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Abstract 

Water availability and low temperatures are believed to be the main ecological 

limits for continental Antarctic lichens. Lichen growth may also be limited by 

nitrogen availability. Thallus nitrogen content of two dominant Antarctic 

macro lichens decreases significantly at the onset of the summer snow melt, 

but the causes are unknown. 

Over the past 40 years precipitation rates have increased in the Windmill 

Islands region of continental Antarctica. An increase in snow fall may result 

in lichens being wet for longer periods during the summer, which may result 

in an increase in photosynthetic activity. Should lichen growth be limited by 

nitrogen availability, however, increases in growth due to increased 

precipitation may increase the demand for nitrogen beyond supply. 

Consequently, this may affect long term lichen survival. 

Usnea sphacelata is the dominant terrestrial macrolichen of continental 

Antarctica. In order to examine the impact of increased precipitation, in situ 

stands of U sphacelata at two sites were subjected to a series of enhanced 

water and nutrient treatments over two consecutive summers, and 

photosynthesis, respiration and nitrogen status were investigated. 

Increases in water availability did not affect gross photosynthesis or dark 

respiration in Year 1, but there was a significant effect of watering volume on 

net assimilation. In Year 2 neither gross photosynthetic or dark respiration 



rates were affected and consequently, there was no impact of increased water 

availability on the net carbon assimilation of U sphacelata. There was, 

however, a strong seasonal trend in the rates of dark respiration and net 

photosynthesis, with dark respiration rates declining over the summer and net 

carbon assimilation rate generally increasing. 

Increasing nutrient availability had no effect on any of the gas exchange 

variables at either site, however very significant seasonal effects were again 

evident in dark respiration and net assimilation. Thallus nitrogen content was 

not affected by either water or nutrient availability but was very strongly 

affected by site and season. Lichens at the higher nutrient site had higher 

thallus nitrogen content and higher carbon assimilation rates than those at the 

lower nutrient site, but they had poorer nitrogen use efficiency. There was 

also a significant positive relationship between thallus nitrogen and dark 

respiration rate. 

It therefore appears that photosynthetic capacity of U sphacelata is 

independent of water and nutrient availability over the summer. Should 

climate change lead to increased snow fall to the terrestrial ecosystem in the 

Windmill Islands, it is unlikely to impact on the nitrogen content or 

photosynthetic capacity of U sphacelata, despite inherent variations amongst 

sites. 
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Introduction 

1.1 Introduction 

Chapter 1 

Introduction 

1.1.1 Antarctica and terrestrial vegetation 

Chapter I 

Antarctica exhibits some of the harshest climatic conditions on Earth. 

Temperatures and precipitation are so low that the continent is classified as a 

polar desert (Smiley and Zumberge 1971), with 98% of the nearly 14 million 

square km land mass covered by an ice sheet up to 4 km thick (Seppelt 1995). 

The region has been divided into two bioclimatic zones: the cold-polar 

maritime Antarctic and the frigid-polar continental Antarctic (sensu Longton 

1988). Approximately 120 bryophyte (Seppelt pers. comm.), 250 lichen and 

two angiosperm species have been recorded in the region as a whole, with the 

maritime region being more floristically diverse (Kappen 1985). Vegetation 

on the continent is mainly restricted to ice-free coastal regions, nunataks and 

snow-free "dry valleys'', and to species that can survive covering by snow for 

at least part of the year. Lichens dominate the terrestrial flora of continental 

Antarctica but bryophytes, algae and cyanobacteria are also present, as well as 

two species of vascular plants, which are restricted to the Antarctic Peninsula. 

I. I. 2 The Windmill Islands 

The Windmill Islands (centred at 66°15' S, 110°33' E) is a 40 x 15 km region 

of low, ice-free islands and peninsulas along the Budd Coast of Wilkes Land, 
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East Antarctica (Figure 1.1 ). Their underlying geology is predominantly 

metamorphic schists, gneisses and migmatites intruded by Ardery chamockite 

and Ford granite (Blight and Oliver 1977). 

Figure 1.1 Map showing the relative position of the Windmill Islands (from 

Melick and Seppelt 1997). 

The Windmill Islands supports the most extensive and complex plant 

communities in continental Antarctica, excluding the Antarctic peninsula 

(Smith 1986; Melick and Seppelt 1997). -At least 36 species of lichens and 

five species of bryophytes have been recorded (Melick et al. 1994). The 

richest vegetation communities are found in the northern regions on Bailey 

and Clark Peninsulas, with the vegetation of the outlying islands and southern 

peninsula comparatively poorly developed (Melick et al. 1994). 

2 
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The southern half of the Windmill Islands was deglaciated by 8000 years BP 

and the northern regions by 5500 years BP (Goodwin 1993). Since 

deglaciation, recession of ice has resulted in isostatic uplift of the islands of 

approximately 53 m (Goodwin 1993). The rising land and retreat of ice has 

increased the area suitable for colonisation by lichens (Melick and Seppelt 

1997). Mean temperatures recorded at Australia's Casey Station, on Bailey 

Peninsula in the northern Windmill Islands, for the warmest and coldest 

months are 0.3 and-14.9°C (Melick and Seppelt 1997) respectively, with 

mean annual rainfall of only 228 mm/yr (rainfall equivalent) (Australian 

Bureau of Meteorology). 

66°15'5 

5 kilometres 

ss0 2o·s 

:! • ~, 

Figure 1.2 Map of the northern Windmill Islands showing relative locations 

of Bailey and Clark Peninsulas (from Melick and Seppelt 1997). 

3 
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1.1.3 Lichens 

A lichen is a symbiotic association between a fungus (the mycobiont) and an 

alga and/or cyanobacteria (the photobiont). About 90% of the typical lichen 

thallus is made up of fungal hyphae, with the photobiont cells typically 

forming a thin layer just beneath the surface (Smith 1973). Lichens have no 

roots with which to take up water and nutrients from their substratum, nor 

cuticle or stomates to regulate moisture loss from the thallus (Lechowicz 

1982). As poikilohydric organisms, the water status of the lichen tends to 

equilibrate with its surroundings (Green and Lange 1994). 

Lichens are very slow growing organisms (Larson and Kershaw 1975b). 

Average sized thalli (300 mg dry weight) of Usnea sphacelata growing in 

Antarctica have been calculated to be at least 300 years old (Kappen 1990). 

Because of this, they are only a minor component in many ecosystems, being 

outcompeted by faster growing vascular plants. However, as conditions 

become more extreme, lichens become more prominent components of the 

ecosystem (Tenhunen et al. 1992), being able to exist for extended periods in a 

highly desiccated state of dormancy that can endure extremes of cold, heat and 

drought stress (Honegger 1991). 

Lichens occur in three main growth forms. Crustose species grow closely 

appressed to their substratum,/oliose types exhibit a leaf-like appearance, 

whilstfruticose species have an erect or pendulous shrub-like habit. Whilst 

foliose and fruticose species are often the most prominent lichens in the 

vegetation (Smith 1973), most species of lichen are crustose (Smith 1973). 

4 
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1.1.4 Lichens in continental Antarctica 

In terms of both biomass and diversity, lichens dominate the terrestrial flora of 

continental Antarctica, their success being at least partly due to their ability to 

colonise bare rock surfaces and their adaptation to extreme weather conditions 

(Lamb 1970). The majority of species are crustose forms (Seppelt 1995) 

which become more prominent with increasing latitude, and have been 

recorded on exposed rocks as far south as 86°S (Lamb 1970). Most Antarctic 

lichens are darkly pigmented. The pigmentation acts to absorb some of the 

incident radiation and so protect the photobiont from very high intensity light 

(Schroeter et al. 1992); it has also been suggested to serve as an energy

absorbing mechanism to speed the melting of the overlying snow (Larson and 

Kershaw 1975a; Kappen 1988) or to raise the temperature of the lichen and 

hence increase the rates of metabolic reactions·. Lichens in Antarctica do not 

appear to have a role as a food source, and plant-animal interaction is limited 

to providing nesting material for birds (Lindsay 1978) and habitat for 

invertebrates. 

The origins of the present Antarctic lichen flora is still under debate. Some 

theories propose a relict flora that has survived Pleistocene glaciations, whilst 

others support one resulting largely from recolonisation from outside sources. 

Whilst it is possible that some lichen species may have survived on some 

nunataks or ice-free areas, the extensive glaciation history, particularly in 

floristically rich areas, is strong evidence of long-distance dispersal of 

propagules from outside sources (Ahmadjian 1970; Seppelt 1995; Melick and 

Seppelt 1997). 

5 
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The extremes of the Antarctic climate dictate that for most of the year lichens 

exist only in a dormant state, insulated by a thick layer of snow and ice. 

Photosynthetic activity, and hence the assimilation of carbon necessary for 

growth, is restricted to periods when there is both sufficient light and free 

water available. Whilst most precipitation occurs during the winter months as 

snow (Melick et al. 1994), the extremely low temperatures and negligible 

photosynthetic photon flux at this time of year preclude active photosynthesis. 

The summer months are characterised by increases in temperatures and 

extended periods of daylight. During this time, once the winter snow cover 

has melted, most vegetated areas are generally free of snow except during and 

immediately after snow showers (Hovenden et al. 1994). Such snow showers 

are, generally, light and infrequent (eg. 24.8 mm rainfall equivalent December 

2000- February 2001 at Casey Station), and hence, free water is scarce. 

During summer, lichens are totally reliant on these snow showers for 

metabolic activity (Hovenden et al. 1994) and as a result, Antarctic lichens are 

photosynthetically active for very limited periods. Modelling studies have 

shown that the first month of the summer, whilst the accumulated winter snow 

is melting, provides the most opportunities for Antarctic lichen photosynthetic 

activity (Hovenden and Seppelt l 995b). 

1.1.5 Climate change 

That the Earth is experiencing a period of climate change is not in dispute. 

Globally averaged air surface temperatures have warmed between 0.3 and· 

0.6°C since the late nineteenth century. Human activities, such as the burning 

of fossil fuels and land use changes, have significantly increased the 

6 
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concentrations of greenhouse gases such as carbon dioxide, methane, nitrous 

oxide and chlorofluorocarbons in the atmosphere, resulting in a global 

warming (Houghton et al. 2001). The Earth has undergone such changes in 

climate in the past, and vegetation has responded largely by migration, so 

long as it is possible to migrate. Local communities become extinct, but their 

progeny survive elsewhere in niches of appropriate environments. Adaptation 

is a much slower process, and occurs on a species basis, not on a community 

basis. The rate of the current climate change, however, is predicted to be 

much greater than any previously experienced. Many ecosystems may be 

unable to migrate to alleviate the effects of the shift in climate due to 

geographic, edaphic or other barriers and the extreme rate of climatic change 

will make it difficult for constituent species to adapt quickly enough to avoid 

extinction. As a result, it is anticipated that there will be major changes to 

global ecosystems and vegetation distribution patterns (Houghton et al. 2001). 

1.1. 6 Climate change in Antarctica 

Global circulation models used to forecast effects of climate change predict 

increases in the earth's surface temperatures, increased sea levels and altered 

patterns of precipitation (Tokioka 1995). Changes in climate are predicted to 

be experienced firstly and most dramatically in polar regions (Callaghan et al. 

1992). The effects of such change on Antarctic terrestrial ecosystems are 

likely to be significant due to their structural simplicity and geographic 

isolation. In addition, the slow growth, long generation times, and infrequent 

reproduction of polar species makes them particularly susceptible to rapid 

change (Callaghan et al. 1992). 

7 
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Whilst some studies present evidence of an increase in average temperatures 

for the Antarctic continent, there is also evidence of cooling or conflicting 

results made by other researchers. For example, meteorological records from 

Casey reveal an increase of 0.086°C yea{1 in average temperatures from 1960 

to the mid 1980s followed by a cooling of 0.101°C year-1 to the mid 1990s 

(Melick and Seppelt 1997). The cooling of surface temperatures is also 

reflected in a decrease in the length of time bryophyte communities in the area 

were snow-free during the austral summers of 1990-91 to 1994-95 (Melick 

and Seppelt 1997). 

The highly variable nature of Antarctic weather patterns, the lack of historical 

data, and the highly complicated models used to make assessments of changes 

in climate, make it impossible at this stage to confirm any consistent warming 

or cooling of the Antarctic continent (Melick and Seppelt 1997; Turner et al. 

2002; Walsh et al. 2002). However, glaciological studies at Law Dome, 

approximately 100 km east of Australia's Casey Station (66°17' S 110°32' E), 

have documented increased rates of snow accumulation in the Windmill 

Islands since 1960 compared with the longer term average (Morgan et al. 

1991 ), indicating that precipitation rates in that region have increased in recent 

years. 

1.1. 7 Project rationale 

Water availability and low temperatures are the main limiting factors for the 

survival of the lichen flora in Antarctica. However, an ecophysiological study 

found the nitrogen content of two dominant Antarctic macro lichens decreases 

8 
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significantly at the onset of summer, suggesting that growth of lichens may 

also be limited by nitrogen availability (Hovenden 2000). Since snow fall is 

the main source of new nitrogen to the terrestrial ecosystem (Crittenden 1998), 

altered patterns of precipitation in Antarctica, due to changes in climate, may 

influence the availability of both water and nitrogen. 

If precipitation were to increase, lichens would be wet for longer periods of 

time at the beginning of summer as increased winter snow cover melts, and/or 

as a result of more frequent summer snow falls. Should lichen growth also be 

dependent upon nitrogen availability, an increase in the availability of free 

water from increased snow fall may increase the demand for nitrogen in 

photosynthesis and growth beyond possible supply. Climate change is, 

therefore, likely to affect Antarctic lichens via the alteration of free water 

availability and the associated changes in both availability and demand for 

nitrogen. 

1.1.8 Project aims 

This project aims to assess the impact of an increase in summer water and 

nitrogen availability on the maximum photosynthetic and respiration rates of 

the dominant lichen species at a continental Antarctic site. Photosynthetic 

activity and nitrogen status of the treated lichens will be measured, thereby 

assessing the likely consequences of climate change-induced alterations in 

these variables. Due to the extremely slow growth rate of lichens 

photosynthetic responses will be used as a measure of productivity and 

growth. 

9 
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All field experiments were conducted either on Bailey or Clark Peninsula, 

Windmill Islands, Wilkes Land, continental Antarctica (Figure 1.2). All of the 

testing was performed on the bipolar, fruticose lichen Usnea sphacelata R.Br. 

(Figure 1.3 ), the dominant terrestrial macro lichen of the Windmill Islands 

region (Kappen 1993a; Melick et al. 1994). It is a strictly saxicolous species 

and prefers exposed, drier sites with non-persistent snow cover (Hancock and 

Seppelt 1988). Sun and shade forms of the species are evident, with net 

photosynthesis in the sun-exposed thalli occurring at a relatively high and 

wide temperature range, whilst the shade form is adapted to lower 

temperatures (Kappen 1983). U sphacelata forms extensive carpets over ice

free rock and gravel beds in the northern areas of the Windmill Islands and 

dominates the lichen vegetation in the vicinity of Casey Station. 

Figure 1.3 Usnea sphacelata growing on rock near Casey Station, Bailey 

Peninsula. Photograph by M. O' Brien. 

10 
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1.2 Photosynthesis and water relations in Antarctic lichens 

Photosynthesis provides carbohydrates and energy necessary for lichen growth 

(Lechowicz 1982). Light and free water availability are the two determinants 

of lichen photosynthetic activity, with the first few weeks of the summer melt 

providing the most opportunities for Antarctic lichen photosynthetic activity 

(Hovenden and Seppelt 1995b ). 

In response to the restricted opportunities for photosynthesis, Antarctic lichens 

have evolved a range of specialised physiological mechanisms that may 

enhance the potential for photosynthesis when the requisite conditions do 

arise. Such mechanisms include response to thallus hydration, activation of 

photosynthesis by uptake of water from the atmosphere, and the capacity to 

photosynthesise when frozen and under snow. 

1. 2.1 Thal/us hydration 

A lichen needs to be moist to be metabolically active; hence photosynthesis 

and respiration in lichens are inextricably linked to thallus water content. 

Without morphological features such as stomates and cuticle to regulate water 

status, there is little biological control over movement of water in and out of 

the thallus (Blum 1973; Larson 1979a). The poikilohydric nature of lichens 

can be considered a physiological adaptation to dry conditions; it protects 

against extreme insolation by rapid desiccation and hence, metabolic 

inactivity, but also permits rapid recovery of metabolic function to exploit 

short-duration water availability when the conditions arise (Blum 1973; Farrar 

and Smith 1976; Seppelt 1995). 

11 
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Photosynthetic activity varies in response to lichen hydration but gas exchange 

has been detected over a wide range of thallus water contents (Green et al. 

1994). A dry lichen will be metabolically inactive. With increasing thallus 

hydration, net photosynthesis increases up to a maximum level which is 

achieved at a particular moisture content (Lange 1980; Lange et al. 1993). 

Further increase in water content results in increased diffusive resistances in 

the thallus, with a consequent reduction in carbon dioxide supply to the 

photobiont (Kappen l 993b; Lange and Green 1996; Lange et al. 1996). Dark 

respiration, however, is not as responsive to changes in thallus water content 

(Figure 1.4). 

Xanthona calcicola 
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Figure 1.4 Net assimilation rate (closed circles) and dark respiration (open 

circles) of Xanthoria calicola as a function ofthallus water content (WC, mm 

precipitation equivalent) showing depression of net assimilation at high 

thallus water content at l 7°C, 1 OOO µmol m·2 s·1 PPFD (from Lange and Green 

1996). 
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As a result, carbon assimilation in lichens is mostly reduced at very high water 

contents. As the thallus starts to dry out and optimal water content is re

approached, the rate of photosynthesis increases to the maximum value before 

declining again as hydration is progressively reduced (Kershaw 1985). This 

depression of net photosynthesis at high water contents is temperature 

dependent, being much more marked at higher temperatures (Lange 1980; 

Kappen et al. 1995). Hence, optimal water content for photosynthesis is often 

considerably lower than the lichen's maximum water content (Green et al. 

1994). In continental Antarctica, the maximum thallus water content recorded 

in the field for Usnea sphacelata is 200% dry weight (Kappen et al. 1995). 

However, the optimal water content for this species is only of the order of 

75% of dry weight (Kappen 1983), which is the water content frequently 

resulting from contact with melting snow (Kappen and Breuer 1991 ). Light 

levels also appear to affect optimal moisture contents, as maximum 

photosynthetic rate in high light is reached at ~ lower thallus moisture content 

than in dim light (Kallio and Karenlampi 1975; Figure 1.5). 

1.2.2 Absorbing water from a humid atmosphere 

Dry lichens with green algal photobionts are capable of reactivating 

photosynthesis by absorption of water vapour from humid air (Lange and 

Kappen 1972; Kappen 1983; Lange and Ziegler 1986; Lange et al. 1989, 

Hovenden and Seppelt 1995b, c; Schroeter and Scheidegger 1995). This 

ability is recognised as one of the mechanisms responsible for the success of 

this group of organisms in the often extreme environments in which they 

dominate (Rundel 1988; Kennedy 1993). 

13 
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Figure 1.5 Net C02 exchange (mg C02 g-1 h- 1
) of Cetraria nivalis at three 

illuminances in relation to temperature and water content of the thallus, 

showing maximum photosynthetic rate in high light is reached at lower thallus 

moisture content than in dim light (From Kallio and Karenlampi 1975). 
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Whilst it has been shown that Antarctic lichens (all of which have green algal 

photobionts) are also capable of sufficient absorption of moisture from a 

humid atmosphere for net photosynthesis to occur (Lange and Kappen 1972; 

Kappen 1983; Kappen et al. 1995), the opportunities in the field for such 

activity are, in fact, extremely limited. Due to the highly desiccating 

environment, the only times when relative humidity is likely to be high 

enough to initiate photosynthesis is at the beginning of summer when the 

accumulated winter snow is melting or immediately after summer snow 

r showers (Hovenden and Seppelt 1995b). Summer snow showers are generally 

light and infrequent, so once the winter snow has melted, well-vegetated 

regions of Antarctica are generally devoid of snow cover and exposed to low 

relative humidities. As a result, lichens are metabolically inactive for a large 

part of the summer (Hovenden et al. 1994). 

1.2.3 Photosynthesis when frozen and under snow 

Another feature of lichens, especially those from polar regions, is their 

resistance to extremely low temperatures and their ability to photosynthesise at 

subzero temperatures (Schroeter et al. 1994; Schroeter and Scheidegger 1995). 

At what point a lichen is deemed frozen has not been defined; they have been 

found to contain high levels of chemical compounds that may prevent water 

from freezing in the thallus until well below 0°C (Gannutz 1970; Kappen 

1989). However, carbon dioxide assimilation has been recorded in Antarctic 

lichens at -l 8°C in the laboratory (Lange and Kappen 1972) and gas exchange 

has been detected in U sphacelata at -10°C in the field (Kappen 1989). 

15 
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Earlier studies have also indicated that photosynthesis is possible in Antarctic 

lichens under snow, for example, a cover of drifted snow has been shown to 

have activated photosynthesis in U sphacelata at temperatures below 0°C 

(Kappen 1989) and there is sufficient light under a snow depth of 15 cm for 

photosynthesis to occur in U sphacelata at 0°C (Kappen 1990; Kappen and 

Breuer 1991 ). A recent study by Pannewitz et al. (2003) on lichen activity 

under an accumulated winter snow pack found that accumulated winter snow 

cover proved to be a very good insulator against extremely low temperatures. 

In spring and early summer, however, instead of causing a glass-house effect, 

it acted to extend winter conditions by insulating against the rise in external 

ambient air temperatures which would permit metabolic activity. Hence, it 

appears the nature of the snow cover strongly influences the potential for 

lichen photosynthesis. Whilst brief periods of photosynthetic activity are 

possible for Antarctic lichens recently covered by a light layer of snow from 

summer snow showers, the accumulated winter snow pack serves to limit 

lichen photosynthetic activity until the snow has all but disappeared. 

