38 1.20±0.57

Symphypleona 0.02±002 0.04±0.03 0.08±0.O6 0 0 0 0.06±006 0.25±0.19 0.06±0.06 0.08±0.06 0
Class Insecta

coecoere'" 0.36±002 0.21±0.12 0.11±007 0.36±020 0.46±0.20 0.27±0.13 0.40±0.10 2.04±1.12 0.97±0.28 1.31±0.35 0.59±0.16
Curculondae 0.08±0.06 0.11±0.07 0.04±0.03 0 O.O6±O.06 0.27±0.13 023±0.11 042±0.18 0.15±0.06 0.28±0.16 0.42±0.17
Staphylindae" 0 0.04±0.03 0.06±0.06 0.06±0.06 0.21±012 0 0 1.56±1.07 0.36±012 0.89±0.41 0.02±0.02

Diptera 0.42±0.13 0.40±0.11 0.11±0.06 0.36±0.14 0.40±0.30 O.15±0.11 0.06±0.06 034±0.13 0.30±0.14 0.34±0.18 0.08±O.O6
Hemipteratt 0.55±0.33 0.04±0.03 0.11±0.08 0 0.11±0.07 O.17±0.12 0.15±0.07 0.15±0.12 0.02±0.02 0.17±0.08 0,17±0.12

Pseudccoccoae 3.92±2.41 4.88±2.25 o53±0.26 0.82±0.44 4.33±398 1.54±0.68 3.56±2.62 0.38±0.19 387±2.55 0.23±0.11 213.3±213.1
Hymenoptera 0 0 0 0 0 0 0 0 0 0 o06±006
Lepidoptera 0.06±0.06 0 006±0.04 0.06±0.06 0.15±0.10 0.02±0.02 0 0 0 0 0
Neuroptera 0 0 0 0 0 0.06±0.06 0 0 0 0 0
Thysanoptera 1.65±0.85 006±0.06 0.15±0.12 0.21±0.19 0.11±0.07 0.02±0.02 1.12±0.76 0.02±002 0.19±0.19 0 0.06±0.06

Phlaeothripdae?" 1.65±0.85 0.06±0.06 0.02±0.02 O.02±0.02 0.04±0.04 0 1.12±0.76 0 0 0 0
Thripidae 0 0 0.13+0.13 o19±0.19 006+0.06 0,02+0.02 0 0.02+002 0.19+0.19 0 0.06+0.06

Total invertebrate 44.59(981) 37.54±7.85 27.01±6.27 41.59±17.38 50.39±22.25 23.84±7.33 32.48±10.01 31.05±5.84 28.52±7.82 70.40±47.39 243.3±217.2



Chapter 6. Determinants affine-scale invertebrate composition

DISTRIBUTION OF SOME COM},JON l:4XA

The abundance of Lumbricina and Tubificina (Haplotaxida) was similar in microsites

(Lumbricina: H = 17.59, df. = 10, P = 0.06; Tubificina: H = 15.00, df. = 10; P = 0.13);

Table 6.5). The abundance of Lumbricina and Tubificina was also similar on the two

sampling occasions, but both were most abundant in the upper soil layers (Figure 6.8).

Common Acari morpho-taxa showed different seasonal and spatial pattems of abundance;

the abundance of Uropodina sp. 2, Mesostigmata sp. 5, Parasitina sp. (Mesastigmata),

Poronoticae sp. I (Oribatida) and Tydcidae (Prostigmata) was greater in autumn than in

winter, whereas the abundance of ef. Ceratozoidea sp., Oppiodea sp. and Pycnonticae sp.

4 (Oribatida) was similar on the two occasions (Figure 6.8). Mesostigmata sp. 5,

Poronoticae sp. 1, cf. Ceratozoidea sp., Oppiodea sp., Pycnonticae sp. 4, and Tydeidae

were most abundant in the plant material, while Uropodina sp. 2 was most abundant in

the upper-most layers of soil (Figure 6.8). Parasitina sp. was most abundant in the plant

material and uppermost layers of soil (Figure 6.8). Pycnonticae sp. 4 was most abundant

in crests and terrace zone 1 (H = 24.05, df. = 10, P = 0.01; Table 6.5); no differences were

apparent in the use of rnicrosites by the other seven Acari species tested (p 2il.05).

The abundance of cf. Willowsia sp. (Entomobryidae) , Cryptopygus caecus (Isotomidae)

and Dinaphorura sp. (Onychiuridae) was greater in autumn than in winter, whereas the

abundance of cf. Isotoma sp., Isotoma sp., Cryptopygus antarcticus (Isotomidae) and

Friesea (Neanuridae) was similar on the two occasions (Figure 6.8). Entomobryidae, cf.

Isotoma sp., Isotoma sp. Cryptopygus antarcticus and Friesea sp. were most abundant in

the plant material, while Dinaphorura sp. and Cryptopygus caecus were most abundant at

the upper-most layers of soil (Figure 6.8). The abundance of cf. Isotoma sp. was most

abundant in hummock crest, hummock side and stripe crest micro sites; the remaining

selected Collembola taxa were uniformly distributed in microsites (Table 6.5).

Staphylinidae and Curculionidae (Coleoptera) abundances were similar on both sampling

occasions (Figure 6.8). Curculionidae abundance was greatest in the plant material, but

was undifferentiated among rnicrosites (Table 6.5; Figure 6.8). The greatest density of

Staphylinidae density was greatest in the upper layers of soil and in zone 3, zone 4 and

zone 5 (Figure 6.8).
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Chapter 6 Determinants offine-scate invertebrate composition

The abundance of Phlaeothripidae (Thysanoptera: consisting of Baenothrips moundi,

Walkerthrips neatus, and early Phlaeothripidae instal's) was similar on the two occasions

(Figure 6.8), but was greater in the plant material and in crests and zone 1 (Table 6.5).

The proportion of the total number of invertebrates present in the plant material, in the

upper-most soil (0-5cm) and in the deeper soil (>5cm) was similar for each sampling

occasion (Figure 6.9). The average proportion of taxa at each of the three strata (plant

material, 0-5cm, >5cm) gave an indication of taxa affinity; changes were an indication of

seasonal population changes or movement. Values for most taxa (e.g. Oribatida,

Coleoptcra, Thysanoptera) were similar on each sampling occasion for each strata,

indicating similar depth distributions in both autumn and winter. However, Tydeidae,

Mesostigmata sp. 5, Parasitina sp., ef. Willowsia sp., Friesea sp. and Tetramerocerata

(Pauropoda) were found in greater proportion in the plant material in autumn than in

winter, and had higher proportional values in winter at 0-5cm. Values for

Cephalostigmata (Symphyla) and Protura were less in winter in the plant material and 0

5cm, but were greater in the deeper soil (>5cm). Taxa that were found at grcater

proportions in the plant material in winter include Araneae, Diptera, Hemiptera (not

including Pseudococcidae), Lumbricina. and to a lesser extent Pseudococcidae and

Tubificina. Araneae, Hemiptera, and Pseudococcidae were greater in the near-surface

soil (0-5cm) in winter, while the proportion of Diptera and Tubificina in the deeper

(>5cm) soil was greater in winter. The proportion of Lumbrieina in both the shallow (0

5cm) and deeper (>5cm) soil was lower in winter than in autumn.
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6.3.3 COMPOSITION OF PATTERNED GROUND

The composition of invertebrates differed between sampling occasions (ANOSIM;

Global R = 0.444; p = 0.001) and between microsites (ANOSIM; Global R = 0.424; P =

0.001). Although the stress level is high (stress = 0.28), differences between microsites

are apparent in a two-dimensional non-metric multidimensional scaling ordination

(Figure 6.10).

The average within-group similarity was higher in autumn than in winter (Table 6.6).

Invertebrate species typifying autumn and winter and contributing more than 5% to the

average similarity of the two sampling occasions are shown in Table 6.6. Dinaphorura

sp. (Onychiuridae) and Cryptopygus caecus (Isotomidae) combined contributed more

than 30% to the average similarity of each sampling occasion. Thc average dissimilarity

between sampling occasions was 75.37. Parasitina sp. (Mesostigmata) was the only

species to contribute more than 2% to the average dissimilarity between autumn and

winter.

Pairwise comparisons showed the invertebrate composition was different between 43 of

the 55 paired microsites (Table 6.7). The invertebrate composition of zone 4, zone 5 and

zone 6 did not differ, and zone 1 and zone 3 also did not differ from zone 4, zone 5 or

zone 6 (Table 6.7). The invertebrate composition of stripe side did not differ from stripe

crest or stripe furrow, and stripe crest did not differ from zone 5 (Table 6.7).

The average within-group similarity was highest in the hummock crest (Table 6.8).

Invertebrate morpho-taxa typifying and contributing more than 5% to the average

similarity of each microsite are shown in Table 6.8. Morpho-taxa typifying microsites

and contributing more than 50/0 of the average within-group similarity were mostly

Collcmbola (c.g. Dinaphorura sp., Cryptopygus coccus, Cryptopygus antarctic us) and

Acari (e.g. Parasitina sp., Oppiodea sp., Poronoticae sp. I, Pycnonoticae sp. 4).

lotonchus sp. (Dorylairnida) was an important indicator of hummock furrows:

Ventrispina cf. otagoensis (Pseudococcidae) was an important indicator of hummock

crest and stripe side microsites: Tubificina was an important indicator of zone 3; and

Cephalostigmata (Symphyla) was an important indicator of zone 4 (Table 6.8).

Twenty-seven species contributed more than 2% to the average dissimilarity between

microsites (Table 6.9). Thirteen distinguishing species were Acari, and eight were
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Collembola: the remainmg species distinguishing microsites were Dorylaimida,

Tubificina, Symphyla and Pseudococcidae (Table 6.9).

The composition of invertebrates differed between sites (ANOSIM; Global R = 0.212; P

= 0.00 I). Using the same non-metric multidimensional scaling ordination in Figure 6.10

with sites, site level differences are apparent, despite high stress levels (Figure 6.11). The

invertebrate composition of the hummock site differed significantly from the terraces site

(average dissimilarity = 75.05; R statistic = 0.192; P < 0.01) and the stripe site (average

dissimilarity = 73.68; R statistic = 0.163; p < 0.01). The terrace site differed significantly

from the stripe site (average dissimilarity = 75.66; R statistic = 0.271; P < 0.01). Five

species each contributed more than 2% to cornpositional differences between sites (Table

6.9).
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Figure 6.10. Two-dimensional non-metric multidimensional scaling ordination (stress = 0.28) of
invertebrate composition of sites in autumn (filled black) and winter (open). Hummock: circle;
stripe: triangle; solifluction terrace: square.

Table 6.6. Species that typified each season based on percentage contribution of each species to
the average similarity within each season.

season

autumn

winter

Average
similarity within
seasons

3019

2567

Indicator species (contributing greater than
5% towithin similarity)

Cryptopygus caecus
Dinaphorura sp.
Parasitina sp.
Poronoticae sp.
Cryptopygus antarcticus

Dinaphorura sp.
Cryptopygus caecus
Poronoticae sp.
Cryptopygus antarcticus
Parasitina sp.
Oppiodea sp.
Friesea
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Percent contribution
tosimilarity within
season (%)

12.3
9.72
9.63
8.29
5.11

12.2
837
734
6.82
6.26
5.38
5.30



Table 6.7. R statistics and significance for pairwise comparison of microsites (for each microsite n = 9; total number of permutations per comparison = 999)
based on one-way analysis of similarities (ANOSIM) between microsites based on Bray-Curtis rank similarities of fourth-root transformed species abundance.
Statistical significance: ". p <0.05. R statistic is on a scale of 0 (indistinguishable) to 1 (all similarities within the groups are less than any similarities between
the groups.l

tJ...

Hummock

Stripe

Terrace

Hummock Stripe Terrace

crest side furrow crest side furrow zone 1 zone 3 zone 4 zone 5 zone 6

crest 0.70' 0.48' 0.52' 0.63' 0.54' 0.44' 0.63' 052' 0.39' 0.37'

side 0.48' 0.87' 0.91' 0.70' 0.57' 0.87' 0.63' 059' 0.32'

furrow 0.76' 0.67' 0.50' 0.43' 0.65' 0.54' 0.43' 0.37'

crest 0.26 0.43' 0.59' O.74~ 0.63' 0.32 0.52'

side 0.39 0.48' 0.85' 0.65' 0.44' 0.52'

furrow 0.56' 0.87' 0.59' 0.61' 0.48'

zone 1 0.37' 0.24 0.02 -0.19

zone 3 -0.28 0.09 -0.13

zone 4 -.33 -0.07

zone 5 -0.13

zone 6
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Table 6.8. Species that typified each microsite based on percentage contribution of each species
to the average similarity within each microsite.

Average
Indicator species (contributing greater than

Percent contribution
Microsite similarity within tosimilarity within

microsites
5% towithin similarity) vegetation type (%)

Hummock

crest 41.14 Dinaphorura sp. (Onychiuridae) 7.62
Ventrispina cl.otagoensis (Pseudococcidae) 7.61
Oppiodea sp. (Oribatida) 7.58
Poronoticae sp. 1 (Oribatida) 6.54
cl. Pelopoidea sp.(Oribatida) 5.88

side 36.34 Poronoticae sp. 1 (Oribatida) 12.2
Acarus sp. (Astigmata) 115
Cryptopygus caecus (Isotomidae) 10.0
Friesea sp. (Neanuridae) 6.79
cf. Acanthocyrlus sp. (Entomobryidae) 5.98
Cryptopygus antarcticus (Isotomidae) 598
Uropodina sp. 2 (Mesostigmata) 5.62

furrow 2629 Cryptopygus caecus (Isotomidae) 16.3
Friesea sp. (Neanuridae) 122
Poronoticae sp. 1 (Oribatida) 102
Parasitina sp. (Mesostigmata) 7.32
lotonchus sp. (Dorylaimida) 5.31
Cryptopygus antarcticus (Isotomidae) 5.12

Stripe

crest 28.36 Dinaphorura sp. (Onychiuridae) 22.1
Friesea sp. (Neanuridae) 8.08
Uropodina sp. 2 (Mesostigmata) 7.38
Tydeidae sp. 4 (Prostigmata) 689
cf. Ceratozetoidea sp. (Oribatida] 5.02

side 3344 Dinaphorura sp. (Onychiuridae) 114
Poronoticae sp. 1 (Oribatida) 9.56
Tydeidae sp. 4 (Prostigmata) 955
Cryptopygus antarcticus (Isotomidae) 6.95
Cryptopygus caecus (Isotomidae) 5.99
Ventrispina cf. otagoensis (Pseudococcidae) 5.63
Uropodina sp. 2 (Mesostigmata) 5.31

furrow 27.71 Dinaphorura sp. (Onychiuridae) 183
Poronoticae sp. 1 (Oribatida) 14.1
Cryptopygus antarcticus (Isotomidae) 8.52
cf Isotoma sp. (Isotomidae) 7.61
Cryptopygus caecus (Isotomidae) 6.95
Uropodina sp. 2 (Mesostigmata) 5.16
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Table 6.8. (contintued) Species that typified each microsite based on percentage contribution of
each species to the average similarity within each microsite.

