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Abstract 

Management of temperate grasslands in south-eastern Australia is critical to support 

biodiversity conservation and agriculture under altered rainfall and warming conditions 

of future climates. Remote sensing is a common tool for monitoring vegetation but the 

dynamics of temperate grasslands present some unique challenges to conventional 

remote sensing methods. Land surface phenology—changes in large-scale vegetation 

dynamics—can improve the characterisation of temperate grasslands but the bulk of 

research in this field occurs in deciduous systems that show predictable vegetation 

changes. This research aims to explore drivers of grassland phenology and quantify the 

vegetation response by using field measurements, spectral instruments, time-lapse 

‘phenocams’ and satellite data. 

A series of controlled experiments explored the fundamental expression of grassland 

characteristics. Spectral (NDVI705 vegetation index) and biophysical (fractional cover) 

response of grassland mesocosms was investigated through manipulation of species, 

density and disturbance. C3 and C4 species showed distinctive phenology profiles, 

density treatments demonstrated a logical increase in NDVI705 from low- to high-

density, and recovery of grasslands from disturbance was quantified. Standing litter, a 

common feature of Australian grasslands, strongly suppressed reflectance-based 

vegetation indices. 

To investigate grassland response to changes in rainfall quantity and timing, phenocams 

collected sub-daily imagery from rainfall exclusion plots. Five treatments were 

assessed: ambient rainfall, increased rainfall, decreased rainfall, summer drought and 

extreme events. The Green Chromatic Coordinate index (gCC) showed dynamic 

response to rainfall in all treatments. Increasing quantities of rainfall resulted in 

significantly higher productivity throughout the year. Grassland productivity increased 

during cooler months from extreme events, but was equivalent to ambient rainfall 

during summer months. Summer drought unexpectedly drove higher gCC during non-

drought periods, which was attributed to exotic forb invasions following disturbance. 

Field research was conducted on native and exotic C3- and C4-dominated grasslands in 

the South Eastern Highlands bioregion. Floristic surveys showed high variation in 

species richness and condition throughout the year, with highest detection of native 
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species during summer months. Sites comprising multiple dominant species with 

overlapping phenophases showed a complex relationship with land surface phenology. 

Comparison of satellite NDVI (MODIS Terra, Landsat ETM+/OLI), phenocam and 

field variables showed that satellites and phenocams were equivalent at estimating 

green cover but the higher temporal capacity of phenocams allowed more precise 

definition of greening/browning trends. 

Dynamic knowledge of field conditions is essential for validating remote sensing 

phenology studies. This research develops a greater understanding of non-conventional 

phenology and provides practical tools to improve management of temperate 

grasslands.
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Chapter 1: Introduction 

The research that forms the basis for this thesis is multidisciplinary in nature, with its 

main components being grassland ecology, remote sensing and phenology. This 

introduction provides an overview of these different components, and explains how they 

relate to one another in the context of the individual research projects.  

Grasslands are a dominant biome, both globally and within Australia. Chapter 1 

describes the importance and ecology of Australian grasslands, particularly in temperate 

south-eastern Australia. Section 1.3 identifies the key threats and challenges facing 

grasslands within temperate Australia, and outlines the need for appropriate monitoring 

and management to meet these challenges.  

Remote sensing is now a common tool used to provide information on the vegetated 

landscape and forms a key part of this thesis. Section 1.4 highlights the different 

methods by which remote sensing can be used to gather information on vegetation, and 

gives some examples of relevant remote sensing studies that have been conducted in 

Australia and throughout the world. 

Phenology is the study of seasonally-recurring events and has been used for centuries as 

a form of environmental monitoring. Section 1.5 outlines the concepts of phenological 

research, discusses the reasons for the recent increase in popularity of this discipline, 

and demonstrates what methods are used to study phenological variables.  

These components are brought together in the context of how remote sensing of 

phenology can be used to provide information about Australian temperate grasslands. 

Section 1.6 provides conceptual models of the factors that impact grassland phenology.  

Finally, the introduction will provide clear aims of the thesis, and provide direction to 

subsequent chapters. 
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1.1 TERMINOLOGY

The terminology regarding grasses and grasslands can be ambiguous, as commonly-

used words have precise meanings in this field. For example, the term ‘pasture’ implies 

land that is grazed by domestic stock, whereas ‘grassland’ is a more generic term that 

may include natural systems as well as pasture. Some terms have different or 

interchangeable meanings in different countries, or even regions within the same 

country. The following words are used frequently throughout this thesis, and some 

guidance is provided on their usage.  

The International Forage and Grazing Lands Terminology Committee has developed 

standard definitions of terms to enable accurate communication within and between 

countries (Allen et al. 2011). While useful for agricultural practitioners, these 

definitions have a clear bias towards grazing systems over natural systems. For 

example, a productive exotic grass species may be seen as beneficial by a grazier and 

termed ‘improved pasture’, but the same plant may be viewed as a weed in a 

conservation reserve. As such, some of the following terms are defined according to the 

aforementioned committee and are indicated (§). Others are synthesised from a 

combination of ecological and agricultural sources (as in Tremont and McIntyre 1994) 

and incorporate a more balanced definition that includes multiple needs and priorities. 

Grassland:  Land dominated by a ground cover of grasses, graminoids and 

forbs, with a notable absence of woody species. 

Native grassland:  Areas that contain predominantly native grass and forb plants, 

and are largely devoid of trees and shrubs (Benson 1994); also 

‘treeless communities dominated by native perennial grasses and 

forbs as well as some annuals’ (Groves and Whalley 2002). 

Temperate grassland: Grassland within distinct geographic and rainfall zones defined by 

Moore and Perry (1970) – refer to Section 1.3. 

Natural temperate grassland:  

A grassland community of high conservation value that occurs 

within the South Eastern Highlands bioregion of the Australian 
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Capital Territory (ACT) and New South Wales (NSW), and is 

listed under the Environmental Protection and Biodiversity 

Conservation Act 1999.

Native pasture:  Natural ecosystem dominated by indigenous or naturally-

occurring grasses and other herbaceous species, used mainly for 

grazing by livestock and wildlife§. 

Improved pasture (also exotic pasture): 

Non-native pasture that may include exotic grasses and other 

introduced pasture species such as legumes. 

Rangelands:  Land on which the indigenous vegetation is predominantly 

grasses, graminoids, forbs or shrubs that are grazed or have the 

potential to be grazed§. In Australia, rangeland tends to refer to 

arid and semi-arid regions rather than temperate regions. 

Native:  Indigenous to a region. 

Exotic/Introduced:  Non-indigenous to a region. 

Invasive plant:  A species that readily colonises land to the detriment of native 

ecosystem function and other land uses. 

Weed:  A native or exotic plant (though usually exotic) that causes a loss 

in utility (e.g. grazing productivity) or native ecosystem function. 

Grass:  Plant species from the Poaceae family§. 

Graminoid:  A grass or grass-like plant (e.g. sedges or rushes). 

Forb:  Any herbaceous non-graminoid. 

Shrub:  A woody plant having multiple stems arising near the base§. 