1.3 Nitrogen nutrition in Antarctic lichens 

Nitrogen is the mineral nutrient that plants require in greatest quantity and that 

most frequently limits growth (Chapin et al. 1987). Atmospheric deposition, 

in the form of snow, is believed to be the main source of new nitrogen to the 

oligotrophic Antarctic ecosystem (Crittenden 1998). Lichens are the primary 

point of capture of available nitrogen in the terrestrial system in continental 

Antarctica (Greenfield 1992). U sphacelata has been shown to take up about 

90% of inorganic nitrogen in melted snow (Crittenden 1998). The uptake and 

16 
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demand for nitrogen by lichens, as well as its release, is dependent upon 

metabolic activity and environmental conditions (Crittenden 1996). Nitrogen 

requirements may also be met by mobilising internal reserves (Hovenden 

2000) and from volatilised nitrogen associated with penguin rookeries 

(Christie 1987). 

Water availability and low temperatures are believed to be the main limiting 

factors for the survival of Antarctic lichens. However, it has also been 

suggested that nitrogen availability may also limit lichen growth and there 

have been numerous studies investigating this theory. Carstairs and Oechel 

(1978) and Bailey and Larson (1982) both reported growth of lichens in the 

northern hemisphere high latitudes to be unaffected by nutrient availability 

whilst Longton (1988) suggested nutrient supply was not seriously limiting to 

lichen growth in the maritime Antarctic. However, there has been conflicting 

evidence with Crittenden et al. (1994), Hovenden (1996) and Crittenden 

(1998) suggesting nitrogen availability limits growth of Antarctic lichens. 

Antarctic lichen thallus nitrogen content is known to be strongly seasonal. 

Two dominant Antarctic macrolichens experience significant decreases in 

thallus nitrogen content at the onset of the summer snow melt (Hovenden 

2000). The first month of the summer thaw is also when conditions are most 

suited to lichen growth (Hovenden and Seppelt l 995b ). If nitrogen 

availability limits growth of Antarctic lichens then altered patterns of 

precipitation may affect lichens via the alteration of free water availability and 

the associated changes in both availability and demand for nitrogen. 

17 
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Chapter 2 

Study sites, methodology and preliminary 

investigations 

2.1 Study sites and methodology 

2.1.1 The study sites 

All field experiments were conducted on Bailey and Clark Peninsulas, in the 

northern Windmill Islands (approximately 66°28' S, 110°53' E and 66°25' S, 

110°56' E, respectively) (Figure 1.2). The region supports some of the best 

developed plant communities in continental Antarctica (Smith 1986) and 

representative regions of both peninsulas were designated Sites of Special 

Scientific Interest (since redesignated Antarctic Specially Protected Areas). 

At least 36 lichens species have been recorded in the region, Clark Peninsula 

having a slightly higher species richness than Bailey Peninsula (Melick and 

Seppelt 1997). The three bipolar lichens, Usnea sphacelata, Pseudephebe 

minuscula and Umbilicaria decussata, dominate the region, and collectively 

are members of the most widespread plant assemblage in Antarctica (Smith 

1990). On both peninsulas vegetation is best developed on northern aspects 

and abundance and distribution of vegetation is affected by the presence of 

abandoned penguin rookeries (Mel~ck et al. 1994) and moisture regimes 

(Smith 1988, 1990). Substratum nutrients vary widely in the region and are 

important determinants of the distribution of many of the minor lichen species 

(Hovenden and Seppelt 1995a). The dominant lichen species are relatively 
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insensitive to substratum nutrient levels, with their distribution influenced by 

substratum structure and exposure (Hovenden and Seppelt l 995a). 

2.1.2 The experiments 

Two field-based experiments were performed on Usnea sphacelata. In the 

first, mats of U sphacelata on Bailey Peninsula were subjected to a series of 

elevated water treatments over two consecutive summers (Chapter 3). In the 

second experiment, mats of U. sphacelata on both Bailey and Clark 

Peninsulas were subjected to a series of enhanced nutrient treatments (Chapter 

4). Details of the experimental manipulation of water and nutrients are 

included in each chapter. Lichens from each of the treatments were sampled 

and gas exchange measurements were then made on the samples (detailed 

below) in order to record any response in gross photosynthesis, dark 

respiration or net assimilation to the treatments. 

2.1. 3 Sampling procedure 

In both years, each lichen that was used for gas exchange analysis was 

sampled in the same manner. An individual U sphacelata thallus 

(approximately 0.5-1.0 g dry weight) was removed, by severing the lichen's 

point of attachment to the substratum with a razor blade, and then stored in a 

paper bag and dried at room temperature before being frozen at - l 8°C until 

gas exchange measurements were ready to be taken. Samples were taken from 

the central region of each replicate area to avoid edge effects. 
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2.1.4 Gas exchange analysis 

Each sample of U sphacelata to be analysed was prepared in the same way. 

Lichens were transferred from -l 8°C to 4°C 24 hours prior to analysis. When 

measurements were ready to be made, each sample was placed on a petri dish, 

sprayed with deionised water from a spray bottle, excess water poured off, and 

then returned to 4°C in darkness. After one hour, any water on the sample was 

blotted with absorbent paper and the lichen placed in a Walz CMS4P 

minicuvette (Walz, Effeltrich, Germany). Dark respiration was measured first, 

until a steady reading was achieved and then the sample was illuminated using 

a fibre-optic cool light source and left to dry out slowly over several hours 

until a maximum net photosynthetic reading was attained (Figure 2.1 ). Each 

sample was measured under the same conditions of controlled temperature 

(cuvette temperature set to 3°C), saturating light (1300 -1700 µmol m-2 s-1
) 

and at ambient carbon dioxide in order to simulate summer Antarctic 

conditions. 

6.0 ------- ---~ -- - · 1-- -- ------ -- ----------
lichen max DR 

5 O placed "1 
in cuvette 

" light 
40- turned on 

E 
c. 
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(.) 

20 
1' 

empty 
1 0 cuvette 

m'ment max net PS 1' 
00 ~ 

16 31 46 61 76 91 106 121 136 151 166 181 

Time (mins) 

Figure 2.1 Example of typical gas exchange reading recording the difference 

in C02 between an empty cuvette, lichen dark respiration (DR) and net lichen 

photosynthesis (PS). 
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2.2 Preliminary investigations 

Since this project relies heavily on gas exchange data of stored lichen material, 

and there have been questions raised about photoinhi.bitory responses of 

lichens to very high light levels, a set of preliminary investigations were made 

to test the storage and illumination procedures used. 

2.2.1 Storage 

2. 2.1.1 Introduction 

Lichens are known to be able to acclimate very quickly to changes in their 

surroundings with acclimation in net photosynthesis of lichens reported in 

samples that had been removed from field conditions to a growth chamber 

(Larson and Kershaw 1975c; Kershaw 1977). Where possible, gas exchange 

measurements for this study were performed in situ at Casey. However, due 

to the large volume of samples requiring gas exchange analysis, and the 

limited time for field work, significant sections of the experimental work 

(twenty of the 100 water-treated samples from Year 1 and all 160 of the water 

treatments for Year 2) were based on gas exchange measurements performed 

ex situ on stored material of U sphacelata. Consequently, it was important to 

test whether the storage of lichen material in the manner described altered the 

physiological or metabolic responses observed. To do this, samples of U 

sphacelata were collected and their rates of gas exchange measured at 

intervals over the following zero to six months of storage. 
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2.2.1.2 Materials and Methods 

A random collection of 19 untreated samples of U sphacelata from Bailey 

Peninsula was made in February 2001, using the _sampling procedure and 

storage conditions described above. Samples were subject to gas exchange 

measurements after two days (Time 0) at Casey Station and then at the 

University of Tasmania 4, 12, 18 and 24 weeks subsequent to collection. 

Three replicates were used for the initial measurements (Time 0) and four 

replicates were used for each of 4, 12, 18 and 24 weeks of storage. 

The gas exchange analyses were conducted in the same manner as all other 

gas exchange measurements performed in this study (refer above). The results 

were subjected to a single factor analysis of variance (ANOVA) using general 

linear model procedures with the SAS Statistical Software package (SAS 

Institute Inc. 2000). Effects found to be significant (P<0.05) were investigated 

with the Ryan-Einot-Gabriel-Welschpost hoe comparison (Day and Quinn 

1989). 

2.2.1.3 Results 

The results of the gas exchange values at each time period are plotted in 

Figure 2.2. The statistical tests indicated that there were no significant 

differences in gross photosynthesis or net assimilation between any of the 

stored samples. There was a significant difference in dark respiration between 

the samples stored for four weeks and all other samples (P<0.05). 
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Figure 2.2 Mean(± s.e.) gas exchange rates for stored U. sphacelata 

• gross photosynthesis, D dark respiration, • net assimilation. 

2.2.1.4 Discussion 

The results indicate that there were no significant differences in photosynthetic 

potential of U. sphacelata samples that were recently collected from the field 

compared to those that were used in gas exchange measurements ex situ up to 

24 weeks after sampling. Although there appeared to be a significant 

difference (P<0.002) in the rate of dark respiration after four weeks of storage, 

it is possible that this was a Type I error, and in reality was a chance variation. 

The result did not impact significantly on the rate of net assimilation nor was 

this effect substantiated by the observations on samples stored for longer 

periods. However, if there was a significant effect on dark respiration after 

four weeks of storage, all samples where gas exchange analysis was not 

performed in situ were stored for at least three months before gas exchange 
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measurements were made (Chapter 3) and hence, this effect would not 

influence the results. 

Other studies have found that storage of hydrated lichen material at above zero 

temperatures results in significant changes in net photosynthesis (Larson 

1979b ). If the samples are stored desiccated and frozen, however, the material 

is more likely to retain the pattern of photosynthetic response to temperature, 

light and moisture typical of the lichens in situ (Larson 1978). 

The environment from where the samples originate is, however, likely to be of 

fundamental importance. Xeric species are generally more tolerant of longer 

periods of desiccation than more mesic species (Rundel 1988). So whilst 

prolonged storage at sub-zero temperatures may not have any effect on 

samples originating from the arctic or Antarctic, such conditions may induce 

altered physiological responses in material collected from tropical regions 

(Larson 1978). 

Kershaw (1985) concluded that for experimental results on stored material to 

be reliable, material should be stored under light, temperature and day length 

conditions as close as possible to those in the field from where they are 

collected. Material of U sphacelata used in this study was stored desiccated, 

frozen and in the dark, conditions not unlike those the lichens would be 

subject to in the field, under a dense snow pack shortly after the samples were 

collected at the end of summer. Although though samples from Time 0 were 
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not measured until two days after sampling the delay is unlikely to have 

affected maximum rates of photosynthesis. 

The results of this preliminary study indicate that, if the storage conditions and 

pre-treatment described above are followed, U sphacelata from continental 

Antarctica can be stored for at least six months without any significant impact 

on its photosynthetic productivity. 

2.2.2 Liglit response 

2. 2. 2.1 Introduction 

In both the water relations (Chapter 3) and nutrient relations (Chapter 4) 

experiments performed on U sphacelata the aim was to simulate Antarctic 

summer field conditions as closely as possible whilst gas exchange 

measurements were taking place. As moisture availability and light are the 

two main determinants of lichen photosynthesis, photosynthetic photon flux 

density (PPFD) is very important in the measurement of photosynthetic 

performance. Kappen and Breuer (1991) found that quantum flux densities in 

excess of 2000 µmol m-2s-1 are not unusual for an average summer day at 

Clark Peninsula. This is an extremely high level of illumination, and would 

produce photoinhibitory responses in many plants (Powles 1984 ). Antarctic 

lichens, however, are routinely exposed to light levels of this intensity during 

their most metabolically active period, and it would therefore be reasonable to 

expect a considerable tolerance to high levels of light. The dark pigmentation 

of U sphacelata has been thought to be one defence to high irradiance 

(Kappen 1994 ), although it has also been suggested that the poikilohydrous 
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nature of lichens, that results in the shutdown of metabolic activity in extreme 

environmental conditions, provides more effective protection (Kappen et al. 

1979). In order to test for photosynthetic responses of U sphacelata to light 

intensity, net assimilation was measured on two sets of lichens at varying 

levels of PPFD in order to generate light response curves and determine if the 

effects of photoinhibition might reduce any differences among treatments. 

2.2.2.2 Materials and Methods 

Samples of U sphacelata were collected in March 2001 (refer method above) 

and all the gas exchange analyses were conducted ex situ at the Universit~ of 

Tasmania in November 2001 (refer method above). Two light response curves 

were generated (Figure 2.3). Series 1 represents the net assimilation levels of 

untreated samples of U sphacelata to a range of randomly selected PPFD 

levels. Series 2 represents net assimilation levels of a combination of treated 

and untreated samples of U sphacelata as PPFD was systematically increased 

from 0 to 2000 µmol m-2s-1
• 

To initiate photosynthesis, each sample was first illuminated using a fibre

optic cool light source set at approximately 1000 µmol m-2s-1 PPFD for about 

twenty minutes. In Series 1, the samples were subjected to a randomly 

selected PPFD level between 100 and 1700 µmol m-2s-1 and measurements of 

carbon dioxide assimilation were continued until a steady value was 

established. The process was then repeated for a series of other randomly 

selected PPFD levels, until seven readings had been taken. In Series 2, 

samples were initially stabilised at 1 OOO µmol m-2s-1
, after which the PPFD 

26 



Study sites, methodology and preliminary investigations Chapter 2 

was lowered to 100 µmol m-2s-1
, and measurement maintained until a steady 

carbon dioxide assimilation value was established. The PPFD was then 

increased in 300 µmol m-2s-1 increments, allowing the lichen to reach a stable 

photosynthetic rate, until a 1900 µmol m-2s-1 PPFD level was reached. 

2.2.2.3 Results 

Both light response curves showed a positive relationship between increasing 

PPFD and net carbon dioxide assimilation for U sphacelata (Figure 2.3). In 

Series 1, net carbon dioxide assimilation was still increasing at 1700 µmol 

m-2s-1 PPFD, whilst in Series 2 net carbon dioxide assimilation reached a 

maximum at approximately 1600 µmol m-2s-1 PPFD. 
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Figure 2.3 Light response curves of U sphacelata for Series l D (randomly 

selected levels of PPFD) and Series 2 • (sequentially increased levels of 

PPFD). 

27 



Study sites, methodology and preliminmy investigations Chapter 2 

2.2.2.4 Discussion 

The light response curves show no evidence of photoinhibition in U 

sphacelata at very high light intensities, and indicate that optimum 

photosynthetic performance of U sphacelata is, in fact, not maximised until 

exposed to high PPFD. This finding seems reasonable given all the darkly

pigmented lichens sampled were from continental Antarctic sites, and were 

likely to have been exposed to PPFDs of these levels on a regular basis, during 

the summer months in their natural environment. The fact that net 

assimilation reached a maximum at a lower PPFD value in Series 2 than in 

Series I may be an artifact of the ordered series of levels of illumination, 

which meant that all the readings at high illumination were made towards the 

end of the Series 2 experiment when the samples had had the longest period to 

dry out. Hence, the apparent limit in photosynthetic ability may actually have 

been an inhibitory effect of lowered hydration. 

Contrary to these findings, several authors have found depressions in 

photosynthesis and photochemical efficiency in lichens exposed to high PPFD 

(Demmig-Adams et al. 1990; Kappen et al. 1991). The study by Kappen et al. 

( 1991) found reversible "photoinhibition" in net photosynthesis at PPFD 

greater than 600 µmol m-2s-1 in a study involving snow-covered Antarctic 

field-located samples of U sphacelata. The authors stated that the depression 

in net photosynthesis was not-due to drying effects, as snow.always covered 

the thalli. However, the water contents of the samples were estimated to have 

ranged between 49 and 115%, and the investigators did not exclude the 

possibility that the "photoinhibitory" response may have resulted from a high 
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thallus water content, which is known to depress photosynthetic production 

(Kappen et al. 1986; Kappen and Breuer 1991). Optimal thallus water content 

for photosynthesis in U sphacelata is approximately 75% (Kappen 1983). 

The authors assumed that the amount of water available from snow covering 

the thalli, would permit close to maximal photosynthetic rates, without being 

able to determine to what extent the snow soaked the lichen thalli, and without 

taking into consideration the frozen and liquid water relations of the thalli. 

Given that snow was present on the thalli the whole time, it may be possible 

that as PPFD increased, a greater proportion of the snow covering melted, and 

thus increased the water content of the thalli, perhaps to the point of 

depressing gas exchange. Then, as the PPFD fell, the water refroze and net 

assimilation increased with the reduction in free water availability, hence 

accounting for the "reversibility" of the "photoinhibitory" effect. Meanwhile, 

the same. study showed only a weak depression in net photosynthesis using 

naturally moistened U sphacelata, whilst an earlier laboratory study on the 

same species found no evidence at all of photoinhibition at high irradiance 

(Kappen 1983). Subsequent field experiments using chlorophyll a 

fluorescence and carbon dioxide exchange on the Antarctic lichen Umbilicaria 

aprina (Kappen et al. 1998) concluded there was no evidence of 

photoinhibition, despite very strong irradiance (> 2000 µmol m-2s-1 PPFD). 

The authors surmised that most Antarctic lichens are well-adapted to high 

levels of PPFD, thereby maximising opportunity for photosynthesis over short 

periods when moistened by melting snow. 
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2.2.2.5 Conclusion 

On the basis of the results of the light response curves shown here, net 

assimilation of U sphacelata growing in continental Antarctica is not reduced 

at high light levels, at least up to 1700 µmol m-2s-1 PPFD. On this basis, the 

level of illumination chosen for subsequent experiments on the effects of 

water and nutrient availability on rates of carbon dioxide assimilation 

(Chapters 3 and 4, respectively) were in the PPFD range of 1300-1700 µmol 

m-2s-1 PPFD, in order to permit maximal rates of net assimilation. 
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Chapter 3 

Effects of moisture increase on photosynthetic 

capacity of Usnea sphacelata 

3.1 Introduction 

Lichens are poikilohydric organisms without specific structures to regulate 

water loss and, as a result, movement of water is an uncontrolled physical 
' . 

process, so that thallus water content fluctuates with the availability of water 

in the immediate surroundings (Lange et al. 1993; Rundel 1988). 

Photosynthesis in lichens is possible only when the thallus is both moist and 

receiving suitable levels of photosynthetically active radiation. Although 

lichens are capable of initiating photosynthesis through uptake of water vapour 

alone, the rate of photosynthetic activity and the concomitant assimilation of 

carbon in a particular habitat is closely associated with local patterns of 

precipitation and snow melt (Kappen et al. 1995). 

Lichens need a regime of alternating wetting and drying cycles to remain 

healthy (Farrar l 976b). This physiological requirement can also restrict lichen 

growth (Farrar 1976b). Wetting of a dry lichen results in a leakage of solutes 

and a net loss of carbon from the thallus by leakage of membranes and 

resaturation respiration (Smith and Molesworth 1973; Farrar and Smith 1976; 

Hill 1981 ). The magnitude of the wetting effect on resaturation respiration is, 

however, much less in lichens from dry habitats than in those from mesic 
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environments (Smith and Molesworth 1973). The length of time a lichen 

remains wet is also an important factor in its photosynthetic productivity. At 

the beginning of the summer season Antarctic lichens are wet for extended 

periods as a result of the progressive melting of the accumulated winter snow 

pack. During this time temperatures and PPFD are not at their maximum, so 

lichens tend to dry out more slowly and photosynthetic activity can continue 

for lengthy periods. Photosynthetic production may be depressed, however, 

by very high thallus water contents. After the winter snow has melted, 

however, the only time there is water available to initiate lichen 

photosynthesis is immediately after the light, infrequent summer snow 

showers. Because of the warmer temperatures and high irradiance at this time 

of year, the snow melts rapidly and the lichen quickly becomes desiccated, 

thus restricting length of time available for photosynthetic activity. 

Microclimatic differences also need to be considered, as lichens growing in 

sheltered sites and/or shady sites are obviously likely to remain wet for longer 

periods, even during the middle of summer. 

Hence, upon rewetting, environmental conditions must be such as to permit 

sufficient photosynthetic activity to at least replenish the carbon lost during 

the rewetting process, before there is the potential for any lichen growth to 

occur (Armstrong 1976; Lechowicz 1981). Different lichen species have 

varying optimum wetting frequencies, and this is associated with the rate of 

thallus drying. So in highly desiccating environments increased wetting 

frequency may result in negative growth if the lichen cannot photosynthesise 
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long enough for carbon losses from wetting to be replenished, before it dries 

out again (Armstrong 1976). 

If climatic change increases precipitation in Antarctica, it could result in 

lichens being wet for longer periods at the beginning of summer and/or wet 

more frequently as a result of summer snow showers. It is possible, then, that 

an increase in precipitation could have significant impacts on Antarctic lichen 

productivity. The aim of this study is to investigate the effects of increased 

summer precipitation on the productivity of U. sphacelata. 

3.2 Materials and Methods 

Field experiments were conducted over the two summers 1999/2000 and 

2000/2001 (hereafter referred to as Year 1 and Year 2, respectively) on Bailey 

Peninsula. Treatment sites of 0.9 x 0.9 m were selected from within a one 

hundred metre radius on a low hill. There were five replicate sites used in 

Year 1 and four in Year 2, with sites in different locations each year. Each site 

was an open area of small, loose stones densely vegetated with U. sphace/ata 

and relatively flat, to minimise run-off of applied moisture. The comers of 

each site were marked with metal tags and a steel tripod was positioned to 

denote orientation and as an additional marker when the sites were buried by 

snow. Each treatment site was divided into nine 0.3 x 0.3 m treatment areas, 

and an additional 0.3 x 0.3 m area immediately adjacent to the site was 

marked (Figure 3.1 ). Thus, there were ten treatment areas, randomly allocated 

to treatments within each of the replicate sites. 
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A spray bottle was used to apply locally collected melted snow onto the 

allocated treatment areas as follows: 

• frequency of watering: twice weekly, weekly, fortnightly. 

• volume of watering: 270 mL (heavy), 90 mL (medium), and 30 mL 

(light), equating to 0.3, 0.1 and 0.03 mL cm-2
, respectively. 

The volumes applied were chosen to imitate heavy (H), medium (M) and light 

(L) snow showers by analyses of Casey meteorological records (refer Figure 

5.4). In addition, a control area at each of the sites received no treatment. 

Whilst spraying, a timber shield was placed around each treatment area to 

minimise the effects of wind. 