Average
Indicator species (contributing greater than

Percent contribution
Microsite similarity within

5% towithin similarity)
tosimilarity within

microsites vegetation type (%)

Terrace

zone 1 29.98 Cryptopygus antarcticus (Isotomidae) 14.1
Cryptopygus caecus (Isotomidae) 12.5
Dinaphorura sp. (Onychiuridae) 11.1
Parasitina sp. (Mesostigmata) 9.11
Oppiodea sp. (Oribatida) 7.51
Pycnonoticae sp. 4 (Oribatida) 560
Poronoticae sp. 1 (Oribatida) 558

zone 3 3087 Parasitina sp. (Mesostigmata) 120
Microdrili sp. (Tubificina) 6.83
Oppiodea sp (Oribatida) 6.55
Poronoticae sp. 1(Oribatida) 6.51
Cryptopygus caecus (Isotomidae) 593
Pycnonoticae sp. 5 (Oribatida) 5.67

zone 4 2648 Cryptopygus caecus (Isotomidae) 15.6
Dinaphorura sp. (Onychiuridae) 130
Parasitina sp. (Mesostigmata) 114
Cephalostigmata sp. (Symphyla) 8.83
Poronoticae sp. 1 (Oribatida) 766

zone 5 25.93 Parasitina sp. (Mesostigmata) 14.6
Cryptopygus caecus (Isotomidae) 130
Dinaphorura sp. (Onychiuridae) 124
Oppiodea sp. (Oribatida) 717

zone 6 28.92 Parasitina sp. (Mesostigmata) 12.7
Cryptopygus antarcticus (Isotomidae) 10.1
Cryptopygus caecus (Isotomidae) 9.62
et. Wiflowsia sp. (Entomobryidae) 6.81
Oppiodea sp. (Oribatida) 677
Dinaphorura sp. (Onychiuridae) 646
cf. Acanthocyrtus sp. (Entomobryidae) 5.13
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Table 6.9. Average abundance of invertebrate morpho-taxa (contributing more than 2%) to the average dissimilarity after fourth-root transformation]
discriminating between mlcrosites. Highest percent cover for each taxon is ShO\VIl in bold type. Taxa contributing more than 2%) average dissimilarity between
sites. Site comparisons are indicated: HS, hummock-stripe: HT, hummock-terrace; ST, stripe-terrace.

Hummock Stripe Terrace

crest Side furrow crest side Furrow zone 1 zone 3 zone 4 zone 5 lone 6
_.,.~

lotonchu5 sp. (Dory!aimida) 0.50 0.66 6.77 0.50 0 0.83 1.98 0.17 0 1.49 0
Microdrili sp. (Tubificina) 0.17 3.97 0.50 1.49 39.6 2.16 1.16 23.2 7.76 7.43 6.95

Cephaostqmata sp. (Symphy\a) 0 0 0.33 0.99 4.95 033 0 5.00 4.64 3.15 0.83
Acarus sp, (Astigmata) 2.83 12.4 1.67 0 0 050 0 2.99 0.66 2.00 7.50

Uropodina sp, 1 (Mesostigmata) 0.83 611 9.26 0.50 1.49 1.49 0 1.32 0.17 3.31 0
Uropodina sp.2 (Mesostigmala) 8.48 434 7.12 11.4 793 496 3.47 2.98 2.48 15.7 5.46

Mesosligmata so. 5 (Mesostigmata) 20.1 166 1.16 5.13 4.30 1.17 1.00 2.49 1.65 512 3.31

Pycnonoticae sp.4 (Oribatlda) 14.6 0.50 0 4.14 2.48 0 20.8 0 0 0.50 1.82

Poronoticae sp. 1 (Oribalida) 861 31.1 6.95 19.3 7.95 17.4 6.98 14.2 no 125 4.16

Euptyctima sp. (Oribatida) 9.25 0.50 1.32 21.5 15.0 3.82 0 0 0 0 0
,'-' et. Pelopoidea sp. (Oribatida) 10.6 0 0 248 0.50 0.50 0 0 0 0.50 2.32
-..l

cf.Ceralozetoidea sp.(Oribalida) 3.67 0.50 10.7 15.4 3.31 2.98 1.505.46 0 0.66 4.98

Opp\odea sp. (Orbatda} 22.9 38.0 4.16 628 925 2.64 4.97 11.9 1.16 7.94 32.3

Tumerozetidae sp. (Oribalida) 11.8 0 1.83 3.47 1.49 1.49 0 0 0.50 0.50 0

Tydeidae sp. 4 (Prostigmata) 149 0 1.49 4.46 12.8 1.65 166 2.65 2.15 36.7 033

Parasltlna sp. (Mesosligmata) HS, ST 10.8 6.48 5.80 15.4 17.5 21.8 481 19.1 22.3 37.2 20.0

cf.Acanthocyrtus sp. (Collembola: Enlomobryidae) 5.78 8.14 0.99 1.49 0.83 644 2.98 1.16 248 3.14 7.27

cf.WiiJowsia sp.(Collembola: Emomobrydae] 727 083 0 9.58 28.3 0.33 1.32 347 8.09 1.98 8.10

Ctyptopygus antarcticus (Collembola: Isotomidae) ST 36.3 116 3.50 10.9 237 4.80 3.32 8.60 16.2 11.7 13.0

Cryplopygus caecus (Collembola: tsotomidae] ST 5.65 11.1 33.8 17.0 18.8 17.2 28.1 18.1 22.5 32.6 14.1

Isotoma sp. (Collembola: IsolomJdae) 3.32 0 0.67 39.6 8.67 0 18.2 1.16 0.50 7.43 1.16

cf. Isotoma sp. (Ccllembcla: Isotomidae) 25.1 22.2 0 683 15.9 5.13 0 0.17 0.50 0.67 0

Dinaphorura sp. (Collembola: Onychiuridae) HS 23.8 18.1 31.1 52.8 48.9 24.4 21.4 762 17.0 242 9.46

Friesea sp. (Collemboia: Neanundae) HSHT 2.33 20.8 22.2 4.65 7.11 050 0.17 2.50 0.83 104 2.99

Ba/anococcus poae (Hemiptera: Pseudococcidae) 0 19.5 4.16 1.98 0.50 9.80 0 0.50 0 0.50 0

Rhizoecus rumicus (Hemiptera: Pseudoccccldae) 0 0 0 0 0 0 7.17 1.16 23.3 0.83 1674

Ventrispina cf.otagoensis (Hemiplera:Pseudococcidae) 30.8 15.8 0 4.46 33.5 2.97 0 0.83 7.10 0.50 1.00
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6.3.4 INVERTEBRATE CORRELATIONS WITH ENVIRONMENTAL DATA

Tables 6.10 and 6.11 show the results from the BIOENV analyses. The single

environmental variable that best describe the invertebrate community structure in autumn

was exposure (p ~ 0.215); in winter it was the minimum temperature of the last 24 hours

(p ~ 0.303).

In autumn, the maximum coefficient value between all invertebrate and environmental

variables matrices (p ~ 0.259) was attained using four environmental variables including:

exposure, soil moisture, gravel and mean vegetation height (Table 6.10). For

Haplotaxida, the maximum value (p ~ 0.310) was reached using snow-tree days, aspect,

litter and bare soil; for Acari, a maximum value (p ~ 0.332) was attained using bare soil,

stones and mean vegetation height (Table 6.10). Four environmental variables best

described the Collembola community (p ~ 0.303), including soil moisture, stones, gravel

and mean vegetation height (Table 6.10). Exposure, bare soil, stones, gravel and mean

vegetation height best described Coleoptera composition (p ~ 0.177; Table 6.10). The

single environmental variable that best explained Haplotaxida, Acari, Collembola and

Coleoptera composition in autumn were litter, snow-free days, freeze-thaw cycles and

exposure, respectively.

In winter, the maximum value was attained for all invertebrates (p ~ 0.451) using three

environmental variables including: snow-free days, minimum temperature and stones

(Table 6.11). For Haplotaxida, stones gave a maximum coefficient value (p ~ 0.158).

The maximum value for Acari composition (p ~ 0.410) was attained using snow-free

days, minimum temperature and stones (Table 6.11). Three environmental variables best

described the winter Collembola community (p ~ 0.277), including exposure, soil

moisture and stones (Table 6.11). Minimum temperature, bare soil, gravel best described

Coleoptera composition (p ~ 0.177; Table 6.11). The single environmental variable that

best explained winter composition of Haplotaxida, Acari, Collembola and Coleoptera

were stones. minimum temperature, vegetation height and stones respectively.
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Table 6.10. A summary of the results from BIOENV for invertebrates in autumn. The
combination of environmental variables, K at a time, that gave the highest Spearman rank
correlations. is given in parentheses between invertebrate and environmental matrices for each K.
Bold type values indicate overall optimum. Environmental abbreviations: TF = time frozen (one
year), F-T ~ freeze thaw cycles (one year), SF ~ snow-free days (one year), GDD ~ growing degree
days, Ex = exposure. A = aspect, SM = soil moisture, MnT = minimum temperature at lem for 24
hours previous to sampling, L = litter and dead plant material, SS = bare soil, St = stone, G =

gravel. VH = mean vegetation height

K All Haplolaxida Acari Collembola Coleoptera

1 Ex L SF F-T Ex
(0.215) (0165) (0.218) (0.173) (0.141 )

2 Ex, G A,SS SS, VH SM, St Ex, St
(0.257) (0.295) (0.275) (0.287) (0165)

3 Ex, St, G SF, A, SS SS,5t, VH SM, 5t, VH Ex, SS, VH
(0.257) (0.306) (0.332) (0.301) (0.170)

4 Ex,SM, G,VH SF, A, L, 85 Ex, SS, SI, VH
(0.259) (0.310) (0.171)

5 Ex,85, St,G,VH
(0.171)

Table 6.11. A summary of the results from BIOENV for invertebrates in winter. The
combination of environmental variables, K at a time, that gave the highest Speannan rank
correlations, is given in parentheses between invertebrate and environmental matrices for each K.
Bold type values indicate overall optimum. Environmental abbreviations: TF = time frozen (one
year), F-T~ freeze thaw cycles (one year), SF ~ snow-free days (one year), GDD ~ growing degree
days, Ex = exposure, A = aspect, SM = soil moisture. MnT = minimum temperature at 1cm for 24
hours previous to sampling, L = litter and dead plant material, SS = bare soil, St = stone, G =

gravel, VH = mean vegetation height.

K All Haplotaxida Acari Collembola Coleoptera

1 MnT St MnT VH SI
(0.303) (0.158) (0.313) (0.180) (0124)
SF, MnT SF, MnT Ex, SI SM, MnT
(0.393) (0.382) (0.258) (0.128)

3 SF, MnT, St SF, MnT, St Ex,SM, St MnT, Bs,G
(0.451) (0,410) (0.277) (0.129)
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Table 6.12 summarises the Spearman rank comparisons between environmental variables

and the univariate measures for invertebrate fanna. Correlations revealed highly

significant positive correlations between the minimum temperature recorded at Icm depth

in the 24 hours previous to sampling and the density of each invertebrate group (Table

6.12). There was also a significant positive relationship between vegetation height and

Mesostigmata density, richness and diversity; between litter and Haplotaxida density,

richness and diversity; between snow-free days and Collembola richness and diversity;

and between growing degree-days and Coleoptera density and richness (Table 6.12).

Spearman rank comparisons between environmental variables and the univariate

measures revealed highly significant negative correlations between snow-free days and

Haplotaxida richness and diversity; between soil moisture and Prostigmata density;

between bare soil and Mesostigmata richness, Co11embola diversity, and Coleoptera

density; and between stones and total invertebrate richness, Coleoptera richness,

Mesostigmata richness and diversity and Col1embola richness and diversity. Spearman

rank comparisons also revealed highly significant negative correlations between time

frozen and Coleoptera density, richness and diversity, as well as exposure and Coleoptera

density, richness and diversity (Table 6.12).
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Table 6.12 Summary of Spearman rank correlation coefficients (Ps) for comparisons between
environmental variables and univariate measures for invertebrate fauna ofpattemed ground on the
Old Man Range. Statistical significance in bold: *, p < 0.05; **, p < 0.01; ***• P < 0.001.
Univariate measures: S ~ species richness, H' ~ Shannon Weaver diversity. Environmental
abbreviations: TF ~ time frozen (one year), F-T ~ freeze thaw cycles (one year), SF ~ snow-free
days (one year). GDD ~ growing degree-days. Ex~ exposure, A~ aspect. SM ~ soil moisture, MnT ~

minimum temperature at lcm for 24 hours previous to sampling, L= litter and dead plant material,
SS = bare soil, St = stones (l-Scm diameter), G = gravel, VH = mean vegetation height.

TF F-T SF GOD Ex A SM MnT L SS St G VH
All
invertebrates

density 0.09 0.04 0.06 ·0.06 003 0.01 -0.20 0.49** 0.03 -0.11 -024 -0.20 0.18

S -002 -0.09 0.11 -003 ·0.22 -0.02 -0.03 001 0.10 -0.22 -0.32" -0.15 017

H' -0.16 -0.18 0.10 0.07 -0.28' -0.07 -0.08 0.17 0.12 -0.26 -0.21 -010 0.18

Haplotaxida

density ·0.24 -0.20 -0.18 006 ·0.25 0.01 .D18 0.36" 028* 0.16 0.11 0.17 0.04

S -0.19 -0.15 ·0.25' 0.05 -024 0.01 -0.11 0.13 0.31' 0.16 0.05 0.31 -012

H' -0.14 -0.11 ·0.25* 0.03 -018 0.02 -0.13 002 0.32** 0.13 0.15 0.25 -0.23

Mesostigmata

density -0.09 ·012 0.10 -0.01 -013 001 -0.16 0.58'" <0.01 -0.22 -0.24 -0.18 0.30'

S <0.01 -013 0.09 -0.11 ·012 0.02 -004 0.21 -0.06 ·0.27* -0.39*' -0.18 0.35**

H' 0.07 -0.09 0.04 -016 ·0.07 0.05 -0.02 013 -0.03 -0.18 -0.37** -016 0.28'

Oribalida

density 0.19 0.14 010 0.09 0.10 018 -0.05 0.28* 0.06 ·0.04 -015 -0.13 -0.01

S -016 -0.05 003 -0.11 -016 0.23 0.12 0.14 0.28 -0.14 -007 003 004

H' 0.14 011 0.23 -0.13 <0.01 0.06 006 0.04 0.11 -0.20 -0.15 -0.26 012

Prostigmata

density 0.08 0.02 0.04 -0.07 -0.06 0.04 -0.26* 0.27' 0.15 -0.08 -0.19 -0.14 0.08

S -0.07 -0.05 <0,01 0.08 -015 0.06 -0.10 <0.01 0.16 -0.07 -0.16 -0.06 <0.01

H' -009 -0.07 0.08 0.13 -0.17 0.01 -0.14 001 0.20 -0.17 -0.18 0.02 0.01

Collembola

density 0.22 0.21 0.03 -0.16 021 005 -0.14 0.42**' -0.08 -009 -0.21 -0.22 010

S 019 0.15 0.28* -0.08 0.04 0.06 0.13 -0.04 -0.11 -024 ·0.27* -0.17 0.19

H' 0.06 0.19 0.34** 0.13 -0.05 002 0.10 0.07 -0.02 -028' ·0.27* 0.02 0.12

Coleoptera

density -0.41*** -024 0.17 0.34" -0,48**' -0.38** -0.24 0.35** 0.08 ·0.25* -0.22 -0.08 0.30

S ·0.32** -0.24 010 0.27* -0.44*** -0.30* -002 -0.08 008 -0.13 -0.27' 0.03 0.17

H' ·0.30' ·0.26* 0.07 0.21 -0.44'" -0.19 0.05 -0.18 006 -0.10 -0.22 0.12 0.11
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6.3.5 INVERTEBRATE CORRELATIONS WITH VEGETATION

Aeross microsites, total invertebrates and plant taxa similarity matriees were significantly

eorrelated (p = 0.15, P = 0.04), suggesting samples most similar in plant composition

were also similar in invertebrate composition. There was a correlation between plant

composition and Collembola (p = 0.076, P = 0.049) and Acari (p = 0.107, p = 0.016);

however, there was no correlation between plant composition and Coleoptera

composition (p = 0.021, p = 0.258).

