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Abstract 

Alpine tarns are sentinel ecosystems for global climate change because they are subjected to harsh 

conditions induced by surrounding ice and snow and are dominated by cold stenotherm 

communities which are often of unique conservation value. The ecology of alpine tarns in some 

parts of the world are reasonably well known however, other regions, including New Zealand, are 

data deficient. This lack of knowledge compounds threats posed by global change drivers because 

there is so little basis for management actions.  

Alpine tarns in New Zealand are ponds set in tussock grassland or bare rock above the treeline and 

are defined as being between one square meter and two hectares in size, in the alpine zone. I 

sampled 32 tarns, spread along the Southern Alps of New Zealand, for macroinvertebrates, 

amphibians, plants (aquatic and terrestrial), algae and detritus, to assess the effects of two 

environmental variables, altitude and habitat structure on macroinvertebrate community 

composition and food web structure. I prepared samples to be used in stable isotope analysis to 

create food webs for alpine tarns using carbon and nitrogen ratios, to see how carbon range, food 

chain length and trophic diversity changed with changes in altitude and habitat structure. I also used 

the data to determine macroinvertebrate community composition of alpine tarns and to make 

comparisons between high-country and alpine tarn macroinvertebrate communities. 

When alpine tarn community composition and taxa richness were compared to high-country tarns 

within the same regions, high-country tarns had greater species richness than alpine tarns, 

consistent with the findings of alpine tarns globally. However, alpine tarn taxa richness did not 

necessarily decline with increasing altitude, with tarns at some of the highest altitudes (~1700 m) 

also having some of the most taxa rich tarns. Additionally, alpine tarn communities showed a 

different pattern of community composition than high-country tarns, with alpine tarn communities 

displaying a pattern of species replacement, while high-country tarns with low taxa richness were 

nested subsets of communities with high taxa richness.  
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High taxa richness in alpine tarns at high altitudes did not translate to larger food webs up high, 

however. When food webs were plotted for alpine tarns along two environmental gradients, altitude 

and habitat structure, food chain length decreased with both increasing altitude and lower habitat 

structure. This indicated a shift in species composition with increasing altitude, with predatory taxa 

such as Xanthocnemis leaving alpine tarn food webs at higher altitudes, reducing food chain length 

for those tarns.  

Alpine tarn community composition and food web structure can change with changes in altitude and 

habitat structure and climate change could exacerbate the effects of those two environmental 

gradients on alpine tarn communities. Climate change and land use changes could result in the 

expansion or contraction of the ranges of certain species, potentially causing both invasions (e.g. of 

introduced amphibians) and local extirpations. Alpine tarns are diversity hotspots that should be 

protected to preserve both biodiversity and important ecosystem services provided by these unique 

and sensitive ecosystems.  
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1 

General Introduction 

Globally, alpine regions can be characterised by harsh environmental conditions allowing only the 

growth of low herbaceous scrub and tussock grasses and transitioning to barren rock surfaces at the 

highest altitudes (Mark et al. 2008). The alpine zone begins above the climatic treeline, the upper 

limit of tree growth, which can be predicted by the average air temperature of a region (Körner and 

Paulsen 2004). ‘Tarn’ is the term used for ponds and small lakes, in alpine regions of Australasia 

(Wissinger et al. 2016). In other regions, tarns are often referred to as alpine ponds (Wissinger et al. 

2016). Studies of alpine tarns have been conducted all over the world, to varying degrees of detail 

(Greig and Galatowitsch 2016, Wissinger et al. 2016). While South America, Western North America 

and Europe are well represented in the global literature, other countries, including New Zealand, are 

data deficient (e.g. Oertli et al. 2008, Fjellheim et al. 2009, Céréghino et al. 2012, Wissinger et al. 

2016, Ciamporová-Zatovicová and Ciampor 2017). The differentiation  between tarns and lakes is a 

challenging distinction to make, which may be a contributing factor as to why tarns have been poorly 

studied in some countries (Oertli et al. 2008, Greig and Galatowitsch 2016). Additionally, the size 

limit of what is defined as a tarn is often the decision of the authors of a paper (Greig and 

Galatowitsch 2016) resulting in multiple definitions. For the purpose of this study, I used the Greig 

and Galatowitsch (2016) definition of a tarn as being between one square metre and two hectares in 

size.  

Alpine tarns can form in a variety of landscapes, from Karst formations to volcanic plateaus, and can 

present a variety of ecologies within a small spatial scale (Burns 1991, Greig and Galatowitsch 2016). 

Where tarns are situated in a mountain-scape can have an important influence on the within-tarn 

structure and ecology (Wissinger et al. 2016). Tarns located on the slopes of steep, rocky mountains 

often have bare rocky bottoms with minimal littoral zone or inputs from the terrestrial environment; 
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tarns located on low, angled slopes, in saddles or alpine basins, can have softer base substrates 

ranging from peat moss to mud, rich in detritus from both macrophytes and from surrounding 

terrestrial flora (Burns 1991, Greig and Galatowitsch 2016, Wissinger et al. 2016). The substrate, 

primary producers and detrital inputs (hereafter referred to as ‘habitat structure’) within tarns, 

coupled with local variables such as underlying catchment geology and surrounding land-use, can 

influence the water chemistry of tarns (Burns and Galbraith 2007, Oertli et al. 2008, Wissinger et al. 

2016), which can in turn influence macroinvertebrate community assemblage and food web 

structure.  

Alpine tarn community assembly, food web structure and potential drivers, have been well 

documented across Europe (e.g. Oertli et al. 2008, Rosset and Oertli 2011, Céréghino et al. 2012, Ilg 

and Oertli 2014, García-Criado et al. 2017) and parts of North and South America (Wissinger et al. 

2016). However, alpine tarns other regions of the world are understudied. Some studies have been 

undertaken focussed  on a single genera, or an individual species (e.g. Di Sabatino et al. 2004, 

Reynolds et al. 2004, Dumnicka and Galas 2012) leaving a need for more detailed research into 

overall macroinvertebrate community composition, and its drivers, in those regions. From those 

countries with extensive tarn research, there is a solid foundation of knowledge that we can draw on 

and extrapolate to other countries. However, there are always differences in environmental 

conditions and biota between regions and countries, highlighting the importance of localised 

research. 

Alpine tarns in New Zealand are data deficient in research on community assembly and its drivers at 

altitudes. Early indications are that New Zealand alpine tarn communities might be affected 

differently along environmental gradients (e.g. Wissinger et al. 2009), compared to those elsewhere 

in the world. For example, in northern hemisphere studies, species replacement (the addition of a 

new species where another species has left a species pool) occurs as conditions change (such as 

hydroperiod or altitude), with better suited species joining communities as changing conditions 
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begin to exclude less tolerant taxa (Wissinger et al. 2016). However, this is not necessarily the case in 

New Zealand. For example, in high-country tarns, tarns at the highest altitudes whilst still below the 

treeline, when tarn permanence (whether the tarn dried or not) was a driver of community 

composition, species found in temporary tarns were a nested sub-set (taxa poor communities were 

subsets of the richest communities) of those found in permanent tarns and species replacement did 

not occur (Wissinger et al. 2009). The different mechanisms of community assembly (e.g. nested 

subsets versus species replacement) could mean that New Zealand alpine tarn communities may 

respond differently to climate change and other global change drivers, such as land use changes, 

than tarn communities in other parts of the world. Climate change can have adverse effects on 

aquatic communities by altering hydrological regimes, affecting species presence (Davis et al. 2013, 

Salerno et al. 2014). However, nothing is known about the impacts of climate change on alpine tarn 

invertebrate communities in New Zealand, highlighting a knowledge gap in tarn research in New 

Zealand. 

In New Zealand, invertebrate community composition and physico-chemical characteristics have 

been relatively well documented for lowland to sub-alpine tarns. Some of the earliest pond research 

documented the physico-chemical conditions and macroinvertebrate communities of individual, or 

small groups of lowland ponds and tarns in Auckland and Canterbury (e.g. Stout 1964, Barclay 1966). 

Plankton and microbial community and food web structure, and their drivers, have also been well 

documented for tarns at lower altitudes in the South Island of New Zealand (e.g. Burns and Mitchell 

1980, Burns and Galbraith 2007). However, there have been a limited number of studies conducted 

at high altitudes, above the treeline. Alpine tarn research at higher altitudes in New Zealand has 

tended to focus on a particular taxon, such as diatoms (Kilroy et al. 2006), or physical and chemical 

processes within, and around alpine tarns (e.g. Fitzharris and Owens 1984, Vanhoutte et al. 2006, 

Chagué-Goff et al. 2010, Mark et al. 2016). The highest altitude studies of tarn community assembly 

and possible drivers are those by Burns et al (1984) and Wissinger et al (2009) in the Tekapo area 

and ranging along the Southern Alps in the Canterbury region, respectively. These studies provide 
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insights into what might be found at higher altitudes, but with increasing altitude, environmental 

conditions can become harsher, and drivers of community composition may also change (Sauer et al. 

2011, Louthan et al. 2015). 

Freshwater systems are considered particularly vulnerable to global climate change (Davis et al. 

2013, Fait et al. 2020) with altered weather and changes in rainfall patterns seeing some regions 

becoming wetter while others face increased drying (Hamilton et al. 2013, Jeppesen et al. 2014). 

Climate change could result in the expansion or contraction of the ranges of some species, (Rosset 

and Oertli 2011) potentially causing both invasions of species into new ranges, and local extinctions 

when species cannot survive in the changing conditions (Louthan et al. 2015, Greig and Galatowitsch 

2016). Many studies of alpine tarns world-wide have a strong focus on global climate change and 

warn of the adverse effect’s climate change has already had, and potential effects it could cause in 

the future (e.g. Oertli et al. 2008, Shurin et al. 2012). Climate change has already been recorded as 

having negative effects on freshwater communities, by altering hydrological regimes, affecting the 

plant and animal community’s dependant on them (Salerno et al. 2014, Harper and Peckarsky 2006). 

Alpine tarns in particular are expected to respond to climate change with altered community 

composition (Oertli et al. 2008). Climate induced changes have been observed in alpine tarns and 

alpine streams in the northern hemisphere, but nothing is yet known about the impacts of climate 

change on alpine tarns in New Zealand. 

Global climate warming could have two linked effects on New Zealand alpine tarn communities; 

invasive species and predators previously restricted by temperature, and other environmental 

conditions, may be able to invade alpine tarns previously safe from such species (Holzapfel and 

Vinebrooke 2005). Additionally, range restricted species may find themselves in ‘summit traps’, with 

reduced ranges in regions with low mountain ranges, like New Zealand, if warming temperatures 

require species to move further up the elevation gradient to maintain favourable conditions (Sauer 

et al. 2011, Oertli et al. 2014, Giersch et al. 2015). If tarns dry more frequently or even permanently 
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due to increased temperatures, this could have far reaching consequences for community assembly 

and food web structure in freshwater communities (Ledger et al. 2013) resulting in reduced 

resources and available habitat. Tarn warming could cause local extinctions of some species (Greig 

and Galatowitsch 2016) and shift primary production to stronger top-down effects and weaker 

bottom up effects, (Kratina et al. 2012) greatly changing community structure. 