C3 plants:  Vegetation that utilises the C3 photosynthetic pathway. These 

plants tend to predominate in cooler, mesic environments. 
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C4 plants:  Vegetation that utilises the C4 photosynthetic pathway. These 

plants tend to predominate in areas of higher temperatures. They 

have a higher water use efficiency, thus also tend to dominate 

more arid environments. 

Ecological community:  

A group of interacting species in a unique habitat.

Botanical composition:  

The relative proportions of the plant components in a canopy 

above a defined sampling height§. 

Sward:  A population or a community of herbaceous plants characterised 

by a relatively short habit of growth and relatively continuous 

ground cover§, used mostly in a grassland management context. 

1.2 GRASSLANDS: CHARACTERISTICS, USES AND THREATS

Grasslands are the most extensive biome on earth, occupying an area of approximately 

40% of the earth’s vegetated surface (White, Murray, et al. 2000, O’Mara 2012). 

Although precise definitions vary in detail (Gibson 2009), common characteristics of 

grasslands include a composition of almost exclusively ground level flora, with minimal 

woody plants, dominated by species of the family Poaceae. Extensive grasslands are 

found in every continent except for Antarctica and include the great prairies of North 

America, the eastern Eurasian steppe of Mongolia, China and Russia, the Argentine 

pampas, managed meadows of Europe, and the extensive grasslands of the Serengeti. 

They cover a wide range of climatic zones, ranging from tropical moist climates to dry 

and cool environments (Campbell et al. 1997). 

Grasslands provide a range of ecosystem services, acting as repositories of biodiversity, 

providing high rates of carbon sequestration, and performing critical cycling of nutrients 

(White, Murray, et al. 2000, Jones and Donnelly 2004, Fry et al. 2013). They provide 

anthropocentric services including ecotourism and recreation, particularly in Africa, as 

well as producing biomass for biofuels (Gibson 2009). The most significant service that 
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grasslands provides is a food source for large herbivores (Groves and Whalley 2002). 

This grass-grazer relationship is present in all grassland environments and suggests that 

the evolution and continued presence of grasslands depends on this interaction 

(Coughenor 1985). This relationship has extended to domestic animals such as cattle 

and sheep, and as a result grazing agriculture has impacted native grasslands throughout 

the world. Threats to grasslands that have emerged as a direct result of grazing are 

habitat fragmentation, altered disturbance regimes, and increased levels of invasive 

species (Gibson 2009, Williams and Morgan 2015). Nevertheless, grazing-based 

agriculture is a major process in most parts of the world and provides economic benefit 

and food to millions of people. 

The growing awareness of climate change has brought attention to new threats to 

grassland biomes that act independently of, or are exacerbated by, human activities. 

Increased atmospheric carbon dioxide is expected to globally increase plant 

productivity, change vegetation community structure, and increase the abundance of 

woody plants (Kulmatiski and Beard 2013, Volder et al. 2013). Increased temperatures 

and evaporation rates are predicted to cause less water availability, alter seasonal timing 

of key events (phenology), increase wildfire frequency, and provide competitive 

advantage for certain species (Pitman et al. 2007, Dostálek and Frantík 2011). Changes 

in rainfall regimes will differ by region, but will generally result in altered quantity, 

seasonality and frequency, leading to more extreme rain events and subsequent changes 

to ecosystems (IPCC 2014). When all these factors are taken in combination, the short-

term and long-term effect on grassland vegetation is extremely difficult to predict 

(Williams, Marshall, Morgan, et al. 2015). In part, this is due to grasslands’ 

characteristics of responding quickly and dynamically to environmental drivers (Petrie 

et al. 2011). Likely impacts to grassland biomes include increased levels of fire and 

other disturbance (Dunlop and Brown 2008), a decrease in available moisture and 

increase in periodic drought (Williams, Marshall, Morgan, et al. 2015), increases in 

weed invasions (Howden et al. 1999, Hughes 2000) and widespread changes in species 

composition and ecosystem function (Fay et al. 2008, Baldocchi 2011, IPCC 2014). 

Being able to more accurately predict the effects of climate change on grassland is 

critical for global food security (O’Mara 2012), but also for retaining the immense 

biodiversity that these lands contain. The latter is of particular concern, given that only 
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7.6% of the world’s grasslands are managed under protected areas, one-third of which 

are in Africa (Gibson 2009). 

1.3 AUSTRALIAN TEMPERATE GRASSLANDS

Fossilised pollen of grass species have been found in Australia dating back to the 

Eocene period, some 40 million years ago (MacPhail and Hill 2002). However, the 

fossil record does not show significant grassland presence until the beginning of the 

Pleistocene period, 2.5 million years ago (Gott et al. 2015). As in most parts of the 

world, grasslands co-evolved with large grazing herbivores; in the case of Australia, 

these were predominantly macropods such as kangaroos. When Aboriginal people 

arrived in the country some 50,000 years ago, grasslands would have been 

commonplace in many regions—in fact treeless vegetation covered most of south-

eastern Australia as little as 20,000 years ago (Hill 2004). Aboriginal land management, 

in the form of regular fire disturbance (so-called ‘firestick farming’), ensured the 

ongoing succession of grasslands and the periodic rejuvenation of the grasses and forbs. 

However for the last 12,000 years, grasslands generally have been restricted to areas 

where the dominant tree species, Eucalyptus, does not occur (Petherick et al. 2013). 

These trees are typically excluded through the restriction of seedling establishment and 

growth. This occurs in environments where frequent fire or seasonal frosts occur, where 

soils impede tree seedling establishment, such as the cracking clay soils of north-

western New South Wales, or where humans or animals prevent it (Gott et al. 2015). 

According to some definitions, Australia has the highest land area of grassland at 

6.6 x 106 km2, with 85.4% of the country classified as grassland (White, Murray, et al.

2000). However, a more conservative definition that excludes the extensive savannahs 

of the country’s north places the grassland proportion at a more modest, but still 

significant, 37% of the total continental area (Lymburner et al. 2011; Figure 1.1a).  
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 Area of Australia occupied by (a) all grasslands, and (b) temperate grasslands 

(black shading; adapted from Lymburner et al. 2011). 

Four major grassland zones are identified in the Australian landscape (Moore and Perry 

1970, Groves 1979, 1994); these are detailed in Table 1.1. Tussock grasslands of the 

temperate zones, the main focus of this thesis, represent only a small fraction of the 

total (Figure 1.1b), but are proportionally important in the context of food production 

and biodiversity. Moore and Perry define these ‘temperate grasslands’—as is termed 

throughout this thesis—as being located in New South Wales, Victoria and parts of 

South Australia, where rain falls mainly in winter or year-round, and are dominated by 

tussock species of the genera Themeda, Poa, and Austrostipa (Moore and Perry 1970). 

This temperate grassland subset is within their classification of ‘subhumid grasslands of 

southern Australia’, but excludes the tropic subhumid grasslands of Queensland and the 

montane subalpine grasslands of south-eastern Australia. 

(a) (b) 
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Table 1.1. Classification of Australian grasslands (Moore and Perry 1970), with updated 

taxonomy. 