There was no correlation between plant richness and Acari richness (p = -0.09; p =

0.465), Collembola richness (p = -0.05; P = 0.669), Coleoptera richness (p = -0.13; p =

0.300), or total invertebrate richness (p = -0.09; p = 0.452; Figure 6.12). There was also

no correlation between plant diversity and Acari diversity (p = -0.14; P = 0.274),

Collembola diversity (p = -0.08; p = 0.507), Coleoptera diversity (p = -0.03; p = 0.824),

or total invertebrate diversity (p = -0.08; p = 0.533; Figure 6.13). Total invertebrate,

Acari and Collembola densities were not significantly correlated with plant richness

(total: p = -0.06; P = 0.605; Acari: p = -0.03; p = 0.832; Collembola: p = -0.01; P =

0.968); however, Coleoptera density was negatively correlated with plant richness (p = 

0.26; p = 0.04; Figure 6.14).

Tables 6.13 and 6.14 show the results for the BIOENV analyses. The single factor that

best described the invertebrate community was Cetraria islandica ssp. antarctica, both in

autumn (p = 0.248) and winter (p = 0.195). The maximum value was attained for autumn

invertebrate abundance (p = 0.311) with the combination of Celmisia prorepens, Celmisia

viscosa, Chionochloa macra, Kclleria childii, Poa colensoi, and Cetraria islandica ssp.

antarctica; in winter, the maximum value (p = 0.243) was attained with C. prorepens, C.

viscosa, C. macra, C. islandica ssp. antarctica and Lecanora neglecta.

The abundance of plant species best described the composition of Acari and Collembola,

particularly in autumn. For invertebrate groups, the maximum coefficient values were

higher in autumn than in winter (Table 6.13; Table 6.14).

The relationship between invertebrate composition and vegetation type was made

apparent in the two-dimensional non-metric multidimensional scaling ordinations (Figure

6.15). Non-metric multidimensional scaling ordinations also illustrate the relationship

between invertebrate groups and vegetation types (Figure 6.16). The composition of all

invertebrates, Oribatida and Coleoptera differed between vegetation types (ANOSIM; All
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invertebrates: Global R = 0.122; l' = 0.006: Oribatida: Global R = 0.094; P = 0.023;

Coleoptera: Global R = 0.073; l' = 0.002). Significant (1' < 0.05) pairwise comparisons of

showed Oribatida were different between vegetation type A and B(R statistic = 0.126; P <

0.01), F and D (R statistic = 0.521 ; P < 0.05) and C and D(R statistic = 0.501; P < 0.05).

Coleoptera had significance differences between vegetation type A and B (R statistic =

0.088; l' < 0.05), F and B (R statistic = 0.183; l' < 0.01), C and B (R statistic = 0.147; P <

0.01). Species that contributed to these differences are shown in Table 6.15.

Vegetation type A was distinguished by the presence of the predator Coccinelidae

(Coccinelidae Iv. SI'. 1, Coccinellidae sI'. 2, Coccinellidae Iv. SI'. 2) and Nestrius sp.

(Curculionidae). Other important components of vegetation type A were Curculionidae

lv. SI'. 1, cf. Anobiidae Iv. SI'. I, Melanopthalma SI'. I, and Curculionidae lv, 51'. 5. The

assemblage of Coleoptera with vegetation type B was predominantly Curculionidae,

including Baeosomus sp. 1, Baeosomus sp. 4, Baeosomus rugosus, Irenimus egens,

Baeosomus SI'. 3, Curculionidae lv, sp. I, Curculionidae Iv. SI'. 3. The Coleoptera of

vegetation type C was dominated by the two larval morpho-taxa Elateridae Iv. SI'. 1 and

Curculionidae lv. SI'. 5. The assemblage of Coleoptera in vegetation type F included

Staphylinidae (Staphylinidae Iv. sp. 2, Staphylinidae lv. sp. I, Aleocharinae SI'. 1,

Aleocharinae SI'. 2).

In relation to Coleoptera, Oribatida morpho-taxa were more widespread; differences

between vegetation types were based on relative abundance of each taxon. Oppiodea sp.,

cf. Ceratozetoidea sp. and Poronoticae sp. 1 were common in vegetation types A, Band C.

Poronoticae SI'. 1 was particularly abundant in vegetation type F; cf. Ceratozetoidea sp.

was particularly abundant in vegetation type D. Pycnonoticae SI'. 5 characterised

vegetation type A and F; Pycnonoticae sI'. 8 characterised vegetation type C and F; and

Euptyctima SI'. characterised vegetation type Band C. Pycnonoticae sI'. 4 was

characterised only vegetation type A, and ef. Otocephoidca sp. and Eutegaeidea SI'. each

characterised vegetation type B.

Collembola. Mesostigmata, Prostigmata, and Haplotaxida composition did not differ

significantly between vegetation types (Collembola: Global R = 0.046; P = 0.123;

Mesostigmata: Global R = 0.075; P = 0.054; Prostigmata: Global R = -0.001; l' = 0.482;

Haplotaxida: Global R = -0.024; P = 0.650).
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Table 6.13. A summary of the results from BIOENV for invertebrates in autumn. The
combination of plant species, K at a time, that gave the highest Spearman rank correlations. is
given in parentheses between invertebrate and plant matrices for each K. Bold type values indicate
overall optimum. Plant species abbreviations: Ai = Ahrotanella inconspicua: Cp = Celmisiu
prorepens: Cv = Celmisiu viscosa: Cm = Cbionochloo macra: Dm = Dracophyllum muscoides: Kc=

Kelleria childii: Phc = Phyllachne colensoi; Pc = Poa colensoi; Rh = Raoulia hectoni: Pj =

Polvtrichnm juniperinum: Ci = Cetraria islandica ssp. antarctica; Ln =: Leproria neglecta.

K All Haplotaxida Acari Collembola Coleoptera

I Cl Cm Cl Pc Cm
(0.248) (0.113) (0.272) (0.203) (0.200)

2 Cv, Ci Cm,Ci Pc, Rh
(0292) (0.297) (0.245)

3 Cv, Pc, Ci Cm, Rh, Ci Pc, Rh, Ci
(0302) (0318) (0250)

4 Cv, Cm, Pc, Ci Cp,Cm, Rh,Cl Cv. Pc, Rh, Ci
(0.311) (0.272) (0254)

5 Cp, Cv, Cm, Pc, Ci Cv, Pc,Rh,Cl,Ln
(0311) (0.255)

6 Cp,Cv,Cm, Kc,Pc,Ci
(0.311)

Table 6.14. A summary of the results from BIOENV for invertebrates in winter. The
combination of plant species, K at a time. that gave the highest Spearman rank correlations, is
given in parentheses between invertebrate and plant matrices for each K. Bold type values indicate
overall optimum. Plant species abbreviations: Ai = Abrotanella inconspicua; Cp = Celmisia
prorepens; Cv= Celmisia viscose; Cm = Chinoch!oa macra: Om = Drucophyltum muscoides: Kc =

Kelleria childii; Phc = Phyllachnc colensoi; Pc = Poa colensoi; Rh = Raoulia hectorii; Pj =
Polytrichum [uniperinum: Ci = Cetraria islandica ssp. antarcticu: Ln = Lepraria negtecta.

K All Haplotaxida Acari Collembola Coeoptera

1 Ci Ln Om Ci In
(0.195) (0.069) (0.146) (0.112) (0.110)

2 Cm,Ci Cv, Dm Cl, Ln Cp, Ln
(0.225) (0.174) (0.117) (0.137)

3 Cv, Cm, c: Cv, Cm, Dm Ai.Ci, Ln
(0.233) (0.194) (0.122)

4 Cp. Cv, Cm, Ci Cv, Cm, Dm, Ci Ai, Phc, Ci,Ln
(0240) (0.207) (0.123)

5 Cp,Cv,Cm, Cl,Ln Cp, cv Cm, Drn, Ci
(0.243) (0.211)

6 Cp, Cv, Cm, Om, Ci, Ln
(0.214)

7 Cp,Cv,Cm, Om, Rh, Ci,Ln
(0.215)
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Figure 6.14. MDS of all invertebrates based on Bray-Curtis rank similarities of fourth-root
transformed whole-core abundance data. Symbols represent vegetation types (A-F; see Chapter 4
for complete description): A (Dracophyl/um muscoidesi. black square; B (Poa colensoi), open
triangle; C (Celmisia viscosa), dark grey circle: 0 (Abrotanella inconspicua Polytrichum
juniperinnmi. light grey diamond; E (Kelleria childii), diamond with cross; F (Chionochloa
macra), cross. The stress of this diagram is 0.28.
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Table 6.15. Coleoptera contributing more than 2% to the average dissimilarity in significant (p <
0.05) pairwise comparisons between vegetation types, a comparison of their average abundance,
and the percent contribution to the average dissimilarity. Iv = larva.

Average abundance
Percent contribution to average

Species dissimilarity between vegetation types
in Vegetation type

(%)

A B

Baeosomus sp. 1 006 0.84 8.30
Baeosomus sp. 4 0 0.53 5.77
Curculionidae Iv. sp. 1 0.25 0.23 5.61
Baeosomus rugosus 0 0.38 4.94
frenimus egens 0 0.38 4.50
Nestrius sp. 1 0.56 0 424
Baeosomus sp, 3 0 0.46 4.18
Coccinelidae Iv.sp.1 0.25 0 4.02
Curculionidae lv,sp. 3 006 0.31 3.90
Coccinelidae Iv. sp.2 0.43 0 3A9
Coccinellidae sp. 1 0.31 0 3A4
Chaetocnema sp. 1 0.06 0.46 311
Irenimus sp. 1 0.19 008 3.06
Protopristus sp. 1 019 0.15 3.03
Baeosomus sp. cf. crassipes 0.06 023 2.99
Curculionidae Iv. sp.5 0.13 023 2.85
cf.Anobiidaelv. sp. 1 0.13 0 2.51
Melanopthalma sp 1 0.25 0 2.3.4
Baeosomus sp. 2 0 023 217
Quedius sp. 1 0 0.23 2.06

F B

Staphylinidae Iv. sp.2 2.65 0 10A
Baeosomus sp. 1 0.11 0.84 6.3.6
Aleocharinae sp. 1 6.17 0 5A7
Aleocharinae sp. 2 077 0 4.3.1
Baeosomus sp. 4 0 0.53 422
Baeosomus rugosus 0 0.3.8 374
Irenimus egens 0 0.3.8 3A8
Curculionidae Iv. sp.1 0.11 0.23 3A1
Baeosomus sp. 3 0 OA6 3.3.2
Allocharis sp. 1 1.32 0 3.23
Slaphylinidae fv. sp. 1 0.22 0 3.18
Quedius sp. 1 0.11 0.23 288
Protopristus sp. 1 0.11 0.15 2.68
Elaleridae Iv. sp. 1 0.33 0 2.50
Curculionidae lv.sp.3. 0 031 2A5
Curculionidae lv.sp. 2 0.66 0 239
Protopristus sp.4 0.11 008 217
Chrysomelidae sp. 1 03.3 0 2.11
Aleocharinae sp. 8 0.33 0 211
Coccinelidae Iv. sp. 1 033 0 2.11
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Figure 6.15. (continued) CoIeoptera contributing more than 2%1 to the average dissimilarity in
significant (p < 0.05) pairwise comparisons between vegetation types. a comparison of their
average abundance, and the percent contribution to the average dissimilarity. Iv = larva.

Species
Average abundance
offVegetation type

Percent contribution toaverage
dissimilarity between vegetation types (%)

Elateridae Iv.sp. 1
Baeosomus sp. 1
Baeosomus sp. 4
Baeosomus sp. 3
CurcuHonidae Iv. sp.5
Baeosomus rugosus
Irenimus egens
Curculonidae lv.sp. 1
Coccinellidae sp. 1
Staphylinidae lv.sp. 2
Curculionidae Iv.sp. 3
Slaphylinidae lv.sp. 1
Zopheridae sp. 1
Chaelocnema sp. 1
Baeosomus sp. cf. crassipes
Chryptophaqdee so.1
Baeosomus sp. 2
et Anobiidaelv. sp. 1
Protopristus sp. 3
Staphylindae fv. sp, 3
Quedius 1

1.21
o
o
0.11
0.44
o
o
0.11
0.33
2.11
o
0.11
033
o
o
0.11
o
0.33
0.33
0.33
o

c B

o
0.84
053
0.46
0.23
0.38
0.38
0.23
o
o
0.31
o
o
0.46
0.23
o
0.23
o
o
o
0.23
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Table 6.16. Oribatida contributing more than 2% to the average dissimilarity in significant (p <
0.05) pairwise comparisons between vegetation types, a comparison of their average abundance,
and the percent contribution to the average dissimilarity.

Average Percent contribution toaverage dissimilarity
Species abundance

offVegetation type
between vegetation types (%)

A B

Oppoidea sp. 2255 1948 10.2
Poronoticae sp. 1087 2459 9.27
cf.Ceratozetoidea sp. 597 679 7.71
Pycnoeoucae sp. 4 1509 53.4 7.46
Pycnonoticae sp. 5 549 194 5.67
Euptyctima sp. 721 692 5.53
cf.Olocephoidea se. 121 87.1 4.06
Notroidea sp. 2 688 128 4.02
Pycnonoticae sp. 1 60.5 186 3.61
Euteqaedea sp. 0 126 3.59
Nolroidea sp. 3 0 433 3.49
cf.Pelopoidea sp. 469 19.9 3.48
Tumerozetidae sp. 501 159 3.43
Carabodidae sp. 0 219 274
Pycnonoticae sp. 9 114 79.7 2.45
Pycnonotcae sp. 6 96.7 53.4 232
Polypterozetoidea sp. 66.7 147 2.28
Oribatida sp.3 18.0 252 2.21
Pycnonoticae sp. 8 483 33.5 2.08

F D

cf.Ceratozeloidea sp. 169 4074 16.2
Oppoidea sp. 1012 0 9.85
Poronoticae sp. 2667 127 8.30
Palaeosomata sp. 2 0 1337 698
Tumerozelidae sp. 84.1 700 6.21
cf.Otocephoidea sp. 70.7 446 5.63
Pycnonoticae sp. 1 0 127 5.40
Oribatida sp. 1 241 63.7 4.92
Pycnonolicae sp. 5 452 0 4.87
Pycnonolicae sp. 8 309 0 3.92
Pycnonoticae sp. 7 0 63.7 3.26
Poronoticae sp. 4 0 63.7 3.26
Notroidea sp. 1 0 63.7 3.26
Pycnonoticae sp. 9 126 0 2.36
er. Crotoniidae 211 0 2.27

C D

cf.Ceratozetoidea sp. 184 4074 152
Oppoidea sp. 865 0 823
Poronoticae sp. 963 127 7.07
Palaeosomala sp. 2 0 1337 685
Tumerozetidae sp. 29.1 700 5.96
cf.Otocephoidea sp 876 446 550
Pycnonolicae sp. 1 0 127 520
Nolroidea sp. 3 408 0 4.57
Oribalida sp. 1 9.79 63.7 430
Euptyctima sp. 844 0 3.94
Pycnonoticae sp. 7 291 63.7 3.85
Notroidea sp. 1 9.79 63.7 3.28
Poronoticae sp. 4 0 63.7 3.20
Pycnonctcae sp. 8 243 0 2.97
Eulegaeidea sp. 165 0 234
cf.Pelopoidea sp. 175 0 216
Pycnonoticae sp. 9 683 0 2.12
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6.3.6 INVERTEBRATE-INVERTEBRATE RELAnONS

Significant correlations (p < 0.05) were recorded between the Collembola abundance

similarity matrix and Haplotaxida, Mesostigmata, Oribatida and Prostigmata similarity

matrices (Table 6.17). There was also a significant correlation between the Mesostigmata

similarity matrix and the Oribatida similarity matrix (Table 6.17).