0.9 m 

HM cc ML 

0.9m 
LL HH LM 

LH MM MH 

HL 

Figure 3.1 Example of the layout of a treatment site. Each treatment was 

assigned a frequency x volume code. For example: HH =twice weekly 

application of270 ml water, ML= weekly application of 30 ml water, and 

LM = fortnightly application of 90 ml water. CC =control. 
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In Year 1 spraying commenced on 21 December 1999 and continued for 10 

weeks through to 28 February 2000. A sample of U sphacelata from each 

replicate was taken at the end of January and February 2000, giving 100 

samples in total. In Year 2, spraying commenced on 12 December 2000, and 

continued for 12 weeks through to 2 March 2001. A sample of U sphacelata 

from each replicate was taken at the beginning of each month from December 

2000 through to March 2001, giving 160 samples in total. Gas exchange 

measurements were then made on the samples to determine the impact of the 

treatments on the photosynthetic productivity of the lichen. Lichen sampling 

and gas exchange analysis procedures are detailed in Chapter 2. 

In Year 1 80 of the 100 samples of U sphacelata underwent gas_ exchange 

analysis at Casey, with the remaining 20 (February from sites A and D) being 

analysed three months later at the University of Tasmania. In Year 2 all the 

gas exchange analyses were conducted subsequently at the University of 

Tasmania. The gas exchange procedure is described in Chapter 2. After gas 

exchange measurements had been performed, each lichen sample was stored 

in a paper bag in darkness at room temperature and subsequently used in Total 

Kjeldahl Nitrogen (TKN) analysis to measure thallus nitrogen content (refer 

Chapter 6). 

The results were subjected to a repeated-measures two-factor ANOVA using 

general linear model procedures with the SAS statistical software package 

(SAS Institute Inc. 2000). Effects found to be significant were investigated 
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with the Ryan-Einot-Gabriel-Welschpost hoe comparison (Day and Quinn 

1989). In Year 2 the two-factor ANOV A showed no significant results , so the 

results were subjected to a single-factor ANOV A. 

Figure 3.2 Treatment of U sphacelata near Casey Station, Bailey Peninsula. 

3.3 Results 

3.3.1 Year I 

Gas exchange rates of the treated U sphacelata samples in Year 1 (Appendix 

A) ranged between 0.62 and 1.85 nmol C02 s-
1 g dry wf1 for gross 

photosynthesis, -0.05 and -1.12 nmol C02 s-
1 g- 1 for dark respiration and 0.27 

to 1.53 nmol C02 s-
1 g-1 for net assimilation. 

The effect of the treatments, watering volume and frequency, is presented in 

Figure 3.3. The results of the ANO VA (Table 3.1) indicate that there was no 

effect of treatment on gross photosynthesis or dark respiration. There was, 
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however, a significant effect on net assimilation by both frequency of 

treatment and treatment volume. Time significantly affected both gross 

photosynthesis and dark respiration. Although there was no significant effect 

of treatment on dark respiration, the highly significant impact of time 

produced a significant interaction between time x frequency and time x 

frequency x volume. 

Twice weekly 

"' 
1.7 .... 

"' ...... 1.6 V• 
£"' 1.5 
~ 70.0 
"" 1.4 
.8 ON 

1.3 .2 u 
0. ....... 1.2 0 

a 

"" s I.I "" 
8 q 

0 1.0 

0.9 

1.0 ~-------~ 

q "";' 0.9-
0 "" 

d 

Weekly 
1.7-.----------, 
1.6 

1.5 

1.4 

1.3 

1.2 

I.I 

1.0 

T 
b 

1 
0.9 ...._-.....----~--' 

e -

-

1.7 
Fortnightly 

1.6 

1.5 

1.4 

1.3 

1.2 

I.I 

1.0 

0.9 

- T 
~ 700 0.8-
·a N 0.7-

<ll 0 
~u o.6-H T 
~ 0 0.5-

8 ~ 04-

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

-
-
-

-

T 

~ 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

-

~ 
-

-
-
-

0.3 -
.l. 

02....._-.....-----.---~ 

1.3-.----------, 
q "';' I 2-
o "" I 1-
.P ...... 
~ 'o.o 1.0 -
..... N 0.9-8 Q 
~ u 0 8-
~ 0 07-
v s 06 
z q 0.5-

04-

·l g 

~ 
0.3 ....._-.....-----.---~ 

1.3 
1.2 
I.I 
1.0 
0.9 
0.8 
0.7 
06 
0.5 
0.4 
0.3 

.L -

I ' I 

1.3 

T h 1.2 
I. I T 
1.0 
0.9 
0.8 
0.7 
0.6 
05 
0.4 .l. 

03 

Jan Feb Jan Feb Jan Feb 

Figure 3.3 Mean(± s.e.) monthly gross photosynthesis (a-c), dark respiration 

(d-f) and net assimilation (g-i) values for U. sphacelata for the nine elevated 

water treatments plus the control in Year 1. D, high volume;•, medium 

volume; 0, low volume; e, control. 
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Table 3.1 Results (P<O. l) of the repeated-measures two-factor ANOVA of 

treatment and time on photosynthetic variables per unit dry weight of U 

sphacelata subject to water treatments at Bailey Peninsula in Year 1. GP = 

gross photosynthesis, DR= dark respiration, NA= net assimilation. NS = non

significant. 

GP/wt DR/wt NA/wt 

Frequency NS NS 0.07 

Volume NS NS 0.05 

Frequency x volume NS NS 0.08 

Time 0.01 0.011 NS 

Time x frequency NS 0.03 NS 

Time x volume NS NS NS 

Time x frequency x volume NS 0.03 NS 

3.3.2 Year 2 

Gas exchange rates of the treated U sphacelata samples in Year 2 (Appendix 

B) ranged between 0.50 and 1.68 nmol C02 s-
1 g-1 for gross photosynthesis, 

-0.30 and -0.86 nmol C02 s-
1 g-1 for dark respiration and 0.06 to 0.88 nmol 

C02 s-
1 g-1 for net assimilation. 

The effect of each elevated moisture treatment on the gross photosynthesis, 

dark respiration and net assimilation of U sphacelata over the course of the 

twelve-week study is presented in Figure 3.4. The results of the ANOVA 

indicate there was no effect of treatment on any of the gas exchange variables, 

nor was there any interaction between treatment and time (Table 3.2). 
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Figure 3.4 Mean(± s.e.) monthly gross photosynthesis (a-c), dark respiration 

(d-f) and net assimilation (g-i) values for U sphacelata for the nine elevated 

water treatments plus the control in Year 2. D, high volume; •, medium 

volume; 0, low volume; •, control. 

The results of the ANOVA do, however, indicate a significant impact of time 

on all three gas exchange variables (Table 3.2). Figure 3.5 plots the average 

results of the treatments according to month, highlighting some interesting 

trends. The average rate of gross assimilation was lower in January than at all 

c 

f 
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other measurement times, and March was lower than either December or 

February. Dark respiration rates followed quite a different pattern, with a 

substantial decline between December and January and then no significant 

change in rate over the next three months. Net assimilation rate increased 

substantially in February followed by a slight decline in March. 

Table 3.2 Results (P>F) of the repeated measures single-factor ANOVA of 

treatment and time on gas exchange variables of U sphacelata subject to 

water treatments at Bailey Peninsula in Year 2. 

Variable 

Treatment 

Time 

Time x treatment 

3.4 Discussion 

3.4.1 Effects of treatment 

GP/wt 

NS 

<0.0001 

NS 

DR/wt 

NS 

<0.0001 

NS 

NA/wt 

NS 

<0.0001 

NS 

The statistical results indicate that there was a different photosynthetic 

response in U sphacelata in each of the years under study. In Year 1, gross 

photosynthesis and dark respiration were significantly affected by time and net 

assimilation was affected by treatment. In Year 2 there was no effect of 

treatment, but there was a significant effect of time on all three gas exchange 

variables. The possible reasons for the differences in effect in the different 

years include different weather patterns, such as levels of precipitation and 

onset of warmer temperatures, and differences in site. In addition, 
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Figure 3.5 Mean monthly gross photosynthesis (a), dark respiration (b) and 

net assimilation ( c) values of all water treatments on U. sphacelata in Year 2. 

Different letters above the points indicate a significant difference between 

months at P = 0.05. 
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only two gas exchange measurements were made over the season in Year 1, 

whilst four gas exchange measurements were made in Year 2, giving better 

documentation of the seasonal variation in the latter data set. Hence, since 

treatment only had an effect in Year 1, it is likely that overall there was no real 

effect of treatment. However, since the effect of time was highly significant 

for all the photosynthetic variables in both years except net assimilation in 

Year 1, it is likely that this effect is real. 

Hence, increasing availability of free water over four summer months had no 

significant impact on the photosynthetic capacity of U sphacelata. Apart 

from net assimilation in Year 1, the gas exchange rates recorded from each of 

the treatment areas were no more different from each other, irrespective of the 

volume or frequency of water applications than they were from those of the 

control samples that received no additional moisture. The net assimilation 

rates recorded for U sphacelata are comparable to measurements for the same 

species recorded by Kappen et al. (1991) but lower than those recorded for 

non-Antarctic lichens (Lange et al. 1993). 

The reasons for the lack of response in photosynthetic capacity to the 

additional moisture treatments are not readily apparent. Re-wetting of 

desiccated lichens is known to result in a loss of carbon from leakage and 

resaturation- respiration (Smith and Molesworth 1973) and also the potential 

loss of essential nutrients, before the re-establishment of membrane integrity 

(Farrar and Smith 1976). Hence, if growth via photosynthesis is related to 
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carbon assimilation and thallus nutrient status, then it might be expected that 

there would be a decline in photosynthesis in more frequently wetted lichens 

(Armstrong 1976). Different lichens have been found to have different 

optimum wetting frequencies depending on the length of time needed to 

replenish the carbon lost on wetting though, and alternate cycles of wetting 

and drying are necessary for the maintenance of healthy lichens, despite the 

re-wetting phase inducing a period of metabolic stress (Armstrong 1976). 

Bailey and Larson (1982) also found lichens to be much more sensitive to 

frequency of watering than to water quality and pH, with high frequency 

watering resulting in a rapid decline in net photosynthetic and respiratory 

activity, whereas lichens watered only twice in ten weeks declined the least. 

The application of the water treatments themselves may also need to be 

considered. In natural environments, precipitation events are usually preceded 

by a drop in temperature and an increase in relative humidity (Buck and 

Brown 1979). As lichens are able to take up moisture from humid air (Lange 

. 
and Kappen 1972), there may be some re-establishment of membrane integrity 

before the lichen is actually wetted by precipitation, with the result that 

leakage of carbon and nutrients is less than occurred after a sudden application 

of artificial precipitation/watering (Buck and Brown 1979). There is evidence, 

however, to suggest that such leakage is minimal in species from naturally dry 

environments (Brown and Buck 1 979; Buck and Brown 1979 in Crittenden 

1983). The lichens in the present study were treated in situ, which meant that 

they were almost always in a desiccated state at the onset of the treatments. 
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But with Antarctica being so dry, and the wetting process (via spray bottle) so 

gradual, with no observed run-off, it is unlikely that loss of carbon and 

nutrients due to leakage have significantly affected the results. 

It is possible, of course, that the increased moisture availability is having 

physiological and/or biochemical impacts on the lichen other than the 

photosynthetic effects being tested. The frequency of wetting/drying cycles 

may result in an increase in chlorophyll content, or sugar level, for example, 

that might be acting antagonistically with photosynthetic activity and thereby 

resulting in no overall change in thallus gas exchange. Or the increased water 

availability may have lead to growth and an accumulation of carbon, which 

would then make any increase in photosynthetic productivity difficult to detect 

(Hovenden 2000). 

Alternatively, it might simply be that treatments over a single summer are not 

long enough to induce photosynthetic changes in response to water availability 

in these organisms, given their restricted growing season and extremely slow 

rates of growth. 

3.4.2 Effects of time 

Whilst the elevated moisture treatments had negligible impact on 

photosynthetic productivity, the time effect on the gross photosynthesis, dark 

respiration and net assimilation values is quite significant, with there being a 

seasonal effect on the two components of photosynthetic productivity in both 
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years (Table 3.1 and 3.2). Figure 3.5 plots the mean monthly gas exchange 

results of all treatments for Year 2. The values for net assimilation are a 

function of what is happening with gross photosynthesis and dark respiration. 

So, whilst gross photosynthesis itself did not vary substantially during the 

study period, there were quite substantial changes occurring in dark respiration 

that impacted on net assimilation. Between December and January, for 

example, gross photosynthesis showed a small but significant decrease (Figure 

3.5a); the dramatic decline in respiration rate after December (Figure 3.5b) 

was the principal reason, however, for the marked increase in net assimilation 

(Figure 3.5c). Subsequently, respiration rates stayed fairly constant, so that 

net assimilation moved in response to changes in gross photosynthesis 

resulting in an increase in net assimilation values in February and then a slight 

decline in March. So, it appears that U. sphacelata does not reach its 

maximum photosynthetic potential until February, towards the end of the 

Antarctic summer when daily temperature maximums are beginning to decline 

(Figure 5.3). One reason for this may be that at the peak of summer, warmer 

temperatures cause the thallus to desiccate more quickly and hence 

photosynthesis cannot be sustained for long periods but with the decline in 

temperatures towards the end of the summer lichens would stay moist for 

longer, thus permitting higher levels of photosynthetic activity (Carstairs and 

Oechel 1978). 

The significant decline in dark respiration values after December and the 

constancy of the values over the subsequent three months of Year 2 is of 

45 



Effects of moisture increase on photosynthetic capacity of U. sphacelata Chapter 3 

particular interest (Figure 3.5b). Recovery of metabolic processes is 

associated with a vigorous respiration surge (Smith and Molesworth 1973). 

Hence, as lichens were resuming activity in December after the winter 

dormancy, dark respiration could be expected to be higher initially, possibly 

linked to lichen growth which is known to be at maximised early in the season 

(Hovenden and Seppelt 1995b), and then to fall in subsequent months. In 

addition, the first collection of U. sphacelata was made at the beginning of 

December which is reasonably early in the summer, so that the lichens had 

only recently become exposed from under the accumulated winter snow. For 

some weeks prior to this, though, the warmer temperatures would have been 

melting the snow creating a dark, moist environment around the lichens, 

conducive to respiration and hence the values were still very high when 

measured at the beginning of December (Brown et al. 1983). Over the next 

three months though, snow fall was an infrequent occurrence and hence dark 

respiration rates declined and stayed at a more or less even level. 

Carstairs and Oechel (1978) also found that dark respiration rates of Cladonia 

alpestris in the subarctic change less than photosynthetic rates during the 

growing season. Their results showed a strong pattern in net photosynthesis, 

apparently in response to seasonal changes in light and temperature and it was 

concluded that dark respiration was seasonally more stable and not responsible 

for the seasonal changes found in net photosynthesis. The same authors also 

found that there was a lag in the photosynthetic responses of the lichens and 

the values did not reflect the conditions at the time of measurement but those 
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of the preceding month. This fact may also have contributed to the higher 

dark respiration values recorded in this study in December and the 

photosynthetic maximum for most treatments not occurring until February. 

3.5 Conclusion 

The elevated summer moisture treatments designed to simulate potential 

changes in precipitation patterns in Antarctica had negligible impact on the 

photosynthetic processes of U sphacelata. Increased summer precipitation 

due to the effects of global climate change are, consequently, unlikely to 

substantially affect the short term capacity or survival of this species. 

However, there is some evidence to suggest that additional light, infrequent 

precipitation events may increase photosynthetic productivity. Should 

increases in precipitation result in currently vegetated areas becoming covered 

in relatively deep, permanent or semi-permanent snow, however, the ability of 

lichens to survive in these areas is likely to be affected. With meltwater 

available beneath the snowpack, but without sufficient light for 

photosynthesis, lichens would be unable to replenish the carbon consumed by 

thallus growth and respiration and, hence die (Farrar l 976a; Benedict 1990). 

In addition, if precipitation increases are a consequence of more frequent 

summer snow falls, then the repeated wetting and drying processes may 

impact on lichen nutrient status and loss of carbon from the thallus due to 

leakage and resaturation respiration (Smith and Molesworth 1973). 

Photosynthetic potential of U sphacelata is, however, quite strongly 

influenced by season, and this is most likely associated with the changes in 
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temperature and extended daylight hours of the Antarctic summer. Conditions 

suitable for lichen photosynthesis predominantly occur during the summer 

season, and this study shows that maximum net carbon assimilation rates 

under current precipitation patterns are not attained until February. It would 

appear then, that changes in summer temperatures rather than moisture, may 

have a larger impact on the survival of Antarctic lichen communities. 
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Chapter 4 

Effects of elevated nutrient treatments on 

photosynthetic productivity of Usnea sphacelata 

4.1 Introduction 

Nitrogen is the mineral nutrient that plants require in greatest quantity and that 

most frequently limits growth (Chapin et al. 1987). In plants with C3 

photosynthesis, most leaf nitrogen is invested in components of photosynthesis 

(Chapin et al. 1987). Photosynthesis provides the energy and structural 

substrates necessary for growth, reproduction, and mechanisms for nutrient 

acquisition (Field and Mooney 1986). Studies have shown that photosynthetic 

capacity is highly correlated with leaf organic nitrogen content (Field and 

Mooney 1986). 

Snow fall is believed to be the main source of new nitrogen to the Antarctic 

ecosystem, and U sphacelata has been shown to take up about 90% of 

inorganic nitrogen in melted snow (Crittenden 1998). Given the importance of 

nitrogen in photosynthesis and hence, its importance to growth, it is possible 

that changes in climate that alter snow fall patterns may have an impact on 

photosynthetic productivity of Antarctic vegetation. Examining the impact of 

increased nutrient availability on photosynthetic productivity of U. sphacelata 

may give an indication of the prospects for long term survival of Antarctic 

vegetation under altered climatic conditions. 
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The aim of this study is to determine whether photosynthetic productivity of 

the dominant Antarctic macrolichen U. sphacelata is limited by nitrogen. It is 

hypothesised that an increase in nitrogen availability will alter photosynthetic 

capacity and hence growth. To test this, in situ stands of U. sphacelata were 

treated for four months over summer with a range of enhanced nitrogen levels. 

4.2 Materials and methods 

Five 0.6 x 0.6 m replicate sites were selected on each of Bailey and Clark 

Peninsulas (approximately 66°28' S, 110°53' E and 66°25' S, 110°56' E, 

respectively). The different locations were of differing substratum nutrient 

status (Melick et al. 1994). Each was an open area of small, loose stones 

densely vegetated with U. sphacelata and relatively flat, so as to minimise any 

effects from run-off after applying the treatments. Each site was divided into 

four 0.3 x 0.3 m sections that were randomly allocated to treatments of high 

nitrogen, low nitrogen, deionised water and a control. The comers of each site 

were marked with metal tags and a steel tripod was positioned to denote 

orientation and as an additional marker when the sites were buried by snow. 

A spray bottle was used to apply 90 mL (ie. average rate of application 3 mL 

cm-2
) of the requisite treatment to each of the sectors on a weekly basis. 

Nitrogen was supplied in the form of NRtN03 solution at a concentration of 

100 µmol L-1 NH4N03, an amount greatly in excess of average nitrogen 

recordings in local snow melt, for the high nitrogen treatments; and at 5 µmol 

L-1 NH4N03, similar to what has been found in snow melt in the area, for the 

low nitrogen treatments (Crittenden 1998). A timber spray shield was placed 
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around each treatment unit whilst spraying was taking place to minimise the 

effects of wind. 

Treatments commenced on 13 December 2000 and continued each week for 

eleven weeks until 28 February 2001. An individual U sphacelata thallus 

(weighing approximately 0.5-1.0 g dry weight) was sampled from each sector 

before the treatments commenced and then at the beginning of every month 

thereafter, for the duration of the experiment. Gas exchange measurements 

were then made on the sampled lichens to assess the impact of the nutrient 

applications on photosynthetic productivity. Lichen sampling and gas analysis 

procedures are detailed in Chapter 2. After gas exchange measurements were 

made, lichens were dried in paper bags and stored in darkness at room 

temperature pending further analysis. 

The gas exchange results were subjected to a repeated-measures two-factor 

ANOVA using general linear model procedures with the SAS statistical 

software package (SAS Institute Inc. 2000). Effects found to be significant 

were investigated with the Ryan-Einot-Gabriel-Welschpost hoe comparison 

(Day and Quinn 1989). 

4.3 Results 

The effect of each nutrient treatment on the gross photosynthesis, dark 

respiration and net assimilation per unit dry weight of U sphacelata, at both 

Bailey and Clark sites over the course of the twelve week study is presented in 

Figure 4.1. The gas exchange rates at Bailey (Appendix C) ranged from 0.66 
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Figure 4.1 Mean(± s.e.) monthly effect of each nutrient treatment on the gross photosynthesis, dark respiration and net assimilation 

per unit dry weight of U sphacelata, at Bailey D and Clark • Peninsulas. 
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to 1.98 nmol C02 s-
1 g-1 for gross photosynthesis, -0.45 to -1.22 nmol C02 s-1 

g-1 for dark respiration and -0.06 to 1.05 nmol C02 s-
1 g-1 for net assimilation; 

those at Clark ranged from 0.71 to 2.63 nmol C02 s-
1 g-1 for gross 

photosynthesis, -0.25 to -1.31 nmol C02 s-
1 g-1 for dark respiration, and 0.03 to 

1.55 nmol C02 s-1 g-1 for net assimilation. 

The data collected from the two sites were initially analysed separately (Table 

4.1), with the results of the ANOVA indicating a very significant impact of 

time on all variables at both sites, apart from gross photosynthesis at Bailey 

Peninsula. There was no effect of treatment on any of the gas exchange 

variables at either site, nor was there any interaction between time and 

treatment on any of the gas exchange variables at Clark Peninsula. There was, 

however, a significant interaction between time arid treatment on the dark 

respiration of U sphacelata from Bailey Peninsula, although this is likely to 

be attributable to the very significant time effect. 

Whilst there were no significant responses to the nutrient treatments, a number 

of trends are worth noting. The gas exchange rates of all three photosynthetic 

variables were generally greater at Clark than at Bailey. Gross photosynthetic 

values were quite varied across both treatments and sites. Interestingly, the 

most similar gross photosynthetic patterns at both sites occurred between the 

controls (Figure 4.1 a), which received no additional inputs, and the high 

nitrogen treatments (Figure 4. ld). The gross photosynthetic values of the 

deionised water treatment at Clark (Figure 4.1 b) increased substantially 

between December and January, then declined again in February to a level 
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Table 4.1 Results (P>F) of the repeated-measures two-factor ANOVA of 

treatment and time on photosynthetic variables of U sphacelata at Bailey and 

Clark Peninsulas. 