Grassland type Description 

Arid tussock grassland Areas of Mitchell grasses or Astrebla species 

extensively distributed in inland Queensland, 

Northern Territory and northern Western Australia 

in a zone receiving between 200 and 500 mm 

average annual rainfall and characterised by 

predominately summer rain 

Arid hummock grassland Dominated by the genus Triodia in areas with less 

than 200 mm average annual summer and/or winter 

rainfall. They cover over 20% of Australia and most 

of arid Australia 

Coastal grassland Dominated by the genera Sporobolus and 

Xerochloa and confined to the tropical summer-

rainfall region of the northern coastline. 

Sub-humid grassland 

(1) Tropical grassland Dominated by Dichanthium and Eulalia and 

sometimes by Bothriochloa and Heteropogon in 

eastern and northern Queensland in regions with 

mostly summer rain. 

(2) Temperate grassland With an irregular distribution north of Adelaide 

around the zone of 500–1000 mm average annual 

winter and/or summer rainfall of south-eastern 

Australia to northern New South Wales. Dominant 

genera are Poa, Rytidosperma and Austrostipa. 

(3) Subalpine grassland Confined to the cold and wet mountain regions of 

the Monaro region of southern New South Wales 

and north-eastern Victoria. Dominant genera are 

Poa and Rytidosperma. These grasslands are similar 

in many respects to some of the New Zealand 

tussock grasslands. 
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1.3.1 Characteristics of Australian temperate grasslands 

Native temperate grasslands have several distinctive features that define how they shape 

the landscape and respond to biotic and abiotic drivers. Groves and Whalley (2002) 

identify four functional floristic components that contribute to the species composition 

of temperate grasslands: 

1. C3 grasses, such as Poa, Rytidosperma, and Austrostipa genera, which grow 

most vigorously in spring and autumn when temperatures are lower and the day 

length is shorter. These grasses, particularly, Rytidosperma and Austrostipa will 

dominate more disturbed environments in the absence of annual or exotic 

species (Moore 1970). 

2. C4 grasses, such as Themeda triandra, which grow best in summer and retain the 

capability to respond to summer rains. T. triandra is considered a climax 

community in many locations and is indicative of a high-quality native grassland 

(Lazarides 2002, Rehwinkel 2007). 

3. A suite of perennial and annual native forbs that occupy the intertussock spaces, 

providing most of the floral diversity of the grassland. These forbs typically 

flower during mid to late spring and are often inconspicuous at other times of 

the year.  

4. Exotic grasses and forbs resulting from continuous grazing and subsequent 

changes in nutrient distribution. 

In addition, other researchers have identified key characteristics of south-eastern 

temperate grassland that help in understanding the nature of these unique ecosystems. 

The ongoing presence of grasslands in many locations is driven by land management 

and climate. Continuous grazing restricts the establishment of woody seedlings, even in 

the absence of fire. In addition, many grasslands are located in frost hollows, where 

cold air drains from higher elevations and kills or retards developing tree seedlings 

(Wearne and Morgan 2001).  

Maintenance of the distinct tussock/intertussock structure is driven by ecosystem 

processes that impede the development of full canopy cover, namely fire or grazing. 
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Periodic fires have been shown to maintain diversity in Themeda grasslands, with 

vegetation diversity being maintained even when exposed to annual fires (Stuwe and 

Parsons 1977, Robertson 1985, Lunt and Morgan 2002). In the absence of fire, the 

ecological condition worsens: unburnt Themeda swards show lower native species 

diversity and higher numbers of exotic species when left unburnt for more than a decade 

(Morgan and Lunt 1999). Most native grassland species resprout after fire (as opposed 

to germinating from seed), hence in the absence of invasive species the community 

structure after fire is relatively unchanged. There are few studies of other grassland 

types’ response to fire, though it has been suggested that Poa- and Rytidosperma-

dominated grasslands may show a different response to Themeda grasslands (Williams 

et al. 2006, Prober et al. 2007).

Temperate grass leaves grow and senesce within a year and remain attached to the plant 

after death (Morgan 2015). As such, temperate grasslands have a significant fraction of 

their biomass retained as standing dead litter (Morgan and Lunt 1999). This dead 

material contributes to the spread of fire within grassland, but when left unburnt can 

shade out emergent forbs and ultimately result in plant death (Morgan and Lunt 1999). 

Despite occurring in temperate zones with distinct seasons, rainfall quantity and 

seasonal variability is a primary driver on annual cover, biomass, flowering and 

botanical composition (Morgan and Williams 2015). Like other grasslands around the 

world (e.g. Hill 2013), Australian temperate grasslands are highly dynamic in space and 

time and respond quickly to environmental conditions (Morgan and Williams 2015). 

Because temperate grasslands contain different functional floristic components—some 

of which have differential responses to environmental drivers—the dynamics and 

species interactions within these grasslands are complex. 

The matrix of agricultural grazing and natural grassland is a global phenomenon due to 

the domestication of livestock and the grass-grazer relationship (Gibson 2009), but is 

particularly evident in temperate Australia. As such, temperate grasslands occupy a 

continuum along an ecological gradient from native to modified to exotic-dominated 

(Hill et al. 2006). Pastoral land use is not only important from a food production 

perspective, but also from an historical and cultural perspective. 
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1.3.2 Temperate grasslands for food production 

The temperate grasslands of south-eastern Australia were managed by indigenous land 

managers for thousands of years prior to European settlement. Indigenous people 

mostly used grassland forbs as food sources, rather than the grasses themselves (Gott 

1982), but used fire management as a way of ensuring the ongoing viability of these 

food sources (Gammage 2011). 

Upon British colonisation, the south-eastern temperate grasslands were viewed as 

attractive grazing lands, particularly for sheep (Gott et al. 2015). Most parts of the 

south-east were stocked with sheep by the mid-1830s, and by 1850, Australia’s sheep 

population numbered 3 million (Pearson and Lennon 2010). Shortly thereafter, the 

degradation of grazing lands from overstocking and hard-hooved livestock was evident 

and the community composition of many grasslands began to change. Large numbers of 

exotic species became common throughout the landscape, either through deliberate 

introductions as exotic pastures or through accidental release. Pasture improvement 

through application of artificial fertilisers became common around 1930. This resulted 

in the increased productivity of exotic pasture species that out-competed native grasses 

which are adapted to Australia’s nutrient poor soils. Moore (1970) provides an accurate 

representation of temperate grassland compositional change under grazing regimes that 

broadly describes ecosystem change from native perennial climax species to native 

perennial disturbance-tolerant species through to annual exotic species.  

Despite the increased levels of invasive and exotic species, primary productivity of 

grasslands within the temperate region is very high, relative to the rest of the country. 

Currently, temperate grasslands of south-eastern Australia continue to support extensive 

grazing operations, particularly cattle production for meat and dairy and sheep 

production for meat and wool. The proportion of meat and wool production occurring in 

south-eastern Australia relative to the rest of Australia is presented in Table 1.2. Over 

60% of the $28 billion annual economic value of these industries is contributed from 

temperate areas. This is due to the moderate climate that enables grass productivity 

year-round, thereby supporting higher stock carrying capacity. The production of high-

quality wool in these regions is attributed to the consistent pasture quality. Lazarides 

(2002) notes that the pasture grasses of the temperate regions are generally more 
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palatable and nutritious than those of other regions due to more fertile soils, less severe 

climate, and rainfall that is more reliable. 

Table 1.2. Proportion of meat, dairy and wool production on temperate grasslands in Australia 

(collated from the Australian Bureau of Agricultural and Resource Economics and Sciences 

2013). 