Table 6.17. Spearman rank correlations between Bray-Curtis rank similarities matrices of
invertebrate groups based on of fourth-root transformed morpho-taxa data using RELATE (total
number of permutations per comparison = 999). Statistical significance: *, p < 0.05; **, p < 0.01.

Haplotaxida

Mesostigmata

Oribatida

Prostigmata

Collembola

Coleoptera

Haplolaxida

0.098

0.036

-0.009

0.165"

0007

Mesostigmata

0.166"

0026

0.301"

0.035

Oribatida

0.086

0.134'

-0.013
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Prostigmata

0.124'

0.012

Collembola

0.049

Coleoptera
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6.4 DISCUSSION

6.4.1 INVERTEBRATE PATTERNS IN MICROSITES: MICROHABITAT SELECTION AND

VERTICAL DISTRIBUTION

It is clear from this study that complex biotic and abiotic interactions occur at a fine-scale

in pattemed ground on the Old Man Range. While few taxa differed in richness, diversity

and abundance between microsites (Tables 6.3 and 6.4), invertebrate assemblages were

significantly different (Table 6.7). Although the composition of invertebrate taxa in

microhabitats was largely similar, differences in abundance of the constituent morpho

taxa was sufficient to differentiate microhabitats. Numerous taxa had narrow

distributions; over 100 morpho-taxa were limited to a single microsite (Appendix C).

While a limited distribution may be an artefact of rarity or a small sample size (see Basset

et al., 1998; Chapman, 1999; Harris and Burns, 2000; Rufaut, 2002), several abundant

taxa showed significant habitat preferences. For example, Cephalostigmata (Symphyla),

Tetramerocerata (Pauropoda) and Coleoptera (Staphylinidae in particular) were common

in the lee of the terrace and rare or absent elsewhere. Likewise, Pycnonoticae sp. 4, cf

Isotoma sp., Acarus sp. and Phaelothripidae tWalkenhrips neatus and Baenothrips

moundii were largely confined to exposed microsites,

Invertebrates sensitive to rapid temperature changes or desiccation commonly move to

suitable microhabitats (e.g. Usher, 1970; Leather et al., 1993; Hopkin, 1997; Sinclair et

al., 200 I) or from surface layers to subsoil and back again following changes in the

environmental conditions (Fox and Stroud, 1986; Hans Leinaas, personal communication

2001; Sinclair et al., 2003b; Ulf Schcller, personal communication 2006). While

previous work in Central Otago has shown seasonal microhabitat selection is important

among some species (Brernner, 1988; Sinclair et al., 2001), few taxa in this study

exhibited seasonal shifts between microsites in pattemed ground. Indeed, the pattems of

abundance of Oribatida, Mesostigmata and Collembola varied between microsites and

seasons, and the distribution of Prostigmata, Oribatida and Collembola varied between

microsites and seasons and depth. Collembola at the hummock site appeared to shift

from crest to sides, while Oribatida shift from furrows to sides aud crests between autumn

and winter (Figure 6.6). At the terrace site, Oribatida appeared to shift out of zone 5 and

into zone 6, and Mesostigmata appeared to shift into zone 3 between autumn and winter.

The causes of these shifts are not readily apparent; however, they are likely to be related
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to food availability, interspecific interactions, altemative areas for oviposition,

reproduction, or a change in micro habitat conditions (e.g. soil freezing, waterlogging or

oxygen availability) (see Hopkin, 1997). Moreover, the overriding season-microsite shift

was a sharp decrease in abundances in all microsites at the stripe site in winter, a pattem

that is more related to site-level differences in composition, migration or differentiated

winter mortality than microhabitat selection. The stripe site had an extended period

without complete snow coverage in comparison to the hummock site in 200 I (Figure

2.11), which may have influenced local abundances.

The vertical pattern of abundance of invertebrates was consistent between seasons; the

abundance of most taxa was greatest in the plant and litter layer and uppermost soil layers

(see also Chapter 5), and most taxa had similar distributions in depth with season. Still,

several taxa from a broad range of groups showed proportional differences in vertical

distribution between the sampling occasions. From these taxa, two basic behaviours

emerged: i) those species that increased in proportion in the soil in winter ("burrowers"),

and ii) those that increased in proportion in the plant and litter layer in winter

("emergers"). Burrowers included: Tydeidae, Mesostigmata sp. 5, Parasitina sp., cf.

Willowsia sp., Friesea sp., Tetramerocerata (Pauropoda), Cephalostigmata (Symphyla)

and Protura. Emergers included: Aranae, Diptera, Hemiptera (excluding

Pseudococcidae), Lumbricina, and to a lesser extent Pseudococcidae and Tubificina,

While it is possible that the proportional changes may have been in part due to a

differential mortality in the different soil layers, thc rapid mobility of many invertebrates

coupled with the relative stability of the subnivean microclimate in the days prior to

winter sampling (Chapter 2), suggests the observed changes were largely due to a

seasonal movement (Usher, 1970).

Among burrowers, Protura, Pauropoda and Symphlya were most common in the lee of

the terrace where the soil rarely freezes to a depth of more than a few eentimetres

(Chapter 2). These groups arc soft-bodied and frequently susceptible to freezing, thus

small vertical movements to avoid contact with sub-freezing temperatures may

significantly reduce winter mortality (Ulf Scheller, personal communication 2006;

Chapter 2). Leinaas (1981) suggests downward movements are most prevalent among

soil dwelling (euedaphic) species, and less so of surface dwelling (epedaphic) species.

Thus, it may be unique that in this study the other taxa exhibiting winter burrowing

behaviour were largely epedaphic taxa. Whilst unlikely, based on the absence of
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invertebrates in snow samples, it may also be that members of these groups near the

surface moved into the snow environment (and remained undetected). Collembola have

been observed moving on the surface of glaciers in the Southern Alps on warm days

(personal observations), thus it is possible that the snow may be utilised by some

invertebrates on Old Man Range.

Among the groups observed to emerge from the soil were Lumbricina and Tubificina. On

the Rock and Pillar Range, Sinclair et al. (2001) observed an increase in earthworms

(Lumbricina) in under-rock microhabitats in winter. They attributed this increase in

abundanee to an avoidance of the possible waterlogged and anoxic conditions that may

exist beneath the frozen soil, and a tolerance of freezing. In this study, densities of

Lumbricina and Tubificina both decreased, so it is likely to be a combination of

microhabitat shift as well as a population shift. This condition may likewise induce

movement of Araneae, Diptera larvae, Hemiptera, and Tubificina into the plant and litter

material in patterned ground.

The spatial and temporal distribution patterns of invertebrates are difficult to discern.

There is little information about the biotic factors (e.g. predation) that may affect

invertebrate abundance in New Zealand's terrestrial alpine environments. Presumably,

biotic interactions (e.g. competition and predation) or food preferences influence the

differences in vertical distribution and microhabitat utilisation of taxa in these

environments; however, in severe environments, the influence of abiotic factors like

temperature and water stress are thought to be more important than the biotic influences

of competition, predation and parasitism (e.g. Somme, 1979; Block and Zettel, 1980;

Semme, 1995; Williams and [-Iamm, 2002). Site level differences may be determined by

the overall drainage or exposure of the site or the connectivity of habitat such as tussock

or historical impacts (Chapters 2, 3 and 4). The interactions of invertebrates with some of

these factors will be discussed further in Section 6.4.3, 6.4.4 and 6.4.5.

6.4,2 SEASONALlTY

The composition of invertebrates in the patterned ground differed on the two sampling

occasions, mainly attributable to lower abundances in winter, particularly marked at the

stripe site. The total invertebrate abundance, and abundance of certain taxa (e.g.

Uropodina sp., Parasitina sp., Poronoticae sp., Tydeidae, cf. Willowsia sp., Cryptopygus

coccus and Dinaphorura sp.), was lower in winter. Studies measuring winter activity of
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invertebrates commonly show sharp declines in winter, most likely due to an induced

diapause or torpor (see Sclunidt and Lockwood, 1992; for discussion on diapausc in New

Zealand: Dumbleton, 1967; Sinclair et al., 2003a). However, in this study, this bias was

overcome by quantitative core sampling, which ensured that lower winter samples

represented the live invertebrate assemblage in the soil at each site.

1t is possible that seasonal differences in abundance were due to a mass migration of

invertebrates out of parts of the patterned ground (Hagvar, 2000, Hertzberg et al., 2000).

Some Collembola have been shown to have direetional migrations (Hagvar, 2000), and

many invertebrates aetively seek out speeific microhabitats for overwintering (e.g.

Sinclair et al., 2001). Rock slabs, tors and sehist cliffs are present near (c. lOOm) the

hummock and terrace sites and may attract invertebrates; however, given the moderate

densities « 600 m") of invertebrates under rock slabs observed by Sine lair et al. (2001)

on the Rock and Pillar Range, this seems like a less suitable explanation. Another

hypothesis is that the invertebrates moved into the snow (see Leinaas, 1981). The single

day of observations of snow samples in this study did not show any evidenee of

invertebrates utilizing the nivean environment; however, sampling and extraction

methods employed were not ideal and the sample size, given the volume of snow (> 1m'),

was inadequate.

A more likely hypothesis is that the differences in abundance are part of a population

decrease due to winter mortality or associated with life-cycles. For example, surface ice

layers have long been implicated as a major cause of mortality of microarthropods in cold

regions (Somme and Conradi-Larsen, 1977b; Leinaas, 1981; Leinaas and Somme, 1984;

Coulson et al., 2000). In addition, invertebrate species have a number of life-cycle

strategies, which have resulted in a variety of natural seasonal abundance patterns (e.g.

Hijii, 1994; Siepel, 1994; Convey, 1996a; 1996b; Sota, 1996; Danks, 1999; Barendse and

Chown, 2001). For example, in a Pin us sylvestris forest in Scotland, Usher (1970) found

the abundance of different species of Collembola to peak in different seasons, and some

species peaked more than once a year. For many invertebrates, the egg stage is the most

resistant of the life-cycle, thus many species overwinter as eggs in diapause (Leinaas and

Bleken, 1983), which would not have been extracted (unless they hatched while in the

funnels).

In New Zealand, little is known about the life-cycles or winter populations of most

invertebrates, so conclusions here can only be speculative. In alpine, subarctic and polar
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ecosystems, life-cycles are frequently more than a year, and invertebrates commonly

overwinter in all life stages (e.g. Norton, 1994; Block and Convey, 1995; Leisnham et al.,

2003; Sovik and Leinaas, 2003a; Kalberer et al., 2005). For example, Cryptopygus

antarcticus takes a minimum of two years to complete a life-cycle in Antarctica, and

individuals may live for more than seven years (Block and Convey, 1995). Oribatida in

cold regions are characterised by long life-cycles, high adult survival, and low fecundity

(West, 1982; Schatz, 1985; Norton, 1994), and most mortality occurs in immature instars

(Norton, 1994). However, conditions on the Old Man Range contrast quite significantly

from these conditions and life-cycles would be expected to vary accordingly. Bremner

(1988), in studying invertebrates in sub-alpine tussock grassland in east Otago, observed

that invertebrates commonly overwinter in multiple life stages, and found overwintering

mortality, even in a low snowfall year, to be negligible. Bremner (1988) also concluded

tussocks were important for winter survival. Samples from this study also showed

multiple life stages of many invertebrates in winter; however, the significant seasonal

population decrease suggests winter mortality may be more pervasive on the Old Man

Range than in the sub-alpine tussock grassland. This may be a result of a reduced cover

of tussock (available microhabitat refuge) at sites in this study, or that Bremner (1988)

made his conclusions based primarily on macro-arthropods, whereas in this study, it was

Collembola or Acari that showed a significant winter decline; conclusive evidence would

require an estimate of winter mortality of micro-invertebrates in mid-altitude tall tussock

grassland. Alternatively, many invertebrates, particularly Collembola, have fluctuating

populations independent of season (e.g. Hertzberg et al., 2000). However, it seems

highly unlikely that a population collapse would have occurred unrelated to factors

relating to the season in such a wide range of taxa.

lt is also important to note that the decrease in ahundance of invertebrates in this study

during winter was largely exhibited at the stripe site and secondarily in the solifluction

terrace, while abundances at the hummock site were similar, or for some groups higher,

in winter. This may be an indication that invertebrates at the hummock site were in a

different part of their life-cycle; tor some species, it has been argued that the seasonal

abundance patterns are flexible, and can vary between habitats or years (Convey, 1996a;

Barendse and ChOWl1, 2001; Sovik and Leinaas, 2003b; Sovik, 2004). For more

conclusive interpretation of the observed shin in abundance, further data would be

required from other seasons and multiple years, a more thorough sampling of the snow

236



Chapter 6. Determinants affine-scale invertebrate composition

environment, as well as a better understanding of the life-eyeles and life histories of the

component speeies (e.g. Leisnham et al., 2003).

6.4.3 INVERTEBRATE CORRELAnONS WITH ENVIRONMENTAL DATA

Environmental factors and invertebrate composition are elearly interrelated, particularly

in winter when 45.1% of the variation in invertebrate composition was explained by

environmental variables, while in autumn, 25.9% of the variation in invertebrate

composition was explained. In winter, the principal environmental factor was the

minimum temperature reeorded at 1cm depth in the 24 hours prior to sampling (p =

0.244). The principal environmental factor that was correlated with total invertebrate

community structure in autumn was exposure (Ex) (p = 0.215), which here was related to

the distanee, horizontally and vertically, from the nearest high point. Presumably

invertebrate communities, particularly in winter when conditions are likely to be more

severe, are more influenced by the environment. Still the importanee of these

measurements is an indication that environmental severity influences the construction of

invertebrate assemblages.

The availability of moisture is eonsidered a particularly important faetor in the survival

and fine-scale distribution of invertebrates in cold regions (Kennedy, 1993; Block, 1996).

In patterned ground on the Old Man Range, soil moisture has a complex interaction with

freezing patterns (Chapter 3), thus variations in soil moisture are not necessarily accurate

proxies of water availability (see Sinelair et al., 2006a for discussion). Nevertheless, in

this study, soil moisture was a significant predictor of the composition of Collcmbola

(Tables 6.10 and 6.11) and density of Prostigmata (Table 6.12). Collernbola are

particularly suseeptible to desiccation due to permeable cuticles (Holmstrup et al., 2002),

and community structure can form around species physiological tolerances (e.g. Verhoef,

1981; Bauer and Christian, 1993). However, moisture may also inf1ucnce soil microbial

activities, decomposition, and microl1ora communities which in tum may influence the

abundance and composition of Collembola.

While the importance of exposure, temperature and moisture in explaining invertebrate

composition is unambiguous, the effect of small stones on the soil surface, bare soil, and

gravel in the soil is less apparent. Stones were greatest in furrows and in the lee of the

terrace. Stones were between 2 and 20mm in diameter, so would probably offer

negligible thermal protection or microhabitat. However, stones may simply be related to
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functionally important factors, such as plant or litter material which decrease

correspondingly with increased cover of stones. Likewise bare soil, related to

Haplotaxida, Acari and Coleoptera composition, is likely to correspond with a reduction

of plant or litter material. Plant cover and litter cover provide a thermal buffer to the soil,

reduce soil desiccation, and contribute to microhabitat complexity and food availability

(Korner. 2003; Dennis et al., 1994; Antvogel and Bonn, 2001; Bandana and Cavieres,

2006). Indeed, in some cases, bare soil and' small surface stones may be utilised by

invertebrate for parts of their life-cycles, such as oviposition (Morris, 1969; Ravenscroft

and Young, 1996). Haplotaxida abundance was highly correlated with litter, and

Coleoptera density, Mesostigmata richness, and Collembola diversity were each

negatively correlated with bare soil.