GP/wt DR/wt NA/wt 

Bailey 
-'~ 

Treatment NS NS NS 

Time NS 0.0001 0.001 

Time x treatment NS 0.007 NS 

Clark 

Treatment NS NS NS 

Time 0.0006 0.0001 0.0001 

Time x treatment NS NS NS 

similar to that in December. A similar pattern was found at Bailey but the 

values were considerably lower and the changes between the months were not 

as pronounced. With only one exception, dark respiration rates followed a 

similar trend in all treatments at both sites, with maximum values recorded in 

the first month of the study and then a gradual decline in values over the 

remainder of the summer to a minimum in March. The exception was the high 

nitrogen treatment at Clark (Figure 4. lh), where the highest and lowest dark 

respiration recordings were in January and February, respectively. Net 

assimilation rates increased generally over the summer for all treatments at 

both sites, apart from Clark recording maximum values in January for the 

control (Figure 4.1 i) and the deionised water (Figure 4. lj) treatments, before 

returning to relatively more moderate levels in February. Net assimilation 

rates are, however, the net effect of the combined changes in gross 
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photosynthesis and dark respiration. An-increase in net assimilation can be the 

result of an increase in gross photosynthesis or a decrease in dark respiration 

or both, and vice versa for decreases in net assimilation. 

The mean monthly gas exchange results of the combined treatments at each 

site are presented in Figure 4.2. On average, the photosynthetic and dark 

respiration rates recorde~ over the four month study period were higher at 

Clark than they were at Bailey Peninsula. At Bailey, there was no significant 

difference in gross photosynthetic rates over time although there was a small 

but consistent decline over the four months. Dark respiration rates 

experienced quite a significant decline over the period, with the result that net 

assimilation rates increased consistently up until February, followed by a 

slight decline in March. At Clark, all three gas exchange variables were 

significantly affected by time. Gross photosynthesis and net assimilation 

values followed a similar trend with the lowest values being recorded in 

December and the maximum values in January before dropping to 

intermediate values in February and March. Dark respiration rates declined 

consistently from December to February and then stabilised in the last month. 

Table 4.2 presents the results of the two-factor ANOVA for the gas exchange 

data per unit dry weight when the two sites were analysed together. There was 

a significant effect of time on all three gas exchange variables, as well as 

significant differences in gross photosynthesis and dark respiration between 

the two sites. In addition, there was a very significant interaction between 
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time and site on gross photosynthesis, with smaller effects on dark respiration 

and net assimilation. 
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Figure 4.2 The mean(± s.e.) monthly gas exchange results of the combined 

nutrient treatments at Bailey D and Clark • Peninsulas. 
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Table 4.2 Results of the combined site two-factor ANOVA for the gas 

exchange variables of U sphacelata per unit dry weight. 

GP/wt DR/wt NA/wt 

Treatment NS NS NS 

Site 0.04 0.01 NS 

Treatment x site NS NS NS 

Time 0.004 <0.0001 <0.0001 

Time x treatment NS NS NS 

Timex site 0.0008 0.01 0.02 

Treatment x time x site NS NS NS 

4.4 Discussion 

4. 4.1 Treatment interactions 

The results of this study indicate that there is no effect on the photosynthetic 

productivity of U sphacelata from applications of varying concentrations of 

inorganic nitrogen, at least in the short term. The photosynthetic rates of the 

controls, which received no additional nitrogen or moisture, did not differ 

significantly from those of the treated lichens, indicating that the monthly 

changes in photosynthesis were occurring entirely independently of the 

nutrient treatments. 

Bailey and Larson (1982) made similar observations when they exposed thalli 

of Umbilicaria mammulata to repeated moisture treatments of varying 

chemistry and pH over several months. They reported no effect on 

photosynthesis or respiration of the lichen, although they did find a positive 
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relationship between frequency of watering and decline in gas exchange rates. 

In the current study, treatments were applied weekly, but there were no 

differences in gross photosynthesis, net carbon assimilation or dark respiration 

rates between the treated samples and the untreated controls. This supports 

the work of Carstairs and Oechel (1978), who conducted nutrient enhancement 

experiments on Cladonia alpestris in the subarctic. They found net 

photosynthetic and dark respiration rates were unaffected by the addition of 

nitrogen, phosphorus and calcium in a range of combinations and 

concentrations. They hypothesised that the reasons for the lack of response 

were: i) an inability of the lichen to utilise the nutrients in the form applied; ii) 

the site was not nutrient limited; iii) the lichen is nutrient but not carbon 

limited, and hence growth may occur without any detectable changes in 

photosynthetic rates. 

The first two of these hypotheses are not plausible explanations for the results 

of this study. In the first case, U sphacelata is known to utilise inorganic 

nitrogen in the form ofNH/ and N03- as it is able to retain 87% and 92% of 

these nutrients, respectively, from melted snow (Crittenden 1998). In the 

second case, studies on the distribution of Antarctic lichens in the Windmill 

Islands concluded that substratum nutrient levels do not affect lichen 

distribution of major species like U sphacelata, and its growth appears not to 

be inhibited by over or under supply of nutrients (Hovenden and Seppelt 

1995a). Nitrogen limitation does not appear to affect the growth of U 

sphacelata either, as investigation into the effects of applications of inorganic 

nitrogen were shown to have no effect on thallus nitrogen content (Chapter 6). 

58 



Effect of elevated nutrient treatments on photosynthetic productivity Chapter 4 

It is possible that photosynthetic productivity was affected by the nutrient 

applications but the effect was masked by the concomitant accumulation of 

carbon, ie. there was an increase in the rate of photosynthesis but it was 

diluted by the growth in the lichen thallus. However, growth rates are usually 

related to respiration rates which were unaffected by treatment, so this is 

unlikely. Whilst the period under study extends beyond the optimal period for 

Antarctic lichen growth (Hovenden and Seppelt 1995b), U sphacelata is still 

capable of photosynthesis and is extremely efficient at inorganic nitrogen 

retention during this time (Crittenden 1998). Although this study did not 

permit the measurement of lichen weights pre- and post treatments, it is also 

possible that the nutrient applications may simply result in an increase in 

carbon with no significant impact on the photosynthetic productivity of these 

lichens. Consideration must also be given to the fact that nutrients other than 

nitrogen, such as phosphorous, potassium and calcium, may also be limiting to 

these lichens. 

In this experiment also, the method of nutrient delivery may need to be taken 

into account when considering the lack of photosynthetic response to the 

various nutrient applications. It may be that the nutrient applications in the 

form described were not successful in increasing available nitrogen to the 

lichens at all and hence, the lack of photosynthetic response to the treatments. 

However, in situ periodic spraying of the lichens was deemed to be the most 

appropriate method of nutrient delivery in order to measure the photosynthetic 

variables of lichens that had been functioning under natural environmental 

conditions. 
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Crittenden (1989) has suggested that photosynthetic rate may not be the most 

appropriate indicator of a nutrient limited environment, due to the ability of at 

least some lichens to meet growth requirements by remobilising nutrient stores 

internally, from older to newer parts of the thallus (Crittenden 1989). Whether 

U sphacelata possesses this nutrient recycling capability, however, is 

unknown. 

It is also a possibility, of course, that the duration of this study was insufficient 

to induce nutrient-related responses in photosynthetic activity in U 

sphacelata. Studies on vascular plants growing in nutrient-poor environments 

have shown these plants respond less to nutrient inputs than do plants grown, 

in more fertile environments (Chapin et al. 1986; Fichtner and Schulze 1992) 
c 

and given the particularly slow growth rate of Antarctic lichens and the 

restricted growing season, longer term nutrient enhancement studies may be 

necessary before any differentiation in photosynthetic activity between 

treatments becomes evident. The impacts of treatments on thallus nitrogen 

content will be covered in Chapter 6. 

4.4.2 Site and time interactions 

Although treatments of inorganic nitrogen do not appear to affect the 

photosynthetic productivity of U sphacelata, there were significant time and 

site specific interactions (Table 4.2). The gas exchange values, on the whole, 

were greater at Clark than at Bailey Peninsula. The most noticeable difference 

between the sites was in the gross photosynthetic rates for January (Figure 

4.2a). At Bailey Peninsula there was a slight decrease in gross photosynthesis 
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from the previous month. At Clark, however, a huge increase in gross 

photosynthesis was recorded between December and January and then values 

fell just as dramatically by February. Although it was most pronounced for 

the deionised treatment, this increase in gross photosynthesis was recorded 

across all four individual nutrient treatments for January (Figure 4.1 a-d), 

indicating that there were site specific factors influencing gross photosynthesis 

at Clark during this period. The differences in values between the two sites 

for the other months were not as significant. Dark respiration followed a 

similar downward trend at both sites, with lichens from Clark Peninsula 

recording overall higher rates of dark respiration, but the decreases between 

months were more marked at Bailey Peninsula. Net assimilation in U 

sphacelata from Bailey increased over the four months, with the values at 

Clark Peninsula reflecting the variations in the gross photosynthetic values. 

There were significant time x site interactions recorded for all three combined 

treatment gas exchange variables, indicating that the effects of time were 

acting differently at each site (Table 4.2). The most significant of these was 

for gross photosynthesis but this was mostly a result of the January peak at 

Clark, discussed above. The other two interactions for dark respiration and net 

assimilation though significant, were more likely to be a result of the very 

significant effects of time recorded for these variables. However, the 

significant time x site effects may also be attributable to differences in 

microclimate, despite there being few obvious differences between the two 

sites. Similarly, differences in substratum nutrients, as a result of proximity to 

abandoned penguin rookeries, may also be contributing to the effect. 
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Aside from the January peak in gross photosynthesis at Clark, the pattern in 

photosynthetic variables of U sphacelata at Clark is similar to that recorded at 

Bailey Peninsula. The overall pattern then, is the rate of gross photosynthesis 

decreasing over the four months, dark respiration also decreasing, and net 

assimilation, therefore, increasing. In physical terms, this means that the rate 

of carbon accumulation (via gross photosynthesis) is decreasing over time, 

while the release of carbon (via dark respiration) is decreasing more rapidly, 

with the overall result of a net accumulation of carbon (estimated net 

assimilation rate) over the summer. This result is in line with the results of a 

modelling study by Hovenden and Seppelt (1995b) which showed the onset of 

summer to be the period of optimal growth for Antarctic lichens. 

4.5 Conclusion 

Applications of inorganic nitrogen over four summer months did not affect the 

short-term photosynthetic productivity of U sphacelata. Site and season, 

however, appear to be important determinants of photosynthetic productivity. 

The study investigating the impact of increased moisture availability on 

photosynthetic productivity of U sphacelata (Chapter 3) found that moisture 

availability was not a controlling factor in the short-term photosynthetic 

productivity of this lichen either. Both studies, however, show similar 

seasonal patterns in the gas exchange variables of U sphacelata, suggesting ' 

that climate change:..induced alterations to seasonal patterns during the summer 

months may play an important role in the long-term productivity of this 

species. Should climate change lead to increased snow fall to the terrestrial 
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ecosystem in the Windmill Islands it is unlikely to impact on the short-term 

photosynthetic potential of this lichen. 
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5.1 Introduction 

Chapter 5 

Nutrient trends 

Lichens are, in general, slow growing organisms. Absence of root tissue and, 

hence, a restricted ability to translocate nutrients from their substratum, has 

been suggested as one reason for this slow rate of growth (Carstairs and 

Oechel 1978). In addition, lichens commonly grow in oligotrophic 

environments and it is unlikely they can derive sufficient quantities of 

essential macronutrients, such as nitrogen and phosphorus, from their 

substratum (Crittenden 1989). Consequently, atmospheric deposits are 

believed to be an important source of nutritional supplies for many lichen 

species (Crittenden 1998). 

The terrestrial flora of continental Antarctica is dominated by lichens. For 

most of the year these poikilohydric organisms are buried beneath a thick layer 

of snow and ice, and exist in a dormant state. Only with the onset of warmer 

summer temperatures, the associated increase in photosynthetic photon flux 

density (PPFD) and the melting of the accumulated winter snow do lichens 

have an opportunity to become photosynthetically active. The first month of 

the summer melt is the time when conditions are most suited to lichen growth 

(Hovenden and Seppelt 1995b). 
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Although the main restrictions for Antarctic lichen growth are low 

temperatures and the associated availability of free water (Kappen et al. 1995), 

nitrogen availability has also been suggested as a limitation to growth 

(Carstairs and Oechel 1978; Crittenden et al. 1994; Hovenden 1996). 

However, evidence on this point has been contradictory. Carstairs and Oechel 

(1978) working on Cladonia alpestris and Bailey and Larson (1982) working 

on Umbilicaria mammulata reported growth of lichens to be unaffected by 

nutrient availability. Crittenden et al. (1994), however, found that although 

water availability limited lichen growth by restricting physiological activity, 

nutrient availability determined the magnitude of growth when the requisite 

conditions arose. 

Increased precipitation in Antarctica may result in an extension of lichen 

photosynthetic activity and hence, growth (Chapter 3). Should lichen growth 

be limited by nitrogen availability, however, increases in precipitation may 

increase the demand for nitrogen in photosynthesis beyond supply and 

ultimately have an effect on long-term lichen survival. 

Hovenden (2000) documented seasonal differences in the thallus nitrogen 

content of two Antarctic macrolichens from Clark Peninsula between April 

1992 and March 1993 (Figure 5 .1 ). Seasonal trends in photosynthetic capacity 

of U sphacelata are also evident, with dark respiration decreasing and net 

assimilation increasing over the austral summer (Chapter 3). The aim of the 

present work is to use seasonal information on the nutrient status of U 

sphacelata to help make an assessment of the potential impact of climate 
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change on Antarctic vegetation. In order to do this, the earlier study by 

Hovenden (2000) was repeated at a second site, with a view to confim1ing its 

universality in time and space. Thus, nutrient status of U sphacelata was 

monitored over a twelve-month period to highlight any seasonal patterns of 

nitrogen accumulation and use. Chapters 6 and 7 investigate the effects of 

additional inputs of water and nitrogen on the total thallus nitrogen content 

and photosynthetic performance of these lichens. 
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Figure 5.1 Mean monthly thallus nitrogen content of two Antarctic lichens on 

Clark Peninsula between April 1992 and March 1993. Points with the same 

letter are not significantly different at P = 0.05. From Hovenden (2000). 

5.2 Method 

Material of U. sphacelata was randomly sampled from a low hill on Bailey 

Peninsula each month for a twelve-month period from March 2000 to 

February 200 I. The sampling procedure was as described in Chapter 2. Each 

sample was then dried at room temperature and stored in a paper bag until 
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ready for thallus nitrogen determination. Bureau of Meteorology climatic data 

recorded at Casey during the period was also collected. 

5.2.1 Thallus nitrogen determination 

Total thallus nitrogen was estimated with a modified Kjeldahl method 

following Hovenden (2000). To determine total thallus nitrogen, two 

subsamples of approximately 100 mg of each dried lichen sample were 

digested in 5 mL concentrated H2S04 with a high selenium Kjeldahl catalyst 

tablet for approximately two hours at 380°C in a Kjeldahl digestion block. 

The sample was then diluted with 20 mL deionised water followed by 25 mL 

50% NaOH. The resulting solution was then steam distilled for several 

minutes and the distillate collected in 10 mL 4% H3B03 combined with five 

drops of bromocresol green-methyl red indicator. The distillate was titrated 

against O.OlN HCl to determine percentage nitrogen. 

The results were analysed by a single factor ANOV A using general linear 

model procedures with the SAS statistical software package (SAS Institute 

Inc. 2000). Effects found to be significant (P < 0.05) were investigated with 

the Ryan-Einot-Gabriel-Welsch post hoe comparison (Day and Quinn 1989). 

5.3 Results 

Figure 5.2 shows the monthly change in nitrogen content of lichens from 

Bailey Peninsula over the twelve months from March 2000 to February 2001. 

Thall us nitrogen content varied significantly over the course of the year (P = 

0.05). The highest nitrogen content of 0.87% was recorded in March at the end 
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of summer, and was followed by a consistent decline to a minimum of 0.48% 

in June. Nitrogen content then increased again and averaged 0.71% from 

August to November. The first month of summer, between November and 

December, saw another dramatic decline in thallus nitrogen to 0.51 %, 

whereafter there was some recovery to 0.64%, but it remained comparatively 

low for the rest of the summer. There was no recovery to anything 

approaching the nitrogen content observed in the preceding March. An 

unseasonal weather event occurred between 31 May and I June, where the 

temperature during a blizzard rose above 0°C and 16.8 mm of precipitation 

was recorded (Australian Bureau of Meteorology). This is likely to have 

resulted in the lichens becoming moist in the dark, and hence had an effect on 

the minimum thallus nitrogen content in June. 
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Figure 5.2 Mean(± s.e.) monthly thallus nitrogen content of U. sphacelata 

from Bailey Peninsula for the twelve-month period March 2000 to February 

2001. Points with the same letter are not significantly different at P = 0.05. 
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The mean monthly maximum and minimum air temperature at Casey for the 

twelve-month period March 2000 - February 2001 is represented in Figure 

5.3. Two definite seasons were apparent, with very low temperatures recorded 

between April and October and much milder temperatures recorded from 

November to March. May 2000 and January 2001 were the coldest and 

warmest months in the period, with mean maximum/minimum monthly air 

temperatures of-12°C I -20.0°C and 2.0°C I -2.2°C, respectively. 
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Figure 5.3 Mean monthly minimum • and maximum 0 air temperature at 

Casey Station for the twelve-month period March 2000 to February 2001. 

The precipitation data for the same twelve-month period is presented in Figure 

5.4. Annual precipitation totalled 240.8 mm (rainfall equivalent), with the 

highest monthly precipitation of 58.8 mm recorded in June 2000 and a 

minimum of 0.4 mm recorded in December 2000. 
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Figure 5.4 Monthly precipitation (mm rainfall equivalent) at Casey Station 

for the twelve-month period March 2000 to February 2001. 

5.4 Discussion 

For at least six months of the year (April - October) Antarctic lichens are 

blanketed by a thick layer of snow and considered to be photosynthetically 

inactive due to restrictions in water availability associated with low 

temperatures, and extended periods of negligible PPFD. Hence, opportunity 

for growth during this time is believed to be non-existent. Despite this 

photosynthetic inactivity, metabolic activity may still be possible, and the 

results of this year-long investigation of untreated lichens found that there are 

seasonal differences in thallus nitrogen levels of U. sphacelata. 
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Nitrogen concentration in C3 and C4 plant leaves averages between 1 - 5% 

(Field and Mooney 1986). The values (0.48 - 0.87%) in thallus nitrogen 

content of U sphacelata in this study over the twelve months are comparable 

to those in Rai (1988) for lichens with green algal phycobionts and to that 

reported by Hovenden (2000) in a similar study of U sphacelata at Clark 

Peninsula in 1992/93. The pattern ofthallus nitrogen content described by 

Hovenden (2000) showed general increases in thallus nitrogen during the year 

and then significant declines between November and December before 

increasing again. Due to the strong seasonality of Antarctic lichen metabolic 

activity, and since nitrogen uptake is not dependent upon metabolic activity, 

Hovenden (2000) hypothesised that increases in thallus nitrogen content could 

be expected when lichen growth is minimal, such as in mid-summer and 

winter. Decreases in nitrogen content would occur when the rate of lichen 

growth is greater than that of nitrogen accumulation, in ~arly summer for 

example, when opportunities for photosynthesis are maximised due to the 

availability of free water. Other nitrogen storage studies have shown plants 

growing in cold or arid environments tend to have large seasonal stores of 

nitrogen for use in tissue reconstruction after extreme climatic events (Bloom 

et al. 1985). Jaeger and Monson (1992) have also shown that plants with a 

short growing season rely on storage of nitrogen to satisfy the simultaneous 

early season demand for vegetative and reproductive growth. 

In the present study, nitrogen levels increased over the winter months and then 

declined rapidly between November and December from 0. 71 % to 0.51 %, a 

decrease of 28%. This decrease in thallus nitrogen content coincided with the 
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onset of warmer temperatures from a mean minimum/maximum of -6. 9°C/-
' 

0.9°C in November to -3.1°C /1.3°C in December (Figure 5.3). This was the 

first month of 2000 that mean temperatures rose above 0°C and would have 

resulted in a dramatic increase in the availability of free water. If decreases in 

thallus nitrogen levels are an indicator of growth then the sudden decline in 

thallus nitrogen between November and December indicates the period of 

greatest growth for U sphacelata for the summer of 2000/2001. 

Interestingly, after the summer maximum in March 2000 there was a second 

sustained decline in thallus nitrogen content until June. The meteorological 

data reveals light snow fall between March and May but given the low PPFD 

at this time of year, photosynthetic activity would have been negligible. 

However, given that Antarctic lichens can absorb water from snow at sub-zero 

temperatures and become metabolically active (Schroeter and Scheidegger 

1995), low respiratory activity in the lichens may have been occurring during 

this time, which could account for the observed decline in nitrogen stores in 

the thallus. It is also possible that increases in nitrogen content reflect periods 

when net respiratory activity is depleting carbon and decreases in nitrogen 

content occur when growth is diluting nitrogen throughout a larger body of 

lichen. 

The study by Hovenden (2000) also recorded a decline in thallus nitrogen 

levels in the middle of the winter which was attributed to the occurrence of an 

unusual climatic event in June 1992, where the temperature rose above 0°C 

and was then followed by a significant rain shower before the return of sub-
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zero temperatures (Hovenden 1997). Despite above-freezing temperatures 

being an unusual event in Antarctica during the winter, a similar situation 

arose during the winter of 2000. This is likely to have moistened the lichens, 

resulting in dark respiration and leaching of organic compounds, leading to a 

decrease in thallus nitrogen values in the following month. 

The results of this study confirm the earlier findings of seasonal changes in 

nutrient status of Antarctic lichens by Hovenden (2000), at a different site and 

in a different year. In both studies, despite the occurrence of substantial 

decreases in thallus nitrogen in the middle of the year, there was sufficient 

recovery of thallus nitrogen in the following months, either via active transport 

of ions from deposited snow (Crittenden 1996) or passive ion exchange, 

before the anticipated seasonal decline in nitrogen content at the onset of 

summer that is associated with increased photosynthetic activity and growth. 