Macroinvertebrates community composition can indicate changes in environmental conditions, 

(Hodkinson and Jackson 2005) so knowing what lives in alpine tarns in New Zealand, and what drives 

community assembly, is essential in the face of a changing climate. Climate change is already 

impacting alpine tarns in other regions of the world (Thompson et al. 2008, Adrian et al. 2009, 

Salerno et al. 2014), so it is safe to assume that climate change has, and will continue to impact 

alpine tarns in New Zealand as well. High-country tarn macroinvertebrate communities in New 

Zealand have been shown to have different responses to some environmental variables than those 

seen in other countries (Wissinger et al. 2009). Therefore, it is not safe to assume that alpine tarn 

macroinvertebrate communities will respond to global climate change the way similar communities 

do in other countries where tarns have been better studies. It is important to advance our 

understanding of these systems so that we can track changes as they occur and develop strategies to 

mitigate the effects of climate warming on these vulnerable ecosystems.  

Thesis structure and chapter outlines 

This thesis is structured around two main research questions, that are the basis of chapters two and 

three. Global alpine tarn macroinvertebrate community research, and research on 

macroinvertebrate community composition of New Zealand lowland, through to high-country tarns, 

is summarised in the general introduction (Chapter One), highlighting the need for alpine specific 

tarn research in New Zealand.  

In Chapter Two, I investigate how macroinvertebrate community composition differed across 

altitude and habitat structure gradients in South Island, New Zealand alpine tarns, and compared to 
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high-country tarns. I also test for patterns of species replacement, or nestedness in alpine and high-

country tarn communities.  

Chapter Three addresses whether there are changes in trophic structure over the same 

environmental gradients, altitude and habitat structure, examined in Chapter Two. Furthermore, I 

discuss possible mechanisms that could be driving changes in three response variables: nitrogen 

range, carbon range and hull area, over those gradients. 

Chapter Four provides a summary of my research, showing how changes (or lack thereof) in 

community composition and taxa richness observed in Chapter Two could relate to changes in food 

web structure over altitude and habitat structure gradients. I also highlight possible threats to alpine 

tarn ecosystems and suggest action that could be taken to aid in their protection.  
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2 

Macroinvertebrate community composition does not necessarily 

decrease with altitude in New Zealand alpine tarns 
 

Introduction   

The impact of climate change on aquatic ecosystems is expected to have strong effects at high 

altitudes (Wissinger et al. 2016). Alpine tarns are situated above the climatic treeline where 

conditions are traditionally harsher than at lower elevations (Louthan et al. 2015), and a changing 

climate will likely exacerbate the challenges faced by fauna living in these environments. These 

alpine systems can range widely in physical and chemical properties (Greig and Galatowitsch 2016) 

depending on a variety of factors, for example, altitude and the habitat structure within tarns. ‘Tarn’ 

is the term used to describe ponds or small lakes in alpine areas of Australasia and, traditionally, 

there has been difficulty determining the difference between large tarns and small lakes. Greig and 

Galatowitsch (2016) define ponds as being between 1 m2 and 2 hectares in surface area, and in this 

study, I have adopted the same size definition, but using the Australasian terminology of ‘tarn’ to 

refer specifically to ponds above the treeline, in the alpine zone. Tarns are considered relatively 

small habitats, that likely contribute disproportionally to regional biodiversity (Boix et al. 2012) and 

make up 17% of the surface area of lentic habitats worldwide (Downing et al. 2006). They are often 

home to unique communities and can comprise of endemic, threatened and cold stenothermal 

species (Oertli et al. 2008). Alpine tarns also contribute important ecosystem services, particularly 

biochemical processes (Chagué-Goff et al. 2010). Some areas of the world have on-going research 

monitoring the macroinvertebrate communities living in alpine tarn systems and the physico-

chemical conditions of those waterbodies (e.g. Oertli et al. 2008). In New Zealand however, despite 

the threat of multiple stressors, little research has been done on lentic systems at high altitudes 

(Greig and Galatowitsch 2016) and in particular, the macroinvertebrate communities they are home 

to. In this study, I will explore changes in macroinvertebrate species composition of alpine tarns 
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across two environmental gradients; altitude and habitat structure. I will also make comparisons 

between high-country and alpine tarn community composition, with regard to the environmental 

variables; conductivity, pH, surface area and depth. 

Worldwide, alpine regions are facing increased pressure from climate change, and changes in land-

use. Some of the changes may not immediately appear detrimental, for example, global treelines 

advancing further into what was traditionally the alpine zone as temperatures increase (Körner and 

Paulsen 2004). However, these changes may precipitate increased incidences of invasion into the 

alpine zone that were not possible under a cooler climate. We may see range shifts of entire species 

that require specific climate conditions (Thomas 2010) which could lead to more sensitive, cold 

stenothermal taxa finding themselves in summit traps (Sauer et al. 2011). Not only have we already 

seen temperatures warming, but also changes in weather patterns (Putnam and Broecker 2017) 

which could alter hydrological regimes of tarns, changing metacommunity dynamics (Leibold et al. 

2004) and exacerbating challenges already faced by alpine communities. Land use changes often 

negatively impact nearby waterways, for example, through increased nutrient inputs from farming, 

ski tourism and increased human presence in the high country (Brinson and Malvárez 2002). Tarns at 

high altitudes are historically nutrient poor, so an increase in nutrients would likely have a large 

effect on those systems. Given the likelihood that alpine tarns are extremely vulnerable, it is 

important to learn as much as we can about these ecosystems, so that we can track changes and 

perhaps slow the effects of climate and land-use changes, on both chemical characteristics and 

community composition of alpine tarns. 

Community composition of alpine tarns are well described in some areas of the world, such as North 

America and Europe (e.g. Wissinger et al. 2003, Oertli et al. 2008) where long-term studies have 

been carried out. For example, Wissinger, Brown et al (2003) observed the effects of pond 

permanence and predation on different species of caddisflies in the Mexican Cut Nature Reserve in 

Colorado, U.S.A, and high altitude (>3000 m) region where studies of macroinvertebrate 
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communities have been carried out for multiple decades (e.g. Wissinger et al. 1999, Lund et al. 

2016). Oertli et al (2008) began compiling a taxa list for the alpine ponds of the Macun cirque, a 

network of tarns in the Swiss National Park, at an average altitude of 2660 m above sea level, in 

2002. The long-term study of this system suggested that there would be an upward shift in species 

ranges as climate change effects increase, creating an upward shift in the ranges of some species, 

and leading to the local extinction of cold stenothermal species in the area. However, many global 

studies of macroinvertebrates focus on individual species (e.g. Di Sabatino et al. 2004, Dumnicka and 

Galas 2012) leaving scope for further research into community composition and its drivers. There are 

very few studies of New Zealand lentic communities in the alpine zone. The few studies of alpine 

tarns in New Zealand concern themselves only with water chemistry (e.g. Vanhoutte et al. 2006) or 

limit themselves to individual tarns (e.g. Mark et al. 2016). The closest approximation to what alpine 

tarn communities might look like are from the high-country tarns studied by Wissinger, Greig et al 

(2009), who documented the macroinvertebrate communities of tarns up to the treeline.  

Macroinvertebrate community composition, and the drivers of community assembly, of New 

Zealand alpine tarns is currently largely unknown. We can draw information from studies conducted 

in other areas of the world, and at lower altitudes in New Zealand, to make assumptions, but in the 

face of global climate, and land-use changes, baseline data for New Zealand alpine tarns is critical. 

Above the climatic treeline, in the northern hemisphere, there is a steep reduction in taxa richness 

of alpine tarns (e.g. Fjellheim et al. 2009). New Zealand has lower species richness, compared to 

other regions of the world (Wallis and Trewick 2009). Species richness in alpine tarns in the Swiss 

Alps was much reduced compared to the lowland species pool for that area, and the species pool 

was dominated by Diptera larva, Coleoptera and Oligochaeta (Oertli et al. 2008). When compared to 

studies of high-country tarns in New Zealand (e.g. Wissinger, Greig et al. 2009), New Zealand tarns 

had a richness comparable to the already reduced richness of alpine tarns in the Swiss Alps, 

supporting the observation that New Zealand tarns are species poor on a global scale. This could be 

an indication that, in the alpine zone of New Zealand, species richness could be expected to be very 
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low, and that we may see a different pattern in community composition (e.g. nestedness versus 

species replacement) at high altitude, than has been observed in other countries. There are studies 

from high-country New Zealand that we may be able to draw some information from, for example, 

(Burns et al. 1984, Kilroy et al. 2006, Wissinger et al. 2009), but research on these systems needs to 

extend into the alpine zone of New Zealand, so that we are able to start making observations on 

mechanisms such as species interactions and abiotic stressors (Louthan et al. 2015) and how they 

might effect communities at high altitudes, compared to lower elevations in New Zealand, and other 

countries. If we were to put store in the species interactions – abiotic stressors hypothesis (SIASH); 

the theory that biotic interactions control species ranges in areas of benign environmental 

conditions, but abiotic factors reign in harsher environments, we might assume that, as we go higher 

up the altitude gradient, we will see a decrease in species diversity, as conditions become too 

stressful, such as changes in the physical and chemical properties of tarns. 

Alpine tarns can differ in physical and chemical conditions depending their situation (Wissinger et al. 

2016). They may exist as alpine wetlands; a series of interconnected permanent pools, or as stand-

alone water features of barren rock slopes. Tarns on steep slopes, at higher altitudes may have 

reduced littoral zones, minimal allochthonous inputs and bare rocky bottoms, while in contrast, 

tarns in alpine basins, may be surrounded by terrestrial flora, with soft bottoms conducive to 

macrophyte and algal growth, or peat bog forming mosses (Greig and Galatowitsch 2016). 

Temperature has been found to affect the taxa found within tarns, with tarns at high altitudes often 

having cold oxygen rich water that can support specialist taxa (Wissinger, Oertli et al. 2016). With 

increasing altitude, air temperature decreases and often lowers the temperature of tarns 

(Livingstone et al. 1999). Differences in temperature may affect what macroinvertebrate species are 

present within tarns as some species are known to need certain temperature ranges to complete 

aquatic life stages. For example, the macroinvertebrate Xanthocnemis zealandica requires 125 days 

above eight degrees Celsius to complete the aquatic phase of its life cycle (Galatowitsch & McIntosh, 

2016). If tarns do not remain at a favourable temperature for long enough, Xanthocnemis may be 
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excluded, effectively limiting the species range. Air temperature can affect the surrounding 

terrestrial environment, that may also be providing subsidies (additional food sources) to adjacent 

tarns (Körner 2007, Klemmer et al. 2020). Differences in the structure of alpine tarns, and the 

surrounding environment, can influence the chemical properties of the water (Jocque et al. 2010). 

Despite a range of chemical conditions in alpine tarns across the world, water chemistry has rarely 

been found to be the main driver of macroinvertebrate community composition (De Meester et al. 

2005, Ruhí and Batzer 2014). Instead, macrophyte cover (Ilg and Oertli 2014), predation (De Meester 

et al. 2005), hydroperiod (Wissinger et al. 1999) and connectivity (Oertli et al. 2008) have been 

found to be the strongest drivers of macroinvertebrate community composition in alpine tarns 

overseas. Different physico-chemical conditions can create different patterns in community 

composition over their individual gradients. For example, it is usual to see a pattern of species 

replacement over an altitude gradient, that is caused by changing temperatures (Oertli et al. 2008, 

Ilg and Oertli 2014). High-country tarn permanence structures communities, with taxa in drying tarns 

being a nested subset of those found in permanent tarns (Wissinger et al. 2009). However, we do 

not yet know whether alpine tarns will follow the same species replacement trend as alpine tarns in 

other countries, or if they will present a pattern of nestedness over the environmental gradients 

measured in this study; altitude and habitat structure.  

I investigated how macroinvertebrate community composition differed across altitude and habitat 

structure gradients in South Island, New Zealand high alpine tarns, and compared to high-country 

tarns. I also tested for patterns of species replacement, or nestedness in alpine and high-country 

tarn communities. Drawing from current knowledge, global and New Zealand specific, I predict that 

macroinvertebrate community composition will vary with changes in altitude and habitat structure. 