The gravel content of the soil was an important environmental variable in explaining total

invertebrate composition (Table 6.10). Gravel was highest in furrows, zone I and zone 6;

and was lowest on crests, zone 3 and zone 4; gravel in all cores increased with depth.

Mark (1994) showed bulk density followed a similar spatial pattern. while root biomass

decreased with depth and was highest on the crests. Thus, gravel, while being a proxy for

depth, may also be an important indicator of live root biomass and soil structure, such as

an increased bulk density, decreased soil aeration and a reduced moisture holding

capacity. These factors are important to the soil biota and soil processes. For example,

increased bulk density of the soil would decrease the amount of habitable space within

soil pores, thus decreasing mobility and nutrient transport through the soil (Blakeley et

al., 2002). These same factors are also likely to affect plant root growth, which may

impact on decomposition rates, as well as the composition of soil microbes, fungi and soil

invertebrates.

That the factors, growing degree-days, snow-free days, freeze-thaw cycles and time

frozen did not correlate better with invertebrate composition, was initially surprising. It

is assumed that thermal factors provide a major limiting factor to alpine invertebrates. In

addition, plant species composition at the same site was best explained by the same

factors: growing degree-days, snow-free days, freeze-thaw cycles and time frozen

(Chapter 4). However, inferring a correlation with growing degree-days, snow-tree days,

freeze-thaw cycles and time frozen makes the assumption that invertebrates are static in

their spatial distribution. Soil moisture and minimum temperature were more closely

related to the time of sampling; exposure, aspect, litter, bare soil, stones, gravel and
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vegetation height are perennial. On the other hand, time frozen, freeze-thaw, snow-free

days, and growing degree-days were the sum of a year of aecumulated microclimate data.

They assume that the invertebrates sampled on each oecasion were subjected to the

cumulative effects of measurements made over the course of a year, or at least in

proportion with other available parts of the microtopography. However, invertebrates

commonly move between microhabitats as eonditions change. In summer in Antarctica,

lsotoma klovstadi (Isotomidae) move vertieally tens of centimetres between thermally

protected microhabitats in rock debris and surface algal-feeding areas on a diurnal

sehedule (Sinclair et al. 2003b). Along a longer time scale, this same species was also

observed follow receding snow patehes over the course of the summer (personal

observations). Similarly, there is some evidenee that Irenimus posticalis (Curculionidae)

on the Rock and Pillar Range may move regularly between preferred food of Celmisia

haastii and preferred cover of C. viscosa (Long, 2006). Thus, because of the coarseness

of invertebrate sampling, and the simplification of the eomplex dynamics of

microclimate, interactions between these environmental variables (growing degree-days,

snow-free days, freeze-thaw cycles, time frozen) and invertebrate composition may have

been lost. These observations emphasise the importance of the ecological relevance of

microclimatic measurements to the organisms that are being studied. For invertebrates

the solution may be to use a higher temporal resolution; some recent studies have

successfully utilised higher temporal resolution microclimatic data for describing

invertebrate microhabitat (e.g. Sinclair et al., 2003b).

Another important feature of the data was that Haplotaxida and Coleoptera composition

correlated poorly with environmental factors, whilst when tested independently were

highly correlated with a number of univariate measures. Coleoptera abundance was

highly negatively correlated with time frozen, exposure, bare soil and aspect, and

positively correlated with soil moisture, growing degree-days and wanner temperatures in

the 24 hours prior to sampling. Haplotaxida riehness was negatively eorrelated with

snow-free days. These results suggest Haplotaxida and Coleoptera abundanee and

richness are driven by environmental parameters; however, correlation coefficients of

Haplotaxida and Coleoptera eommunity composition appear to suggest the opposite. One

reason for this is univariate correlations utilised all sample quadrats, while community

correlations were limited to samples where these taxa were present. An "absence" was

unable to be included in the BIOENV analysis. Thus, environmental thresholds may
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have gone undetected, because of the simple fact that the taxon was absent in samples

beyond that threshold. Quite clearly absences are important in ecology, particularly in

finding these thresholds. Thus, some caution should be expressed in the interpretation of

results for Coleoptera and Haplotaxida. In this study, non-parametric multivariate

methods that use simple rank similarities produced correlations without having to make

the assumptions of the data that is required by parametric techniques. Whilst this

multivariate technique is useful for looking at the whole picture and can greatly help the

understanding of ecology of invertebrate systems, the limitations and assumptions of any

analysis need to be recognised. In this case, univariate and multivariate techniques

together appear to give a good overall view of the invertebrate relationship with the

environmental conditions in patterned ground. Further experimentation on the

physiological tolerances of invertebrates in this system may help better explain patterns

of distribution and abundance.

6.4.4 INVERTEBRATE CORRELAnONS WITH VEGETAnON

Vegetation adds still another level of complexity to the fine-scale patterns of invertebrates

in the alpine ecosystems. Plants commonly influence invertebrate composition in the soil

(Yeates, 1999; De Deyn et al., 2004, Wardle et al., 2004; SI. John et al., 2006) or vice

versa (De Deyn et al., 2003; Wardle et al., 2004, Long, 2006). In this study, there were

few significant correlations between plant and invertebrate univariate diversity measures,

whereas composition of invertebrates and plants were significantly correlated. Clearly

the soil biota were not independent oftbe plant biota (see Wardle et al., 2004; SI. John et

al., 2006); in particular, plant composition explained the composition of Collembola and

Acari. The strength of these relationships was greatest in autumn, which contrasted with

the environmental variables which best explained invertebrate distributions in winter.

This is highly suggestive that the distribution of invertebrates in autumn related more to

food availability, and in winter to physiological tolerances.

Of the twelve plant and lichen species tested, Cetraria islandica ssp. antarctica best

explained invertebrate distributions (autumn: p = 0.248; winter p = 0.195). It is unlikely

tbat C. islandica is an important food as it contains a number of compounds that in

laboratory tests have been shown to repel Oribatida herbivory (Reutimann and

Scheidegger, 1987). However, C. islandica ssp. antarctica ranges in cover from nearly

homogenous clumps in furrows to highly intermixed communities, and it is important for
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microhabitat complexity due to its high surface area and its overlapping and entangled

growing habit (personal observations, see Figure 4.13). C. islandica ssp. antarctica is

also associated with several other species of lichens (Chapter 4), which are probably an

important food source or microhabitat for Collembola and Acari (see Hopkin, 1997; Scyd

and Seaward, 1984). Lichens may provide a specific type of microhabitat; for example,

astigmatid mites are commonly seen in the inner thalli cavity of Thamnolia vermiculuris

(Allison Knight and my own personal observations).

The composition of Oribatida varied significantly between vegetation types. While few

morpho-taxa, such as Pycnonoticae sp. 4, were restricted to a single vegetation type, the

distributions of the most common oribatids suggest some micro habitat segregation

between taxa exists: Oppiodea sp. and Pycnonoticae sp. 4 were most abundant in

vegetation type A; Poroniticae sp., though found patchily throughout, were most abundant

in vegetation types Band F; and cf. Ceratozetoidea sp. was most abundant in vegetation

type D. Assemblages of Oribatida commonly ret1ect changes in microhabitat or

vegetation (e.g. Winchester et al., 1999; Materna, 2000). Lichens are an important food

source for many Oribatida, which feed on the thallus, sorcdia, and fruiting apothocia

(Seyd and Seaward, 1984); several species of lichen collected from the Old Man Range

have shown signs of herbivory (Allison Knight and my own personal observations).

Oribatida communities are also likely to be closely linked to soil microbial communities,

which may differ between microsites or plants, and may vary widely with the season,

ambient temperature, litter quality, or freezing cycles (Reutimann, 1987; Lipson and

Schmidt, 2004; Schneider et al., 2004; 2005; Schneider and Maraun 2005; Nemergut et

al., 2005; Sjursen et al., 2005).

The composition of Coleoptera also differed between vegetation types. The Coleoptera

assemblage of the Dracophyllum muscoides community (vegetation type A) was

characterised by Nestrius sp., a genus of soil and litter dwelling Curculionidae (Kuschel,

1964), as well as Coccinellidae. Irenil1111S egens and several species of BaeOS0l1111S were

most abundant in the Poa colensoi community (vegetation type B), which was

characterised by abundant moss and lichen cover, particularly Polytrichumjuniperinum.

Cetraria islandica ssp. antarctica, Cladina mitis and Lecanora epiybryon ssp. broccha.

Comparing host plant associations in two tussock grassland sites in Central Otago,

Murray et al. (2003) failed to End any associations of two species of Nestrius sp. with
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bryophyte and lichen species, though their larvae are thought to feed on the roots of

various plants (Kuschel, 1964).

The Celmisia viscosa community (vegetation type C) was used very little by Co1eoptera.

Larvae, as well as a few fungal feeders and predators were found in low abundances.

Long (2006) observed that Irenimus posticalis (Curculionidae) fed preferentially on the

late snow bank species, Celmisia haastii, over C. viscose in laboratory feeding trials in

field transplants on the Rock and Pillar Range. However, Long (2006) also observed,

that in spite of this feeding preference, 1. posticalis inhabit communities dominated by C.

viscosa. He postulates this anomaly is due to the more suitable microhabitat provided by

C. viscosa than in the late snow bank community. Although, 1. posticalis was not a

component of this study, it may be that C. viscosa fills a similar role for Coleoptera fauna

on the Old Man Range. The high number of larvae found in Celmisia viscosa is

suggestive that this area may be an important site for oviposition.

Characterised by tall tussock-forming Chionochloa macra, vegetation type F had an

abundance of Staphylinidae. The tussock structure has been commonly implicated as an

important refuge for Coleoptera, particularly as an overwintering microhabitat (Luff,

1966; Brernner, 1988; Crafford and Chown, 1992; Barratt and Kuschel, 1996; Bale et al.,

2000). Bremner (1988) demonstrated several species of Coleoptera exhibit selective

behaviour for tussocks when overwintering. Staphylinidae are generalist predators of

springtails, mites and nematodes, which are abundant in all vegetation types; thus, there

seems to be little advantage preying on Collembola in tussocks over cushionfield.

Staphylinidae were most common in the upper 5cm of soil under tussocks, the same

habitat utilised by Tubificina, Symphyla, Protura and Pauropoda. While it seems unlikely

that Staphylinidae are selectively preying on Syrnphyla, Protura and Pauropoda, it may be

that the localised burrowing by Tubificina may provide easy routes for predators and prey

alike (Marinissen and Bok, 1988). Alternatively, abiotic factors (e.g. moisture,

temperature) limited Staphylinidae distribution.

6.4.5 INVERTEBRATE INTERACTIONS

Little is known about the interactions of invertebrates in the New Zealand alpine

environment. As environments become more severe, biotic interactions are typically

considered to have a less impact on community structure, whereas physical characteristics

are the principal community drivers. However, where resources are scarce, competition
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may become important in species distribution (for discussion on competition see

Simberloff, 1982), For example, Sinclair et al. (200 I) observed several negative

interactions between macro-invertebrates in under-rock overwintering microhabitats,

In this study, there was a significant positive relationship between Collembola

composition and Haplotaxida, Mesostigmata, Oribatida and Prostigmata composition,

The positive relationship between taxa may be symptomatic of particular taxa selecting

for similar micro habitats based on moisture (Joose, 1970; Joose and Verhoef, 1974;

Verhoef and Nagelkerke, 1977a; 1977b; Verhoef and Van Selm, 1983), food availability

or soil structure (Hopkin, 1997), Collembola and Oribatida commonly aggregate around

food resources (e.g. Hassall et al., 1986a; 1986b; Reutimann, 1987). The relationship

between Collembola and Haplotaxida is also likely to relate to food resources;

Earthworms are important primary dccomposers, and make organic matter accessible to

microorganisms through their faeces. More conclusive interpretation of the invertebrate

relations will require targeted experiments to be earried out.

6.4.6 SUMMARY

This study examined how the abiotic and biotie eomponents int1uence the spatial and

temporal patterns of invertebrates at the tine-scale. The following six points are the main

findings from this study:

1. There was a significantly reduced abundance of invertebrates in winter compared

with autumn, mainly due to a lower abundance of invertebrates at the stripe site.

2. While the component species in each micro site are broadly similar, invertebrate

assemblages based on morpho-taxon abundances varied between microhabitats.

3. Evidence of invertebrates moving vertically or between microsites was minimal

overall; however, several taxa showed clear differences between sampling

occasions. Some species moved out of the soil, while others burrowed deeper.

4. While the reasons why communities differ is not clear, environmental variables

(especially minimum temperatures and soil moisture) were highly predictive

(50%) of invertebrate communities, particularly in winter, when conditions are

likely to be more severe. Plant composition, particularly the lichen Cetraria
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islandica ssp. antarctica, was also predictive of invertebrate composition

particularly in autumn.

5. The composition of Coleoptera and Oribatida varied significantly between

vegetation types. In general, oribatid morpho-taxa are found throughout, but

some vegetation types were dominated by different component morpho-taxa. On

the other hand, Coleoptera assemblages were more clearly separated on

vegetation boundaries: vegetation type B was dominated by weevils, vegetation

type C dominated by larvae, and vegetation type F was predominantly composed

of Staphylinidae.

6. Collernbola assemblages are good predictors of Haplotaxida, Mesostigmata,

Prostigmata and Oribatida assemblages.
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7 SYNTHESIS: AN EVALUATION OF PATTERNS AND

RELATIONSHIPS OF MICROCLIMATE, PLANTS AND

INVERTEBRATES IN AN ALPINE PATTERNED GROUND

In this thesis, I have investigated the relationship between the microenvironments of three

patterned ground types and the distribution of organisms living in those habitats. In the

previous chapters, I have constructed a framework of knowledge of the microclimate, soil

activity and distribution of plant and invertebrates in a patterned ground system that is at

a scale and level of detail that is unmatched in the New Zealand alpine environment or

the world. As such, it has begun the task of teasing apart the components to better

understand the ecology of this particular ecosystem (see Chapter I).

The purpose of this chapter is to summarise the main findings of the thesis and to further

consider the significance of these findings in the context of the alpine environment. This

synthesis contains two main parts. Tbe first section reviews the major findings of the

thesis, while the second section discusses these findings in the context of the alpine

environment with an emphasis on how these systems have changed and what the future

may hold for these systems. In many ways, this thesis is only the groundwork, and as

such has raised more questions than answers; in raising questions in each section, [ hope

to give direction and consideration for future research.

7.1 THE ECOLOGY OF PATTERNED GROUND: PATTERNS

WITHIN PATTERNS

7.1.1 MICROENVIRONMENT

The climate of the Old Man Range was consistent with the climate of other cool

temperate Southern Hemisphere mountain ranges (e.g. Grab, 1997b). Air temperatures

were never extreme relative to continental alpine systems (e.g. Greenland, 1989), though

freezing was frequent year-round (Chapter 2). Small changes in the topographic relief in

patterned ground led to notable differences in the distribution and timing of snow cover;

snow was blown off ridges and accumulated in depressions, leaving ridges exposed to

extreme temperatures and strong desiccating winds. but affording protection from the
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adverse climate wherever it accumulated. The coldest temperatures at the ground surface

typically occurred in early winter when snow was patchy. During the period of uneven

snow cover, the steepest thermal gradients existed. Areas free of insulating snow

continued to t1uctuate with daily temperature t1uetuations and the ground surface cooled

unevenly. Thus, the temporal and spatial patterns of snow cover were critical in

determining the rate and depth of freezing, soil temperatures and growing season

(Chapter 3). Although the period of snow cover was variable between years, the spatial

patterns of soil freezing at particular points in the microtopography were consistent year

to-year, typically beginning in the exposed microsites, and slopes with a south or west

aspect (Chapter 3). Microsites covered by snow early in the winter, such as the

immediate lee of the solit1uction terraces and the furrows, typically did not freeze (Figure

2.11); these findings were consistent with studies in other alpine systems (e.g, Grab,

1997a; 2005b) and previous recording tram the same site on the Old Man Range (Mark,

1994). The presumed mechanism for the current maintenance of the hummock and stripe

formations has been a transfer of soil water tram unfrozen soil to frozen soil in winter

(see Mark, 1994); however, while there was a moisture gradient, I was unable to confirm

a difference in the gradient between autumn (unfrozen) and winter (differentially frozen)

soil (Chapter 3). Future research should aim at addressing the relationship of moisture in

the maintenance of these formations, For example, if cryosuction is not the primary soil

process in the maintenance, what is" Is there evidence of current soil movement? Is there

a measurable seasonal expansion of these formations dne to freezing? The current study

has contribnted to the base knowledge of these formations, but continued research may

further uncover relationships between invertebrates, soil processes and soil activity.