Commodity Animals 
(millions) 

Proportion in temperate 
south-eastern Australia 

Approximate 
economic value 

(AUD billion/year) 
Sheep (wool) 

37.68 51.5% 
$0.98 

Sheep (meat) $0.53 

Cattle (dairy) 1.42 89.3% $11.61 

Cattle (meat) 9.02 31.7% $3.88 

Total Value $17.0 

Total Economic Proportion 

(against national figures) 
60.33% 

Currently, the landscape in these temperate areas is a matrix of exotic and native 

pastures with isolated pockets of undisturbed native grasslands. While exotic pastures 

are still commonly employed—and in fact are proving difficult to remove from the 

landscape for conservation purposes (Zerger et al. 2011)—the value of native pastures 

is increasingly recognised as part of sustainable land management practices (Wong and 

Dorrough 2015). Native grasses, particularly those that possess the C4 photosynthetic 

pathway, have the ability to produce leaf matter throughout the year, unlike many exotic 

species that senesce in summer (Crosthwaite 1995). Furthermore, native grasses are 

more resilient to drought, and do not require artificial fertilisers in order to thrive 

(Dunin et al. 1978, Ross 1999, CSIRO 2011). 

The challenges to temperate grasslands in a food production context relate mostly to 

potential decreases in productivity resulting from by climate change impacts. These 

include increased levels of invasive species, higher temperatures and evaporation rates, 

more variable rainfall, and more extreme events such as droughts and storms (Hennessy 

et al. 2007). These impacts are likely to have some predictable effects, such as the 

overall loss of productivity despite the ‘CO2 fertilisation effect’, but many of the 

ecological and seasonal impacts are difficult to forecast. For this reason, it is important 
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to understand grassland productivity and function on a large scale such that informed 

adaptation strategies can be prepared. 

1.3.3 Temperate grasslands for native biodiversity 

On a global scale, temperate grasslands represent the most poorly protected biome, with 

just 4% of the world’s temperate grasslands awarded some level of protection (United 

Nations Environment Programme 2008, Henwood 2010). In south-eastern Australia, it 

is estimated that of the 470,000 ha of temperate grassland that was present before 

European settlement, only 5,800 ha (1.2%) remain in ‘natural’ condition (Williams and 

Morgan 2015). Of these, most exist in small, fragmented areas that have been excluded 

from continuous or high-impact grazing such as cemeteries, road/rail reserves, and 

travelling stock routes (Lunt 1997, Ross 1999). 

One of the key features of temperate grasslands is the diverse array of forbs that grow in 

the intertussock spaces between the grasses. These forbs are a major contributor to the 

biodiversity of these areas, and comprise the majority of the species richness (Tremont 

and McIntyre 1994). As such, temperate grasslands can be extremely species rich, with 

native species richness of up to 25–35 species/m2 having been reported (Kirkpatrick 

1999, Scott and Morgan 2012). In terms of native fauna, temperate grasslands are home 

to a number of endemic fauna species, particularly reptiles, birds, and invertebrates 

(Williams, Marshall, and Morgan 2015). The grassland earless dragon (Tympanocryptis 

pinguicolla) and striped legless lizard (Delma impar) are two reptiles that are temperate 

grassland specialists. The plains-wanderer (Pedionomus torquatus) is one of the world’s 

most threatened birds (Jetz et al. 2014) and as a grassland specialist is a flagship species 

for temperate grassland conservation. Quails, button-quails and dryland shorebirds also 

rely on this habitat. Some overlooked animals that have their last refuge in temperate 

grasslands are invertebrates. The golden sun moth (Synemon plana) and the Perunga 

grasshopper (Perunga ochracea) are examples of such threatened species. Regrettably, 

many grassland mammal species are already extinct. 

The primary threats to the biodiversity and ecological function of native grasslands as 

identified in a recent summary (Morgan and Williams 2015) are:  
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• agriculture (including fertilisation, introduction of exotic species, and 

overgrazing/overstocking);  

• habitat fragmentation; 

• continual habitat loss (land clearing); 

• weeds and feral animals; 

• inappropriate disturbance regimes (particularly lack of fire); and 

• climate change. 

The majority of these threats will have predictably negative effects on natural systems, 

with most contributing to a direct loss of habitat, or the ecological degradation of that 

habitat through invasive species and/or other disturbance. Climate change presents an 

extra dimension to these threats, as the pathways through which it will affect temperate 

systems are broadly unknown. There is a paucity of experimental studies that test 

climate change impacts on Australian grasslands. The few that have been conducted 

highlight the complexity of climate-vegetation interactions. Generally, both herbaceous 

and woody C3 species are thought to benefit more from the CO2 fertilisation effect than 

C4 species (Morgan et al. 2011) though higher temperatures and more extreme rainfall 

regimes may modulate this. Some studies using free air carbon enrichment (FACE) and 

warming to manipulate natural environments have suggested the opposite: that Themeda 

triandra as a C4 species may increase in dominance as increased CO2 and higher 

temperatures negatively impact the co-dominant C3 species Rytidosperma caespitosa 

(Williams et al. 2007). Although uncertainty remains, it is clear that climate change will 

exacerbate many of the existing threats to temperate grasslands (Dunlop and Brown 

2008). 

There is a pressing need to understand and improve the conservation of these remnant 

grasslands through an understanding of their ecology, response to climatic drivers, and 

interaction with herbivores. In a complementary fashion, there is also an urgent need to 

undertake restoration works to increase the quality of native grasslands in this region, 

and to monitor the progress of these restorations in the midst of a changing climate. 
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1.3.4 Challenges in managing temperate grasslands 

The current challenge of managing temperate grassland is two-pronged: to ensure that 

grassland productivity is sufficient to ensure adequate livestock production and food 

security for coming decades, and to ensure the improved biodiversity and increased 

sustainability of native grassland communities. While these challenges seem directly 

opposed to one another, in fact they require a similar approach: long-term monitoring of 

vegetation dynamics. It is also essential to co-monitor climatic variables to avoid 

drawing erroneous conclusions: for example that a decrease in vegetation quantity is 

due to land management rather than a drought event.

The monitoring of grazing lands has traditionally been relatively straightforward. 

Vegetation quantity is the primary variable of interest, although to some extent the 

composition of the pasture is important—particularly if weeds are a significant 

contributor. Monitoring of grasslands for conservation is more complex. Usually, some 

estimation of vegetation condition is required, which relates to the structure, quantity 

and composition of vegetation species (Sharp 2006, Seddon et al. 2011). However, a 

precise definition of vegetation condition has been difficult for land managers to agree 

upon (Keith and Gorrod 2006). 

Most assessments of grassland condition are conducted through fieldwork: on-ground 

assessments of species composition, abiotic components, and biophysical parameters 

(e.g. Rehwinkel 2007). However, grasslands are by their nature spatially and temporally 

heterogeneous, and point-source field measurements only apply to the immediate area 

and the immediate time that they are taken. To adequately characterise a large area, 

multiple samples in space and time are needed, which requires a large investment in 

resources (Psomas et al. 2011). 