However, nitrogen content of these lichens in the present study was 

considerably lower at the end of the twelve month period compared to the 

beginning. It is possible that, despite the recovery in thallus nitrogen levels 

during the second half of winter, the loss of nitrogen during winter resulted in 

an overall annual loss of nitrogen from the lichens. 

5.5 Conclusion 

The results of this investigation may imply that, if winter losses in nitrogen 

content were to become more frequent as a result of changing climate patterns, 

there could be longer term effects on the ability of the lichens to maintain 

sufficient levels of nitrogen to exploit the short spring period of photosynthetic 
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activity and growth. However. studies over several years are needed to 

establish whether a period of pronounced loss of thallus nitrogen from the 

lichen is carried over into subsequent seasons in the manner suggested by this 

study of only one years duration. 
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Chapter 6 

Impact of elevated water and nutrient treatments 
/ 

on total thallus nitrogen of Usnea sphacelata 

6.1 Introduction 

Nitrogen, a nutrient often limiting in natural systems, is an essential 

component of many plant processes, including photosynthesis. Due to the 

oligotrophic environments in which many lichens occur, and a restricted 

ability to translocate nutrients from their substratum, atmospheric deposition is 

believed to be the main source of nitrogen for many lichens (Crittenden 1996). 

The main source of new nitrogen for Antarctic lichens, which are mainly 

saxicolous, is believed to be from snow (Crittenden 1998). Nitrogen 

requirements may also be met by mobilising internal nitrogen reserves 

(Hovenden 2000) and from dry fall of particulate matter associated with 

penguin rookeries (Christie 1987). Although low temperatures and the 

associatt:u availability of free water are understoou to bt:: tht:: main restrictions 

on growth of Antarctic lichens (Kennedy 1993; Kappen et al. 1995), nitrogen 

availability has also been suggested as limiting to growth (Crittenden et al. 

1994; Hovenden 1996; Crittenden 1998). 

Increased precipitation in Antarctica may result in an increase of total lichen 

photosynthetic activity (Chapter 3). Should lichen growth be limited by 

nitrogen availability, however, increases in precipitation may increase the 

demand for nitrogen in photosynthesis beyond supply. The aim of this study 
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is to investigate the effects of increased summer precipitation and additional 

nutrient availability on the nitrogen content of U sphacelata. It is 

hypothesised that increased photosynthetic activity resulting from additional 

availability of water and nutrients will lead to a decline in thallus nitrogen 

levels of U sphacelata due to the increased demand for nitrogen in 

photosynthesis and, therefore, affect lichen growth. In order to test this, a 

series of experiments were conducted at Bailey and Clark Peninsulas in which 

water and nutrient availability were increased for four months over the 

summer of2000/2001(Chapters3 and 4, respectively). The lichens were then 

analysed for total thallus nitrogen content in order to examine the impact of 

each of the increased water and nutrient treatments on lichen nitrogen stores. 

6.2 Materials and Methods 

The watering and nutrient availability experiments are described in Chapters 3 

and 4, respectively. At the beginning of each experiment, and then the 

beginning of each of the subsequent three months, an individual U sphacelata 

thallus was sampled from each treatment area and used in gas exchange 

analysis (as described in Chapter 2). The sample was then stored at-l8°C 

until total thallus nitrogen was determined (as described in Chapter 5). 

The water and nutrient results were analysed by a single-factor ANOVA and 

then the combined nutrient results subjected to a repeated-measures two-factor 

ANOV A using general linear model procedures with the SAS statistical 

software package (SAS Institute Inc. 2000). Effects found to be significant (P 
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< 0.05) were investigated with the Ryan-Einot-Gabriel-Welschpost hoe 

comparison (Day and Quinn 1989) 

6.3 Results 

6.3.1 Watering treatments 

The thallus nitrogen content of U sphacelata from Bailey Peninsula subjected 

to elevated moisture treatments over the course of the 12 weeks is presented in 

Figure 6.1 ( a-c) (Appendix E) and the combined treatment results in Figure 

6.2. The results of the ANOV A (Table 6.1) show that there was no effect of 

either water volume or watering frequency on thallus nitrogen content. There 

was, however, a very significant (P<0.0001) time effect, with an overall trend 

of declining thallus nitrogen over the period of the study from 0.64% in 

December to 0.46% in March (Figure 6.2). 

Table 6.1 Results (P>F) of single-factor ANO VA of effects of treatment and 

time on thallus N content of U sphacelata at Bailey and Clark Peninsulas. 

Water - Bailey 

Nutrient - Bailey 

Nutrient - Clark 

Treatment 

0.61 

0.51 

0.50 

6.3.2 Nutrient treatments 

Time 

<0.0001 

0.0013 

0.83 . 

Time x treatment 

0.81 

0.05 

0.50 

The mean thallus nitrogen content of U sphacelata subjected to nutrient 

treatments at both Bailey and Clark Peninsulas during the four month study is 

presented in Figure 6.3 (a-d) (Appendix F). 

77 



Impact of elevated water and nutrient on total thallus nitrogen Chapter 6 

Figure 6.1 The effect of each elevated moisture treatment on the thallus 

nitrogen content of U. sphacelata from Bailey Peninsula in Year 2. D, high 

volume;•, medium volume; 0, low volume; e, control. 
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Dec Jan Feb Mar 

Figure 6.2 Combined treatment and control mean(± s.e.) thallus nitrogen 

content of Year 2 water-treated U. sphacelata from Bailey Peninsula. 

The results of the single-factor AN OVA are presented in Table 6.1 and show 

that thallus nitrogen content of U. sphacelata was not affected by nutrient 

treatment at either Bailey or Clark Peninsula, but there was a significant time 

effect (P<0.002) recorded at Bailey Peninsula for both supplemental watering 

and nutrient. 

Thallus nitrogen content of the nutrient-treated U. sphacelata using pooled 

data (including the control) are shown in Figure 6.4. The values recorded 

from Bailey Peninsula showed a consistent decline over the summer, and 

ranged from 0.67% in December to 0.59% in March. The nitrogen content of 

the lichens from Clark Peninsula, however, was relatively stable at 

approximately 0.84% for the four months. 
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Figure 6.3 Mean(± s.e.) thallus nitrogen content of the lichens from the 

individual nutrient treatments at Bailey 0 and Clark • Peninsulas. 

A combined site analysis confirms very significant differences between the 

two sites (Table 6.2). Significant differences in thallus nitrogen content 

between the two sites are readily apparent with the nitrogen content of the 

b 

d 

lichens from each of the individual treatments at Clark consistently recording 

markedly higher values (range 0.77 - 0.95% N) than lichens at Bailey (range 

0.52 - 0.71 % N), although the range of values at each site is approximately the 

same. 
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Figure 6.4 Combined treatment mean (± s.e.) thallus nitrogen content of 

nutrient-treated U sphacelata from Bailey D and Clark• Peninsulas. 

Table 6.2 Results of J,"epeated-measures two-factor ANOVA of effects of 

combined nutrient treatment on U sphacelata. 

Treatment 0.3043 

Site <0.0001 

Treatment x site 0.7527 

Time 0.1329 

Time x treatment 0.3293 

Timex site 0.2377 

Treatment x time x site 0.2642 

6.4 Discussion 

6. 4.1 Watering treatments 

The increaseo availability of water to U sphacelata at Bailey Peninsula over 

four summer months had no impact on thallus nitrogen content. There was, 

however, a continuous decline in thallus nitrogen content of the lichens over 

81 



Impact of elevated water and nutrient on total thallus nitrogen Chapter 6 

the period (Figure 6.2), although this was seasonally related, and occurred 

independently of any of the watering treatments. 

There are several possible explanations for the downward trend in thallus 

nitrogen content of U sphacelata over the summer. Leakage of solutes 

associated with the repeated wetting and drying processes of the treatments 

may have resulted in loss of nutrients from the lichens (Farrar and Smith 

1976). However, the untreated control samples reflected the same downward 

trend as the treated samples, so the decrease is not due to this fact. 

Alternatively, thallus nitrogen content may have declined due to an increase in 

photosynthetic activity from increased water availability. There is no 

evidence to support this theory though, as photosynthetic capacity was found 

to be unaffected by watering volume or frequency (Chapter 3). The most 

plausible explanation of the results is that actual total thallus nitrogen content 

remained unchanged but normal photosynthetic activity for this time of the 

year due to summer snow showers lead to carbon assimilation and growth, 

which resulted in a dilution of nitrogen per unit of dry weight (Hovenden 

2000) and hence, a decline in thallus nitrogen content. 

6. 4. 2 Nutrient treatments 

The thallus nitrogen content of U sphacelata measured in this study is 

comparable to other thallus nitrogen measurements of this species from similar 

locations for the same time of year (Hovenden 2000). Applications of 

inorganic nitrogen over four months during summer, however, had no 

significant impact on thallus nitrogen content of U. sphacelata. This is despite 
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summer being the most metabolically active time for lichens (Hovenden and 

Seppelt 1995b ). Further, since the concentration of nitrogen in the high 

nutrient treatment was greatly in excess of what the lichens would be expected 

to receive through snow fall, it is surprising that this treatment did not alter 

thallus nitrogen content. This is especially so since Crittenden (1998) showed 

this species is efficient at absorbing inorganic nitrogen from snow melt by 

measuring the loss of nutrients in solution after passage through stands of the 

lichen. The present study, however, was looking for very small changes in 

total thallus nitrogen, and therefore r~quires a technique with an extremely 

high level of precision to be able to distinguish the very small change in 

thallus nitrogen content caused by the treatments, from the background 

variation between samples. 

As there was no significant effect of nutrient treatment at either Bailey or 

Clark (Table 6.1), with the thallus,nitrogen content of the control samples not 

significantly different from the nutrient-treated lichens, the changes in 

nitrogen content over the summer cannot be attributed to the manipulations in 

nutrient availability. However, the combined nutrient treatment results show 

very different trends in thallus nitrogen content between sites (Figure 6.4), 

indicating that there are very strong site influences affecting the two lichen 

populations (Table 6.2), in addition to a significant trend over time at Bailey 

(Table 6.1 ). Whilst the nitrogen content of the Bailey lichens followed a 

consistent downward trend, similar to what was evidenced with the water

treated lichens from this location (Figure 6.2), the nitrogen content of the 
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lichens from Clark remained relatively stable across the four months (Figure 

6.4). 

One of the reasons for the significant differences in nitrogen content of the 

lichens between sites may have been due to the lichens at Clark being located 

on or close to an abandoned penguin rookery. Proximity to an abandoned 

rookery would have resulted in higher environmental levels of nitrogen from 

air-borne particulate matter (Christie 1987) which may have resulted in the 

lichens at Clark being able to replenish nitrogen stores throughout the growing 

season and thus attain a consistently higher thallus nitrogen content, regardless 

of treatment. Other workers have found distribution of lichen species in the 

Windmill Islands is affected by the presence of abandoned penguin rookeries 

(Smith 1990; Melick et al. 1994), and Hovenden and Seppelt (1995a) also 

found that substratum nutrient levels vary considerably in the vicinity of old 

rookery sites. Volatilised nitrogen from nearby current penguin rookeries 

would also account for higher environmental nitrogen levels at Clark. 

Another reason for the apparent lack of differentiation in response to the 

various nutrient applications may be that the treatments did not actually 

elevate the nitrogen content of the lichens. This might have been due to the 

method of nutrient delivery as, in nature, increases in relative humidity often 

precede precipitation events (Crittenden 1983). Because lichens are capable 

of water absorption from humid air, increases in relative humidity may permit 

a gradual re-establishment of lichen membrane integrity so as to minimise the 

extent of nutrient losses when re-wetting does occur (Buck and Brown 1979). 
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However, it was the intention in this study to use lichens that were functioning 

under natural environmental conditions. As a result, all nutrient treatments 

were applied to lichens in situ, which consequently precluded the 

manipulation of other variables such as atmospheric conditions. 

There are obvious differences in the pattern of thallus nitrogen levels recorded 

for the lichens used in the water study at Bailey for the summer period 

December - March (Figure 6.2) and those used in the untreated study for the 

same period (Figure 5 .1 ). Whilst the nitrogen content of lichens in the water 

study decreased over the four months, the nitrogen content levels from lichens 

in the untreated study generally increased. However, the lichens from the 

water study, apart from the controls, underwent a series of wetting treatments 

before being analysed for total nitrogen. Despite there being no significant 

effect of these treatments, the additional water applications to this set of 

lichens may have resulted in some leaching of nutrients, and be one possible 

explanation for the variations in the results. The lichens used in the water 

study were also all collected from specific sites, whereas the lichens collected 

for the untreated analysis were collected in a more haphazard fashion with the 

result that microclimatic conditions may also have had some bearing on the 

recorded values. Additionally, there were many more replicates used each 

month for the water study than for the untreated study, and hence, the results 

for the water study may possibly be a more accurate reflection of the site 

specific seasonal changes in nitrogen content of U sphacelata. 
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It is interesting to note that the lichens from Bailey Peninsula showed a similar 

trend in nitrogen content, regardless of whether they were subject to the water 

or the nutrient treatments. Although the thallus nitrogen content of the 

nutrient-treated lichens was slightly higher each month than that of the water

treated lichens (Figure 6.4 cf. Figure 6.2), the overall trend of decreasing 

nitrogen content over the summer applies to both sets of treated lichens from 

this site. This fact reinforces the hypothesis that the changes in thallus 

nitrogen content were due to factors other than the water and nutrient 

treatments and are an accurate reflection of the trend in the field, such as 

exposure to volatilised nitrogen from current/abandoned penguin rookeries. 

Whilst the period of this study occurred after the summer melt (the optimal 

growth period of growth for Antarctic lichens )(Hovenden and Seppelt 1995b ), 

U. sphacelata is still extremely efficient at inorganic nitrogen retention during 

this time. Mats of U. sphacelata have been shown to deplete summer snow 

melt of 87% of NH4 + and 92% of N03- between January and March 

(Crittenden 1998). Given this very high rate of uptake, one could surmise that 

either the lichens are deficient in these nutrients and will take up as much 

nutrient as possible, or that they are not nutrient limited, and are only able to 

take up and retain the amount of nutrient generally available to them under 

normal snowfall events. As the applications of extra nitrogen in this study did 

not affect nitrogen content in U. sphacelata, it appears that growth of these 

lichens is not restricted by nitrogen availability. This concurs with the 

findings of Hovenden and Seppelt ( 1995a), who concluded that growth of 

dominant Antarctic lichens species such as U. sphacelata is not inhibited by 
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either abundance or lack of nutrients. Instead, nitrogen requirements appear to 

be matched by nutrient availability under current precipitation patterns and 

additional nutrient inputs have no effect on thallus nitrogen stores. 

Further factors that may be influencing the thallus nitrogen content of the 

lichens at the two sites include other nutritional requirements of the lichen and 
J 

site substratum structure, neither of which was examined in this study. 

Additionally, age differences between the two lichen populations may have 

impacted on their internal stores of nitrogen. 

6.5 Conclusion 

This study has shown that short-term increases in water and nutrient 

availability have no impact on thallus nitrogen stores of U. sphacelata. 

Thall us nitrogen content of this species is strongly site specific, however, 

possibly relating to proximity to abandoned penguin rookeries. Should there 

be an increase in summer precipitation levels in the Windmill Islands, nitrogen 

content is unlikely to change and therefore, growth of U. sphacelata is 

unlikely to be affected in this respect. Similarly, the lack of effect of increased 

nutrient availability on nitrogen content suggests that lichen nutritional 

requirements are matched by nutrient availability under current precipitation 

patterns. It appears then, that, growth of U. sphacelata in continental 

Antarctica does not appear to be limited by nitrogen. 
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Chapter 7 

The photosynthesis-nitrogen relationship in 

Usnea spliacelata 

7.1 Introduction 

In plants with C3 photosynthesis, approximately 75% of the nitrogen in a leaf 

is invested in chloroplasts (Chapin et al. 1987). Hence, nitrogen is an essential 

component of the photosynthetic process. The ratio of photosynthetic capacity 

to leaf nitrogen, termeq potential photosynthetic nitrogen use efficiency 

(PPNUE) is a means of measuring the efficiency of nitrogen investment in 

photosynthesis (Chapin et al. 1987). In higher plants there is a positive 

relationship between photosynthetic capacity and leaf organic nitrogen 

content, with increasing nitrogen supply resulting in a greater proportion of 

nitrogen being invested into photosynthetic units (Field and Mooney 1986). 

However, a study involving lichens of differing nitrogen contents (Palmqvist 

et al. 1998) has shown contrary results. Lichens with the highest nitrogen 

contents and photosynthetic rates had the lowest PPNUE, whilst lichens with 

the lowest nitrogen contents and photosynthetic rates had the highest PPNUE, 

a result of investing a greater proportion of the limited nitrogen available into 

photosynthetic units. 

Chapters 3 and 4 examined the impact of elevated water and nutrient 

availability on photosynthesis of U. sphacelata. Chapter 6 investigates the 

effect of elevated water and nutrients on total thallus nitrogen. In this chapter 
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the relationships between thallus nitrogen and photosynthesis and respiration 

of U sphacelata used in the (i) elevated water and (ii) elevated nutrient 

experiments are investigated. By determining the total thallus nitrogen 

content of each sample subjected to the elevated watering and nutrient 

treatments after it has been used in gas exchange measurements, it is possible 

to examine the relationship between nitrogen content and photosynthetic 

productivity, as well as the return of nitrogen investment in the photosynthetic 

process of this lichen. 

7.2 Relationships between thallus nitrogen and photosynthesis and 

respiration in water-treated Usnea sphacelata 

7. 2.1 Materials and Methods 

Gas exchange rates of U sphacelata from Bailey Peninsula subjected to 

watering treatments in Year 2 (Appendix B) were divided by their total thallus 

nitrogen contents (Appendix E) to obtain gas exchange rates per unit thallus 

nitrogen. 

The results were subjected to a repeated-measures two-factor ANOVA using 

general linear model procedures with the SAS statistical software package 

(SAS Institute Inc. 2000). Effects found to be significant were investigated 

with the Ryan-Einot-Gabriel-Welschpost hoe comparison (Day and Quinn 

1989). 

89 



The photosynthesis-nitrogen relationship Chapter 7 

7.2.2 Results 

The results of the ANOV A (Table 7 .1) show that there was no effect of 

treatment on the photosynthetic or respiration capacity per unit nitrogen, nor 

were there any statistically significant effects of time x treatment. However, a 

very significant time effect (P<0.0001) is evident across all three gas exchange 

variables per unit thallus nitrogen. 

The mean monthly gas exchange results per unit weight (Appendix Band as 

shown previously in Figure 3.5), the thallus nitrogen content (Appendix E and 

as shown previously in Figure 6.2) and gas exchange results per unit thallus 

nitrogen for U sphacelata subjected to watering treatments in Year 2 are 

presented in Figure 7 .1. 

Table 7.1 Results of the repeated-measures two-factor ANOVA of treatment 

and time on photosynthetic variables per unit thallus nitrogen of water-treated 

U sphacelata at Bailey Peninsula in Year 2. 

Source of variation 

GP perN 

DRperN 

NA perN 

Treatment 

NS 

NS 

NS 

Time Time x treatment 

<0.0001 NS 

<0.0001 NS 

<0.0001 NS 

Thallus nitrogen content declined over the whole period from 0.64 to 0.49% 

with a highly significant reduction in January (0.61 to 0.51 %; Figure 7 .1 d). In 

the same period there was a highly significant increase in gross photosynthesis 
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per unit nitrogen (145 to 200 nmol C02 s-
1 g-1 N; Figure 7.le). Dark 

respiration per unit nitrogen also experienced a decline during December 

(from 103 to 75 nmol C02 s-
1 g-1 N; Figure 7.lf), followed by a gradual 

increase to 95 nmol C02 s-
1 g-1 Nat the beginning of March, although this 

increase was not significant on these data. As a result, net assimilation per 

unit nitrogen increased from 57 nmol C02 s-
1 g-1 N in December to I 09 nmol 

C02 s-
1 g-1 Nin March; Figure 7.lg) with the major increase in values 

occurring during January, after which there was no significant change. 

7.2.3 Discussion· 

The photosynthetic variables per unit nitrogen are a function of the interaction 

between thallus nitrogen content and the photosynthetic capacity per unit dry 

weight measurements. The above ANOVA (Table 7.1) indicates that 

photosynthesis per unit nitrogen of U sphacelata, like the photosynthesis per 

unit weight was not significantly affected by the elevated water treatments 

(described in Chapter 3). The influence of season is evident as time 

~ignificantly affected all three gas exchange variables per unit nitrogen; 

however, the differences in photosynthetic capacity over time were not in 

response to the watering treatments. 

Figure 7. I a shows gross photosynthesis per weight of U sphacelata fell 

during December, but the simultaneous decline in thallus nitrogen content, 

although not a significant change on these data, dampened the resultant drop 

in gross photosynthesis per unit nitrogen (Figure 7. I e ). The recovery of gross 

photosynthesis per weight during January along with the significant decline in 
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thallus nitrogen content (Figure 7 .1 d), produced the dramatic increase in gross 

photosynthesis per unit nitrogen that occurred in that month. During 

February, however, gross photosynthesis per weight underwent a small but 

significant decline (Figure 7 .1 a), perhaps related to thallus nitrogen content 

having declined to a critical level, but there was no significant change in gross 

photosynthesis per unit nitrogen (Figure 7 .1 e ). 

The highly significant decline in dark respiration per unit thallus weight 

during December (Figure 7 .1 b) resulted in a significant decline in dark 

respiration per unit nitrogen over that period (Figure 7 .1 f). However, as dark 

respiration per unit thallus weight stabilised over the next three months, the 

ongoing decline in thallus nitrogen content resulted in only a very modest 

recovery per unit nitrogen which was not significant on these data. 

Net assimilation of U. sphacelata per unit thallus weight (Figure 7 .1 c) and· 

especially per unit nitrogen (Figure 7 .1 g) increased strongly during December 

and January as the thallus nitrogen content declined. However, net 

assimilation per unit weight then declined between February and March whilst 

there was little change in net assimilation per unit nitrogen. 