Furtherresearch may also give evidence of the origins of these formations.

7.1.2 DIVERSITY OF INVERTEBRATES

In spite of the general view that alpine ecosystems are 'simple,' this study found a high

diversity and distinct fauna in the patterned ground of the Old Man Range (Chapter 5).

From 0.17m 3 of soil, 295 morpho-taxa were identified, of which only two were known to

be exotic to New Zealand; several species were identified as new to science, and the

composition was distinct from tall tussock habitat found at lower elevations on the same

ridgeline (Barratt et al., 2005; Barratt et al.. 2006). The levelling of a constructed

invertebrate morpho-taxa accumulation curve indicates that a high proportion of the

taxonomic diversity that might be expected at these sites was sampled (Figure 7.1).
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However, the distinctiveness of the fauna of patterned ground, in the context of the alpine

environment, is difficult to estimate. Moreover, while plant species richness is frequently

used as a surrogate of richness in other groups of organisms, I found no positive

relationship between plants and invertebrate diversity measures, and few differences in

plant or invertebrate richness, diversity or abundance between microhabitats from which

to extrapolate. While I predict microtopographic variation in patterned ground increases

local invertebrate diversity due to microhabitat heterogeneity, I also predict that a similar

diversity and composition would be found outside the patterned ground at a larger scale

(e.g. Barratt et aI., 2005). ] also predict other mountain ranges in Central atago would

exhibit a similar level of spatial complexity of soil invertebrates between microhabitats.
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Figure 7.1. Invertebratespecies accumulation curve (the number of morpho-taxa collected with
progressive sampling) based on the average of999 permutations of the samples.

Extraction methods are likely to have underestimated some groups, particularly

nematodes. Nematode densities in tussock grassland on Mount Benger can exceed mite

densities by over a thousand times (Bell et al., 2005; Barratt et al., 2006), and could

reasonably be at similar densities in the soil on the Old Man Range. They occupy most

248



Chapter 7, Synthesis

trophic groups, are critical to soil processes and soil food webs, and are frequently

sensitive to environmental changes (Yeates et al., 1993). I believe future work in the

alpine environment should aim to address the importance of nematodes in soil processes

and community interactions.

7.1.3 SPATIAL AND TEMPORAL PATTERNS OF ORGANISMS

Several factors contribute to the composition and spatial distribution of organisms in the

patterned ground environment of the Old Man Range; at the largest spatial scale, geologic

history, regional climate and elevation have influenced species biogeography and the

composition of the !1ora and fauna that exists today. Human disturbances, such as

burning and grazing, have also influenced the distributions of habitats (Mark and

McLennan, 2005). Moreover, continuing carhon enrichment of the atmosphere and

associated changes to the global climate are undoubtedly adding another level of

complexity. In this thesis, I considered the role of microhabitat parameters 111

determining the composition and distribution of the organisms of three proximate

patterned ground environments. With such steep gradients in microclimate, it was

expected that the distribution of plants and invertebrates in the patterned ground would

closely relate to environmental variahles at a comparable scale, and different assemblages

of species would be found in different parts of the microtopography. In general, this

appears to be the case: in each site, environmental gradients in!1uenced the distribution

and composition of plants, lichens and invertebrates (Chapter 4 and Chapter 6).

Although few plant species were shown to have limited distribution, plaut assemblages,

differentiated by a few dominant species, varied over centimetres between microsites

(Chapter 4). Environmental factors were able to explain over 50% of the variation in

plant composition (Chapter 4). Essentially, plants in the patterned ground are in part

distributed according to environmental severity and physiological potential, which are

most strongly controlled by the density, depth and duration of winter snow cover

(Bannister et al., 2005). The composition of invertebrate communities was broadly

similar, but numerical abundances and dominant species differed sufficiently to

distinguish micrositcs and vegetation types; only a small fraction of morpho-taxa were

highly selective of microsites. The distribution of invertebrates appeared to be more

complex than that of plants, due to mobility, seasonality and inhabiting a three

dimensional environment. Most invertebrates were found in the plant and orgamc
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material at the surface; from the autumn to the winter sampling, some taxa had shifted

vertically or between microhabitats, but most outstanding was an overall decline in the

abundance of most groups. Environmental factors could explain over 45% of the

variation in winter and less than 30% in autumn, while dominant plant species could

explain more than 30% in autumn and less than 25% in winter (Chapter 6). These results

clearly suggest environmental factors have a greater influence on invertebrate

distributions in winter, when abiotic factors provide a major limiting factor to ectotherms,

than in autumn, while plant cover, probably due to the structure, thermal characteristics

and food availability, was more important in autumn.

7.1.4 ALTERNATIVE EXPLANATIONS FOR THE FINE-SCALE DISTRIBUTION OF

ORGANISMS IN PATTERNED GROUND

Environmental and biotic factors go a long way In explaining plant and invertebrate

composition, but lingering is the question: "What else?". While innumerable factors may

also account for the spatial organisation of organisms in pattemed ground, three possible

explanations stand out:

f. Chosen metrics ofenvironmental variables

In Chapter 4 and 5, I pointed out that some metrics may have been biased. For example

for plants, a single measurement of some factors may have not been a good proxy for that

factor over the whole year (i.e. soil moisture), and conversely year-long counts or means

assume invertebrates were subject to the cumulative effects (i.e. annual number of freeze

thaw cycles, growing degree days and time frozen). While these observations do not

discount the importance of these environmental factors, it does highlight the need to

carefully consider the biological significance of microclimate data when looking for

ecological relationships.

2. Microbial community

Several studies have shown a strong interdependence between the microbial, plant and

invertebrate communities (Wardle et al., 2004); microbes regulate the structure of biotic

communities through nutrient cycling and movement. Most directly, consumers (e.g.

Oribatida, Collembola, Nematoda) feed directly on soil microbes, such as fungi and

bacteria (Figure 7.2), and plants benefit from nutrients mobilized by soil microbes

(Seastadt, 1984). Thus, plant and invertebrate communities are likely to be strongly
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linked with the complex and dynamic interactions of the soil microbial community, soil

organic matter and microenvironment (Bardgett et aI., 2005).

3. Outside influences

The fine-scale patterns of organisms in patterned ground of the Old Man Range may also

be evidence of outside influences that occur at larger scales. For example, the linkage

between Chionochloa macra and the lee of the terraee may be an artefact of it being an

area that was less affected by historical fires. Outside influences also include the

macroclimate, and changes in the climate. The dynamies of the plant and invertebrate

communities in patterned ground will likely ehange as changes in the regional climate

alters micro environments, food webs and soil processes (Figure 7.2).

Clearly there is still much to be gained from studies on the spatial and temporal patterns

of invertebrates in the alpine environment. A better understanding of the movements of

invertebrates on a scale of months, weeks or hours may help to better interpret the forces

that drive these communities, their interactions with soil micro-organisms, how energy

and nutrients move through the system, and how organism assemblages have ehanged

with the loss of tussock or how assemblages may ehange in a changing climate (Rate,

2005).

Figure 7.2. The fine-scale ecological linkages between the abiotic and biotic components of the
patterned ground system. Numbers refer to chapters in the thesis that deal with those topics.
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7.2 THE PATTERNED GROUND ECOSYSTEM: A MODIFIED

ENVIRONMENT, A CHANGING ENVIRONMENT

7.2.1 THE OLD MAN RANGE: A MODIFIED ENVIRONMENT

The native vegetation of the South Island has been drastically transformed in the c. 800

years of human occupation (McGlone and Wilmhurst, 1999); some of the most severe

changes in the cover, composition and structure of vegetation in the high country began

in the 1850's when stocking rates of grazing mammals increased in conjunction with

frequent uncontrolled burning of the indigenous tall tussock tChionochloa spp.) grassland

(Alan Mark, personal communication 2001). The effects have been long-lived; along the

main ridgeline of the Old Man Range few relict plants and patches of tall tussock remain,

and regenerating tussocks are sparse (personal observations).

Although no quantifiable record exists, changes to the ecosystem, in terms of

biodiversity, cover, structure and composition due to the loss of the tussocks, are

unquestionable. The loss of tussock cover has probably meant a comparable loss in

tussock-associated plants, as well as changes in abundances and composition of

invertebrates (Callaway et al., 2002; Barratt et al., 2005; Bell et al., 2005; Barratt et al.,

2006). Data from the current study suggest plant composition was nearly as important at

environmental factors in explaining invertebrate communities of the Old Man Range

(Chapter 6), thus invertebrate species associated with the tussock community would have

likely been found outside the lee of the terrace when a more complete tussock cover

prevailed (see also Rate, 2005). While this may indicate plants and invertebrate

assemblages of the most extreme microsites may have been less widespread, the main

ridge of the range was unlikely to have supported a complete tussock cover; the slow rate

of recovery of cushionfield communities frorn catastrophic disturbance indicates the

alpine ridge of the Old Man Range must have supported a mosaic of tussock, herbfield

and cushionfield communities (e.g. Roxburgh et al., j 988; Brown et al., 2006). Still, it is

likely that the biodiversity and structural diversity of the Old Man Range is depleted from

before European settlement, and that the remaining subset of invertebrates is likely to

represent the most resilient species of the original assemblage.

Tussocks may have had another important role in the high alpine ecosystem; interacting

with the surface airflow and solar radiation, tussocks int1uence the distribution, depth and
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density of snow (Figures 7.3 and 7.4; Fitzharris, 1976; Fitzharris, 1977; Twaddle, 1995;

Mark and Dickinson, in press). As snow is redistributed, it is trapped by the tussock

tillers or settles in the lee of the tussock; the density of snow pack is less, and thus more

insulative, where vegetation cover is denser (Twaddle, 1995). Tussocks also affect energy

exchanges in nivean space and hence affect the deflation and melting of snow (ablation);

a lower albedo of the tussocks absorbs solar radiation, and results in characteristic melt

patterns (Figure 7.4). Thus, much like the microtopography of patterned ground, tussocks

significantly influence the soil climate and delimit soil microhabitats into discrete units

based on the density of tussocks and the depth and distribution of snow (Figure 7.4).

Figure 7.3. Planted narrow-leaved snow tussock (Chionochloa rigida) at c 1600m a.s.l, on the
crest of the Old Man Range, Central Otago. Tussocks are likely to be important in structuring
winter microbial communities through trapping snow (photo by K. J. M. Dickinson, 17 November,
2005).

7.2.2 SNOW AND WINTER SOIL PROCESSES

Almost every chapter in this thesis addressed the importance of snow cover, emphasising

its effects on microclimates, soil freezing and the distribution of organisms. Recently.

many studies have examined the importance of snow cover on seasonal and spatial

variation of microbial composition and activity (e.g. Lipson et aI., 1999; Lipson et al.,

2002; Schmidt and Lipson; 2004; Schimel et al., 2004; Nemergut et al., 2005; Sturm et

al., 2005). Winter is an extremely active time for the microbial community in cold

regions, with the highest biomass of microbes (Lipson et al., 1999), as well as accelerated

decomposition rates and greater respiration under deeper snow (Williams et al., 1998;

Schimel et al., 2004). Stunn et al. (2001) explains the expansion of shrub patches in the
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arctic in terms of a positive feedback loop in which these relationships are key; Sturm et

al. (2001) found increased snow depth and associated litter in the lee of the shrubs

promoted winter microbial activity that enhances nitrogen mineralization. This they

suggest may be promoting shrub growth in the arctic (Sturm et al., 2005). Clearly

changes in the coverage of snow as it acts on the soil biotic community have important

consequences in ecosystem processes and ecosystem functioning in cold regions (see also

Schimel, 1995; Schimel et 01.2004; Heemsbergen et al., 2004; Bardgett et 01.,2005).

In the context of the Old Man Range, a similar situation as described by Stunn et al.

(2005) may exist only in reverse; the reduction in tussock may have led to a reduced

winter snow pack and a shift to denser less insulative snow. As a consequence, this may

have lead to reduced microbial soil activity, depleted productivity and further reduced

diversity of microbes, plants and invertebrates (Figure 7.5). The role of snow on winter

microbial activity in the negative feedback loop based on Sturm et al., (2005), may in part

explain the particularly low nutrient turnover on the Old Man Range (see Molloy et al.,

1978a; 1978b); as well as suggest some driving forces of the seasonality and structure of

soil biotic and plant communities. An overall reduction in microbial activity after the

loss of tussock may have slowed the cycling of nutrients below a threshold for tussock

regeneration, which in combination with the slow growth rate of Chionochloa spp. and

exposure of the ridge line, may account for thc slow or non-existent recovery of tall

tussock in the alpine environment (Billing and Mark; 1961; Mark, 1965a; 1965b; Meurk,

1978; Mark and Wilson, 2005). This hypothesis could be tested through observations of

nutrient cycling and microbial activity (soil respiration) in fragments of tall tussock and

adjacent cushion fields. The planted plot of ChionochIoa ridgia on the crest of the Old

Man Range (Figure 7.3) would provide a comparison.
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Historical fires

-

Nutrient availabilit _

Tussock density-
Microbial and

invertebrate activity

Figure 7.5. Negative feedback loop, based on Sturm et al.. 2005. What will the effects of climate
change be?

In the current patterned ground environment where protective snow is absent, the ground

surface cools rapidly in early winter (Chapters 2 and 3), and microbial activity is likely to

decrease drastically. However, in pockets of unfrozen soil, where temperatures are

stable, moisture is available and litter accumulates, winter microhial activity is likely to

occur, perhaps even in excess of any other season (Lipson et al., 1999; Campbell et al.,

2005; Nemergut et al., 2005). Hence, I believe the furrows and lee of the terrace may act

as important areas for nutrient immobilization, such as nitrogen, for microbial activity in

winter, and consequently an important area of mineralization following a microbial crash

in spring. These areas may also be important for cycling nutrients to other parts of the

microtopography, but a mcehanism for nutrient movement is unclear. The current study

provides some evidence organisms moving within the soil column and between

microsites (Figure 7.6); however, it is unclear how or if nutrients might be returning to

the exposed microsites. This study gave little evidence of soil movement associated with

differential freezing; however, there was some evidence that invertebrate groups moved

between micro sites between sampling occasions; for example, in winter at the hummock

site, the greatest abundance of Oribatida shifted from the furrows to the crests, which may

be important for some nutrients (Teuben and Verhoef, 1992). I believe some microbial

activity may continue through winter in exposed microsites within the ameliorated

256



Chapter 7. Synthesis

microclimate of the plant layer of some plants, particularly cushion plants. For example,

Dracophyllum muscoides commonly has a thick (up to 10cm) dark layer of detritus below

the live outer leaves which may promote microbial growth. Drocophyllum muscoides

was a common overwintering habitat for invertebrates.