Methods 

Site selection 
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A total of 32 tarns, in eight locations (Fig. 2.1A) were sampled along the Southern Alps of the South 

Island, New Zealand, in the austral summer-autumns of 2016-2017, and 2018-2019. I selected tarns 

to cover an altitude gradient starting from the climatic treeline, to as high in altitude as possible. A 

range of different sized (surface area) tarns were selected, to control for habitat-size effects, and I 

used the definition of tarn size taken from Greig and Galatowitsch (2016). The range of tarn altitudes 

and surface areas also provided a variety of habitat structures within tarns (Fig. 1D and E) and 

changes in the amount of surrounding terrestrial flora (Fig. 1B and C). Only permanent tarns were 

chosen for this study, to control for the effect that hydroperiod can have on macroinvertebrate 

community composition (e.g. Wissinger, Greig et al. 2009). Tarns were sampled at Three Tarn Pass, 

Lewis Tops, Libretto Range, Kelly Range, Temple Basin, Otira, Craigieburn Range and Lake Tekapo. 

Sites with more than one tarn were favoured, to increase sampling efficiency, as some of the sites 

(e.g. Three Tarn Pass) took two days to walk to. 

 

Figure 2.1. Locations of eight tarn clusters along the Southern Alps of South Island, New Zealand containing 

the 32 tarns sampled (A) and images of the range of tarn habitats sampled (B-E). B and C illustrate terrestrial 

surroundings of low altitude tarns and high-altitude tarns, respectively, and D and E show differences between 

a tarn with low (D) versus high (E) habitat structuring. 

 Environmental sampling  



21 
 

Altitude and surface area were measured using a Garmin GPSmap 60CSx. I cross referenced the 

altitude of each tarn with contours from topographical maps (NZ Topo Map 1:150,000). To measure 

surface area, I used the ‘track’ function on the GPS and walked around tarn edges to create a 

polygon that was then used to calculate surface area using MapToaster (Version 7.0). Depth was 

measured to the nearest centimetre for all tarns shallower than 1.5 metres, and estimated for those 

deeper than 1.5 m, for safety reasons. Depth estimates were grouped into four categories: 1.5 m – 

2.99 m, 3 m – 5.99 m and greater than six metres. I measured tarn habitat structure by estimating 

percentages of tarn areas containing structure, which encompassed macrophyte, algal and detrital 

cover. I grouped these habitat structure measures into five categories: no structure (0%), low (25%), 

moderate (50%), high (75%) and very high (100%) cover. Within each tarn I measured water pH and 

specific conductivity using a Eutech CyberScan PC 300 probe, that also measured water 

temperature. The Eutech probe only gave temperature measures for a specific point in time, so, I 

also added temperature loggers (Hobo) in approximately half of the tarns, to improve temporal 

resolution. However, over the two-year course of the study, many of the Hobo temperature loggers 

disappeared, and the remaining data were not used.  

Macroinvertebrate sampling 

Macroinvertebrates were sampled using a D-net with 250µm mesh, moved across the benthos in an 

agitating motion, then swept back along the same path to collect any taxa that had been stirred up 

by the first pass. Samples were taken from every different habitat within each tarn, and if tarns were 

large, samples were taken from representative habitats around the entire circumference of those 

tarns. The contents of the net were then tipped into a white plastic tray where I live picked examples 

of every different taxa I could see. I used a depletion sampling method, so tarns were sampled, and 

samples picked, until I found no new taxa in two consecutive samples, drawing from the methods of 

Oertli et al (2005) and Wissinger et al (2009). Nets were bathed in ethanol between each tarn 
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sampled, to ensure no contamination occurred. All macroinvertebrate taxa were immediately 

preserved in ethanol to be further identified in the laboratory.  

Laboratory processing  

Macroinvertebrates were identified to the lowest taxonomic classification possible using a binocular 

stereomicroscope at 10-63 x magnification, using Winterbourn, Gregson, and Dolphin (2006), and 

keys by Landcare Research – Manaaki Whenua 

(https://www.landcareresearch.co.nz/resources/identification/animals). Most taxa were identified 

to genus or species, though some taxa (e.g. Diptera larvae) were only identified to family level. 

Identification of some rare taxa were confirmed by an expert; Emeritus Professor, Michael J. 

Winterbourn.   

Statistical analysis 

To make comparisons between alpine and high-country tarns I used data collected by Wissinger and 

colleagues in previous studies (Wissinger et al. 2006, Wissinger et al. 2009), and can be found in the 

appendix of Wissinger et al (2006).  High-country tarns were all below the climatic treeline, making 

for a potentially interesting comparisons with my data, collected from alpine environments, above 

the treeline. The high-country physico-chemical data were collected using similar methods, so 

provided a useful comparison. The high-country invertebrate data were at a finer taxonomic 

resolution for some taxa than I was able to achieve (for example, Chironomidae species), so those 

data were collapsed to the same taxonomic resolution as the alpine tarn invertebrate data, to 

facilitate comparative analysis. Wissinger et al (2009) did not collect temperature or habitat 

structure data, so for analyses comparing environmental variables from both data sets, temperature 

and habitat structure were omitted. They also did not have habitat structure data, so this is also 

omitted from combined alpine and high-country analyses. Wissinger et al (2009) also had more 

precise measurements of depth, so I collapsed depth data to the same categorical format as I used 

for alpine tarns.  
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I used principal components analysis (PCA) conducted in the Vegan package (version 2.5-3), to 

visualise physico-chemical gradients for both alpine and high-country tarns. For community data, I 

used non-metric multidimensional scaling (NMDS) ordination with a Bray-Curtis dissimilarity 

calculation in Vegan version 2.5-3 (Jari Oksanen et al 2018), to summarise differences in community 

composition between alpine tarns. I then tested the effects of altitude, surface area, depth, 

temperature, pH, conductivity and habitat structure on alpine tarn communities using the Adonis 

function in Vegan. I used the same method to summarise alpine and high-country communities 

together in ordination space, using the combined data, testing for differences between alpine and 

high-country communities using Adonis again.  

I used Poisson Generalized Linear Models (GLMs), with tarn cluster as a random affect and using the 

‘lme4’ and ‘effects’ packages in R, to analyse the effects of altitude, surface area, depth, pH, 

conductivity and habitat structure on species richness of alpine tarns. To quantify potential patterns 

of nestedness in both high-country and alpine datasets I performed a nestedness analysis, 

calculating the overlap and decreasing fill (NODF) scores using Vegan 2.5-3: Community Ecology 

Package. This was performed both with no fixed axes and fixed over an altitude gradient on the y 

axis, for both high-country and alpine tarns. Model significance was tested with the oecosimu 

function, using both quasiswap and r00 methods with 999 permutations. NODF scores could be 

between 0 and 100, with a score of zero indicating no nestedness and 100 showing a fully nested 

dataset. All statistical analysis was carried out in R version 3.5.1 (R Core Team, 2018). 

Results 

I was able to sample 32 tarns over two summers, encompassing 18 days of fieldwork. This was 

logistically challenging and involved exploiting weather windows, thus many days were spent waiting 

for favourable weather conditions. Many of the tarns required a high level of fitness to access, as all 

bar one were only able to be accessed by foot. Some trips required multiple days of self-sufficient 
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living in the alpine zone, the longest of which lasted five days. All equipment for both sampling and 

survival, had to be carried in packs by myself and a single field assistant. 

Alpine tarns had a wider range of pH than high-country tarns, with values spreading further into 

each end of the pH scale than high-country tarns (Table. 2.1). In contrast, alpine tarns had a much 

narrower range of water conductivity (range: 0.7-49.7 µS25 cm-1) than high country tarns (range: 10-

100 µS25), with all values very low. The lowest alpine tarn specific conductivity measured was less 

than 1 µS25cm-1 indicating that tarn water was near the purity of rainwater. Alpine tarn temperatures 

indicated that there can be a great fluctuation in water temperature, depending on the size and 

depth of the tarn, as well as the altitude and the time of day a measurement was made. There was a 

wider range of altitude covered by alpine (range: 794 m-1743 m) than high-country tarns (range: 500 

m-1180 m). The two datasets overlapped along the altitude gradient by ~400 metres. Tarn area was 

far greater in high-country tarns because large tarns were much harder to find at higher altitudes. 

Alpine tarns were far shallower than high-country tarns, with the average depth of alpine tarns (0.68 

m) being less than an eighth of the average depth of high-country tarns (8 m). 

Table 2.1. Minimum, average and maximum readings of six physicochemical variables measured in alpine 

versus high-country tarns: pH, conductivity, temperature, altitude, area and depth. Dashes in the temperature 

column indicate data that were not recorded.  

Alpine tarns pH 

Specific 
conductivity 
(µS25 cm-1) 

Temperature 
(°C) Altitude (m) Area (m2) Depth (m) 

Minimum 4.6 0.7 5.3 794 2 0.31 

Average 5.8 11.1 11.2 1415 2551 0.68 

Maximum 8.6 49.7 17.5 1743 17987 >6 

High 
country 

tarns             

Minimum 5.8 10.0 - 500 10000 2 

Average 7.0 50.8 - 746 278372 8 

Maximum 8.0 100.0 - 1180 1850000 40 
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When patterns in alpine tarn physico-chemical conditions were examined using PCA (Fig. 2.2a) depth 

made a significant contribution to between-tarn differences (adonis; df=4,31, r2=0.60, p=0.005), as 

did altitude (adonis; df=1,31, r2=0.16, p=0.013) and surface area (adonis; df=1,31, r2=0.99, p=0.001). 

Conductivity and pH did not contribute significantly to differences between individual tarns. Thus, 

alpine and high-country tarns were significantly different from each other (adonis; df=1,74, r2=0.15, 

p=0.001) with 63% of the dissimilarity in alpine and high-country tarns explained by axis 1, where 

there was a positive influence of altitude and a negative influence of pH and conductivity (Fig. 2.2b) 

driving separation between the two tarn categories. Along the second axis there was a strong 

negative effect of surface area creating within-category differences between tarns that had the 

greatest effect on high-country tarns, reflecting very large variations in sizes among high-country 

tarns, compared with alpine tarns.  

 

 

Figure 2.2. Principle components analysis of physicochemical variables of (a) alpine tarns, and (b) alpine and high-country 

tarns, visualising pH, conductivity, altitude and surface area, measured in alpine (blue) and high country (green) tarns, with 

each point representing a single tarn. The length of vectors indicates the strength of influence the corresponding variable 

had to the position of each tarn in ordination space, and the direction of each vector indicates the relative loadings 

(positive or negative) of the variables on the axes of the first two principal components (PC1 and PC2).  
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The effects of the physico-chemical characteristics of alpine tarns on taxa richness were then 

examined. Only habitat structure had a significant effect on taxa richness of alpine tarns (poisson 

GLM; dev=32.17, df=4,31, p <0.001); none of the other physical chemical variables (temperature, 

surface area, depth, conductivity or pH) had significant effects. There was no effect of altitude on 

richness in alpine tarns (poisson GLM: dev=2.361; df=1,31; p >0.05; Fig. 2.3B) and no interaction 

between altitude and habitat structure (poisson GLM: dev=0.05; df=4,31; p >0.05). When the ‘no’ 

habitat structure category was removed from the model, habitat structure was not a significant 

driver of taxa richness, indicating most of the effect of habitat structure was due to the ‘no’ category 

tarns (Fig 2.3A). Tarns of different habitat structure categories could be found at similar altitudes; for 

example, on the Kelly Range, tarns with low and very high habitat structure were found within 50 m 

of each other at an altitude of ~1300 m. Between the two high altitude clusters (1701 – 1743 m) of 

Three Tarn Pass and Temple Basin there were tarns from no to moderate levels of habitat 

structuring. These results highlight the lack of interaction between altitude and habitat structure and 

make it clear that habitat structure and altitude have independent effects on taxa richness in alpine 

tarns.  
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Figure 2.3. Richness of macroinvertebrates with respect to habitat structure (A) and altitude (B) of alpine tarns in the 

Southern Alps on the x axis and richness on the y axis. Each point represents and individual alpine tarn, and error bars on 

plot (a) depict 95% confidence intervals derived from a poisson GLM  

 

Macroinvertebrate taxon richness ranged between zero and 14 different taxa, while high-country 

tarns were comparatively much richer with values between 29 to 44 different taxa present. Although 

high-country tarns had greater species richness than alpine tarns, alpine tarns had greater variation 

in community composition (Fig. 2.4) than high-country tarns, indicating that even species poor tarns, 

like those in the alpine, can contribute unique assemblages at high altitudes. 