From a regional scale and greater, the management of grassland resources faces an 

additional problem in that the majority of grasslands occur on private lands (NSW 

Natural Resources Advisory Council 2010). On private lands, access for inventory and 

monitoring may be restricted; and therefore large areas of grassland may be unknown. It 

has been recognised that in this situation, grassland managers need reliable data across 

multiple landscape units to support regional management strategies (Moran et al 1997). 
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A conventional solution to this challenge is to use remotely-sensed data collected from 

satellites or aircraft. Remote sensing offers a more efficient complement to the 

collection of field data, and an opportunity to gather ecologically-relevant information 

over large geographical areas. It is regarded as an efficient and accurate method of 

collecting consistent information about the vegetated landscape (Peterson et al. 2002). 

1.4 REMOTE SENSING OF VEGETATION

Fundamentally, remote sensing is the collection of electromagnetic energy by a sensor, 

and using the characteristics of this energy to identify properties and patterns at the 

earth’s surface (Ustin et al. 2004). Conventional sensors can be integrated into a 

satellite, mounted on an airborne platform (such as from a helicopter), or used as hand-

held devices at canopy or ground level, thus being able to provide information about the 

surface of the earth at many different scales. Remote sensing is used for a wide variety 

of applications, and increasingly in ecological studies (Pettorelli et al. 2005). Remote 

sensing is currently used in an ecological context to: 

• provide land cover and vegetation mapping (Kokaly et al. 2003, Lymburner et al.

2011, Youngentob et al. 2011); 

• locate and map invasive species (Kalapos 1994, Hestir et al. 2008, Kandwal et al.

2009, Gavier-Pizarro et al. 2012); 

• estimate productivity (Brinkmann et al. 2011; Gu, Wylie and Bliss 2013; Donald 

et al. 2010); 

•  determine vegetation density and structure (Coops et al. 2004, Wood et al. 2012); 

•  study potential climate change impacts (Donohue et al. 2009); and 

• track phenological changes (Ahl et al. 2006, Soudani et al. 2006, Jenerette et al.

2010). 

Objects of different composition are identified spectrally by comparing their reflectance 

characteristics at different wavelengths (Xie et al. 2008). Early remote sensing 

technologies, particularly satellite-based sensors, used a few broad wavelength bands in 

the visible and infrared ranges to collect data. The earliest Landsat-based sensor, the 

Multispectral Scanner System (MSS), collected four spectral bands from the 0.5 m–

1.1 m range of the spectrum. Those sensors that use only a few wavebands are known 
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as multispectral sensors. Throughout the years, these technologies have improved to 

increase the number of bands (spectral resolution), the level of ground detail (spatial 

resolution) and the re-visit time (temporal resolution). The current generation of sensors 

in use are termed ‘hyperspectral’ as opposed to multispectral, as they can detect 

hundreds of discrete bands across the spectrum. This provides a much greater 

discriminatory ability and higher sensitivity than multispectral systems (Hansen and 

Schjoerring 2003, Glenn et al. 2005, Lawrence et al. 2006), but requires more 

computing resources for analysis (Xie et al. 2008). Furthermore, many of the bands co-

vary in the information that they provide, resulting in redundant wavelength bands 

(Blackburn 2007). The majority of ground-based sensors currently used (e.g. 

spectroradiometers) are hyperspectral in nature, while satellite systems are still 

dominated by multispectral sensors. Though hyperspectral sensors for satellite and 

airborne platforms are increasing in popularity, the high cost of acquiring and 

processing hyperspectral imagery is still an impediment to widespread use (Gavier-

Pizarro et al. 2012). 

Currently there are many satellite-based sensors that are available to provide data on the 

earth’s surface. With all sensors, there are trade-offs between spectral, spatial and 

temporal resolution that are pertinent to the data needs of the user. Much of this satellite 

data is becoming more accessible, through its release by data custodians or through 

ecological networks that link remote sensing experts with other ecologists (e.g. TERN-

Auscover in Australia). This accessibility is resulting in development of novel 

methodology and applications that are further increasing the utility of remotely-sensed 

data (Reed et al. 2009). 

1.4.1 Vegetation spectral signatures 

Vegetation spectral signatures are determined by an integrated combination of leaf 

biochemistry and canopy structural properties. This includes factors such as 

photosynthetic pigments, water content, nitrogen concentration, specific leaf area, leaf 

area index, leaf angle distribution and canopy architecture (Asner et al. 2008). The 

spectral signature of photosynthetic vegetation is very distinct and is illustrated in 

Figure 1.2 (from Chuvieco and Huete 2009). The typical pattern is a low reflectance in 

the visible portion of the spectrum (0.4–0.7 m) due to the high absorbance of light in 
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these wavelengths by chlorophyll and other photosynthetic pigments. The green 

wavelengths (0.5–0.6 m) are reflected more than others in this portion—hence why 

healthy foliage appears green—but red light (0.6–0.7 m) is highly absorbed for 

photosynthesis. Reflectance in the near infrared band (NIR; 0.7–1.1 m) is very high; 

the light in this portion is not used for photosynthesis and is scattered as a result of 

canopy architecture and the intercellular structure of the plant. Absorbance in the short-

wave infrared (SWIR; 1.1–2.5 m) is strongly influenced by water absorbance features, 

and plant dry matter (Ustin et al. 2004, Vohland and Jarmer 2008). The large difference 

in reflectance between the adjacent red and NIR regions is termed the red edge (Dawson 

and Curran 1998), and is routinely used to gather information about vigour, health, or 

stressed condition of plants (Coops et al. 2004, Mutanga and Skidmore 2004a, 

Campbell et al. 2007, Govender et al. 2007). 

 Typical vegetation reflectance spectrum, indicating the primary contributors to 

spectral characteristics (from Chuvieco and Huete 2009). 

1.4.2 Vegetation indices 

Biophysical characteristics, such as leaf area index (LAI), biomass, chlorophyll content, 

and fraction of absorbed radiation (fAPAR) are among the most important vegetation 

parameters for ecological studies (Qi et al. 1995, Yang et al. 1998, Lu et al. 2003). 
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They provide direct information about the amount and condition of vegetation in a 

given area, which is the primary driver for global energy and carbon fluxes (Si et al.

2012). A common method to relate biophysical parameters to spectral response is 

through the use of vegetation indices (VIs). VIs are spectral transformations of two or 

more wavelength bands designed to enhance the contribution of vegetation properties 

(Asner et al. 1998, Huete et al. 2002). They are a representation of photosynthetic 

activity, or ‘greenness’ of a scene, and are a composite of leaf area, chlorophyll content, 

and canopy cover/structure (Glenn et al. 2008). A good VI should have a predictable 

response for biophysical parameters over a range of growing conditions, should 

normalise external effects such as viewing geometry, and normalise internal effects 

such as soil background (Huete et al. 1994). Over the past decades, dozens of VIs have 

been developed for different environments and purposes. The most common include the 

Normalized Difference Vegetation Index (NDVI) (Rouse et al. 1974, Tucker 1979); the 

Enhanced Vegetation Index (EVI) (Huete et al. 2002) and the Soil Adjusted Vegetation 

Index (SAVI) (Huete 1988). These were generally developed for use with multispectral 

systems, and are known as broad-band VIs. With the advent of hyperspectral sensors, 

narrow-band VIs have been developed that utilise ratios from single wavelength bands. 