The current study shows loealised reductions in invertebrate abundanees in winter occur;

invertebrate abundances, particularly at the stripe site, were significantly reduced in the

winter sample compared with the autumn sample (Chapter 6; Figure 7.6). While the

reason for the difference in the population dynamics between the hummock and stripe site

is unclear (though probably due to a more severe early winter at the stripe site, Figure

2.11), this nearly universal reduction in invertebrate abundances at the stripe site may

likely to be an extremely important input for winter microbial activity, or may be in

preparation for a microbial tumover, which frequently occurs in alpine environments in

spring (Bardgett et al., 2005). Also, feeding winter microbes may dietate the survival of

young invertebrates in spring. Plant foliage in the alpine environment is particularly

recalcitrant, and may reqUlre preconditioning by soil bacteria and fungi for some

detritivores (e.g. WiIliams 1977), and regular sequences of soil fungal species during

organic matter decomposition (Parkinson, 1988). Also, alpine systems are characterised

by temporal shifts in resource demands between heterotrophic and autotrophic

counterparts (Nemergut et al., 2005; Bardgett et al., 2005); a spring erash in microbial

biomass may trigger vital pulse of nitrogen, in the from of nitrate and ammonia for spring

growth in plants. Thus, it is likely that the spatial and temporal assemblages of soil

microbes are important to the patterns in plant and invertebrate communities. Future

research on the exchange of nutrients in the ecosystem, seasonality of microbial activity,

and soil microbial community composition may give a clearer picture of the distribution,

seasonality and interactions of invertebrate communities.
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7.2.3 A CHANGING CLIMATE: WHAT IS IN STORE?

On the Old Man Range, changes in climate due to atmospheric carbon-dioxide

enrichment will probably lead to increased annual temperatures and reduced snow cover.

While continuing increases in temperatures will result in reduced soil freezing and

wanner soil temperatures, a reduction in snow cover will lead to thermally more severe

microclimates, in terms of freeze-thaw cycles and extent of freezing (Chapter 2 and

Chapter 3). The maintenance of the patterned ground appears to depend on differential

freezing (Chapter 3), if thermal gradients are reduced, physical soil activity may cease,

and the formations would likely degrade slowly from erosive actions. On the other hand,

the period with partial snow cover may be extended, seeing increased freeze-thaw cycles,

and deeper soil freezing (Chapter 2; see Coulson et al., 2000). Altered patterns of soil

freezing or extended periods of incomplete snow cover may have important consequences

on the distributions or winter mortality and of some invertebrates or plants (Bannister et

al., 2005; Coulson et al., 2000), on the winter composition and activity of soil microbial

communities or the availability of nutrients (Sjursen et al., 2005b), or on the assemblages

of invertebrates (DolIery et al., 2006). Increased freeze-thaw cycles in the alpine

environment may for a short while see increased microbial activity, available nutrients,

stimulate respiration and nitrogen mineralization, though long term effects of freeze-thaw

or time frozen are likely to be more complex (Skogland et al., 1988, Parkinson, 1988;

Taylor and Parkinson, 1988; Larsen et al., 2002). In 2001, the soil in the stripe crests had

lower soil temperatures and more freeze thaw cycles in comparison to analogue

microsites at the hummock site (Figure 2.11; Table 2.3); if these contributed to the site

wide reduction in invertebrates, I predict the impacts of an extended season of incomplete

snow cover to have severe implications on the soil invertebrate community. Figure 7.6

shows the three period types of snow cover (Chapter 2), and summarises abundance

changes in invertebrates (Chapter 6); clearly a reduced snow cover, increased freeze-thaw

and wanner temperatures could have complex and cascading effects on the ecosystem;

however, these effects are hard to predict. In the context of a changing climate, clearly

more research needs to be done in areas that integrate spatial and temporal patterns of the

alpine plant and invertebrate communities with microbial communities and ecological

processes, in relation to changes in snow cover and freezing patterns (e.g. Caulson et al.,

2000; Stunn et al., 2001; Campbell et al., 2005; Sjursen et al., 2005b), as well as soil

warming and available nutrients (e.g. Coulson et al., 1996; Sjursen et al., 2005a).
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Appendices

APPENDIX A: METHODS SUPPLEMENT

METHODS FOR DEFINING MICROTOPOGRAPHY

In order to test whether organisms were differentiating parts of the microtopography, a

system of delineating parts of the microtopography was required. Microhabitat zones

were defined based on simple reprodueible mathematical calculations.

STRIPE AND HUMMOCK FORMATIONS

Billings and Mark (1961) and Mark and Bliss (1978) categorised microtopography of the

stripe and hummock terrain into three zones (crests, sides, and furrows) based on a visual

estimation of vegetation cover. In the current study, each zone was defined as a range in

elevation relative to the highest point of the most proximate hummock. The range of

each of the three microhabitat zones was calculated as approximately one-third of the

average height of the hummocks found on site.

To find the average height of the hummocks and stripes studied, three 20m transects were

established at each site. Using a surveyor's level, relative elevation was measured every

l Ocm along each transect. From this elevation data, "high points" along the transect were

identified at the highest measured point of each hummock on the transeet. "Low points"

were defined as the lowest measured point between each "high point." The height of

each hummock on the transeet was calculated by subtracting the elevation of the most

proximate low points on either side of each high point from the elevation of the high

point (Figure A.l). From this calculation the mean hummock height at each of the sites

was found to be approximately 27cm (±6 s.e.) in height.
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APPENDIX B: PLANT TAXA SAMPLED IN PATTERNED GROUND, OLD MAN RANGE

List of vascular plants, bryophytcs, liverworts, and lichens recorded from three high-alpine sites on the Old Man Range (1590-1640111 a.s.l.}, Central Otago,
South Island New Zealand. Nomenclature follows, Landcare (2006a). NA = not available.

C,

eN

Species Name
Vascular plants

Abrotanella caespitosa
Abrotanella inconspicua
Agroslis muelleriana
Anisolome flexuosa
Anisolome imbricata
Anisolome lanuginosa
Brachyscome sinclairii
Carex pyrenaica var. cephalotes
Carex pterocarpa
Celmisia argentea
Celmisia taricilolia
Celmisia prorepens
Ce/misia viscosa
Chionoch/oa macra
Chionohebe thomsonii
C%banthus buchananii
Coprosma niphophi/a
Craspedia /ana/a
Dracophyllum muscoides
fpilobium /asmanicum

"p~es authorities

Petrie ex Kirk
Hook.!.
Vickery
J,W.Dawson
(Hook. f.) Cockayne
(Kirk) JWDawson
Hook.f.
(F.Mueil) Kuk
Petrie
Kirk
Hook.f.
Petrie
Hook.l.
Zotov
(Buchanan) B.G.Briggs & Ehrend.
Kirk
Orchard
(Hook.f.) Ailan
Hook.!.
Hausskn.

Family

Asteraceae
Asteraceae
Poaceae
Apiaceae
Apiaceae
Apiaceae
Asteraceae
Cyperaceae
Cyperaceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Poaceae
Scrophulariaceae
Caryophyilaceae
Rubiaceae
Asteraceae
Epacridaceae
Onagraceae



GO

-'"

Species Name
Euphrasia lelandica
Gaultheria nubicola
Gentianelfa belfidifolia
Geum leiospermum
Gnaphalium mackayi
Hebe poppelwelfii
Hectorelfa caespilosa
Kelferia childii
Kelferia villosa
Leptinelfa goyenil
LUlula pumila
LUlula rufa
Lycopodium fasfigialum
Melicy/us alpinus
Myosofis pulvinaris
Phylfachne colensoi
Phylfachne rubra
Plantago lanigera
Poa colensoi
Poa incrassata
Ranunculus enysii
Ranunculus gracilipes
Raoulia grandiflora
Raoulia hectoril
Ry/idosperma pumilum
Trisetum spicatum
Wahlenbergia albomarginata
Viola cunninghamii

Species authorities
WeUst.
D.J.Middleton
(Hook.f.) Holub
Petrie
(Buchanan) Cockayne
(Cockayne) Cockayne & Allan
Hook.f.
Heads
Berggr.
(Petrie) D.G.t.Ioyd & C.J.Webb
Hook.f.
Edgar
R.Br.
(Kirk) Garn.-Jones
Hook.f.
(Hook.!.) Berggr.
(Hook.f.) Cheeseman
Hook.f.
Hook.f
Pefrie
Kirk
Hook.!.
Hook.!.
Hook.f
(Kirk) Connor &Edgar
(L) KRicht.
Hook.f.
Hook.f.

Family
Scrophulariaceae
Ericaceae
Gentianaceae
Rosaceae
Asteraceae
Scrophulariaceae
Portulacaceae
Thymelaeaceae
Thymelaeaceae
Asteraceae
Juncaceae
Juncaceae
Lycopodiaceae
Violaceae
Boraginaceae
Stylidiaceae
Stylidiaceae
Plantaginaceae
Poaceae
Poaceae
Ranunculaceae
Ranunculaceae
Asteraceae
Asteraceae
Poaceae
Poaceae
Campanulaceae
Violaceae



§peci~s Name Species authorities Family
Bryophytes

Polytrichum juniperinum Hedw. Polylrichaceae
Psilopilum austra/e (Hook.f, & Wilson) Mill. Polylrichaceae
Racomitrium crispulum (Hook.f. & Wilson) Hook.f, & Wilson Grimmiaceae

Liverworls
Fru/lania sp. 1 NA Frullaniaceae

Lichens
Alectoria nigricans (Ach.) Nyl. Alectoriaceae
Arthrorhaphis alpina (Schaer.) RSan!. Arlhrorhaphidaceae
Caloplaca cinnamomea (ThFr.) H.Olivier Teloschistaceae
Cetraria aculeata (Schreb.) Fr. Parmeliaceae
Cetraria islandica subsp, antarctica Karnefelt Parmeliaceae

w Cladina mitis (Sandst.] Hustich Cladoniaceae
v, Cladonia coccifera (L.) Willd Cladoniaceae

Cladonia gracilis subsp. tenerrima Ahti Cladoniaceae
Cladonia fuseofunda S.Hammer Cladoniaceae
Cladonia sp. 1 NA Cladoniaceae
Cladonia sp. 2 NA Cladoniaceae
Cladonia sp. 3 NA Cladoniaceae
Cladonia sp. 4 NA Cladoniaceae
Hypogymnia lugubris (Pers.) Krog Parmeliaceae
Lecanora epibryon ssp. broccha (Nyl.) Lumbsch Lecanoraceae
Lepraria incana (L.) Ach.
Lepraria neglecta (Nyl.) Lellau
Pertusaria scoWi Elix & A WArcher Pertusariaceae
Porpidia sp.l NA Porpidiaceae
Psoroma buchananii (C.Knighl) Nyl. Pannariaceae
Psoroma hirsutulum Nyl. exCromb. Pannariaceae
Psoroma sp. 1 NA Pannariaceae
Rhizocarpon geographicum (L.) DC. Rhizocarpaceae



eN

o-

S~cies Name
Siphula coriacea
Siphula disso!uta
cl. Siphu!astrom sp. 1
Thamnofia vermicularis
Lichen sp. 1
Lichen sp. 2
Lichen sp. 3
Lichen sp. 4
Lichen

Species authorities
Nyl.
Nyl.
NA
(Sw.) Ach. ex Schaer.
NA
NA
NA
NA
NA

Family

NA
NA
NA
NA
NA



APPENDIX C: INVERTEBRATE TAXA SAMPLED IN PATTERNED GROUND, OLD MAN RANGE

A list of invertebrate morpho-taxa sampled in microsites on the Old Man Range (1590-1640111 a.s.l.), Central Otago, South Island New Zealand in autumn (left)
and winter (right) 2001. Microsites: c = crest; s = side; f= furrow; I = zone 1; 3 = zone 3; 4 = zone 4; 5 = zone 5; 6 = zone 6.

Hummock Stripe

Autumn

Solifluction Terrace Hummock Stripe

Winter

Solifluction Terrace

Phyla Class Order Suborder Superfamily Family Genus/species C 3 C 3 3456c3 C 3 3 4 5 6

W

-.J

Nematoda

Adenophorea

Dorylaimida

Dorylaimina

Belondiroidea

Belonoiridae

cf.Oxydirus sp. X X
Falcihasta sp. X

Dorylaimoidea

AporceJaimidae

Aporcelaimus sp. X X X X X X X
Aporcelaimidae

Aporce!aimellus sp. X X X X X X
Nordiidae

et. Pungenlus sp. X
Qudsianemalidae

Eudorylaimus sp. X X X X X
""" " " ~"



3 4 5 6C3 4 5 6 C 3C 5C 5Genus/speciesOrder Suborder Superfamily Family
- - --

Monochina

Monochoidea

Anatonchidae

lotonchus 3p, X X X X X X X X X X X
Monochidae

Clarkus 3p. X X X X X
fv1ermithida

Mermithoidea

Mermilhidae I
Mermilhidae sp. X

Plectida

Plectidae

Plectus sp. X
Plectidae sp. X

Secementea

Tylenchida

Croconemalidae

Criconema sp. X X X
Hemicycliophoridae

Hemicycliophora 3p. X X X
Hoplolaimidae

Helicotylenchus sp. X X X X X X
Tylenchidae

Tyienchidae 3p. X _.-

Phyla Class

CH

00



Phyla Class Order Suborder Superfamily Family Genus/species C 5 C 5 3456c5 C 5 3 4 5 6

w
-o

-- -_. - -_. _.~.

unknown

new species X
Nematoda sp. X X X X-

Annelida

Oligochaela

Haplotaxida

Lumbricina

Acanfhodrilidae

Neodrilus sp. X
Megascolecidae

Megascolecidae sp. X X X X X
occcneenoee

Octochaetdae sp. X
unknown

rnegadriles X X X X X X X X X X X
Tubi'icina

et. Enchytraeidae

cf.Enchytreeidae sp. X X X X X X X X
unknown

microdriles X X X X X X X X X X X X X X X X X
Mollusca

Gastropoda

Stylommatophora

Punctidae

Punctidae sp. X X



3 4 5 6c3 4 5 6 c scc sGenus/speciesPhyla Class Order Suborder Superfamily Family
"" "" " .. """

Arthropoda

Crustaceae

Amphipoda

Talillidae

PanorclJestfa tenuis (Dana) X X X
Isopoda

Isopoda sp. 1 X X--_.
Chilopoda

Scolopendromorpha

Scolopendromorpha sp. 1 X X X X X X X X X
Pauropoda

Telramerccerata

Allopauropus sp. 1 X
Cauvetauropus sp. 1 X
5tylopauropoides sp. 1 X X X X X
Stylopauropoides duplex X

Symphyla

Cephalosligmala

Cephalostigmala so. 1 X X X X X X X X X X X X
"" "

W
N
o



Phyla Class Order Suborder Superlamily Family Genusfspecies C 3 C 3 3456c3 C 3 3 4 5 6

CH
W

- "" _.., -
Arthropoda

Arachnida

Acari

Asligmala

Acaridae

Acarus sp. X X X X X X X X X X X X
Acarus sp. nr.sso X

Mesosligmata

Dermanyssme

Phytcsefdae

Phytoseiidae sp. X X X
Ascidae

Asca sp. X X
Epicrina

Epicriina sp. X X X
Parasitina

Parasitina sp. X X X X X X X X X X X X X X X X X X X X
Sejina

Sejina sp. 1 X X X X X X X X X X
Sejina sp. 2 X X X X X

cf. Uropodina

cf.Uropodina sp. 1 X X X X X X X X X X X X X X
cl.Uropodina sp. 2 X X X X X X X X X X X X X X X X X X X X X

cl.Dermanyssina or Parasilina

cf. Dermanyssina or X X X X X X X X X X X X
-- Parasitina sp. - -" -



Phyla Class Order Suborder Superfamily Family Genus/species c 5 I I c 5 I I 1 3 4 5 6 I c 5 I I c 5 I I 1 3 4 5 6
unknown

Mesostigmata sp. 1 X X X X X X
Mesosligmata sp. 2 X X X X X X X X X X X X X X X X X
Mesosligmata sp. 3 X X X X X X X X X X X X X X
Mesostigmata sp. 4 X X X X X
Mesosligmala sp. 5 X X X X X X X X X X X X X X X X X X X X X
Mesostigmala sp. 6 X X X
Mesostigmata sp. 7 X X X X X X X
Mesostigmata sp. 8 X
Mesosligmata sp. 9 X X X X

w
Mesosligmata sp. 10 X X X X X X X X XN

N

Mesostigmala sp. 11 X X
Mesostigmala sp. 12 X X X X X X X X X
Mesostigmala sp, 13 X
Mesostigmata sp. 14 X X X X X
Mesosligmata sp. 15 X X X
Mesosligmata sp. 16 X X X
Mesosligmata sp. 17 X X
Mesostigmata sp. 18 X X X X X X
Mesostigmala sp. 19 X
Mesostigmala sp. 20 X
Mesostigmala sp. 21 X X
Mesostigmata sp. 22 X
Mesosligmata sp. 23 X
Mesostigmata sp. 24 X

Ix
X

I
X X

Mesostigmata sp. 25 X X



3 4 5 6c s3456csc sc sGenus/species
- .. - . -- -- - . -_. ..