 

 

 

Figure 2.4. Non-metric multidimensional scaling (NMDS) comparing alpine (blue) and high-country (green) tarn community 

composition, with each point representing an individual tarn. Between-category differences mostly occur along NMDS1 

and variation in community composition within categories mostly occurs along NMDS2. 

 



29 
 

Alpine tarns had greater variation in community composition than high-country tarns, regardless of 

the reduced number of taxa present in alpine, compared to high-country tarns. There was a 

significant difference between high-country and alpine tarn communities (adonis: p=0.001; df=1,72; 

R2=0.54; Fig. 2.4) with strong separation occurring along the first NMDS axis, shown by no overlap 

between the two tarn categories. This indicates distinct differences in community composition 

between high-country and alpine tarns. There was also a much greater spread of communities along 

the second NMDS axis, indicating greater between-tarn differences in alpine compared to high-

country tarn communities.  

 

 

 

Figure 2.5. NMDS plot of alpine tarn communities, shown over an altitude gradient (red isobars), with four different levels 

of habitat structure (symbols) and polygons grouping points according to habitat structure.  
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Altitude and habitat structure both affected community composition of alpine tarns in the Southern 

Alps. However, there was no interaction between the two variables. Habitat structure (adonis: 

df=3,29; r2=0.26; p=0.001), altitude (adonis: df=1,29; r2=0.11; p=0.001) and cluster (adonis: df=7,29; 

r2=0.36; p=0.001) all had independent effects on community composition in alpine tarns (Fig. 2.5). 

The strong effect of tarn cluster suggests that tarns within the same clusters tended to have 

communities more similar to one another. Habitat structure categories were relatively widely spread 

across the altitude gradient; tarns with moderate habitat structuring were still found at some of the 

highest altitudes in this study, but in a different geographical region to those at a similar altitude, 

that had low habitat structuring. Habitat structure categories also ranged widely across the second 

NMDS axis, suggesting that there was variation in community composition within habitat structure 

categories, that was not strongly influenced by altitude. These results suggest that altitude and 

habitat structure both influenced community composition of alpine tarns, but that they were driving 

differences in community composition independently.  

 

          

Figure 2.6. Nestedness incidence plots for high-country (A) and alpine (B) tarns, with occurrence of individual taxa 

(coloured squares) on the x axis and individual tarns on the y axis, using the NODF nested metric. Coloured squares indicate 

that a given taxa was found within a given tarn, whereas blank spaces indicate tarns where those taxa were not found, and 

the black lines indicate the isoclines of perfect order.  
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31 
 

Nestedness was tested for both alpine and high-country tarn communities with no fixed gradients, 

and fixed along an altitude gradient, because this was the environmental gradient I was interested 

in. When high-country and alpine communities were put in to a nestedness model with no fixed 

axes, high country tarns showed a moderate patterned of nestedness (nestednodf: NODF=60.42, p 

<0.01) whereas alpine tarns showed very weak nestedness (nestednodf: NODF=41.47, p <0.001) with 

an NODF score of less than 50,  suggesting a possible pattern of species replacement instead (Fig. 

2.6). However, I also fixed both alpine and high-country tarns in the model, along an altitude 

gradient and shuffled the taxa position through 1000 iterations. This produced a considerably 

different result, with both high-country and alpine tarns showing no pattern of nestedness (median 

NODF=33.62, 25th quartile= 32.22, 75th quartile= 35.04 and median NODF=19.33, 25th quartile= 

18.03, 75th quartile= 20.47 respectively) indicating that it was most likely a different environmental 

gradient, or combination of multiple environmental variables that created the pattern of nestedness 

observed in high-country tarns in the initial analysis with no fixed axes. 

Macroinvertebrate taxon ranges were variable over the altitude gradient examined, with some taxa 

spread across the whole range and also found in high-country tarns (Table. 2.2, taxa with asterisks). 

There were some taxa, such as Potamopyrgus and Austropeplea species, that only inhabited the 

lowest end of the altitude range of alpine tarns and were found in a tarn right on at the treeline. 

Other taxa, such as Stratiomyidae and Eriopterini, both Diptera, and Huxelhydrus syntheticus, a 

Coleoptera, were only found at the highest end of the altitude range, at Three Tarn Pass. The orders 

with the greatest presence at higher altitudes were Diptera, Coleoptera and also the family 

Oligochaeta, which was consistent with the most prevalent taxa found in studies of alpine tarns in 

Europe.  
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Table 2.2. Altitudinal ranges of tarn macroinvertebrate taxa found in this study, with blue shaded areas 

indicating taxon presence, blank boxes showing taxon absence and taxa that were also found in high-country 

tarns sampled by Wissinger et al (2009) indicated by *. 

 

 

 

Taxon 800 m 900 m 1000 m 1100 m 1200 m 1300 m 1400 m 1500 m 1600 m 1700 m

Anura

Litoria ewingii

Odonata

Xanthocnemis zealandica*

Procordulia grayi*

Ephemeroptera

Deleatidium  spp*

Nesameletus  spp*

Trichoptera

Psilochorema spp

Oxythira  spp*

Paraoxythira  spp*

Oecetis  spp*

Triplectidina  spp

Triplectides  spp*

Hemiptera

Sigara  spp*

Mesoveliidae

Anisops  spp*

Coleoptera

Liodessus spp*

Huxelhydrus syntheticus

Antiporus spp*

Copelatus australis

Rhantus spp*

Berosus pallidipennis

Staphylinidae*

Scirtidae*

Diptera

Tanypodinae*

Chironominae*

Chironomus spp*

Orthocladinae*

Muscidae

Stratiomyidae

Eriopterini

Mollusca

Potamopyrgus  spp*

Austropeplea  spp*

Spheriidae*

Crustacea

Copepoda*

Daphnia*

Acari*

Annelida

Oligochaeta*
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Discussion 

Alpine tarns are home to unique communities, that could be threatened by global climate and land-

use changes. Globally, alpine tarn communities can include endemic, cold stenothermal and 

threatened taxa, so it is important to protect these systems, to protect rare species and maintain 

biodiversity at high altitudes. I investigated how two environmental gradients, altitude and habitat 

structure, affected the community composition of alpine tarns in the Southern Alps, also making 

comparisons with tarns in the high-country of the same regions. As reported by previous studies 

(e.g. Wissinger, Oertli et al. 2016), I observed a steep decline in taxa richness above the treeline, 

with alpine tarns having far less species compared to high-country tarns. High-country tarn 

communities showed a pattern of nestedness, however, I found little evidence of nestedness among 

alpine tarn communities, but a pattern of species replacement instead, consistent with previous 

studies of alpine tarns in other countries.  

Macroinvertebrate taxa richness did not necessarily decrease with increasing altitude in New 

Zealand alpine tarns. Contrary to what I hypothesized; taxa richness did not vary along an altitude 

gradient in the alpine zone. Instead, richness was influenced by the physical characteristics within 

the tarns, and their surroundings. Two clusters of tarns sampled in this study, at similar, high 

altitudes, displayed very different degrees of taxa richness. Three Tarn Pass, at ~1700 m, had high 

levels of taxa richness compared to Temple basin, at ~1740 m, where there were few taxa found. 

Habitat structure did not have a linear relationship with altitude, with some habitat structure 

categories overlapping over wide altitude ranges. Most habitat structure categories spanned widely 

across the altitude gradient, as well as spreading horizontally, indicating that both altitude and 

habitat structure played important roles in influencing taxa richness and community composition. If 

this study had continued higher into the alpine zone (>1750 m), I may eventually have found a 

ceiling on taxa richness as abiotic conditions become ever more stressful at high altitudes (Calosi et 

al. 2010, Louthan et al. 2015). However, the end of the altitude range that was most interesting was 
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where the high country and alpine meet. I found a sharp decline in taxa richness in alpine tarns, 

above the treeline, compared to the high-country tarns found below the treeline, with alpine tarn 

maximum richness barely half of the minimum high-country taxon richness. As well as stark 

differences in taxon richness, alpine and high-country tarns differed in their patterns of species 

composition, with high-country tarns showing a pattern of nestedness, as opposed to a possible 

pattern of species replacement seen in alpine tarns.  

The pattern of nestedness observed in high-country tarns was only significant when it was not fixed 

along an altitude gradient and was likely caused by environmental gradients not measured in this 

study, such as hydroperiod, as was found by Wissinger, Greig at al. (2009). Alpine tarn communities 

appeared to follow a species replacement pattern instead, as communities were not significantly 

nested, regardless of whether this was measured over an altitude gradient or not. As nestedness 

was reduced in both alpine and high-country tarns when tested over an altitude gradient, it was 

likely that patterns of tarn community composition were driven by other factors, such as the physical 

and chemical properties of the two different classes of tarns. Without habitat structure data for 

high-country tarns, I was unable to determine whether differences in the patterns of community 

composition were driven by habitat structure. However, there were notable differences in the 

chemical properties of alpine and high-country tarns which could have influenced the different 

patterns of community composition observed. 

Many of the alpine tarns in this study had very low conductivity, while high-country tarns generally 

had much higher readings, which could have been attributed, in part, to their closer proximity to 

anthropogenic influences (Galbraith and Burns 2007). Elevated conductivity readings indicate high 

levels of dissolved ions in the water. Being largely separated from many of the anthropogenic 

influences that may affect high-country tarns, the conductivity of alpine tarns was likely only 

influenced by the geology and weathering of the catchment area (Marchetto and Rogora 2004) and 

by the few human activities currently associated with alpine areas, such a ski tourism (Fait et al. 



35 
 

2020). Alpine tarns had a wider range of pH values than high-country tarns, which could probably be 

attributed to differences in habitat structure, such as decomposition of allochthonous inputs, and 

substrates ranging from bare rock to peat moss (Greig and Galatowitsch 2016). For example, a 

number of the tarns on Kelly Range were found in areas of extensive sphagnum moss growth, 

affording them peat bog-like qualities (Chagué-Goff et al. 2010). There were also marked differences 

in the surface area, and depth of high-country and alpine tarns, which, combined with differences in 

pH and conductivity, probably influenced which macroinvertebrate taxa were able to inhabit the 

different tarns.   

Alpine tarns in New Zealand are home to unique assemblages, just as they are globally (Oertli et al. 

2008). Despite having reduced species richness in alpine tarns, compared to high-country, alpine 

tarns had greater variation in community composition between-tarns, than high-country tarns. 