Over the course of this study, the periods when thallus nitrogen content values 

were lowest correspond to the periods when net assimilation per weight and 

per unit nitrogen were highest (ie. the beginning of February and March) and 

vice versa, when thallus nitrogen content values were highest net assimilation 
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\ 

per weight and per unit nitrogen values were lowest (ie. the beginning of 

December and January). 

Higher plants display a positive relationship between PPNUE and leaf 

nitrogen content, or low PPNUE, where the rates of photosynthesis per unit 

nitrogen increase with increasing concentration of leaf nitrogen (Field and 

Mooney 1986). However, the negative relationship between PPNUE and 

thallus nitrogen content seen in this study is in line with the findings of 

Palmqvist et al. (1998), who also showed a similar negative relationship, or a 

high PPNUE, in lichens. These authors suggested that at high nitrogen supply 

more nitrogen is invested into the fungus. When nitrogen is limiting, 

however, the reverse is true, with more nitrogen invested in photosynthetic 

units than in fungal tissue. 

7.2.4 Conclusion 

The consistent decline in thallus nitrogen content over the twelve-week study 

documents the decreasing nitrogen content of U sphacelata during its most 

metabolically active period. The decline is likely to be attributable to thallus 

growth that was occurring at this time, although there may have also been 

some leakage of organic nitrogen caused by the periodic wetting and drying of 

the thallus (Hovenden 2000). Despite the decreasing nitrogen content, both 

net assimilation per unit thallus weight and per unit nitrogen increased 

strongly up until the end of February, indicating a high PPNUE, which permits 

maximum growth given the available nitrogen (Chapin and Shaver 1989). It 

also indicates that the photosynthetic activity in U. sphacelata is largely 
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independent of thallus nitrogen content, perhaps allowing for a greater 

allocation of nitrogen to the mycobiont for fungal growth when there is high 

nitrogen availability, to enhance future chances of survival. 

7.3 Relationships between thallus nitrogen and photosynthesis and 

respiration in nutrient-treated Usnea sphacelata 

7.3.J Materials and methods 

Gas exchange rates of U sphacelata from Bailey and Clark Peninsulas 

subjected to the individual nutrient treatments (Appendices C and D, 

respectively) were divided by their respective nitrogen contents (Appendices F 

and G, respectively), to obtain gas exchange rates per unit thallus nitrogen. 

The results were subjected to a repeated-measures two-factor ANOVA using 

general linear model procedures with the SAS statistical software package 

(SAS Institute Inc. 2000). Effects found to be significant were investigated 

with the Ryan-Einot-Gabriel-Welschpost hoe comparison (Day and Quinn 

1989). The gas exchange rates per unit weight from each site were also 

correlated against thallus nitrogen content and regression analysis performed. 

7. 3. 2 Results 

The effect of each nutrient treatment on gross photosynthesis, dark respiration 

and net assimilation per unit nitrogen of U sphacelata at both Bailey and 

Clark Peninsulas over the course of the twelve-week study is presented in 

Figure 7.2. The gas exchange rates per unit nitrogen at Bailey ranged from 

131.57 to 379.24 nmol C02 s-
1 g-1 N for gross photosynthesis, 71.56 to 245.9 
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nmol C02 s-
1 g-1 N for dark respiration and-8.40 to 182.12 nmol C02 s-

1 g-1 N 

for net assimilation. The rates at Clark ranged from 96.71to281.56 nmol 

C02 s-
1 g-1 N for gross photosynthesis, 34.93 to 170.00 nmol C02 s-

1 g-1 N for 

dark respiration and 4.25 to 177.63 nmol C02 s-
1 g-1 N for net assimilation. 

The results of the ANOVA (Table 7.2) showed no effect of treatment on any 

of the gas exchange variables per unit thallus nitrogen at either site, nor was 

there any interaction between time and treatment on any of the gas exchange 

variables per unit nitrogen at Clark Peninsula. There was, however, a 

significant impact of time for all variables at both sites, with the exclusion of 

gross photosynthesis per unit nitrogen at Bailey Peninsula where the rates 

remained relatively constant over the entire summer. In addition, there was a 

significant interaction between time and treatment for all three gas exchange 

variables per unit nitrogen at Bailey. The results of the regression analysis 

revealed correlation (r2 
= 11. 7%) between dark respiration and thallus nitrogen 

content (Figure 7.3). 
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Table 7.2 Results of the repeated-measures two-factor AN OVA of treatment 

and time on photosynthetic variables per unit nitrogen of U sphacelata at 

Bailey and Clark Peninsulas subject to nutrient treatments. 

GP/N DR/N NAIN 

Bailey 

Treatment NS NS NS 

Time NS 0.0001 0.0149 

Time x treatment 0.008 0.003 0.042 

Clark 

Treatment NS NS NS 

Time 0.047 0.0006 <0.0001 

Time x treatment NS NS NS 

1.5 

• 
,-..-. 

1.0 s:: "7 
0 Cll ·--1tj ' 
i.... bi) 

·- N ~o 
~u 
.!:<:~ 

~ 0 0.5 0 § 
'-' 

• r2 = 0.117 
P<0.001 

0.0 
0.0 0.5 1.0 1.5 

Thallus % N 

Figure 7.3 Combined regression (black line) of dark respiration and thallus 

nitrogen content of Usnea sphacelata. 0 Bailey,• Clark. 
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The mean monthly gas exchange results per unit thallus weight and per unit 

nitrogen of the combined nutrient treatments are presented in Figure 7.4. At 

Bailey Peninsula, gross photosynthesis per unit thallus nitrogen was relatively 

constant with a mean of 210 nmol C02 s-
1 g-1 N over the four months (Figure 

7.4e ). Dark respiration per unit nitrogen experienced a substantial decline 

over the period (from 140 to 92 nmol C02 s-1 g-1 N), with a highly significant 

decline occurring between December and January (Figure 7.4f). The trend in 

net assimilation per unit nitrogen is the reverse, with the minimum values 

occurring at the beginning of December (68 nmol C02 s-
1 g-1 N) and 

increasing each month to a maximum (110 nmol C02 s-
1 g-1 N) by March 

(Figure 7.4g). At Clark Peninsula, gross photosynthesis per unit thallus 

nitrogen showed considerable variation over the four months, ranging from a 

minimum at the beginning of December of 154 nmol C02 s-
1 g-1 N, to a 

maximum of 190 nmol C02 s-
1 g-1 N at the beginning of January before 

returning to more moderate levels in February and March (Figure 7.4e). Dark 

respiration declined significantly during the summer (from 107 nmol 

C02 s-1 g-1 Nat the beginning of December before stabilising at 80 nmol 

C02 s-
1 g-1 Nin February (Figure 7.4f). Net assimilation per unit nitrogen, 

reflected the variation in gross photosynthesis, with rates almost doubling 

between the December minimum of 47 nmol C02 s-
1 g-1 N and the maximum 

of 93 nmol C02 s-
1 g-1 Nat the beginning of January with no significant 

change in the remaining months (Figure 7.4g). Contrary to the results per unit 

dry weight (Figure 7.4 a-c ), it was lichens from Bailey Peninsula that 

consistently recorded the highest gas exchange results per unit nitrogen, thus 
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indicting that U sphacelata at Bailey has a significantly higher PPNUE than 

those at Clark. 

Table 7.3 includes the ANOVA results when the gas exchange variables per 

unit nitrogen for the combined treatments were analysed. There were 

significant differences between sites for all three gas exchange variables per 

unit nitrogen and also over time for dark respiration and net assimilation per 

unit nitrogen, reinforcing the importance of these determinants on 

photosynthetic variables. There was no effect of treatment; there were, 

however, significant time x treatment interactions for gross photosynthesis and 

dark respiration per unit nitrogen due to the interaction of these variables at 

Bailey Peninsula. Interestingly, the time x site interactions are not significant 

despite there being significant differences separately associated with time and 

site. 

Table 7.3 Results of the combined-site two-factor ANOVA for the gas 

·exchange variables per unit thallus nitrogen of nutrient-treated U sphacelata. 

GP/N DRIN NAIN 

Treatment NS NS NS 

Site <0.0001 <0.0001 0.009 

Treatment x site NS NS NS 

Time NS <0.0001 <0.0001 

Time x treatment 0.007 0.003 NS 

Timex site NS NS NS 

Treatment x time x site NS NS NS 
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7. 3. 3 Discussion 

Applications of inorganic nitrogen had no effect on any of the gas exchange 

variables per unit nitrogen of U sphacelata at either Bailey or Clark 

Peninsula. This result is not surprising, as the nutrient applications did not 

significantly affect either the gas exchange rates per unit thallus weight 

(Chapter 4) or the thallus nitrogen content of the lichen (Chapter 6). Time, 

however, had a significant effect on all gas exchange variables (Table 7.3), 

except for gross photosynthesis at Bailey Peninsula, reinforcing the hypothesis 

of strong seasonal influences on lichen photosynthetic activity in U 

sphacelata. This indicates that photosynthetic capacity is changing, but 

independently of the nutrient treatments. 

The regression analysis (Figure 7.3) reveals that thallus nitrogen content 

accounts for 11.7% (P<0.001) of the variation in dark respiration rates. Whilst 

this is significant, it is not the only contributing factor for the variation 

between the sites, with the higher environmental nitrogen at Clark Peninsula, 

for example, also influencing the results. 

The significant time x treatment interactions at Bailey Peninsula (Table 7 .2), 

particularly for gross photosynthesis (P<0.008) and dark respiration 

(P<0.003), reflect the movement in these variables between the different 

treatments. For example gross photosynthesis decreased significantly between 

December and January in the control (Figures 7.2a) but there was only a slight 

rise for the low nutrient treatments (Figures 7.2c). Individual nutrient 

treatments were found to have no significant effect, however, and when the 
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treatment results were combined, all three variables show consistent trends 

over the four months. Despite there being significant results for the individual 

site and time effects (Table 7 .3 ), there is no evidence of a time x site 

interaction. This suggests that nitrogen content is not affecting the seasonal 

results that are occurring at each site. 

The gas exchange variables per unit nitrogen recorded highly significant 

differences between sites (Table 7.3), and Figure 7.4 highlights the differences 

between the gas exchange rates recorded at Bailey and Clark Peninsulas per 

unit weight (a-c) compared with the gas exchange rates per unit nitrogen (e-g). 

Whilst the overall trends were similar, at almost every interval, the gas 

exchange rates per unit nitrogen were higher at Bailey than at Clark P~ninsula. 

This is contrary to the rates per unit weight, where Clark almost always 

recorded the higher values._ 

The reason for this reversal is the seasonal differences in thallus nitrogen 

content of U sphacelata over the summer at each site. Whilst the nitrogen 

content of lichens at Clark remained relatively constant over the four months 

at approximately 0.84%, the thallus nitrogen content at Bailey Peninsula 

experienced a significant decline from 0.67% in December to 0.59% in March 

(Figure 6.4). The variations in thallus nitrogen content of U sphacelata 

between the two sites was not, however, due to the nutrient applications but 

perhaps related to differences in levels of environmental nitrogen or 

differences in growth rates between the sites (Chapter 6). 
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Since photosynthetic rates per unit thallus weight were higher at Clark, and the 

lichens from this site also maintained higher levels of thallus nitrogen, this 

implies that a higher thallus nitrogen content permits higher rates of 

photosynthesis. However, higher thallus nitrogen content may not directly 

equate to increased photosynthetic performance. Stored nitrogen that is 

surplus to photosynthetic requirements may be channeled to other metabolic 

functions which might also contribute to this improved photosynthetic 

productivity. The higher rates per unit thallus nitrogen do indicate, however, 

that U. sphacelata at Bailey has greater PPNUE as it is able to maintain 

reasonable levels of photosynthetic production, while experiencing an ongoing 

decline in thallus nitrogen content. Alternatively, because of the significant 

relationship between thallus nitrogen and dark respiration, as thallus nitrogen 

increases, it is possible that the proportion of the lichen that is mycobiont 

increases. If the proportion of the biomass of the lichen that is mycobiont 

differs between Clark and Bailey, then this may partly account for the PPNUE 

differences between the sites. 

One can hypothesise then, that either U. sphacelata from Bailey require less 

nitrogen for photosynthesis and therefore is able to accumulate similar 

amounts of carbon using less nitrogen than the lichens from Clark; or U. 

sphacelata from Clark simply accumulate more nitrogen and hence have more 

of this nutrient to invest in photosynthetic machinery as well as other 

metabolic functions. Given that it is the same species being compared and the 

proximity of the two sites, it is unlikely that U. sphacelata from Bailey 

requires less nitrogen for photosynthesis than it does at Clark Peninsula. The 
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case is more likely to be that the nitrogen content of the lichens at Bailey is at 

the minimum levels to permit photosynthesis and the higher nitrogen content 

of the lichens at Clark means more nitrogen is available for use in 

photosynthetic and other areas of lichen metabolism. This would have the 

effect of reducing PPNUE but giving higher overall rates of photosynthesis. 

7.3.4 Conclusion 

Given the restricted growing season of Antarctic lichens, there will always be 

a trade-off between investment of nitrogen in the photobiont to maximise 

every opportunity for photosynthesis and carbon assimilation, and investment 

in the mycobiont to increase fungal mass and perhaps extend those periods 

when thallus moisture contents are conducive to photosynthesis (Rundel 

1988). This investigation has shown that higher internal stores of nitrogen 

may enhance overall photosynthetic performance of U sphacelata. However, 

U sphacelata with lower levels of thallus nitrogen has a higher nitrogen use 

efficiency than U sphacelata containing higher levels of thallus nitrogen. 

Changes in climate patterns that result in an increase in precipitation and 

hence, available nitrogen, may therefore result in lower nitrogen use efficiency 

of U sphacelata but also lead to luxury consumption of nitrogen and hence 

permit greater investment of nitrogen into alternative metabolic functions that 

may improve growth or photosynthetic performance. 
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Increases in the accumulation of greenhouse gases in the atmosphere as a 

result of human activity have led to predictions of significant changes in the 

Earth's climate and, in particular, a global increase in mean surface 

temperature (Kennedy 1995). Along with increases in temperature, many 

general circulation models also predict increases in current precipitation rates 

in polar regions (Ye and Mather 1997). Fluctuating climate patterns (Melick 

and Seppelt 1997) and increases in snow accumulation (Morgan et al. 1991) 

are already evident in East Antarctica. 

The structural simplicity and geographic isolation of Antarctic terrestrial 

ecosystems heightens the significance of forecasts of such considerable 

changes in climate patterns, particularly as it is believed altered climatic 

conditions are likely to be experienced first and most dramatically in polar 

regions (Callaghan et al. 1992). Questions relating to how such changes might 

impact on Antarctic vegetation, and lichens in particular, were raised as a 

result of an earlier ecophysiological study on Antarctic lichens. 

Thallus nitrogen content of two dominant Antarctic macrolichens decreased 

significantly at the onset of the summer melt (Hovenden 2000). Nitrogen is an 

essential nutrient and a large proportion of the total nitrogen in plants is used 

in photosynthetic enzymes and proteins. Snow fall is the main source of new 
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nitrogen to the Antarctic ecosystem (Crittenden 1998), and snow melt the 

main supply of water. Hence, altered patterns of precipitation may influence 

the availability of both water and nitrogen. 

Lichen photosynthetic activity is limited to periods when the thallus is both 

moist and receiving suitable levels of PPFD. Thus the growth of Antarctic 

lichens is currently limited by water availability. Should climate change result 

in increased summer precipitation, it was hypothesised that lichen growth 

would increase. Since Hovenden (2000) showed a significant decline in lichen 

thallus nitrogen content during the growth period, it is possible that any 

increase in growth as a result of increased water availability may increase the 

demand for nitrogen beyond possible supply. In effect lichen growth may 

well be curtailed by nitrogen availability. Furthermore, since most plant 

nitrogen is photosynthetic nitrogen, it is possible that decreases in total 

nitrogen content may well result in a decrease in photosynthetic capacity. 

To investigate if the seasonal changes in lichen nitrogen content seen by 

Hovenden (2000) was an annual phenomen, thallus nitrogen content of 

untreated lichen samples of U sphacelata from Bailey Peninsula were 

measured over a twelve month period, from March 2000 to February 2001 

(Chapter 5). The study by Hovenden (2000) had shown that thallus nitrogen 

content declines significantly at the onset of the summer melt. This study also 

found significant seasonal changes in thallus nitrogen content, with a decline 

of 28% in thallus nitrogen, that coincided with increased temperatures and the 

onset of the summer melt. 
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To test whether increases in summer precipitation would result in lichen 

growth, a series of experiments were performed on in situ mats of U 

sphacelata at two continental Antarctic sites. Lichens were treated with a 

range of increased water and nutrient applications over two consecutive 

summers, and photosynthetic activity and nitrogen status were measured. 

The effect of increased water availability on photosynthesis of U sphacelata 

was investigated over two summer seasons at Bailey Peninsula (Chapter 3). 

Lichens were subjected to ten different elevated water treatments of varying 

frequency and volume. In the first year, water availability had no effect on 

gross photosynthesis or dark respiration, but there was a significant effect 

(P<O.l) of watering volume and frequency on net assimilation. In the second 

year, water availability had no impact on ·gross photosynthesis or dark 

respiration rates, and consequently there was no effect on net carbon 

assimilation. There were, however, strong seasonal trends in the gas exchange 

variables with a dramatic decline in dark respiration early in the summer and 

an overall increase in rates of net assimilation during the period. 

To investigate the effects of nitrogen availability on photosynthesis, a series of 

elevated nutrient trials were conducted on U sphacelata from two different 

locations of differing substratum nutrient status, Bailey and Clark Peninsulas 

(Chapter 4). The lichens received applications of deionised water which 

contained no nitrogen, nitrogen in solution in similar concentrations to what is 

found in snow fall in the region, and nitrogen in excess of average local snow 

fall concentrations. Nitrogen availability had no effect on any of the gas 
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exchange variables at either site, however, very strong seasonal effects were 

again evident in dark respiration and net assimilation. 

Given the seasonal fluctuations in thallus nitrogen content (Chapter 5), the 

nitrogen content of the lichens used previously for the gas exchange 

measurements were analysed to test whether the elevated water and nutrient 

treatments had any impact on thallus nitrogen stores (Chapter 6). Statistical 

analysis revealed that neither the water or nutrient treatments had a significant 

, impact on thallus nitrogen content. However, the nutrient status of the site 

was strongly reflected in the nitrogen content of the lichens, with lichens from 

Clark (the higher nutrient site) having a higher thallus nitrogen content and 

higher carbon assimilation rates than those at the lower nutrient site. 

With photosynthetic data from water and nutrient-treated lichens, as well as 

the corresponding thallus nitrogen values, the relationship between the 

photosynthetic data and the nitrogen values was analysed (Chapter 7). When 

the gas exchange variables per unit weight of thallus nitrogen from the water

treated lichens at Bailey were analysed, no significant effect of treatment was 

found. As in the photosynthetic values per unit thallus dry weight, however, 

there was a highly significant effect of time. Interestingly(both net 

assimilation per unit thallus dry weight and per unit thallus nitrogen showed a 

strong increase over the period, despite nitrogen content experiencing a 

consistent decline. This indicates a high nitrogen use efficiency and also 

suggests that photosynthetic activity in U sphacelata is not directly dependent 

on thallus nitrogen content. When the gas exchange variables per unit thallus 
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nitrogen from the nutrient-treated lichens at both sites were analysed, again no 

significant effect of treatment was found, but there was a very strong effect of 

site and season. Lichens from Clark (the higher nutrient site) had higher 

thallus nitrogen content and higher carbon assimilation rates than those at 

Bailey (the lower nutrient site), but they had poorer nitrogen use efficiency. 

The greater PPNUE of U sphacelata at Bailey Peninsula indicates that it is 

able to maintain reasonable levels of photosynthetic production as U 

sphacelata at Clark Peninsula despite the ongoing decline in thallus °:itrogen 

content. There was also a significant positive relationship between thallus 

nitrogen and dark respiration rate, with almost 12% of the variation in dark 

respiration of U sphacelata due to differences in thallus nitrogen content. 

So, the original hypothesis for this project, that climate change-induced 

alterations to precipitation patterns may affect the photosynthesis, and hence 

growth, of U sphacelata, is not supported by this study. Given the extremes 

of the Antarctic environment, the lack of significant response to treatments 

providing apparently optimal conditions is perplexing. Whilst we know lichen 

growth rates are extremely slow (Larson and Kershaw 1975b), they acclimate 

quickly to changes in their surroundings, with studies demonstrating the 

ability of lichens to adjust metabolic activity to storage conditions (Larson and 

Kershaw 1975c). We can also witness a dormant desiccated lichen resume 

metabolic activity by simply spraying it with water and observe the thallus 

soften and tum greenish as the photobiont becomes metabolically active. 
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The poikilohydric nature of lichens, however, restricts photosynthetic activity 

to periods when the thallus is moist (Palmqvist 2000) and receiving suitable 

levels of light. The period for maximum photosynthetic activity occurs in the 

first weeks of summer with the increased availability of free water associated 

with the spring thaw. During 1986, only 4% of the year was estimated to have 

been suitable for net photosynthesis of Usnea sphacelata in the Windmill 

Islands (BOlter et al. 1989; Kappen et al. 1991 ). After the winter snow cover 

has melted, lichen photosynthetic activity is dependent upon direct wetting 

from snow melt (Hovenden et al. 1994). Whilst lichens can photosynthesise 

under snow (Kappen 1990) and initiate photosynthesis by absorbing water 

vapour from the surrounding air (Lange et al. 1989), the periods when this is 

most likely to occur are also mostly restricted to the period of snow melt at the 

beginning of summer (Hovenden and Seppelt 1995b ). In addition, lichen 

growth rates may also be slow if large amounts of the assimilated carbon 

needs to be devoted to replenishing polyol pools for the purposes of 

physiological buffering (Farrar 1976b ). 

Seasonality also had considerable influence on the results. Irrespective of 

whether elevated water, nutrient or no treatments had taken place, dark 

respiration rates decreased over the four summer months, whilst net 

assimilation rates generally increased. It is possible that these seasonal 

responses were so strong that they outweighed treatment responses. In 

addition, the logistical constraints of actually getting to Antarctica meant that 

the water and nutrient treatments did not commence until well after the 

optimal period of photosynthetic production, at the beginning of summer. Had 
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the experiments started earlier in the season, then some responses to the 

treatments may have become apparent. The time frame of the study may be 

another factor. Given the longevity of lichens, manipulations in water and 

nutrients over two summers may be an insufficient time-frame to satisfactorily 

study photosynthetic responses in these organisms. 