While hyperspectral indices can track specific signals accurately (Rahman et al. 2003), 

narrow-band VIs do not always outperform broad-band VIs (Goel et al. 2003). 

With the understanding that VIs are a representation of biophysical parameters, 

researchers are increasingly using time-series VI measures as an indication of how these 

parameters change over time, and how this relates to the drivers of ecosystems.  

1.4.3 Challenges to remote sensing of Australian temperate grassland 

Australian vegetation presents a number of challenges to traditional remote sensing 

methods (Datt 1998, Goodwin et al. 2005). The primary issue at a landscape scale is the 

canopy architecture of the dominant tree genus, Eucalyptus. Unlike in many broadleaf 

ecosystems (where many remote sensing methods were developed), eucalypts have 

pendulous leaves that render the canopy semitransparent (Greaves and Spencer 1993, 

Kumar 1998), and mixes the tree signal with that of the understory vegetation (Goodwin 

et al. 2005). This is particularly true for ‘two-canopy systems’, such as savannahs or 

open woodlands, that remain one of the biggest challenges for remote sensing (Hill et 
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al. 2011). As grasses comprise a significant component of the understory across various 

biomes (e.g. Tozer et al. 2010), understanding the grass response is critical not only to 

‘pure’ grasslands, but to the successful assessment of other grassy ecosystems.  

Australia’s climate is typified by periods of low rainfall as a result of the El Niño 

Southern Oscillation (McAlpine et al. 2009). These droughts, together with the low 

nutrient content of many soils, have shaped the evolution of the vegetation on the 

continent (Specht 1969). Many plants have adaptations to reduce moisture loss (e.g. 

leaves with thick epidermis or waxy cuticles) or to increase moisture gathering capacity 

(e.g. deep taproots). As herbaceous species such as grasses do not always have the 

mechanisms to survive over very long drought periods, they tend to be responsive to 

rainfall events, and can re-sprout or germinate quickly to repopulate an area, 

particularly after fire (Tremont and McIntyre 1994). As such, grasslands show a high 

variability in condition and species composition between seasons and years. This 

dynamic state makes it difficult to track ecological trends via remote sensing and 

impossible to compare satellite to field data if not collected concurrently (Gao 2006).  

Australia shows less distinct seasonal variation when compared to other temperate 

environments, which makes traditional seasonal metrics such as ‘start of season’ more 

difficult to define. In Australia, tropical grasslands and savannahs contain a majority of 

C4 species, and their phenology is mostly driven by wet season rainfall amount and 

timing (Williams et al. 1997). In contrast, temperate grasslands often include a mix of 

native and exotic C3 and C4 species and can be extremely dynamic in response to 

changes in climate (Vohland and Jarmer 2008). Montane grasslands are impacted by 

winter snowfall and may show seasonal profile more typical of northern hemisphere 

temperate vegetation types. Arid and semi-arid rangelands are also highly responsive to 

rainfall drivers, and their ecosystem dynamics have an annual or ephemeral vegetation 

component (Lewis et al. 2001, Greenville et al. 2009). 

While there is a long history of remote sensing of vegetation in Australian environments 

(Foran 1987, Pech and Davis 1987), researchers in the past have tended to focus on 

woody vegetation types (Zerger et al. 2011). Australian scientists have explored remote 

sensing as a tool for estimating deforestation and regrowth (Kuhnell et al. 1998), 

conducting community and habitat classification (Goodwin et al. 2005) and assessment 
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of forest health and species richness (Coops et al. 2004, Waring et al. 2006). Non-

woody vegetation studies are more limited, but have included pasture productivity 

studies, particularly in rangeland systems (e.g. Donald et al., 2010; Hill, Donald, Hyder, 

and Smith, 2004), fuel loading investigations for bushfire hazard reduction (Paltridge 

and Barber 1988, Dilley et al. 2004, Martin et al. 2009, Verbesselt, Hyndman, 

Newnham, et al. 2010), and vegetation recovery after fire (Greenville et al. 2009, Levin 

et al. 2012). Lu and colleagues used time series data to separate woody from non-

woody cover and generate seasonal maps of each fraction (Lu et al. 2003). 

A small number of published Australian studies have used remote sensing techniques to 

acquire information on temperate grasslands. Early use of Landsat imagery from the 

Monaro district of the Southern Tablelands found limited success in separating native 

from modified grasslands (Benson 1994), though separating grassland from woody 

vegetation was possible. The same conclusion was reached for the derived grasslands of 

the Riverine Plain (Benson et al. 1997). More recently, the work of Zerger and 

colleagues suggests that optimal sites for temperate grassland rehabilitation may be 

identified by Landsat-estimated soil nutrient content, as native species are unlikely to 

outcompete exotic species where nutrient content is high (Zerger et al. 2011). 

Integrating fieldwork with remote sensing is crucial to provide validation of remote 

sensing data, confirm relationships between remote sensing products and field 

characteristics, and to fully explain changes in remote sensing signals (Cheng et al.

2006). Further work, however, is required to effectively integrate the two approaches 

for mapping and monitoring vegetation condition (Lawley et al. 2015). 

Many of the ecologically-based remote sensing studies of grasslands have been 

commissioned by state or federal departments and published as government reports (e.g. 

Agrecon 2004, 2005; Environmental Research & Information Consortium 2001). This 

has coincided with a rise in the conservation profile of herbaceous communities, such as 

grasslands, and an increased need to identify and map these communities to enable 

resource allocation and informed land management decisions (Vickery et al. 1997). The 

bulk of this work has been conducted in the Monaro district of the NSW and ACT 

Southern Tablelands where conservation and agricultural values of grassland is high. 

The results of floristic surveys of temperate grassland areas have indicated that most 
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high quality remnants occur in small patches of public land, such as travelling stock 

routes, roadsides and cemeteries (Groves 1965, 1979, Benson et al. 1997, Maguire et al.

2012), though larger areas are likely to occur on inaccessible private land (Barlow 

1998). As such, the fragmented nature of temperate grasslands presents a spatial issue 

for the detection of homogenous grassland types. While Landsat sensors (30 m x 30 m 

pixels) may be suitable for detecting small, fragmented grasslands, sensors that have 

coarser spatial scales may be less reliable. 

The results of remote sensing efforts to date have yielded some distinctions, particularly 

with extreme examples of the grassland continuum (i.e. strongly exotic versus strongly 

native) using data from the Landsat Thematic Mapper (TM) and Enhanced Thematic 

Mapper Plus (ETM+) sensors (R. Rehwinkel, pers. comm.).Given that the objective of 

governments is often to map vegetation communities, and that the ability to spectrally 

separate different native communities remains challenging, other mapping methods 

such as annual aerial photography are being explored (Maguire et al. 2012). However, 

aerial photographs have the disadvantage of being ‘snapshot’ images, and do not 

account for seasonal fluctuations showing differences in ecosystem dynamics and 

vegetation condition. Time-series satellite imagery has presented a potential solution, 

with frequent satellite revisit times being able to capture changes in dynamic systems 

(e.g. Petus, Lewis and White 2013). 