Mesosligmata sp. 26 X X X X X
Mesosligmata sp. 27 X
Mesostigmala sp. 28 X
Mesost\gmala sp. 29 X
Mesostigmata sp, 30 X

Oribatida

Cireumdehiscentiae (Poronolicae)

cf. Ceralozeloidea

et Ceratozetoidea sp, X X X X X X X X X X X X X X X X
Pelopoidea

Pelopoidea sp. X X X X X X X X
unknown

Porcrcucae sp.1 X X X X X X X X X X X X X X X X X X X X X
Poroncticae sp. 2 X
Paronotieae sp, 3 X X
Poronotieae sp. 4 X X
Poronotieae sp. 5 X X
Poronolicae sp. 6 X

Circumdehiscenliae (Pyenonoticae)

Carabodoidea

Carabodidae

cf. Carabodes sp. X X X X X X X
Polyplerozetoidea

Eulegaeidae

Eutegaeidae sp, X X X X X X X X

Phyla Class Order Suborder Superfamlly Family

w
N
w



Phyla Class Order Suborder Supertamily Family Genus/species C 5 C 5 3 4 5 6 C 5 C 3 4 5 6

eN
N
.c,

-
Tumerozetidae

cf. Topalia sp. X X X X X X X X
unknown

Polypterozetoidea sp. X X X X X

Oppioidea

Oppioidea sp. X X X X X X X X X X X X X X X X X X X X X
Otocepheoidea

cf.Otocepheoidea sp. X X X X X X X X X X X
unknown

Pycncnoncae sp, 1 X X X X X X X X
Pycnonoticae sp, 2 X X
Pycnonoticae sp. 3 X X X X X X X X X X X
Pycnonolicae sp. 4 X X X X X X X X X X X X X X X X
Pycnonotlcae sp. 5 X X X X X X X
Pycnonotlcae sp.6 X X
Pycnonolicae sp. 7 X X X X X X X X X
Pycnonoticae sp.8 X X X X X X X
Pvcncnctcee sp. 9 X X
Pycnonoticae sp. 10 X X X X X
Pycnonolicae sp. 11 X
Pycnoncticae sp. 12 X

cl Circumdehiscentiae

et. Circumdehiscentiae sp. X X X X X.....-



3 4 5 6c s3456csc scGenus/species
- ..,- -- - -

Euptyctima

Euplyclima sp. X X X X X X X X X X X
Nolhronata

Nolhroidea

cf.Crotoniidae

cf.Crotoniidae sp. X X X X X
unknown

Nolhroidea sp. 1 X X X
Nolhroidea sp. 2 X X X X X X X X X X X
Nolhrolcea sp. 3 X X X X X X X X
Nothroidea sp. 4 X X
Nothroidea sp. 5 X

cf.Nothronata

cf.Nothronata sp. X
Enarthronata

Enarthronata sp. 1 X
Enarthronata sp. 2 X

Palaeosomata

Palaeosomata sp, 1 X
Palaeosomata sp. 2 X X
Palaeosomata sp. 3 X

unknown

Oribalida sp. 1 X X X X X
Oribalida sp. 2 X X X X X X X X
Oribatida sp. 3 X X X

Phyla Class Order Suborder Superfamily Family

W
N
U.



3 4 5 6c s3 4 5 6 ccc sGenus/species
--- - --

Prostigmata

Anysfina

Anystina sp. X X
Endeostigmala

Endeostigmala sp. X X
Eupodina

Bdellidae

Bdellidae sp. 1 X X X X X X X X X X X
Bdellidae sp. 2 X X X X X X X
Bdellidae sp. 3 X
Bdellidae sp. 4 X

Cryptcqnathidae

Cryptognathus sp. X X X
Cunaxidae

Cunaxidae sp. 1 X X X X X X X X
Cunaxidae sp. 2 X X

Penthalodidae

Penthalodidae sp. 1 X X X X X
Penthalodidae sp. 2 X X X X X X X X
Penlhalodidae sp. 3 X X
Peethalcddae sp. 4 X
Penthalodidae sp. 5 X X X X X X X X

Phyla Class Order Suborder Superfamily Family

w
10
o-



Phyla Class Order Suborder Superfamily Family Genus/species C C 3 3456c3 C 3 3 4 5 6

XI X
X X X X X X X X

X

X

X
X X

X X X
X

X X
X

w

'"--J

-
Tydeidae

Tydeidae sp. 1 X X X X X
Tydeidae sp.2 X X X X X
Tydeidae sp,3 X X X X X X X
Tydeidae sp. 4 X X X X X X X X X
Tydeidae sp. 5

?Rhagididae orEupodidae
cf.Rhagididae orEupodidae X X X Xsp.

unknown

Eupodoidea sp. 1 X
Eupodoidea sp. 2 X
Eupodoidea sp. 3 X X
Eupodoidea sp.4 X
Eupodoidea sp. 5

Eupodoidea sp. 6 X X X
Parasitengona

Erythraeoidea

Erythraeidae

Erythraeidae sp. 1 X X X
Erythraeidae sp.2 X
Erythraeidae sp. 3

Erythraedae sp. 4 X

X

X

X

X

X

X



Phyla Class Order Suborder Superfamily Family Genus/species c s c s 3 4 5 6 c s c 3 4 5 6

w
N
00

-_..- -- -
Trombidioidea

Microtrombidiidae

Microlrombidiidae sp. X X X X X X X X X X
Trornbidiidae

Trombidiidae sp. X X X
unknown

Trombidioidea sp. X
Raphignathina

Raphignalhidae

F?aphign8thus gracilis (Rack) X
Stigmaeidae

Enstigmaeus sp. X X
Scutastigmaeus montanus

X X X X X X(Wood)
Stigmaeus campboffensis

X X X XWood
Tetranychidae

Tetranychidae sp. X
Tarsonemina

Pygmephoridae

Pygmephoridae sp, 1 X X X X X X X
Pygmephoridae sp.2 X X X X X X X
Pygmephoridae sp. 3 X X X X X X X
Pygmephoridae sp. 4 X X X X X
Pygmephoridae sp. 5 X

unknown

Prostigmata sp. X



3 4 5 6C3 4 5 6 C 5C 5C 5Genusfspecies
- - ._..

unknown

Acari sp. X
Aranae

et Agelenidae

et Agelenidae juv. sp.1 X X
et, Araneidae

et. Araneidae juv.sp, 1 X
Gnaphosidae

Gnaphosidae so. 1 X
Linyphiidae

Linyphiidae juv. sp. 1 X
cf, Unyphiidae

cf.Linyphlidae juv.sp. 2 X
Lycosidae

Lycosidae juv.sp. 1 X X X
Lycosidae juv.sp. 2 X

cf.Lycosidae

et. Lycosidae juv.sp. 1 X X X
et Lycosidae juv.sp. 2 X

Micropholcommatidae

Micropholcommatidae sp. 1 X
Salticidae

Sallicidae juv.sp.1 X
- - -- ---

Phyla Class Order Suborder Superfamily Family

W
N
-o



w
w
c>

Phyla Class Order Suborder Superfamily Family Genus/species c s f c s 1 1 3 4 5 6 c
..~~ IJ1_ 3 4 5 6

- - -- -- -- -
unknown

Aranae juv. sp, 1 X
Aranae juv. sp. 2 X
Aranae juv. sp. 3 X
Aranae juv. sp. 4 X
Aranae juv. sp. 5 X
Aranae juv.sp. 6 X ---

Pseudoscopriones

Chernelidae

Chernefidae sp. 1 X
- -

Protura

Prolura

Eosentomon sp.1 X X
cf.Eosenlomon macronyx sp. 1 X X X
Eosentomon sp. 2 X
Eosentomon sp. 3 X X X
Protura sp. (unidentified) X X X X X X X X X X X

-
Collembola

Arthopleona

Entorncbryidae

cf. Acanthocyrtus sp. X X X X X X X X X X X X X X X X X X
Entomobrya sp. X X X X X X X X X X X X X
Sinella sp. X X X X X X X X
cf. WiIlowsia sp. X X X X X X X X X X X X X X X X X X

-



3 4 5 6c s3 4 5 6 cc sc sGenus/species
....~ - .._~ - - -

Hypogasturidae

CeratophyseJla sp. X X X X X
Isotomidae

et Acanthomurus sp. X X X X X X X X X X X X X
CryplOpygU5 antarcticus grp. X X X X X X X X X X X X X X X X X X X X XWillem
Cryptopygus caecus grp. X X X X X X X X X X X X X X X X X X X X X XWahlgren

Isotomasp. X X X X X X X X X X X X
cf. Isotoma sp. X X X X X X X X X X
Isotomidae sp. X X X

Neanurdae

Friesea sp. X X X X X X X X X X X X X X X X X X
cf. Vilronura sp. X X X X X X X X X

Odonetellidae

OdoneleHidae sp. X
Onychiuridae

Dinaphorura sp. X X X X X X X X X X X X X X X X X X X X X X
Tuflbergia sp, X

-- ..-
Symphypleona

Katiannidae

Smintllwinus sp. I X X X X X X X

Sminlhuridae ~
. Sminthurus v~ridis (L.) _ X X

Phyla Class Order Suborder Superfamily Family
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Insecta

Coleoplera

cf.Anobiidae

cf.Anobiidae lv,sp.1 X X X
Byrridae

Byrridae Iv. sp. 1 X
Carabidae

Oopterus pygmeatus Broun X
Chrysomelidae

Allocharis sp. 1 X
CIJaetocnema sp. 1 X X
CIJaetacnema sp. 2 X
Chrysomelidae sp. 1 X

Coccinelidae

Diomus sp. 1 X
Coccinellidae sp. 1 X X
Ccccineldae lv.sp. 1 X X X
Ccccine'dae Iv. sp. 2 X X

Corylophidae

Corylophidae Iv. sp. 1 X
Cryptophagidae

Chryptophagidae sp. 1 X X
Cryptophagidae Iv. sp. 1 X X X

Phyla Class Order Suborder Superfamily Family
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Curculionidae

Baeosomus cf. crassipes X X X
Baeosomus rugosus (Broun) X X X
Baeosomus sp.1 X X X X X X
Baeosomus sp. 2 X
Baeosomus sp. 3 X X X X
Baeosomus sp. 4 X X X
Irenimus egens (Broun) X X X
Irenimus sp. 1 X X
Irenimus sp. 2 X
Nestrius so. 1 X X X
Peristoreus sp. 1 X
Rhytirhininae sp. 1 X
Rhytirhininae sp. 2 X
Curculionidae Iv.sp. 1 X X X X X X X X
Curcu'iondae lv.sp. 2 X
Curcu!ionidae lv,sp. 3 X X X
Curculondae Iv. sp, 4 X
Curculiondae Iv. sp.5 X X X X X

Elateridae

Elaleridae Iv. sp. 1 X X X X X
Latroiidae

MeJanopthalma sp. 1 X X X
Melandryidae

Melandryidae sp. 1 X
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Scarabidae

Scarabidae lv.sp. 1 X
Scydmaenidae

Scydmaenidae sp.1 X
Scydmaenidae sp. 2 X

Staphylinidae

Aleocharinae sp. 1 X X
Aleocharinae sp. 2 X
Aleocharinae sp. 3

Aleochamae sp. 4

Aleocharinae sp. 5

Aleocharinae sp. 6

Aleocharinae sp.7

Aleocharinae sp, 8 X
Falagria so. 1

Protopristus sp. 1 X X X
Protopristus sp. 2 X
Protopristus sp. 3 X X X
Protopristus sp. 4 X
Pselaphinae sp. 1 X
Quedius sp. 1 X X
Staphylinidae Iv. sp. 1 X X X
Stapbylinidae Iv. sp. 2 X X X
Staphylinidae Iv. sp. 3 X X_ ..

w
w..
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Zopheridae

Zopheridae sp. 1 X
-- -~~

Diptera

Brachycera

Orthorrhapha

Empididae

Empididae Iv. sp. X X X X X X X X X X X X X
et Slraliomyidae

cf. Stratiomyidae Iv. sp. X X X
Therevidae

Therevidae lv.sp. X X X X
Nematocera

Bbioncmorpba

cf.Ceddomyiidae

cf.Cecidomyiidae Iv. sp. X
cf. Mycetophilidae

cf. MycelophHidae Iv. sp. X X X X X X X X X
Sciaridae

Sciaridae sp. X X
Cubcomorpha

Cbircncmdae

Chironomidae Iv.sp. X
Psychodomorpha

Psychodidae

cf.Psycoda so. X X
-

Phyla Class Order Suborder Supeliamily Family
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unknown

Pentatomoidae sp.

Nematocera lv.sp.

Diplera lv.sp.

3 4 5 6c s
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X X X X...._"

X X X X

X X

X X X

X X
X

X X

X

x

X

x

x

x

cst13456cs

x

c

x

Genus/species

Enicocephalidae

Enicocephaiidae sp,

Lygaeidae

Nysius huttoni (White)

Rhypodes anceps (White)

Tipulidae

Tipulidae lv.sp.

Cicadellidae

cf. Eucanlheila brunllea

Zygina sp.

Cicadidae

Maoricicada nigra nigra
(Dugdale)

Delphacidae

et Oelphacodes sp.

unknown

unknown

Homoplera

Hemiptera

Heteroptera

Phyla Class Order Suborder Superfamily Family

Tipulomorpha
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Pse~doc~ccidae ... _I

- --- -

X X X X X X X X X XBalanococcus poae (Maskeii)

Rhizoecus rumicis (Maskell) X X X X X X X X
Ventrispina cf.otagoensis X X X X X X X X X X X X X
unidentified crawler X X X

Ulopidae

Novolopa montevaga Knight X
unknown

Apidoidea sp. 1 X X X
--

Hymenoptera

Formicidae

Monomorium antarcticum [Fr. X
- Smith) -

Lepidoptera

Gelechioidea

Gelechioidea Iv. sp. X X X
Tortricoidea

Tortricidae

Tonricidea Iv.sp. X
unknown

Lepidoptera Iv.sp. 1 X
Lepidoptera Iv. sp.2 X X X

Neuroptera

Hemerobiidae

Hemerobiidae sp. 1 X
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Phlaeothripdae

Walkerthrips neatus (Mound
and Walker)
Baenothrips moundi
(Stannard)

Phlaeothripinae lv.sp. 1

Thripidae

Anaphothrips ze/andicus
(Mound)

Aptinothrips stylifer (Trybom)

Thripinae Iv. sp. 1

Tubuiifera

total species count

Phyla Class Order Suborder Superfamily Family Genus/species c s

Thysanoptera

Terebranta

CHc,
00