The fact that lichens are successful in such an extreme environment as 

Antarctica might mean they are so well-adapted to harsh conditions that they 

do not respond to short-term changes in resource availability. They tolerate 

the stresses of the environment by entering a state of dormancy when 

conditions are unsuitable, and restrict metabolic activity to what is.absolutely 

necessary for survival. Any extra activity would necessitate depletion of 

stores of other resources that may have implications for productivity in 

subsequent years (Field 1994; Sagisaka et al. 1991), the results of which 

would be borne out by the processes of natural selection. 

Whilst increases in precipitation do not appear to influence photosynthetic 

capacity in U sphacelata, there are a number of other possible physiological 

effects of increases in snow accumulation on Antarctic lichens. An increase in 

areas of deep (50to100 cm) late-lying snow may have a deleterious impact on 

lichen vegetation by causing a negative carbon balance. In such cases, thalli 

would be respiring under a snow pack but unable to photosynthesise 

sufficiently to make good the losses of dark respiration (Benedict 1990; 

Hovenden 1996), with repeated drawdowns on carbon reserves likely to 

compromise longer term vitality (Kappen 2000). However, another study has 
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reported no difference in productivity between lichens that are exposed earlier 

in the season to those where the snow cover is present late in the season, as 

long as the melt does occur consistently each season (Pannewitz et al. 2003). 

In the Windmill Islands, vegetation is best developed at sites that do not retain 

snow cover for the majority of the summer (Melick et al. 1994) and sites that 

remain covered by snow for most of the summer are devoid of lichens 

(Hovenden and Seppelt 1995a). Increased moisture availability may also lead 

to increase in other vegetation types like moss, that require a constant supply 

·of moisture, at the expense of lichens (Kennedy 1995) which require cycles of 

wetting and drying to remain healthy (Farrar 1976b ). 

Antarctic vegetation is also susceptible to damage from freeze thaw events 

(Melick and Seppelt 1992), which are moderated by the presence of snow 

cover (Hovenden 1996). Frequency of freeze-thaw events in Antarctica 

appears to increase when the El Nino Southern Oscillation (ENSO) index is 

low (Lovelock et al. 1995). If climate change influences the frequency of the 

ENSO (Houghton et al. 2001) then it might have a corresponding effect on the 

frequency of freeze-thaw events in Antarctica. The effect on Antarctic lichens 

of increases in the frequency of freeze-thaw events is likely to be leakage of 

soluble carbohydrates from compromised membrane integrity (Melick and 

Seppelt 1992); reductions in growth, due to a reduction in the time available 

for carbon fixation (Lovelock et al. 1995); and hence, a reduction in tlie ability 

of the lichen to accumulate carbon reserves for basal winter metabolism and 

other periods when demand outstrips supply (Sagisaka et al. 1991). 
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As discussed in Chapters 3 and 4, the water and nutrient treatment themselves 

may also need to be considered when considering the lack of photosynthetic 

response to the various treatments. In situ periodic spraying of the lichens was 

deemed to be the most appropriate method of water and nutrient delivery in 

order to measure the photosynthetic variables of lichens that had been 

functioning under natural environmental conditions. Hence, it was impossible 

to simulate other environmental conditions that precede precipitation events 

such as decreases in temperature and increases in relative humidity. Greater 

volumes of water and nutrient may also have altered the results but these 

larger volumes would have been inappropriate given local and likely future 

conditions. 

It is also worthwhile considering both the techniques used in this study to 

measure photosynthetic activity, and the photosynthetic process in the lichen 

symbiosis. Gas exchange measurement results in a net assimilation rate, 

which is the difference between gross photosynthesis and respiration. 

Respiration in a lichen, includes fungal respiration, algal mitochondrial 

respiration, and in the light, algal photorespiration. A depression in net 

assimilation rate, therefore, may be due to either a drop in gross 

photosynthesis or to a rise in respiration. Because net assimilation is usually 

expressed per unit dry weight, a change in the amount of mycobiont material 

will result in a change in net assimilation per unit weight, even though the rate 

of photosynthesis by the alga remains unchanged (Farrar 1973). So, if both 

symbionts have grown proportionately, then there would be no change in 

photosynthesis per unit dry weight. But if only the mycobiont has grown, and 

114 



Final discussion Chapter8 

the phytobiont is still photosynthesising at the same rate, then gross 

photosynthesis per unit dry weight of the lichen would decline - a result which 

could complicate interpretation. This deficiency of using gas exchange rates 

per unit dry weight could be overcome by measuring chlorophyll content and 

expressing photosynthetic rates per mole of chlorophyll. 

Gas exchange measurements are also the sum photosynthetic activity of the 

whole thallus, that includes the respiratory C02 loss by drier areas and C02 

uptake by wetter areas (Schroeter et al. 1992). Chlorophyll fluorescence 

measurements, which are used as a measure photochemical efficiency of 

photosystem II, can however, differentiate physiological performance of the 

different regions of the thallus, and also non-homogenous drying rates within 

the thallus (Schroeter et al. 1992), and hence can produce more exacting 

measurements. 

Whilst acknowledging the limitations of gas exchange analysis, it is still a 

useful tool for ecophysiological researchers, particularly if used in conjunction 

with chlorophyll fluorescence techniques. Although only gas exchange 

analysis was used in the present study, the experiments were designed to 

assess differences in photosynthetic productivity between lichens subject to 

differing water and nutrient treatments. Given the same methodologies were 

used consistently throughout, gas exchange analysis is an appropriate tool for 

this type of investigation. And whilst not specifically intended for comparison 

with other studies, the results of this study were comparable to those of other 

photosynthetic studies on Antarctic lichens. 
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Although this project focussed specifically on U sphacelata, the dominant 

macro lichen of the Windmill Islands region, the results have wider 

implications as the distributions of many of the less prolific lichen species are 

determined by the dominant lichen species (Hovenden and Seppelt l 995a). 

Hence, changes that impact on the dominant lichen species are likely to have 

broad-ranging effects on the overall Antarctic flora, and perhaps on the 

dynamics of the terrestrial communities and ecosystem. 

Future research on photosynthetic capacity of U sphacelata in continental 

Antarctica is limited by logistical restraints. The majority of lichen 

photosynthetic activity occurs at the onset of summer. Hence, experienced 

researchers need to be in situ and experimental facilities completely in place 

by mid-October to maximise the information that can be gained during those 

first few favourable weeks of the summer melt. Ship accessibility to the 

continent at that time of the year, however, is almost impossible, making this 

difficult to achieve. In addition, a combined use of gas exchange and 

chlorophyll fluorescence techniques is likely to be useful for interpretation of 

photosynthetic data, and thallus nitrogen studies over longer time frames (ie. 

5-10 years) would be particularly interesting in assessing the seasonal nutrient 

requirements of this lichen. 

So, we get a picture· of U :,phacelata as a species extremely resistant to short

term environmental perturbations. It is well-adjusted to its extreme 

environment, but it is not as vulnerable and opportunistic as previously 

hypothesised. Photosynthetic capacity is independent of water and nutrient 
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availability over the summer. Despite the low nutrient status of Antarctic 

soils, U sphacelata derives sufficient quantities of nitrogen from its 

substratum and from atmospheric deposition to maintain thallus nitrogen 

levels adequate for long-term survival. The higher nitrogen content of lichens 

from higher nutrient sites demonstrates their ability to accumulate nitrogen 

over the longer-term, but short term application of additional nutrients in 

solution do not affect photosynthetic capacity or thallus nitrogen content. 

There are distinct seasonal responses in photosynthetic variables and thallus 

nitrogen content. Should climate change lead to an increase in snow fall to the 

terrestrial ecosystem in the Windmill Islands, it is unlikely to impact on the 

short-term photosynthetic capacity or the nitrogen content of U sphacelata. 

Global warming itself may have stronger influences on these variables if the 

observed seasonal responses are driven by temperature change. 
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Appendix A 

Gas exchange rates (nmol C02 s·1 g"1
) of water-treated U. sphacelata at Bailey 

Peninsula in Year 1. GP = gross photosynthesis, DR= dark respiration, NA= 
net assimilation. 

GP GP GP GP GP GP GP 
Reeticate A B c D E mean se 
Treatment 
January 
cc 1.48054 1 13373 1 81547 1.21899 1.79061 1.48787 0 14084 
LL 1.29063 1.31504 1.41525 1.50113 1 46846 1.39810 0.04142 
LM 1.70048 1.09870 1.07279 1.75579 1.47772 1.42110 0 14466 
LH 1.35241 1.85262 1.07592 1.01300 1 05535 1.26986 0.15748 
ML 1.70880 1 21551 1.37288 1.22316 1.15189 1.33445 0.10037 
MM 1.08519 0.96151 0.83873 1.40542 1.28029 1 11423 0.10306 
MH 0.78447 0.90637 1.43838 1.81967 0.80549 1.15088 0.20534 
HL 1.79484 1 07253 1.62564 1.40718 1.04133 1.38830 0 14867 
HM 1.56604 0.95152 0.95889 1.26625 1.15617 1.17978 0.11361 
HH 1.49008 1.06008 1.57611 1.16942 1.64926 1 38899 0 11605 

DR DR DR DR DR DR DR 
Reeticate A B c ,D E mean se 
Treatment 
January 
cc -0.82656 -0.45349 -0.46735 -0.22801 -0 26528 -0.44814 0.10618 
LL -0.48440 -0.43150 -0.50020 -0 62763 -0.56641 -0.52203 0.03407 
LM -0.71726 -0.77248 -0.41350 -0.64668 -0.60055 -0.63009 0.06162 
LH -0.88974 -1.12490 -0.44566 -0.71109 -0.76895 -0.78807 0.11120 
ML -0.77404 -0.63093 -0.55413 -0.13468 -0.63329 -0.54542 0.10865 
MM -0 69681 -0.57748 -0.49748 -0 99645 -0.78529 -0.71070 0.08678 
MH -0.05207 -0.88834 -0.50200 -0.72406 -0 34915 -0.50312 0.14566 
HL -0.83427 -0 62047 -0.45128 -0.43047 -0.48937 -0.56517 - 0.07494 
HM -0.62791 -0.23957 -0.53785 -0.43953 -0 64808 -0.49859 0.07456 
HH -0.24097 -0.15969 -0.39562 -0.18281 -0.45507 -0.28683 0 05883 

NA NA NA NA NA NA NA 
Reeticate A B c D E mean se 
Treatment 
January 
cc 0 65398 0.68024 1.34812 0.99098 1.52533 1 03973 0.17483 
LL 0.80623 0 88354 0.91505 0 87350 0.90205 0.87607 0.01889 
LM 0.98321 0.32623 0 65929 1.10911 0.87717 0.79100 0.13765 
LH 0.46267 0.72772 0.63026 0.30191 0.28640 0.48179 0.08759 
ML 0.93476 0 58459 0 81875 1.08847 0.51860 0.78903 0.10647 
MM 0.38839 0.38403 0.34125 0.40897 0.49500 0.40353 0 02538 
MH 0.73240 0.01804 0 93638 1.09561 0 45634 0.64775 0 19029 
HL 0.96057 0.45206 1.17436 0.97671 0.55196 0.82313 0.13731 
HM 0.93813 0.71196 0.42103 0 82673 0.50809 0.68119 0.09638 
HH 1.24911 0.90039 1.18049 0.98662 1 19419 1.10216 0 06718 



Appendix A (cont.) 

Gas exchange rates (nmol C02 s·1 g"1
) of water-treated U. sphacelata at Bailey 

Peninsula in Year 1. GP = gross photosynthesis, DR= dark respiration, NA= 
net assimilation. 

GP GP GP GP GP GP GP 
Re~licate A B c D E mean se 
Treatment 
February 
cc 1.25061 0.94536 1.25481 1.31550 1.47267 1.24779 0.08564 
LL 1.37319 1 11200 1 14656 0.90905 1.54614 1.21739 0.11035 
LM 1.10968 1.03333 1.24643 0.95824 0.87602 1.04474 0.07114 
LH 1 08937 0.89456 1.04933 1.09626 1.16698 1.05930 0.04533 
ML 1.36252 0.84474 1.33186 1 30581 1.19850 1.20869 0.09509 
MM 1.21090 0.61649 1.20138 1.24608 1.06054 1.06708 0.11701 
MH 1.31793 1.18417 1.32094 1.09977 1.26771 1.23810 0 04252 
HL 1.29142 0.98046 1.42918 0.99263 1.54394 1.24753 0 11382 
HM 1 27094 1.07106 1 29328 1.06833 0.91842 1.12441 0.07015 
HH 0.97493 1.44148 1.36378 1.03594 1.52405 1.26804 0.11058 

DR DR DR DR DR DR DR 
Re~licate A B c D E mean se 
Treatment 
February 
cc -0 51674 -0 51207 -0.28979 -0.57385 -0.83591 -0.54567 0.08731 
LL -0.62354 -0.36055 -0.43357 -0.38846 -0 33907 -0.42904 0 05113 
LM -0.38065 -0.41392 -0.27034 -0.46951 -0.57860 -0.42260 0.05676 
LH -0.63758 -0.21322 -0.42993 -0.48982 -0.33136 -0.42038 0.07174 
ML -0.60771 -0.45405 -0.53456 -0.62065 -0.17949 -0 47929 0.08064 
MM -0.55678 -0.30204 -0.19678 -0 50386 -0 17620 -0.34713 0.07822 
MH -0.79899 -0 61637 -0.31968 -0.74188 -0.31985 -0.55935 0.10218 
HL -0.62116 -0.27824 -0.28653 -0.55217 -0.55435 -0.45849 0.07297 
HM -0.74796 -0.38973 -0.40590 -0.48239 -0.15307 -0.43581 0.09554 
HH -0.70787 -0.52585 -0.55562 -0.46546 -0 59543 -0.57004 0 04046 

NA NA NA NA NA NA NA 
Re~licate A B c D E mean se 
Treatment 
February 
cc 0.73386 0.43329 0.96502 0.74165 0.63676 0.70212 0 08609 
LL 0.74965 0 75145 0 71299 0.52059 1.20707 0.78835 0.11304 
LM 0.72903 0.61941 0.97609 0 48873 0.29741 0.62213 0.12747 
LH 0.45179 0.68134 0.61940 0.60644 0.83561 0.63892 0.06202 
ML 0.75480 0:39069 0 79731 0 68517 1.01901 0.72940 0.10144 
MM 0 65412 0 31445 1.00460 0.74222 0.88433 0.71994 0.11775 
MH 0.51893 0 56780 1.00126 0.35789 0.94786 0 67875 0.12594 
HL 0.67026 0.70222 1.14265 0 44046 0.98958 0.78904 0.12418 
HM 0.52298 0 68133 0.88738 0.58593 0.76535 0.68860 0.06459 
HH 0.26706 0.91563 0.80817 0 57047 0.92862 0 69799 0.12543 



Appendix B 

Gas exchange rates (nmol C02 s·1 g"1
) of water-treated U. sphacelata at Bailey 

Peninsula in Year 2. GP = gross photosynthesis, DR= dark respiration, NA= 
net assimilation. 

GP GP GP GP GP GP 
Re~licate A B D E mean se 
Treatment 
December 
HH 0 80495 1.178946 0.86214 1.02602 0.96801 0 08449 
HM 1.17345 1.094646 0.91445 0.94634 1.03222 0.06130 
HL 1.30025 0.763834 0.94745 1 14391 1 03886 0.11667 
MH 0.50304 1.467111 0.93884 0.94285 0.96296 0 19720 
MM 1.00199 1.172352 0.97905 1.02600 1 04485 0.04357 
ML 1.25100 0.921345 1.32702 0 78747 1.07171 0.12934 
LH 1.07661 0.739051 1.04227 0.83254 0.92262 0.08157 
LM 1.31176 1.318562 0 79388 0.90287 1.08177 0.13658 
LL 1.67623 0.647219 1.13810 0.88492 1.08662 0.22061 
cc 1.00791 0.97310 0.00000 0.95213 0.97771 0.01627 

January 
HH 0.99044 1.14209 0.71370 0.80413 0.91259 0.09576 
HM 0.85244 0.92461 0.72600 0.85155 0.83865 0.04127 
HL 0.94856 0.90585 0.80265 0 74765 0.85117 0.04614 
MH 1.00120 1.03992 0.83735 0.80533 0.92095 0.05842 
MM 1.21147 0.64917 0 86108 0.95569 0.91935 0.11656 
ML 0.71559 0.89042 0.88287 0 80531 0.82355 0.04080 
LH 0.66327 0.86580 0.70133 0.81961 0.76250 0.04789 
LM 1.15616 0.98609 0.63890 0.81085 0.89800 0.11148 
LL 1.40988 0.99500 1.00626 1.08514 1.12407 0.09736 
cc 0.81320 0.92125 0.77471 0.96055 0.86743 0.04388 

February 
HH 1.12797 1.06883 1.06760 0 98843 1.06321 0.02863 
HM 1.10313 1.16150 0.80662 1.00396 1 01880 0.07784 
HL 0.85287 0.83790 0.93518 1.04338 0.91733 0.04714 
MH 1.18506 1 21262 0.98311 0.93184 1.07816 0.07068 
MM 1.40123 1.01700 0.95880 1.00637 1.09585 0.10258 
ML 1.31925 0.82286 0.78675 0 97492 0 97594 0.12148 
LH 1.14580 0.88135 1.00064 0.93265 0.99011 0.05736 
LM 0.86487 0.99645 0.90483 1.28327 1.01235 0.09441 
LL 1.44597 0.88186 1.33046 0.83731 1.12390 0.15468 
cc 1.00963 1 06298 0 92780 0.83526 0.95892 0.04972 

March 
HH 0 75441 0.99949 1.00412 0 98222 0 93506 0.06040 
HM 0.66210 0.97373 0.97514 0.90316 0.87853 0.07408 
HL 1.03278 1.00473 1.15646 0.76042 0.98860 0.08289 
MH 1.09847 0.96666 1 15152 0.97415 1.04770 0.04595 
MM 0.97196 0 87813 1.10601 0.99773 0.98846 0.04686 
ML 1.11375 0.79934 0.82005 1 12706 0.96505 0 08983 
LH 0.76310 0 76519 1.16253 0.71795 0.85219 0.10402 
LM 0.68940 0.85136 0 93640 0 76595 0.81078 0.05336 
LL 1.10617 0 87979 1.02552 0.78593 0.94935 0.07185 
cc 1.07363 1.04885 1.03080 1.11835 1.06791 0 01897 



Appendix B (cont.) 

Gas exchange rates (nmol C02 s-1 g-1
) of water-treated U. sphacelata at Bailey 

Peninsula in Year 2. GP = gross photosynthesis, DR= dark respiration, NA= 
net assimilation. 

DR DR DR DR DR DR 
Replicate A B D E mean se 
Treatment 
December 
HH -0.38793 -0 29589 -0.69363 -0.59890 -0.49409 0.09190 
HM -0.65759 -0.82098 -0.62121 -0.54146 -0.66031 0.05879 
HL -0.86332 -0.65725 -0.73007 -0.74881 -0.74986 0.04266 
MH -0 44065 -0.72604 -0.70493 -0.37902 -0.56266 0.08923 
MM -0.82611 -0.54109 -0.72794 -0.68572 -0.69521 0.05920 
ML -0.79760 -0.57926 -0.76472 -0.68113 -0.70568 0.04875 
LH -0.74617 -0.52610 -0.53333 -0.74050 -0.63652 0 06169 
LM -0.52353 -0.71635 -0.67437 -0.67521 -0.64737 0.04243 
LL -0.85843 -0.48956 -0.74665 -0.64532 -0.68499 0.07834 
cc -0.76264 -0.60739 0.00000 -0.72794 -0.69932 0.04705 

January 
HH -0.47451 -0.52772 -0.41719 -0.52216 -0.48540 0.02568 
HM -0.60381 -0.50531 -0.43046 -0.46212 -0.50043 0.03772 
HL -0.59994 -0.53285 -0.31348 -0.36893 -0.45380 0.06739 
MH -0.56735 -0.40285 -0.43771 -0.36751 -0.44385 0.04359 
MM -0.57385 -0.43590 -0.38784 -0.45355 -0.46278 0.03954 
ML -0.35665 -0.43199 -0.45895 -0.43196 -0.41989 0.02202 
LH -0.40787 -0.40685 -0 42594 -0.49344 -0.43353 0.02045 
LM -0.52592 -0.45956 -0.37242 -0.47914 -0.45926 0.03212 
LL -0.57464 -0.53757 -0.42073 -0.48920 -0.50554 0.03324 
cc -0 48224 -0.45533 -0.38404 -0 43932 -0.44023 0.02072 

February 
HH -0.51881 -0.44406 -0.54505 -0.42450 -0.48310 0.02897 
HM -0.50868 -0.49826 -0.46778 -0.41462 -0.47233 0.02111 
HL -0.47897 -0.38333 -0.36067 -0.60662 -0.45740 0.05596 
MH -0.69500 -0.46763 -0.44969 -0.31975 -0.48302 0.07796 
MM -0.53804 -0.47749 -0.40224 -0.39939 -0.45429 0.03326 
ML -0 59329 -0 33421 -0.40911 -0 50814 -0.46119 0.05664 
LH -0.50845 -0.36879 -0.43836 -0 44876 -0.44109 0 02862 
LM -0.47872 -0.42121 -0.46557 -0.53573 -0.47531 0.02360 
LL -0.68531 -0.36296 -0.56222 -0.42921 -0.50992 0.07165 
cc -0 41677 -0.38188 -0.42721 -0.46195 -0.42195 0.01648 

March 
HH -0.36562 -0.40032 -0 40536 -0.46238 -0.40842 0.02004 
HM -0.41012 -0.40679 -0.49607 -0 45777 -0.44269 0.02126 
HL -0 48217 -0.41257· -0.50430 -0.42041 -0.45486 0.02267 
MH -0 41573 -0.39726 -0.52837 -0.54050 -0.47046 0 03721 
MM -0 41728 -0 38315 -0 53678 -0 51436 -0.46289 0.03713 
ML -0.43676 -0.40259 -0.39439 -0.47073 -0 42612 0.01747 
LH -0 37129 -0 38085 -0.48734 -0.34069 -0.39504 0.03194 
LM -0.43051 -0.33921 -0.49827 -0.35083 -0.40471 0 03721 
LL -0.49886 -0.37840 -0.49177 -0 39949 -0.44213 0.03104 
cc -0 54699 -0.44911 -0.47650 -0.53010 -0.50068 0.02283 



Appendix B (cont.) 