Alpine tarns showed a pattern of species replacement, that was consistent with studies of alpine 

tarn communities in Europe and North America (Wissinger et al. 2003, Oertli et al. 2008). In 

comparison, high-country tarn communities showed a pattern of nestedness, that was first observed 

by Wissinger et al (2009) when high-country tarn communities were examined over a permanence 

gradient, with communities in ephemeral tarns being nested subsets of the communities found in 

permanent tarns. These different patterns could be evidence for SIASH the ‘species interactions – 

abiotic stress hypothesis’ (Louthan et al. 2015) and be influenced by metacommunity dynamics that 

may differ between alpine and high-country zones. SIASH posits that range limits of species are set 

by biotic interactions when environmental conditions are benign, but when conditions become 

stressful, as they can in the alpine zone, species ranges are defined by abiotic stressors. This could 

explain why I observed such a sharp reduction in taxa richness in the alpine zone, and why there was 

greater variation in the diversity of taxa found in alpine tarns. However, other mechanisms, such as 

certain metacommunity mechanisms, likely also played a role in determining which species were 

present in alpine tarn communities.  
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Isolated, or small clusters of alpine tarns, could be considered “islands” (Fjellheim et al. 2009) as the 

geographical separation between them could be difficult to overcome for many aquatic 

invertebrates. Dispersal mechanisms could be limited by whether species have a flying life-stage, 

and by what other fauna may travel between tarns; providing transport for some species. 

Metacommunity mechanisms such as dispersal limitation and species sorting, could have had a role 

in shaping differences between alpine and high-country tarn communities (Leibold et al. 2004, 

Brown et al. 2017). Fewer barriers to dispersal (e.g. mountain ranges) and different environmental 

conditions in the high-country, as compared with the alpine, could have influenced differences 

observed between communities in these two zones. The range of environmental conditions a 

species is able to survive can determine where those species are able to live (Heino et al. 2015). 

Differences in abiotic conditions between alpine and high-country zones, along with differences in 

dispersal barriers, probably had a role in shaping species composition of alpine and high-country 

tarns and determining the changes in species richness observed when moving from the high-country 

into alpine areas. These mechanisms may be exacerbated by global changes processes, for example, 

by shifting thermal ranges of species, stranding some in summit traps (Sauer et al. 2011), and putting 

others at risk of increased biotic interactions with invasive or introduced species.  

Global climate change poses a huge threat to alpine tarn ecosystems worldwide (Oertli et al. 2014) 

with anthropogenic activities having direct and indirect impacts. Trends indicate an upward shift of 

geographical ranges of species (Hodkinson and Jackson 2005) and species from lower altitudes may 

be able to advance from the high-country in to alpine zones. Other species are at risk of finding 

themselves in summit traps, as they have to move upward in altitude to maintain survivable 

temperatures (Sauer et al. 2011) and cold stenothermal species under threat of extinction (Ilg and 

Oertli 2014). I found the introduced Australian frog species Litoria ewingii, in several alpine tarns in 

this study. Litoria ewingii, are already well equipped to deal with cold conditions in New Zealand 

alpine zones, being able to tolerate almost half of their body fluids freezing (Rexer-Huber et al. 2015, 

Anstis 2017). With an upward shift in temperature, they may be able to advance to higher altitudes. 
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These animals are just one example of an introduced species expanding its range, and we do not yet 

know what impact they could have on tarn ecosystems. We need to understand potential threats, so 

that we can prevent or mitigate them in the future. We are seeing patterns of human activities 

spreading in to previously untouched areas, via more human traffic in back country areas for 

practices such hiking and ski tourism, which can lead to changes in water chemistry in sensitive tarn 

systems (Putnam and Broecker 2017). Conservation efforts should be made to include large areas of 

alpine tarns and wetlands, which are home to unique communities in New Zealand, and globally. 

There can be huge differences in community composition within small geographical areas, 

highlighting the need to conserve entire tarn complexes (Oertli et al. 2008, Greig and Galatowitsch 

2016). I would urge scientists, conservationists and policy makers to take a greater interest in these 

sentinel ecosystems, collecting baseline data and conducting further research, so we are able to 

better inform conservation efforts for the future and perhaps mitigate the effects of global climate 

change. To my knowledge, this is the first survey of alpine tarn macroinvertebrate communities in 

New Zealand and this information will serve as important baseline data for future alpine tarn 

research in New Zealand. 

 

 

 

 

 

 

 

 



38 
 

3  

Changes in food web structure of New Zealand alpine tarns over two 

environmental gradients; altitude and habitat structure  

Introduction 

Freshwater ecosystems around the world face a myriad of threats encompassed by global climate 

change (Adrian et al. 2009). Extreme weather events are likely to become more frequent and impact 

freshwater ecosystem functioning (Ledger et al. 2013). With increasing altitude, there are already 

numerous stressors that can affect residents (e.g. Louthan et al. 2015), and these stressors could be 

exacerbated by global change processes. Thus, alpine tarns and lakes at high altitudes could be on 

the front line of global change processes, such as climate warming and land-use changes (Sala et al. 

2000). In this chapter I assessed the effects of altitude and habitat structure, on the trophic structure 

of alpine tarns, to increase understanding of the factors that might control those impacts. 

The mechanisms influencing food web structure of alpine tarns are many and could be exacerbated 

by global change processes. Drivers could include alterations to hydrology, temperature, 

productivity or invasion that could influence the physico-chemical conditions within tarns, and lead 

to changes in community structure (Akasaka et al. 2010, Dossena et al. 2012, Fait et al. 2020). Those 

external drivers could cause changes in community and food web structure, firstly by altering habitat 

structure. The organisms that influence habitat structure, the macrophytes, algae and detrital 

subsides available in tarns, could strongly influence food webs by affecting physico-chemical 

conditions and resources within individual tarns (Carpenter and Lodge 1986, McAbendroth et al. 

2005). Allochthonous inputs of insects and flora from surrounding terrestrial ecosystems are often of 

value to the biota in receiving ecosystems (Nakano et al. 1999). Terrestrial plants and algae in 

combination with macrophytes, can provide a diversity of food sources, increasing the trophic 

breadth of food webs (Post 2002). With changes in habitat structure driven resources, I would 
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expect to see the range of resource types reducing in tarns with less structure. In addition to habitat 

structure, tarn trophic structures are likely to be affected by environmental conditions.  

Unpredictable climate conditions in New Zealand have influenced the invertebrate taxa present in 

New Zealand waterways, promoting an abundance of generalist taxa with flexible life histories 

(Winterbourn et al. 1981, Greig and Galatowitsch 2016). Generalist life histories come with various 

trade-offs but can allow flexibility when environmental conditions are changeable (Galatowitsch and 

McIntosh 2016b). With increasing altitude and a transition from forested areas to tussock grassland 

of the alpine zone, macroinvertebrate community composition within tarns changes (Chapter Two). 

As altitude increases, conditions become harsher, with shorter growing seasons, colder 

temperatures and a variety of other environmental stressors that can impact the growth and survival 

of organisms at high altitudes. These stressors could alter trophic interactions as well as composition 

of high altitude communities also altering food web structure (Urbanska and Chambers 2002, 

Pauchard et al. 2009, Novikmec et al. 2013, Louthan et al. 2015). Thus, I would expect altitude and 

associated stressors to alter alpine tarn food web structure, possibly by simplifying food webs and 

decreasing food chain length.  

Another factor than can affect food web structure is the introduction of non-native species. The 

Australian frog species Litoria ewingii was introduced into New Zealand in the mid 1800’s and has 

become naturalised (Melzer et al. 2013). These frogs are well adapted to life in cold conditions and 

have already found their way into alpine areas of the Southern Alps, with their tadpoles living in 

some alpine tarns (Rexer-Huber et al. 2015). We do not know what effects this introduced species 

could be having on the macroinvertebrate communities of alpine tarns so, I was also interested in 

their role in alpine tarn trophic structure.  

I used stable isotopes to investigate trophic structure. Nitrogen and carbon stable isotope ratios 

(nitrogen; N15: N14 and carbon; C13: C12) can be used to estimate the trophic position and trophic 

interactions of an organism (Vander Zanden et al. 1999, Layman et al. 2007) when used in 
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conjunction with a standardized baseline. It can be assumed that the greater the range in nitrogen 

(δ15N), the more trophic levels there are in a food web (Layman et al. 2007) because δ15N of an 

organism is generally enriched by 3-4% relative to its diet (Hecky and Hesslein 1995, Post 2002). 

Carbon isotope ratios (C13:C12) change very little as energy flows through a food web, with these 

ratios reflecting variations in the photosynthetic pathways of different primary producers (Rounick 

and Winterbourn 1986). Thus, carbon isotope ratios can be used to determine original sources of 

carbon; whether they were more likey from terrestrial or aquatic sources (Layman et al. 2012, 

Meijer et al. 2020). Thus, comparing isotope ratios across altitude and habitat structure gradients 

should reflect changes in food web structure.  

I had not observed a change in taxa diversity over an altitude gradient in Chapter Two so, I did not 

necessarily expect to see a significant change in nitrogen range as altitude increased. However, 

increasing harshness and altered composition with altitude could still alter trophic height. In 

contrast, I did expect to see changes in carbon range with increasing altitude. As environmental 

conditions became harsher at higher altitudes, potentially limiting the growth of some species 

(Louthan et al. 2015), this could limit the range of resources. I also expected to see changes in 

carbon range with different habitat structure categories. With tarns of low structure having reduced 

species diversity compared to tarns with high habitat structure, I expected this would be reflected in 

changes in nitrogen range, due to biota being limited by resource availability (McAbendroth et al. 

2005). Because hull area is correlated with both nitrogen and carbon ranges (Layman et al. 2007) I 

expected trophic niche space to increase or contract in relation to any changes in nitrogen or carbon 

ranges.  

Methods 

Site selection 

I took biofilm, detritus, algae, plant, invertebrate and amphibian samples from 23 tarns (Table. 3.1), 

in seven locations along the Southern Alps of South Island, New Zealand, to use in stable carbon, 
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C13:C12 and nitrogen, N15:N14 isotope analysis. Due to the challenging terrain and difficult access, all 

tarns had to be accessed by foot, with some sampling trips taking multiple days in remote areas. 

Equipment for sampling and survival were carried by a field assistant and I to each sampling location. 

In the Austral summer and autumn of 2017-2018, when tarns were ice free. Tarns were selected to 

encompass a range of altitudes and habitat structure (Fig. 3.1A and B) associated differences in 

adjacent terrestrial flora (Fig. 3.1C and D). I used Greig and Galatowitsch’s (2016) definition of ponds 

being between 1 m2 and 2 hectares in size. Tarns were sampled at Lewis Tops, Libretto Range, Kelly 

Range, Temple Basin, Otira, Craigieburn Range and Lake Tekapo, along the main axis of the Southern 

Alps. Sites with more than one tarn were favoured, to increase sampling efficiency.  

 

Figure 3.1. The range of tarn habitats sampled (A-D). A and B show differences between a tarn with low (A) 

versus high (B) habitat structuring, whereas C and D illustrate terrestrial surroundings of high (C) and low 

altitude tarns (D), respectively. 

 

Sampling methods  

Altitude and surface area were measured using a Garmin GPSmap 60CSx and cross referenced using 

topographical maps (1:150,000). To measure surface area, I used the GPS ‘track’ function and walked 

around tarns edges to create a polygon. I used these tracks to calculate surface area using 

MapToaster (Version 7.0). Depth was measured to the nearest centimetre for all tarns shallower 

than 1.5 metres, but once deeper than 1.5 m I could not safely measure the true depth, so depth 

was categorised as being either: 1.5 m – 2.99 m, 3 m – 5.99 m or greater than six metres. I 

categorised habitat structure by estimating the percentage of each tarn that contained resources 

related structure, which encompassed macrophyte growth, and algal and detrital cover. I grouped 

habitat structure into five categories; no (0%), low (25%), moderate (50%), high (75%) and very high 



42 
 

(100%) structure. Within each tarn I measured pH, conductivity and temperature using a Eutech 

CyberScan PC 300 probe. Due to time constraints, not all tarns sampled in Chapter Two were able to 

be used here. Sampling equipment was sterilized in 90% ethanol between each tarn to avoid 

contamination.  