1.5 PHENOLOGY: DEFINITION, HISTORY AND CURRENT RELEVANCE

1.5.1 Conventional methods for estimating phenology 

Phenology is the study of seasonal events, and is one of the oldest methods of 

monitoring environmental change. Phenology has experienced an increase in popularity 

in recent years, as it is directly applicable to monitoring climate change impacts 

(Schwartz 1999, Hughes 2000, Parmesan and Yohe 2003). Examples of phenological 

variables that are currently studied include bird migration timing, plant phenophase 

(such as leaf-out, flowering and fruiting), and amphibian breeding activity (Peñuelas 

et al. 2004). Plant phenology monitoring has been conducted in Europe and Asia for 

centuries (Fitter and Fitter 2002), and usually involves the monitoring of emergence, 
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leaf unfurling, flowering, fruiting and senescence of single plants or small patches at 

discrete locations. This has been a basis of several ‘citizen science’ programs (e.g. 

Project Budburst in the USA; PlantWatch in Canada), and has been central to the 

development of phenology networks that have been established across the world (e.g. 

the US National Phenology Network; Betancourt et al. 2007). The limitations of point-

source phenology monitoring, however, are that the results are only applicable to a 

discrete location or range, there may be inconsistencies between observers, and that the 

observation frequencies may be irregular (Menzel 2002). 

Understanding the seasonal patterns of vegetation provides a fundamental 

understanding of terrestrial ecosystems and how they respond to basic drivers. 

Vegetation phenology is directly related to productivity; can be used as an accurate 

expression of long-term change; is a key input for climate models and feedbacks; can be 

used to detect disturbances; and can indicate the dominant vegetation type. 

1.5.2 Contemporary and novel methods for studying phenology 

1.5.2.1 Repeat digital photography (‘phenocams’) 

Another method for monitoring vegetation phenology is through “near surface” 

methods. These are designed to monitor a larger area than traditional phenology 

monitoring methods, and can be accomplished through the use of digital time-lapse 

photography or webcams (Richardson et al. 2009). These ‘phenocams’ are often used in 

conjunction with eddy-covariance monitoring towers, which can be used to validate the 

phenology signal through the time-series measurement of gross primary productivity 

(Richardson et al. 2007, Xiao et al. 2009, Moore et al. 2017). Phenocams typically use 

conventional red-green-blue (‘RGB’) sensors (e.g. Crimmins et al. 2008; Richardson et 

al. 2007) as are found in consumer-grade digital cameras. This restricts the analysis of 

the image to visible wavebands, though vegetation dynamics have been successfully 

captured through novel methods (Graham et al. 2010, Hufkens et al. 2012). Some 

phenocams have been engineered to be multi-band (i.e. include visible and NIR bands), 

and can therefore approximate more common satellite VIs, such as NDVI (Nagler et al.

2012). In order to capture larger scenes, phenocams typically capture oblique imagery. 

Near surface methods such as phenocams offer the advantage that the sensor can be 
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positioned to focus on a particular scene, and are cost-effective methods for monitoring 

select community-scale areas. 

Phenocams are becoming more commonly used in ecological research and have been 

successfully used to describe vegetation dynamics in a variety of biomes around the 

world, including broadleaf forests (Richardson et al. 2007, 2009, Nagai et al. 2011, 

Sonnentag et al. 2012), conifer forests (Ide and Oguma 2010, Bater et al. 2011, 

Sonnentag et al. 2012), mixed forests (Ahrends et al. 2008, Henneken et al. 2013) 

semiarid scrub (Kurc and Benton 2010), tropical savannah (Alberton et al. 2014, Moore 

et al. 2017), alpine grasslands (Migliavacca et al. 2011, Ide and Oguma 2013, Julitta et 

al. 2014), and suburban parks and gardens (Crimmins and Crimmins 2008, Nijland et 

al. 2014). As phenocam research is in its infancy, these studies continue to explore the 

effect of camera type, image format, geometry and index use on phenocam response. 

1.5.2.2 Satellite remote sensing 

The use of satellite-based remote sensing to detect vegetation phenology is termed ‘land 

surface phenology’ (de Beurs and Henebry 2004). It offers the potential to track the 

expression of phenology patterns at landscape to global scale, and—critically—is able 

to retrospectively obtain historical phenology data through satellite data archives (Reed 

et al. 2009). While many historical remote sensing studies have stressed the importance 

of taking seasonal spectral characteristics into consideration, or have used multi-date 

imagery to assist in spectral separation of land cover types (e.g. Agrecon 2005; Glenn 

et al. 2005), true time-series remote sensing studies are relatively recent. To generate 

accurate phenology profiles, imagery is required that offers sufficient temporal 

sampling to allow the detection of changes amidst seasonal variation in the scene 

(de Beurs and Henebry 2005). This has only been possible due to the long-term 

deployment of certain satellites, and the development of methods to fuse data from 

older sensors with newer ones. Table 1.3 summarises the specifications of several of the 

more commonly used satellite-based sensors that have time-series capability. 
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Table 1.3.Summary detail of common satellites used for remote sensing of vegetation 

phenology (from Reed, Schwartz and Xiao 2009). 

1.5.2.3 Phenology metrics and phenological profiling 

The use of VIs from satellites with high temporal resolution allows tracking of 

phenology metrics, such as ‘green-up’ (start of season), ‘brown-down’ (end of season), 

and length of season (Zhang et al. 2003, Fontana et al. 2008, Schmidt et al. 2012). 

These metrics aim to estimate key markers such as onset of greening, onset of 

senescence, timing of the peak of the growing season, and growing season length based 

on the analysis of the VI curve (de Beurs and Henebry 2010). Figure 1.3 shows an 

example NDVI phenology curve with metrics as presented in Chandola et al. (2010). 

Phenology metrics can be tracked from year to year and related to climatic variables 

(Peñuelas et al. 2004, Cleland et al. 2007, Chandola et al. 2010), though are often 

location-specific (Schwartz et al. 2002). While this has most utility in northern 

hemisphere biomes with distinct seasonal patterns, phenology studies using satellite 

data have been used to highlight productivity differences in the tropics and in less 

seasonally-distinct regions (Saleska et al. 2007, Huete et al. 2008, Schmidt et al. 2012).  
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 An NDVI phenology profile, illustrating examples of common phenology metrics 

(from Chandola et al. 2010). 

Several options exist for comparing phenology metrics derived from vegetation indices, 

and can be classified into: threshold-based, derivative-based, smoothing functions-

based, and model fitting-based (de Beurs and Henebry 2005). Each of these 

comparative methods have their advantages and disadvantages, for example, smoothing 

algorithms can be used to reduce spurious data points, but hold the danger of 

introducing artefacts and suppressing natural variations of the time-series (Fontana et al.

2008). Methods for deriving phenology metrics for Australian grassland types are likely 

to be different from those used for northern hemisphere temperate biomes, and 

alternative key indicators will need to be adapted or developed. 

When examining ecosystem change through time-series data, it is important to consider 

seasonal change, driven by rainfall and temperature, gradual change (e.g. trends in 

rainfall), and abrupt trend change, such as from a major disturbance (Verbesselt, 

Hyndman, Newnham, et al. 2010). Statistical methods suitable for separation of entire 

phenology curves (rather than just comparison of metrics) are also diverse and 

techniques are specific to location and vegetation type. Time-series similarity measures 

determine the difference in phenology cycles between years or locations. Lhermitte and 

colleagues have reviewed methods that are used to compare time-series cycles 

(Lhermitte et al. 2011). Users are cautioned to consider data characteristics (collection 

frequency, contamination, spatial resolution), time-series characteristics (correlation, 
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temporal resolution, missing values), and ecosystem characteristics (phenology patterns, 

baseline, and dynamics) in order to select an appropriate method. 