Gas exchange rates (nmol C02 s·1 g"1
) of water-treated U. sphacelata at Bailey 

Peninsula in Year 2. GP= gross photosynthesis, DR= dark respiration, NA= 
net assimilation. 

NA NA NA NA NA NA 
Re~licate A B D E mean se 
Treatment 
December 
HH 0 41702 0 88305 0.16851 0.42712 0.47393 0.14891 
HM 0.51586 0.27366 0.29324 0.40488 0.37191 0.05601 
HL 0.43692 0.10658 0.21738 0.39510 0.28900 0.07721 
MH 0.06239 0 74107 0.23391 0.56383 0.40030 0.15404 
MM 0.17588 0.63127 0.25111 0.34028 0.34964 0.09971 
ML 0 45340 0.34208 0.56230 0.10634 0.36603 0.09754 
LH 0 33044 0.21295 0.50895 0.09204 0 28609 0.08881 
LM 0.78824 0.60221 0.11951 0.22766 0.43440 0.15686 
LL 0.81780 0.15766 0.39145 0.23960 0.40162 0.14693 
cc 0.24527 0.36571 0.00000 0.22419 0.27839 0.04408 

January 
HH 0.51593 0.61436 0.29651 0.28197 0 42719 0.08220 
HM 0.24863 0.41930 0.29554 0.38943 0.33822 0.03984 
HL 0.34861 0.37300 0.48917 0.37872 0.39737 0.03129 
MH 0.43385 0.63707 0.39964 0 43782 0.47710 0.05401 
MM 0 63761 0.21327 0.47324 0.50214 0.45657 0.08866 
ML 0.35895 0 45844 0.42392 0 37334 0.40366 0.02297 
LH 0.25540 0.45895 0.27539 0 32617 0.32898 0.04581 
LM 0.63024 0.52653 0.26647 0.33171 0.43874 0.08441 
LL 0.83524 0.45743 0.58552 0 59594 0 61853 0.07880 
cc 0 33095 0.46592 0.39066 0.52123 0.42719 0.04177 

February 
HH 0.60916 0 62478 0.52255 0.56393 0.58010 0.02312 
HM 0 59445 0.66324 0.33884 0 58935 0.54647 0.07123 
HL 0.37389 0.45457 0.57451 0.43676 0.45993 0.04193 
MH 0.49006 0.74499 0.53342 0.61209 0.59514 0 05597 
MM 0.86319 0.53950 0 55656 0.60698 0.64156 0.07525 
ML 0 72595 0.48865 0.37764 0.46678 0.51476 0.07438 
LH 0.63735 0.51256 0.56229 0.48389 0.54902 0.03360 
LM 0 38615 0.57524 0.43927 0 74754 0.53705 0.08067 
LL 0.76066 0.51890 0 76825 0.40810 0.61398 0.08979 
cc 0.59286 0 68111 0.50059 0 37332 0 53697 0 06583 

March 
HH 0.38879 0.59917 0 59876 0.51985 0.52664 0.04959 
HM 0.25197 0.56693 0.47907 0 44539 0.43584 0.06643 
HL 0.55062 0.59216 0 65216 0.34000 0.53374 0.06786 
MH 0.68274 0.56940 0.62315 0.43365 0 57724 0.05316 
MM 0.55468 0.49499 0.56923 0 48337 0.52557 0 02135 
ML 0.67698 0.39675 0.42566 0.65633 0.53893 0.07410 
LH 0.39181 0.38434 0.67519 0.37726 0.45715 0.07274 
LM 0.25889 0 51215 0.43813 0.41512 0.40607 0.05325 
LL 0 60731 0.50138 0.53375 0 38644 0 50722 0.04596 
cc 0.52664 0 59974 0.55430 0.58825 0.56723 0 01662 



Appendix C 

Gas exchange rates (nmol C02 s·1 g"1
) of nutrient-treated U. sphacelata at Bailey 

Peninsula. GP = gross photosynthesis, DR= dark respiration, NA= net assimilation. 

GP GP GP GP GP GP GP 
Re~licate A B c D E mean se 
Treatment 
Control 
Dec 1.65019 1.58979 1.48922 1.47715 1.57788 1.55684 0.03253 
Jan 1.77362 1 10577 0 66079 1.18028 1.06637 1 15737 0 17858 
Feb 1.52023 1.02239 1 41524 1 48149 1.40565 1.36900 0.08920 
Mar 1.29939 1.15868 1.12745 1.15111 1 27268 1.20186 0 03500 
Deionised 
Dec 1.39058 1.06628 1.09566 1.15022 1 17909 1 17637 0 05710 
Jan 1.62870 1.53388 1.31199 1.31362 0.94882 1.34740 0.11730 
Feb 1 26693 1.21000 1.18796 1.53346 0 90435 1.22054 0.10030 
Mar 1.14576 1 01717 1.09459 1.14873 1.13441 1.10813 0.02471 
Low 
Dec 1.40931 1.19372 0.93958 1.98381 1.38161 0.22251 
Jan 1.71701 1.35042 1 32123 1 64947 1.50238 1.50810 0.07856 
Feb 1.34959 1.58333 0.96036 1.36109 1.12364 1.27560 0.10723 
Mar 1.42090 1 42230 1.11373 1.16842 1.28397 1.28186 0 06332 
High 
Dec 1.34038 1.90489 1.40775 1.26986 1.35978 1.45653 0.11426 
Jan 1.33848 1.20633 1.16367 1.25578 1.01802 1.19646 0.05325 
Feb 1.30869 1.26464 1.20323 1.47071 1.37436 1.32433 0.04604 
Mar 1.05605 1.06214 1 04973 1.31247 1.16289 1.12865 0 05044 

DR DR DR DR DR DR DR 
Reelicate A B c D E mean se 
Treatment 
Control 
Dec -0.94989 -1.03088 -0.91674 -0.97961 -0.81829 -0.93908 0.03555 
Jan -0.75728 -0.56545 -0.51158 -0.62916 -0.63238 -0.61917 0.04112 
Feb -0.73490 -0.60018 -0.69644 -0.66467 -0.66682 -0.67260 0.02213 
Mar -0.53823 -0 67730 -0.45723 -0.56675 -0 48057 -0.54401 0 03865 
Deionised 
Dec -0.84707 -1.12471 -0 90973 -0.94250 -0.59121 -0.88304 0 08635 
Jan -0.80734 -0.73226 -0.67879 -0 69816 -0.58516 -0.70034 0.03620 
Feb -0.67087 -0.67465 -0.61490 -0.72382 -0.49328 -0 63550 0 03952 
Mar -0.54239 -0 64103 -0 56780 -0.44747 -0 51209 -0.54216 0 03186 
Low 
Dec -0.78463 -0 59686 -0.71718 -1.19943 -0.82453 0.13086 
Jan -0.66386 -0.64195 -0 80869 -0.94354 -0.83400 -0.77841 0.05613 
Feb -0.72868 -0.80389 -0.66876 -0.51636 -0.58523 -0.66058 0 05085 
Mar -0 59479 -0 56559 - -0.47804 -0.49683 -0 61467 -0.54998 0 02687 
High 
Dec -0 88865 -1 22026 -1.11756 -1.02709 -1.21912 -1 09454 0.06277 
Jan -0.73461 -0.65462 -0.68682 -0 78403 -0 73039 -0.71809 0 02211 
Feb -0 62860 -0.54358 -0.55672 -0.58589 -0.67064 -0.59709 0.02348 
Mar -0.57465 -0.48758 -0.48208 -0 50738 -0.52858 -0.51606 0 01678 



Appendix C (cont.) 

Gas exchange rates (nmol C02 s-1 g"1
) of nutrient-treated U. sphace/ata at Bailey 

Peninsula. GP = gross photosynthesis, DR = dark respiration, NA = net assimilation. 

NA NA' NA NA NA NA NA 
Re~licate A B c D E mean se 
Treatment 
Control 
Dec 0.70031 0.55891 0.57248 0.49753 0.75958 0.61776 0 04842 
Jan 1.01634 0.54032 0 14921 0.55112 0 43399 0.53820 0.13982 
Feb 0.78533 0.42222 0.71880 0.81682 0.73883 0 69640 0.07067 
Mar 0.76116 0.48139 0.67022 0.58437 0 79211 0.65785 0.05718 
Deionised 
Dec 0.54351 -0 05843 0.18593 0.20771 0.58789 0.29332 0 12082 
Jan 0.82136 0.80163 0.63320 0.61545 0.36366 0.64706 0.08239 
Feb 0.59606 0.53535 0.57307 0.80964 0.41107 0.58504 0.06459 
Mar 0.60337 0 37614 0.52679 0.70126 0.62232 0.56598 0 05498 
Low 
Dec 0.62469 0.59686 0.22240 0.78438 0.55708 0.11896 
Jan 1.05315 0.70847 0.51255 0.70593 0.66838 0.72970 0.08847 
Feb 0.62091 0.77944 0.29161 0.84473 0.53841 0.61502 0.09754 
Mar 0.82610 0.85671 0.63569 0.67159 0.66930 0.73188 0.04542 
High 
Dec 0.45173 0.68462 0.29019 0.24277 0.14067 0.36200 0.09500 
Jan 0.60387 0.55171 0.47686 0.47175 0.28763 ( 0.47836 0.05365 
Feb 0.68009 0.72107 0.64651 0.88482 0.70372 0.72724 0.04133 
Mar 0 48140 0.57455 0 56765 0.80508 0.63430 0.61260 0.05395 



Appendix D 

Gas exchange rates (nmol C02 s·1 g"1
) of nutrient-treated U. sphacelata at Clark 

Peninsula. GP = gross photosynthesis, DR = dark respiration, NA = net assimilation. 

GP GP GP GP GP GP GP 
Replicate A B c D E mean se 
Treatment 
Control 
Dec 1 28619 1.54550 2.05911 0.82307 1.24914 1.39260 0.20296 
Jan 1.34593 1.60939 1 89309 1.59607 1 39788 1 56847 0.09655 
Feb 1.08434 1.53748 1.26230 1.29725 0.97490 1.23125 0.09654 
Mar 112873 1.48190 1.27203 1.42280 1.26757 1.31461 0.06256 
Deionised 
Dec 1.17887 1.59742 1.29187 1.36506 1.50900 1 38845 0.07483 
Jan 1.89609 2.62793 1.83521 1.25103 1.86472 1.89500 0.21867 
Feb 1.27624 2.06724 1.47829 1.36512 1 04502 1.44638 0.17075 
Mar 1 30417 1.46775 1.22984 1.39097 1.35099 1.34874 0.04005 
Low 
Dec 1.26364 0.83080 1.49046 1.12425 1.12761 1.16735 0.10733 
Jan 1.23852 1.59399 1.53265 1.55220 1.70834 1.52514 0.07786 
Feb 1.29910 1.52517 1.71715 1.20934 1.53155 1.45646 0.09059 
Mar 1.47447 2.00969 1 52694 1.31525 1.56550 1.57837 0.11595 
High 
Dec 1.68057 0.99608 1.24683 0.71008 1.65407 1.25753 0.18767 
Jan 1.13703 1.59122 2.04491 1.47710 1.47202 1 54446 0 14636 
Feb 1 11136 0 92876 1.53748 0.98427 1.29754 1.17188 0.11123 
Mar 1.41736 1.24636 1.74292 1.61931 1 07545 1.42028 0.12101 

DR DR DR DR DR DR DR 
Replicate A B c D E mean se 
Treatment 
Control 
Dec -0.89549 -0.94086. -1 31253 -0.73392 -0 82477 -0.94151 0.09912 
Jan -0.64222 -0 74840 -0.92986 -0.73996 -0 80123 -0.77233 0.04701 
Feb -0.71030 -0.72512 -0 69941 -0.75445 -0.52828 -0.68351 0.03989 
Mar -0.51789 -0.74095 -0.63986 -0.66797 -0.63749 -0.64083 0 03598 
Deionised 
Dec ~0.60876 -1 24627 -0.95928 -0.96936 -1.08605 -0.97394 0.10496 
Jan -1.05028 -1.07506 -0.89657 -0.78891 -0.73710 -0 90958 0.06770 
Feb -0 82424 -0.70130 -0.92495 -0 64843 -0.24789 -0.66936 0.11585 
Mar -0.74914 -0.52316 -0 55254 -0.69355 -0.50719 -0 60511 0 04880 
Low 
Dec -0.96614 -0.62379 -1 06226 -0.87383 -0.79421 -0.86405 0 07497 
Jan -0.67642 -0.67737 -0.86585 -0 84429 -1.00845 -0.81448 0.06285 
Feb -0.64955 -0.69378 -0 91408 -0 78844 -0.73928 -0 75703 0 04556 
Mar -0 77058 -0.94360 -0.79454 -0 66443 -0.58246 -0.75112 0.86135 
High 
Dec -1.01468 -0.63908 -0.82816 -0 68208 -0.96027 -0.82486 0.07392 
Jan -0.67829 -0.87725 -0.89275 -0 78492 -0.92843 -0.83233 0 04521 
Feb -0 53377 -0.48296 -0.62069 -0.54975 -0.69010 -0 57545 0.03616 
Mar -0.67921 -0.61979 -0 88713 -0.86627 -0 44267 -0.69901 0 08239 



Appendix D (cont.) 

Gas exchange rates (nmol C02 s-1 g"1
) of nutrient-treated U. sphace/ata at Clark 

Peninsula. GP = gross photosynthesis, DR= dark respiration, NA= net assimilation. 

NA NA NA NA NA NA NA 
Sam~le A B c D E mean se 
Treatment 
Control 
Dec 0.39071 0.60464 0.74658 0.08914 0 42437 0.45109 0.11096 
Jan 0.70371 0.86099 0.96322 0.85611 0.59666 0 79614 0.06483 
Feb 0.37404 0.81236 0.56289 0.54280 0.44662 0.54774 0.07439 
Mar 0.61084 0.74095 0.63217 0.75483 0.63008 0.67377 0.03056 
Deionised 
Dec 0.57011 0.35116 0.33259 0.39570 0.42295 0.41450 0.04205 
Jan 0 84580 1.55287 0.93864 0.46212 1.12762 0.98541 0.17857 
Feb 0.45200 1.36594 0.55334 0.71669 0 79713 0.77702 0.15914 
Mar 0.55503 0.94459 0.67730 0.69742 0.84380 0.74363 0.06802 
Low 
Dec 0.29749 0.20701 0.42820 0.25043 0.33340 0.30331 0.03782 
Jan 0.56210 0.91662 0.66680 0.70791 0.69989 0.71066 0.05768 
Feb 0.64955 0.83139 0.80306 0.42090 0.79227 0.69943 0.07643 
Mar 0.70389 1.06609 0.73240 0.65082 0.98304 0.82725 0.08266 
High 
Dec 0.66589 0.35700 0.41867 0.02800 0.69381 0.43267 0.12089 
Jan 0.45875 0.71397 1.15216 0.69218 0 54359 0.71213 0.11972 
Feb 0.57759 0.44581 0 91680 0.43453 0.60743 0.59643 0.08718 
Mar 0.73815 0.62657 0.85579 0 75303 0.63279 0.72127 0 04254 



Appendix E 

Thallus N content of water-treated U. sphacelata from Bailey Peninsula 
in Year 2. 

%N %N %N %N %N %N 
Reelicate A B D E mean se 
Treatment 
December 
HH 0.5779 0.7412 0.6712 0 5047 0.6237 0 05189 
HM 0.5856 0 7366 0 7228 0 6526 0.6744 0.03484 
HL 0.6727 0.7174 0 6525 0.6175 0.6650 0.02085 
MH 0.6573 0.7255 0.6976 0.6492 0.6824 0 01784 
MM 0.6421 0 7214 0 7620 0.4083 0.6335 0.07907 
ML 0.6697 0.5418 0.5609 0.6378 0.6026 0.03052 
LH 0.7465 0.5366 0.5181 0 5533 0.5886 0.05312 
LM 0.6435 0 6794 0 4816 0.6045 0.6023 0.04302 
LL 0.8066 0.4651 0.6630 0.6371 0.6429 0.07003 
cc 8.6625 0.6053 0.6266 0.6552 0.6374 0.01321 

January 
HH 0.6231 0.6340 0.5747 0.6382 0 6175 0.01460 
HM 0.6667 0.5842 0.6969 0.4490 0.5992 0.05543 
HL 0.7041 0.6104 0 5533 0.5394 0.6018 0 03741 
MH 0.6196 0.7109 0.6146 0.5681 0.6283 0 02986 
MM 0.6118 0.5111 0.5872 0.5687 0.5697 0.02143 
ML 0.6887 0.5729 0.6884 0.5790 0.6322 0.03252 
LH 0.6371 0 6089 0.5265 0.4198 0.5481 0.04876 
LM 0.8156 0.7358 0.5614 0 6367 0.6874 0.05571 
LL 0.7417 0.7097 0.6928 0.5943 0 6846 0.03177 
cc 0 6696 0.6367 0 5571 0 4333 0.5742 0.05255 

February 
HH 0.5982 0.6123 0.5371 0.4345 0 5456 0 04045 
HM 0.6929 0.5265 0.4830 0.4565 0 5397 0.05306 
HL 0.6896 0.4699 0.5778 0 4818 0.5548 0.05103 
MH 0.5893 0.5939 0.4988 0.3761 0 5145 0.05106 
MM 0.5511 0.4294 0 6508 0.4149 0.5116 0 05555 
ML 0.6345 0.4149 0.3888 0.3909 04573 0.05939 
LH 0.6448 0 4515 0.4028 0 5006 0.4999 0.05226 
LM 0.5757 0.4984 0.3671 0.5067 04870 0.04357 
LL 0.6473 0.4220 0.5270 0.4804 0.5192 0.04780 
cc 0.5207 0.4545 0.4660 0 4580 0.4748 0.01548 

March 
HH 0.4334 04727 04648 0.4569 0.01201 
HM 0.4144 0.3955 0.5047 0 4382 0.03370 
HL 0.5798 0.3838 04786 0.4808 0.05659 
MH 0.5158 0.4522 . 0.5256 0.4979 0.02300 
MM 0.4303 0.4421 0 4780 0 4501 0 01432 
ML 04546 0.4063 0.4464 0.4358 0.01493 
LH 0.4800 0 4299 0 3991 04363 0 02357 
LM 0.3959 0.4330 0.4199 0.4163 0.01089 
LL 0 5409 0 6045 04346 0.5267 0 04954 
cc 0.5206 0 5060 0.4523 0.4929 0.02077 



Appendix F 

Thallus N content of nutrient-treated U. sphacelata from Bailey Peninsula in Year 2. 

%N %N %N %N %N %N %N 
Re~licate A B c D E mean se 
Treatment 
Control 
Dec 0.7392 0.4192 0.5930 0 6828 0 6002 0.6069 0.05419 
Jan 0.6895 0.5442 0.5950 0 7193 0.7026 0.6501 0 03416 
Feb 0.6383 0.6384 0.6024 07790 0 5987 0.6514 0.03302 
Mar 0 5808 0 5098 0.6330 06674 0.6716 0.6125 0 03039 
Deionised 
Dec 0.7990 0.6956 0.6028 07942 0 6189 0.7021 0.04166 
Jan 0.6578 0.6572 0.5632 0.5983 0.4719 0 5897 0 03452 
Feb 0.5757 0.6112 0.5520 0.7718 0.5673 0.6156 0.04025 
Mar 0.5360 0.5513 0.5768 0.6032 0.5716 0.5678 0 01147 
Low 
Dec 0 6255 0.5875 0.8253 0.7141 0.7724 0.7050 0.04430 
Jan 0.5366 0.6140 0 6358 0.7221 0.7866 0.6590 0.04347 
Feb 0.6104 0.6266 0.5874 0.5589 0.6608 0.6088 0.01728 
Mar 0.6506 0.6462 0.6327 06698 0.6375 0.6474 0.00642 
High 
Dec 0.6764 0.6200 0.6221 06926 0 6752 0.6572 0.01511 
Jan 0.6323 0.5747 0.6258 0.8135 0.5352 0.6363 0.04773 
Feb 0.5674 0.5969 0.5835 0.6532 0.5057 0.5813 0.02380 
Mar 0.5712 0.5163 0.5326 06250 0.3483 0.5187 0.04653 



Appendix G 

Thallus N content of nutrient-treated U. sphacelata from Clark Peninsula in Year 2. 

%N %N %N %N %N %N %N 
Re~licate A B c D E mean se 
Treatment 
Control 
Dec 0.6542 0.7632 1.0313 0 8510 0.6340 0.7867 0 07259 
Jan 0.8283 0.7028 0.8051 0.8196 0.8805 0 8073 0.02906 
Feb 0.8847 0.9262 0 5878 0 7704 0.6947 0.7728 0 06180 
Mar 0.7788 0.8668 0.9997 0.8109 0.7981 0 8509 0.03999 
Deionised 
Dec 0.9030 0.7933 1.0993 0 8402 0.7409 0.8753 0 06203 
Jan 1.1939 0.8742 1.0138 0.8326 0.8398 0.9509 0.06901 
Feb 0.9167 0.8346 0.9838 0 7220 0.7098 0.8334 0 05351 
Mar 0.9321 0.8431 0.8356 0.7173 0.6836 0.8023 0.04524 
Low 
Dec 1.0073 0.7962 1.0203 0.9425 0.8532 0.9239 0.04354 
Jan 0.8028 0.7052 0.9806 0.7935 0.8789 0.8322 0.04621 
Feb 0.9937 0 6547 1.0330 0.9296 0.8447 0.8911 0.06716 
Mar 1.0636 0.6643 0.8924 0.9482 0.8651 0.8867 0.06521 
High 
Dec 0.5969 0.7687 1.0595 0.6583 0.8152 0.7797 0 07995 
Jan 1.0040 0.6259 0.7905 0.8608 0.9780 0.8518 0.06854 
Feb 0.9057 0.6390 0.9301 0.9251 0.6736 0.8147 0.06504 
Mar 0.8413 0 7098 0.8127 1 0306 0.7450 0.8279 0.05582 