Table 3.1. Tarn names, altitudes, habitat structure categories and tarn codes referring to individual δ 15N and 

δ 13C biplots in figure. 3.2. Locations are described in Chapter Two. 

Tarn Tarn code Altitude (m) Habitat Structure 

Kelly Saddle b ksb 1162 Moderate 

Kelly Saddle c ksc 1157 Moderate 

Kelly Saddle 1 ks1 1169 High 

Kelly Saddle 3 ks3 1165 High 

Kelly Saddle 4 ks4 1169 High 

Kelly End 1 ke1 1308 Moderate 

Kelly End 2 ke2 1306 High 

Kelly Middle 1 km1 1312 Low 

Kelly Middle 2 km2 1316 Low 

Kelly Middle 3 km3 1322 High 

Lewis Tops 1 lt1 1504 Moderate 

Lewis Tops 2 lt2 1491 Moderate 

Lewis Tops 3 lt3 1481 Moderate 

Lewis Tops 4 lt4 1507 Moderate 

Craigieburn West 1 cw1 1668 High 

Craigieburn West 2 cw2 1664 Moderate 

Craigieburn East 2 ce1 1578 High 

Libretto lib 1478 High 

Tekapo tek 1175 High 

Otira oti 794 High 

Temple Basin 1 tb1 1727 Low 

Temple Basin 2 tb2 1742 Low 

Temple Basin 2 tb3 1743 Low 

 

Collecting plant, animal, detritus and sediment samples for stable C and N isotope analysis 

Macroinvertebrates were sampled using a with 250 µm mesh D-net, moved across the benthos in an 

agitating motion, then swept back along the same path to collect any taxa that had been stirred up 

by the first pass (Wissinger et al. 2009). The contents of the net were then tipped into a white plastic 

tray where I live picked examples of every different taxa. This process was repeated until I found no 

new taxa in two consecutive samples following European tarn sampling protocols (Oertli et al. 2005). 
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I also took plankton tows using a 63 µm net in each tarn, however plankton was seldom present, or 

at such low levels as to not be sufficient for an isotope sample. Samples collected for stable carbon 

and nitrogen isotope analysis were stored in separate vials for each different taxon (to prevent 

predation) and kept cool until they could be frozen upon return to the laboratory.  

Amphibian sampling 

Frogs and tadpoles of the Litoria ewingii species were captured by hand, or with a D-net for stable 

isotope tissue sampling. The adults are primarily terrestrial, and by listening for their calls at dusk 

and approaching carefully, I was able to capture some adults by hand. Others were captured within 

the tarns when they had likely entered to mate, or lay eggs (Bazin et al. 2007). Tadpoles were 

captured by sweeping the D-net through the water. After capture, frogs, metamorphosing juveniles 

and tadpoles were placed in a water bath containing a lethal dosage of 500 mg/L of MS-222 

anaesthetic. Animals were removed from the anaesthetic bath after five minutes, when all 

movement had ceased and kept cool until they could be frozen in the laboratory. 

Laboratory processing  

Macroinvertebrates were identified to the lowest taxonomic classification possible using a binocular 

stereomicroscope at 10-63 x magnification, using Winterbourn, Gregson, and Dolphin (2006), and 

keys by Landcare Research – Manaaki Whenua (2018). Most taxa were identified to genus or 

species, though some taxa (e.g. Diptera larvae) were only identified to family level. Identifications of 

some rare taxa were confirmed by an expert; Emeritus Professor, Michael J. Winterbourn. Plants 

were identified, using Metcalf (2009). 

 

Plant, algae and detrital samples were washed and checked under a microscope to ensure entrained 

animals were removed. Large insects, tadpoles and frogs were gutted, both for gut content 

examination, and so as not to contaminate isotope tissue samples. Any identifiable material from 

gut content was recorded, for example, terrestrial spiders and grasses from the guts of adult Litoria 
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ewingii. Animals were removed from their cases and shells, and individual taxa were dried at 60˚C 

for three days, before being ground into a fine homogenous powder (Hogsden et al 2013). Samples 

were encapsulated in tin at weights of 1 mg (± 0.2 mg) for invertebrate and amphibian tissue, ~3 mg 

for plant tissue, and ~5 mg for detritus, per sample. Samples were sent to the University of California 

Davis Stable Isotope Facility for analysis (PDZ Europa 20–20 isotope ratio mass spectrometer). 

Analytical error associated with sample analysis was ± 0.04‰ for both δ13C and δ15N. 

Isotope metrics 

Layman et al (2007) proposed six metrics to communicate key aspects of trophic structure using 

δ13C-δ15N biplots. To understand the trophic structure of alpine tarn food webs I examined three 

metrics: δ15N range, δ13C range, and total hull area, as proxies for trophic height (or food chain 

length), resource diversity and trophic niche space, respectively. Trophic height and carbon range 

are straightforward in that they are the distance between the taxa with the highest and lowest 

nitrogen or carbon signatures in each food web. Trophic niche space is the area occupied by all 

species in a food web (imagine drawing a line from point to point around the outside of a food web 

and calculating the space within (e.g. Fig 3.1). 

Statistical analysis 

Nitrogen range, carbon range, and hull areas from stable isotope measurements (Layman et al. 

2007) were calculated using the SIAR package, version 4.2 (Parnell 2013). Biplots were made, to 

visualise the position of each taxon in a food web for each individual tarn. Habitat structure 

categories were collapsed into three composite categories with more even sample sizes to facilitate 

analysis. These new categories combined ‘very high’ and ‘high’, and ‘low’ and ‘no’ into two new 

categories, called High and Low, respectively. The Moderate category had the largest sample size to 

begin with, and so remained unchanged. The isotope metrics were then analysed using an ANCOVA 

in lm() in base R to determine the effects of altitude (fixed continuous predictor) and habitat 

structure (fixed categorical predictor) on three response variables: carbon range, nitrogen range and 

hull area in three separate models, that initially included the interaction between altitude and 
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habitat structure. If the interaction was not significant it was removed. All analysis was carried out in 

R version 3.5.3. 

Though many terrestrial (primarily plant) samples were taken from the field, I removed all terrestrial 

taxa from the ANCOVA because food web structure within the tarns was my primary focus. 

However, terrestrial elements remained in the biplots, to help give context to the aquatic and wet 

margin taxa that were the focus, and inclusion of terrestrial components would complicate my 

hypothesis. Frogs were included in the analysis, despite being primarily terrestrial, as they enter the 

tarns to reproduce, and spend a significant portion of their life cycle in the tarns as tadpoles and 

metamorphosing juveniles (Bazin et al. 2007, Anstis 2017).  

Results 

The trophic structure of alpine tarns followed a general pattern of primary producers, with the 

lowest δ15N values, at the base of each food web, and predatory taxa, such as Xanthocnemis and 

dytiscid beetles at the top, with the highest δ15N values (Fig. 3.2). The centre of each food web was 

comprised of smaller predatory species, generalists and omnivores (e.g. Fig.3.1).  
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Figure 3.1. Example of a δ 15N and δ 13C biplot, demonstrating how carbon (horizontal red line) and nitrogen 

(vertical red line) ranges are measured and hull area, or trophic area (polygon) is calculated, using tarn ks4 as 

an example. Taxa codes are: mos, mosses; pow, pond weed; tus, tussocks; gra, grasses; cel, Celmisia spp; ran, 

Ranunculus spp; unk, unknown spp; det, detritus or biofilm; lit, Litoria ewingii; xan, Xanthocnemis; tan, 

Tanypodinae spp; sig, Sigara spp; ani, Anisops spp. Symbols indicate the origin of taxa (e.g. aquatic, margin or 

terrestrial) and colours refer to the order or phylum a taxon belongs to. 

 

Litoria ewingii, regardless of life stage (tadpole or adult) were all found in the middle to upper end of 

the nitrogen range. Although Litoria were often close to the top of food webs (e.g. ks3), they were 

always at a lower relative position on the nitrogen range than the damsel fly, Xanthocnemis. 

Xanthocnemis appeared to be the top predator in the alpine tarns they inhabited, except when Acari 

were also present. The trophic height of Acari indicated they were feeding at the same trophic level 

as Xanthocnemis and, in some cases, could have been feeding on Xanthocnemis themselves. Sigara 

(water boatmen) were positioned across a wide carbon range. For example, the difference in their 

position at the far right in cw1 as opposed to a more left position in the oti biplot (Fig. 3.2) 

suggesting a generalist feeding strategy. The algal-piercing purse caddis Oxyethira, and non-

predatory Diptera larvae were at the lowest trophic levels for animal taxa in alpine tarn food webs, 

barely above the plant species with higher δ N values. There were no macrophytes, algae or 

macroinvertebrates present in tarns tb2 and tb3, so no food web could be constructed, based on the 

samples taken in this study. Tb1 comprised a food web of only three aquatic taxa, with the rest of 

the food web derived from terrestrial, or margin plant species.  

Samples from algae were always situated to the right of the carbon range, distinctly separated from 

the terrestrial plants, and moderately separated from aquatic plant species, indicating the split 

between different producer types, likely based on photosynthetic pathways. Algae were also 

distinctly to the right of invertebrate taxa at higher trophic levels, suggesting that none of the taxa 

included in alpine tarn food webs were consuming an especially large amount of algae.  
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Figure 3.2. (previous page) Biplots of δ 15N and δ 13C isotope values for each order or Phylum grouping 

(colours) for tarns sampled in the Southern Alps (see table 3.1 for tarn code information), with terrestrial, 

margin and aquatic taxa differentiated with symbols. taxon codes are: mos, mosses; pow,  pond weed; tus, 

tussocks; tur, turf (margin grass species); gra, grasses; cel, Celmisia spp; ran, Ranunculus spp; myr, 

Myriophyllum spp; unk, unknown spp; dai, daisy spp; heb, Hebe spp; hal, Halocarpus spp; ana, Anaphalioides 

spp; cop, Coprosma spp; pot, Potamogeton spp; alg, algae spp; col, Colobanthus spp; dra, Dracaphyllum spp; 

det, detritus or biofilm; sun, sundew spp; bro, native broom; lit, Litoria ewingii; wet, wētā; xan, Xanthocnemis; 

lio, Liodessus spp; ant, Antiporus spp; tan, Tanypodinae spp; sig, Sigara spp; oli, Oligochaeta; ani, Anisops spp; 

rha, Rhantus spp; bee, terrestrial beetle; chi, Chironomus spp; pla, plankton; del, Deleatidium spp; poa, 

Potamopyrgus spp; oyx, Oxyethira and Paraoxyethira spp; oec, Oecetis spp; sph, Spheriidae; dam, 

Xanthocnemis adult (damselfly); aca, acari; wee, terrestrial weevil; gho, terrestrial grass hopper; pro, 

Procordulia grayii; spi, terrestrial spider; and dip, adult diptera.  

 

ANCOVAs with altitude as a covariate and habitat structure as a category were significant, however, 

there was no interaction between altitude and habitat structure for nitrogen and carbon ranges, or 

hull area (p>0.05 in all cases). However, there was a significant negative effect of altitude on 

nitrogen range (ANCOVA: F3,19=6.84, p=0.01), with nitrogen range contracting as altitude increased, 

indicating a reduction in trophic height. There was also a significant difference in in nitrogen range 

between habitat structure categories (ANCOVA: F3,19=6.84, p=0.008, r2=0.52, Fig. 3.3a), with nitrogen 

range decreased in the low category compared to moderate or high categories. Thus, overall, trophic 

height was reduced with altitude, but for any given altitude, low habitat structure tarns had reduced 

trophic height compared to moderate of high habitat structure tarns.  

There was no significant difference in carbon range between habitat structure categories, but there 

was a negative effect of altitude on carbon range (ANCOVA: F3,19=4.79, p=0.005, Fig. 3.3b) with 

carbon range reducing in tarn food webs as altitude increased. This suggests a reduction in carbon 

sources with increasing altitude.  

The combination of declining nitrogen and carbon ranges over an altitude gradient, suggests that 

altitude is a strong driver of trophic structure of alpine tarns. Consistent with reductions in trophic 

height and breadth there was also a negative effect of altitude on hull area (ANCOVA: F3,19=3.85, 

p=0.039; Fig 3.2c), but there was again no effect of habitat structure. Thus altitude, but not habitat 



49 
 

structure, influenced trophic niche space. Habitat structure only affected the trophic height of alpine 

tarn food webs. 

 

 

Figure 3.3. Linear regression plots showing the effects of altitude and three different habitat structure 

categories on nitrogen range (A), carbon range (B) and hull area (C) from stable isotope derived measures of 

trophic structure. Each point represents an individual tarn, with the three different colours representing the 

habitat structure categories, lines and shaded areas represent the model predictions and 95% confidence 

intervals, respectively.  

 

Discussion 

Alpine ecosystems are likely to be especially sensitive to the effects of global climate change (Sauer 

et al. 2011) and land use changes (Fait et al. 2020). In New Zealand, knowledge of alpine tarn 

ecosystems and the trophic interactions of the species within them is poor. Climate change is also 

altering hydrological regimes globally and aquatic systems at high altitudes could be at the forefront 

of the effects of  global climate change (Sauer et al. 2011). It is important to understand the food 
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web structure of alpine tarns to allow management of climate change effects. I investigated the 

influences of altitude and habitat structure on food web structure of alpine tarns. Alpine tarn trophic 

structure changed with changes in both altitude and habitat structure, but food webs were altered 

in different ways by the two variables. Altitude affected all three metrics tested; trophic height, 

carbon range and trophic niche space, with all three ranges reducing as altitude increased. The effect 

of habitat structure only influenced trophic height, with no difference between habitat structure 

categories observed for carbon range or trophic niche space. These results indicate that, while both 

altitude and habitat structure can alter food web structure of alpine tarns, altitude was a stronger 

driver of changes, affecting food webs more strongly. Below I discuss the mechanisms possibly 

underlying these effects and consider the implications for how we manage alpine tarns.  

Effects of altitude 

I found Increasing altitude reduced the trophic height, carbon range and trophic niche space of food 

webs in the alpine tarns studied. However, the effect of altitude on carbon range was stronger than 

on either nitrogen range or niche space, likely indicating that the altitude effect was driven by the 

flora associated with alpine tarns. Changes in carbon range with increasing altitude were likely due 

to abiotic conditions at higher altitudes reducing the variety and abundance of plants species able to 

survive in those conditions, and in turn, variations in the carbon signatures of aquatic and terrestrial 

plants (Rounick and Winterbourn 1986, Keeley 1998, Meijer et al. 2020). As altitude increased, 

multiple abiotic stressors could have limited the terrestrial and margin species that contribute to 

alpine tarn food webs through detrital subsidies. Harsher conditions (Pauchard et al. 2009), such as 

shorter growing seasons (Urbanska and Chambers 2002) and colder temperatures (Novikmec et al. 

2013), were likely limiting the range of plant species that were able to grow at higher altitudes. 

Though much less studied, similar harshness could affect aquatic primary producers. Overall, the 

effect of limitations on producers with altitude could restrict the range of resources, causing the 

carbon range pattern I observed. 
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Nitrogen range was also affected by increasing altitude, with trophic height of food webs reduced as 

altitude increased. Reduction in trophic height was probably due to a loss of taxa in tarns caused by 

similar stressors as those that reduced carbon range. Changes in trophic height in food webs can be 

driven by either ecosystem size effects, energy constrains or environmental changes (Sabo et al. 

2009, McHugh et al. 2010). In Chapter Two I discussed the Species Interactions - Abiotic Stressors 

Hypothesis (SIASH) and its role in structuring invertebrate  communities at high altitudes through 

abiotic stressors, rather than species interactions (Louthan et al. 2015). In line with SIASH and food 

web theory, trophic height in alpine tarns was likely reduced by abiotic stressors associated with 

high altitudes through two pathways: by directly restricting the presence of invertebrates and frogs 

not able to withstand the harsher conditions (e.g. colder temperatures) of higher altitudes and, 

additionally, by a reduction in the available range of food sources, discussed in the previous 

paragraph. The loss of predatory species at higher altitudes, such as Xanthocnemis, was likely due to 

shorter growing seasons and reduced temperatures since these are important restraints on these 

predators (Galatowitsch and McIntosh 2016a). Changes in both carbon and nitrogen ranges meant 

that trophic niche space was naturally reduced as well, indicating that overall trophic diversity of 

alpine tarn food webs reduced with altitude. Overall, these effects of altitude on tarn trophic 

structure suggest that changes in the harshness of abiotic conditions are a primary driver of alpine 

tarn trophic structure.  

Effects of habitat structure 

Although less influential than altitude, habitat structure still affected the trophic height of alpine 

tarn food webs in this study. This was likely due to increased abundance of macrophytes and algae in 

more highly structured tarns providing support for a greater diversity and abundance of taxa. A 

greater abundance of primary producers and allochthonous inputs available in more highly 

structured tarns could have led to increases in food chain length through multiple mechanisms. 

More resources could lead to increases in primary consumers, which may be able to support the 
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addition of predatory species to the food chain (Ward and McCann 2017). Increased availability of 

energy sources at lower trophic levels could also support trophic omnivory in food webs, with some 

taxa able to feed at multiple trophic levels when resources allow (Thompson et al. 2007). Aside from 

plants as a food source, many taxa require habitat structure for various other functions, such as egg 

oviposition, protection from predation or as a hunting aid (Rowe 1994, Anstis 2017). An absence of 

plant life within some tarns could render them uninhabitable for some taxa, excluding them from 

tarns with reduced habitat structure resulting in a reduction of trophic height for those tarns.  

Contrary to the simplest predictions, habitat structure did not affect carbon range of alpine tarns. 

Though the abundance of macrophytes, algae and detritus may have been different in tarns with 

different habitat structure, the carbon range of alpine tarns was not significantly different between 

different habitat structure categories. This suggested that similar resources were available to tarns 

of all habitat structure categories. Since my categories reflected abundance, of structure-forming 

producers, possibly abundance was not limiting. There was also no effect of habitat structure on hull 

area, probably because hull area is usually correlated with both carbon and nitrogen ranges (Layman 

et al. 2007), and perhaps a change in only one of those ranges was not enough to promote a 

significant difference in hull area, with changes in habitat structure. 

Trophic interactions in alpine tarns 

The effects of altitude, habitat structure and associated stressors on alpine tarn invertebrate 

communities in New Zealand likely led to food webs dominated by generalist taxa, as has been 

observed in other New Zealand aquatic habitats (e.g. Galatowitsch and McIntosh 2016a). Flexible life 

history strategies allow some taxa to survive in a range of environmental conditions (Galatowitsch 

and McIntosh 2016b). In this study, Sigara were found in different positions along the carbon range, 

in different tarns. Their changing position suggested that Sigara were able to utilise different sources 

of carbon as food, feeding differently depending on which tarn they inhabited. This certainly fits with 
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the characteristics of Sigara as a generalist. Moreover, this strategy may enable consumers to 

survive in habitats which are both harsh and unpredictable.  

Wherever Acari were included in a food web, they were at or very near the top of the food chain. 

Acari were present in many alpine tarns, however, due to their small size, it was challenging to 

collect enough specimens for a single isotope sample from every tarn. Acari are often overlooked, 

but are another taxonomic group comprising a wide range of generalist species, many of which are 

parasitic or predatory (Martin 1975, Proctor and Pritchard 1989). They range from egg predation 

specialists through to crustacea and insect larvae predators (Proctor & Pritchard, 1989). With the 

larvae of many insects being the main component of alpine tarn invertebrate communities, it was 

not surprising to find the tiny predators at such high trophic levels. So, the likely role of Acari in 

alpine tarn food webs means it might be easy to overlook small, but important taxa. I did sample for, 

but never found, large numbers of zooplankton. 

Litoria ewingii were found in several the tarns and were particularly prevalent on the Kelly Range in 

Arthurs Pass National Park. This introduced species of Australian origin has a flexible life history 

allowing it to range from sea level to alpine regions in both its home range and in New Zealand 

(Jewell 2008). They can breed year-round (Anstis 2017) and are extremely tolerant of cold 

temperatures, with the ability to survive up to 47% of their body fluids freezing (Rexer-Huber et al. 

2015). Their reproductive flexibility coupled with tolerance of a wide range of environmental 

conditions, makes them well suited to life in alpine New Zealand but, we still do not know what 

impacts they could be having on food webs in alpine areas. Taxa such as Xanthocnemis and Acari 

often found at higher trophic levels than Litoria, indicating these amphibians were not generally top 

predators in alpine tarn food webs. Nevertheless, the changing position of Litoria across the carbon 

range suggested that they were able to utilise a variety of food sources. Thus, they could likely 

occupy a very wide range of tarns if they had access. I was not able to analyse their effects on 

trophic structure (e.g. by comparison of tarns with and without tadpoles), but this would be 
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worthwhile doing in the future. The adults of the species are primarily terrestrial and could have had 

an effect on the surrounding environment, that would also be worth studying.  

Implications and future recommendations 

Globally, climate change is already altering conditions in alpine regions, with rising temperatures at 

high altitudes causing glaciers to retreat and longer periods free of ice and snow (Novikmec et al. 

2013). Weather patterns are also changing with increased rainfall in some regions, while others 

suffer prolonged periods of drying (Putnam and Broecker 2017). Land-use changes are encroaching 

on the alpine zone in New Zealand, with practices such a high-country livestock farming already seen 

in some alpine areas, and ski tourism expanding the size of fields and resorts to cover greater tracts 

of land in alpine areas. Changes in climate can exacerbate stressors already faced by biota in alpine 

tarns, along an altitude gradient, and land-use changes in the catchment area of alpine tarns can 

impact the physico-chemical conditions of tarns (Fait et al. 2020) leading to changes in habitat 

structure, which can impact food web structure. So, if these land-use changes were to spread in 

alpine areas, and climate change strengthened the effects of stressors already faced by alpine tarn 

biota, we would likely see a reduction in trophic diversity in alpine tarn food webs in the future. 

Anthropogenic induced changes can also include introductions of novel and invasive species. The 

Australian frog species Litoria ewingii is an example of an introduced species making its way into the 

alpine zone of New Zealand, that is still free from many other stressors of anthropogenic origin that 

lentic water bodies experience below the treeline. The impacts of this introduced species on alpine 

tarn communities and food web structure are not yet known but should be investigated to assess 

whether action needs to be taken in stopping their spread.  
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4 

General discussion 

Synthesis 

My aim in this thesis was to establish baseline community data, and some physico-chemical data for 

New Zealand alpine tarns and improve understanding, in response to a scarcity of available 

information on these unique ecosystems. Additionally, I wanted to determine the role of altitude 

and habitat structure as drivers of community assembly and food web structure of alpine tarns. Prior 

to this study, there has been little research conducted on alpine tarns in New Zealand, with the few 

earlier studies focusing on aspects other than community composition (e.g. Kilroy et al. 2006, 

Vanhoutte et al. 2006, Chagué-Goff et al. 2010, Mark et al. 2016). Wissinger et al (2009) investigated 

the effects of permanence and predation on macroinvertebrate communities of high-country tarns 

and Burns et al (1984) examined the invertebrates of morainic tarns in South Island, New Zealand. 

These studies were the highest altitude research on invertebrate communities in lentic systems until 

now, and did not penetrate into the alpine zone, above the climatic treeline. Their studies provided a 

strong basis for comparisons between high-country and alpine tarn communities, so that I was able 

to advance understanding of alpine tarn communities at higher altitudes and their community 

drivers. 

Consistent with studies in other countries (e.g. Wissinger et al. 2016), I observed a steep drop in taxa 

richness in tarns above the treeline, compared to high-country tarns at lower altitudes (Chapter 

two). Alpine tarn macroinvertebrate taxon richness ranged between zero and 14 different taxa, 

whereas high-country tarns were comparatively much richer with between 29 to 44 taxa present. 

However, once in the alpine zone, taxa richness did not necessarily decrease with increasing altitude, 

probably because tarns with relatively good habitat structure were still found at high altitudes, for 

example, the tarns at Three Tarn Pass, straddling the Canterbury and Tasman regions. These tarns 

had some of the highest taxa richness while also being at high altitudes (~1700 m). However, tarns at 
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Temple Basin, at altitudes only 20 – 40 m higher, had no macroinvertebrates in two of the three 

tarns in the area. This stark difference was probably due, in part, to a lack of habitat structure in 

Temple Basin tarns, but also likely due to environmental variables I did not measure, and local 

affects, such as catchment geology.  

Despite reduced richness compared to high-country tarns, alpine tarn communities had much 

greater variation in community composition, which was likely due to a stronger influence of abiotic 

stressors at higher altitudes causing different patterns of community structure between the two 

categories. Richness did not decrease with altitude, suggesting that a pattern of species replacement 

was occurring in alpine tarn communities (Chapter Two), as opposed to smaller communities being 

nested subsets of the most diverse communities (a pattern of nestedness), as seen in the high-

country tarns in this study.  

However, when the effects of altitude and habitat structure on trophic height, carbon range, and 

trophic niche space were assessed for alpine tarns, all three responses reduced with increasing 

altitude, and trophic height also reduced with changes in habitat structure (Chapter Three). Changes 

in food web structure, but not in species richness, were likely caused by the changes in community 

composition with increasing altitude observed in Chapter Two. For example, with increasing altitude, 

I observed a loss of species such as Xanthocnemis and Litoria, both present at the top of food webs 

and representing predatory taxa, in tarns at lower altitudes. The disappearance of these species was 

met with replacement by other taxa, such as Paraoxyethira joining the food web, but at lower 

trophic levels, reducing trophic height. With the loss of predatory species from a food web, there is 

generally a reduction in trophic height, and a change in community composition. This indicates that 

species richness alone might not be an adequate measure of climate and land-use induced changes 

in community composition of alpine tarns, as richness does not inform us of losses at different 

trophic levels, but, richness in conjunction with food web structure should give a clear picture of any 

changes occurring in alpine tarns. 
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Climate and land-use implications  

Climate change is already impacting alpine regions around the world, from glacier retreat to 

changing weather patterns (Putnam and Broecker 2017, Purdie et al. 2020). Changes in climate and 

land use can affect community composition of alpine waterways by altering physical and chemical 

conditions, leading to changes in community composition and food web structure and by excluding 

species that cannot tolerate the change. So, with this advance in knowledge of alpine tarn 

community composition and food web structure, we should be better informed to mitigate climate 

change impacts on alpine tarn systems in New Zealand.  

During this research I visited the tarns on the Kelly Range a number of times. After sampling in 

January 2017, I returned the following April to retrieve Hobo temperature loggers I had installed in 

the tarns, at c. 1 m depth. In that short period of time some of the tarns in the middle of the range 

(KM1 and KM2, Fig. 3.1, Chapter 3) had dried substantially. I used GPS to approximate the reduction 

in depth of KM1 as 7 m less than when I had installed the Hobo temperature logger (Fig. 4.1). 

Additionally, tarn KM2, where Litoria ewingii tadpoles were abundant, had dried out completely, 

leaving the remains of dead tadpoles exposed. The tadpole remains suggested that drying had either 

occurred very unexpectedly, or that Litoria had not been present in the Kelly Range tarn ecosystem 

long enough to anticipate normal drying patterns of the region. It was not clear whether tarn drying 

was a product of climate change processes, or if the drying regime was normal, and Litoria mortality 

was a product of incompatibility of the species to environmental processes of the mountain range, 

but investigation into either process warrants future research, as both pose potential threats to 

alpine tarn ecosystems (Table. 4.1). In addition to climate change impacts, human activities could 

directly affect alpine tarn ecosystems through land use practices in tarn catchment areas. 
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Figure 4.1. The yellow peg holding the Hobo temperature logger (bottom right) was installed at ~1 m depth in 

January 2017 and this image was taken in April 2017, showing approximately seven metres loss of water 

depth, with my field assistant standing at the water line. 

 

Currently, ski tourism and alpinism are likely the greatest motivations for anthropogenic presence in 

high alpine areas of New Zealand. In the face of climate warming, global alpine tourism providers are 

having a reactionary response to changes in snow and ice conditions by creating access further into 

alpine zones by both road and air (Purdie et al. 2020), potentially exacerbating climate change issues 

with unsustainable responses, such as increasing use of fossil fuels. The alpine tarns in this study 

were still relatively far from such direct anthropogenic influences, but an increased human presence 

in alpine regions of New Zealand could negatively impact alpine tarn ecosystems if the practices in 

tarn catchment areas are high impact (Table 4.1).  
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Table 4.1. Outlining potential treats to alpine tarn systems, observations I made and possible impacts of each 
threat if it were to eventuate  

Threat My Observations Impact 

Introduced frogs – Litoria 
ewingii 

Tadpoles prevalent in many 
alpine tarns along the 
Southern Alps 

Changes in community 
composition and food web 
structure of alpine tarns 

Canada geese Present in large numbers (>50) 
in tarns at high altitude, ~1700 
m 

Increase in nutrients elevating 
productivity of system 

Ski fields Within tarn catchment areas 
▪ Roads at close 

proximity to tarns 
▪ Refuse found in tarns 

Altered chemical composition, 
for example, elevated 
conductivity; and human 
refuse within tarns 

Hikers Camping within tarn 
catchments and at tarn edges 

Increase in nutrients elevating 
productivity of system as a 
product of human waste 

Pastoralism Bank and within-tarn damage Loss of habitat for margin taxa 
and increase in nutrients 
elevating productivity of 
system 

Hydrological changes Changes in drying regime – 
unexpected drying events 

Habitat reduction or loss 

 

It is not only increased tourism in alpine regions that could potentially harm tarn ecosystems, 

another encroaching anthropogenic influence is pastoralism. Farming in high-country New Zealand is 

not a new practice (O'Connor 2003), but with warming temperatures changing the ranges of some 

plant species (Kaarlejärvi et al. 2013), pastoralism may be able to spread higher into alpine areas. It 

is known that some land-use practices can affect the water quality (Burns and Galbraith 2007), and 

by extension, biota of adjacent water ways at lower elevations (Burns and Mitchell 1974, Burns et al. 

1984), so we could assume that similar land-use changes would have similar consequences at higher 

altitudes as well, in areas not protected by National Parks. I observed some evidence of such land-

use in an alpine tarn in this study; while sampling tarns in the Tekapo area, I observed hoof prints, 

and bank damage indicating ungulates had been present in and around the tarn. It was unclear 

whether the damage was caused by domestic ungulate species, however, the density of hoof prints 

suggested a large number of the animals had been visiting the tarn at one time. Trampling at the 

edge of tarns could destroy habitat of some taxa living in alpine tarns and waste products from those 
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animals can also contribute to nutrient inputs and elevated nutrients and faecal coliforms (Burns and 

Mitchell 1974, Burns et al. 1984, Collins et al. 2007, McDowell and Wilcock 2008), altering the 

chemical and biological composition of tarns (Table 4.1). 

Invasive and introduced species  

Another introduced animal that can likely elevate nutrients in alpine tarns are Canada geese. I 

observed Canada geese in and around the tarns at Three Tarn Pass, in the Lewis Pass area. The birds 

had been present in the tarns at great numbers, evident by the amount of faecal matter visible both 

in tarns, and around them. Effects of Canada geese on alpine tarn ecosystems in New Zealand are 

not yet known; tarns in Three Tarn Pass had some of the highest taxa richness in this study despite 

the presence of geese. However, investigating the effects of the birds could be a beneficial addition 

to knowledge of alpine tarns in New Zealand.  

The Australian frog Litoria ewingii (Fig 4.2) were also prevalent in some alpine tarns in different 

regions of the Southern Alps. These frogs are an example of an introduced species that has become 

naturalised in New Zealand, but that we do not know what effect they could be having on local 

freshwater ecosystems. I included Litoria in the community composition of alpine tarns in Chapter 

Two and in food webs of Chapter Three but could not comment on any effect the introduced species 

could be having, as my analyses did not test for specific effects of Litoria. When searching for 

literature regarding Litoria in New Zealand, there is a surprising scarcity. The literature that does 

exist for Litoria in New Zealand focuses mainly on the species ability to survive in very cold 

temperatures (e.g. (Bazin et al. 2007, Melzer et al. 2013, Rexer-Huber et al. 2015), but there is little 

information on Litoria species interactions in New Zealand or any influences on communities, 

indicating another potentially important area of future research.  
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Figure 4.2. A frog (top) and tadpole (bottom) of the Australian frog species, Litoria ewingii, photographed in 

the tarn ecosystem of the Kelly Range, Southern Alps, New Zealand. 

 

Future research and conservation recommendations 

This research journey has opened my eyes wider than expected. I set out to establish baseline 

community and physico-chemical data for alpine tarns in the Southern Alps of New Zealand, but I 

have realised how much more could, and should be done, to build knowledge of the factors affecting 

Photo credit (both): Angus McIntosh 



62 
 

these unique and sensitive ecosystems, and to inform management action to protect these systems. 

I was only able to measure a narrow range of environmental variables, and community composition 

was the main focus of this research. However, it is clear there are other factors affecting alpine tarns 

and their communities, that could be explored. The drying tarns on Kelly Range were unexpected, as 

I had tried to select only permanent tarns. The processes driving such rapid drying, that was 

obviously unanticipated by some species in the tarns, presents an interesting avenue of investigation 

to determine whether it is driven by climate change or other geological and hydrological processes. 

Introduced Australian frogs, Litoria ewingii are prevalent in alpine tarns in a number of regions along 

the Southern alps. Nothing is currently known of the impact they could be having on both aquatic 

and terrestrial ecosystems and presents another area of research, requiring immediate action to 

mitigate potential negative effects. The spread of Litoria should be minimised until more is known 

about what effects this introduced species could be having on alpine tarn ecosystems.  

Though I saw no evidence at higher altitudes, I observed damage by ungulates in tarns in the Tekapo 

region, which could lead to declines in water quality and changes in community composition, if left 

unchecked. I would recommend that tarns be protected from such intrusions to preserve both water 

quality and biodiversity and where protection of tarns is granted, conserving whole tarn networks 

will support greater biodiversity. Global change is happening at unprecedented rates and we need to 

act quickly to advance knowledge of and protect these unique environments. 
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