Phenology profiles were first used in conjunction with satellite sensors to differentiate 

agricultural crops, as these have distinct and well-understood growing periods (e.g. 

(Odenweller and Johnson 1984, Sakamoto et al. 2010). Although natural systems are 

much more complex, phenology-based information has been successfully used to 

differentiate different vegetation types such as warm-season versus cool-season 

grassland (Peterson et al. 2002, Davidson and Csillag 2003), identify plant invasions 

(Underwood et al. 2003, Andrew and Ustin 2008), separate woody from non-woody 

vegetation (Lu et al. 2003), assess the timing and impact of insect infestation (Nagler 

et al. 2012) and improve vegetation classification maps (Vickery et al. 1997, 

Lymburner et al. 2011). Several studies have used land surface phenology to identify 

land use change—usually related to agricultural practices—either through abrupt or 

gradual changes (Reed et al. 1994, de Beurs and Henebry 2005). Geerken and 

colleagues used time-series similarity to classify rangeland types and condition 

(Geerken et al. 2005). An application that is in its early stages is the concept of 

phenology forecasting (White and Nemani 2006). This approach uses deviations from 

historical data with uncertainty bounds, and may be used to provide predictions of 

insect outbreaks, pollen release, fire danger and crop conditions. 

Although land surface phenology has been used in different applications and 

geographical areas, the field is still in its infancy and there are many opportunities for 

advancement. The main areas for improvement that have been identified are the long-

term continuity of sensors and the inability to validate historical data (Reed et al. 2009), 

the need to scale between plant level and landscape level (de Beurs and Henebry 2010, 

Hufkens et al. 2012), deriving comparable phenology metrics (Fisher et al. 2006), and 

the often weak relationship between ground and satellite observations (Badeck et al.

2004, Ahl et al. 2006, Soudani et al. 2012). 

1.5.3 Phenology research in Australia 

Most research into phenology has been conducted in the northern hemisphere where 

seasonal changes are predominantly temperature-driven and vegetation growing season 
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is well-defined and predictable. Chambers (2009) reports that 28,115 studies of the 

28,671 published on phenology (98%) are based on northern hemisphere data sets. In 

other parts of the world phenological changes may be more subtle however the 

importance of minor variation should not be underestimated. 

Phenology studies have been limited in Australia—perhaps due to the high climatic 

variability that produces subtle phenology changes. Australia also lacks long-term 

datasets that are key for trend detection in phenology (Gallagher et al. 2009). A lack of 

phenological data in Australia has been cited as a focus of future climate change 

research in this country (Howden et al. 2003, Hennessy et al. 2007, Chambers 2009).  

Unlike the northern hemisphere, the passing of the seasons is followed less closely in 

temperate south-eastern Australia. Some of the more obvious phenological markers 

include the flowering of Acacia species in the early spring, the vibrant flowering of the 

exotic but widespread Jacaranda species in late spring, and the summer return of 

cuckoo species that spend winter in northern Australia (Entwistle 2014). Farmers and 

graziers in this region are more attuned to phenology markers; the country’s only long-

term phenology records come from agricultural records (Koch 2010). An understanding 

of seasonal cycles has long been required for the planting and harvesting of crops, pest 

control and the timing of lambing to coincide with spring pasture growth (Entwistle 

2014). Understandably, many of the early phenology studies in Australia relate to 

pasture production (Biddiscombe et al. 1953, Williams 1961). 

Contemporary phenology studies—most of which have a distinct focus on climate 

change impacts—can be categorised into a few subject areas and are driven by a few 

key research groups in this field. The movement of certain migratory birds has shown a 

trend of earlier arrivals and later departures and has been correlated with temperature 

and rainfall variables (Norment and Green 2004, Beaumont et al. 2006, Chambers 2008, 

Green 2010). The timing of breeding and egg-laying of native birds has been noted to 

be either earlier or later depending on the region (Gibbs 2007, Chambers et al. 2008).  

Changes in plant phenophase are also highly dependent on region and species. Most 

studies investigate impacts on flowering time, as flowering is usually conspicuous and 

easy to monitor. The flowering time of native plants in the south-east has been shown to 
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have shifted earlier or later depending on species (Keatley et al. 2002). Flowering of 

grassland species has also been shown to be responsive to warming in Tasmania 

(Hovenden 2007), with warmer temperatures resulting in an average earlier flowering 

time. In south-eastern alpine regions, some species showed earlier flowering times with 

warmer temperatures (Gallagher et al. 2009). Two alpine plant species showed a very 

strong relationship between flowering and date of snow melt (Green 2010). Only one 

study refers to fruiting phenophases: wine grapes were observed to have matured 

earlier, in an apparent correlation with warmer temperatures (Webb et al. 2011). Studies 

of phenological changes in vegetation (leaf growth and senescence) are also limited. An 

investigation into leaf phenology showed that leaf flushing in a variety of Australian 

tropical species occurs as a precursor to seasonal rainfall (Williams et al. 1997).  

Remote sensing is being increasingly utilised in the global phenology domain, however 

Australia has received little attention in this regard. This may be due to the dominance 

of biomes within Australia that are either subtle in their seasonal changes or have a high 

variability in the timing of phenological events—both examples are challenging to 

traditional phenology methods. The few satellite-based phenology projects that have 

been conducted in Australia have been focussed on arid and semi-arid zones, where 

land surface phenology is driven by moisture—typically rainfall—and is somewhat 

predictable. These studies include: 

• combining Landsat and MODIS satellite data to enhance spatio-temporal 

resolution in northern savannahs (Schmidt et al. 2012); 

• using MODIS data to investigate vegetation phenology and groundwater in the 

Great Artesian Basin (Petus et al. 2013); and 

• investigating the temporal dynamics of the Northern Australian Tropical 

Transect (Ma et al. 2013). 

Collation of the limited available phenocam data in Australian ecosystems has shown 

the diverse range of drivers and responses of vegetation phenology across country 

(Moore et al. 2016). While this data demonstrates phenocam deployment in rainforests, 

savannahs and temperate evergreen forests, it also highlights the need for additional 
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phenocam data to understand the phenology of these complex systems. More recently, 

phenocams and eddy-covariance flux towers were used to assess the difference between 

understory and overstory dynamics in an Australian tropical savannah (Moore et al.

2017). This study provided much needed insights into grass and tree phenology in a 

mixed system but, like satellite phenology research, is limited to the Australian tropics. 

There is a clear need for increased research in phenology of various Australian biomes, 

and an obvious potential in using remote sensing tools for this purpose. However, the 

Australian studies that have been published demonstrate the differences between 

Australian ecosystems and northern hemisphere biomes, and the need to develop 

appropriate phenological methods for Australian systems (Broich et al. 2015). 

1.6 CONCEPTUAL MODELS OF GRASSLAND PHENOLOGY

The following diagrams represent conceptual models of phenological changes that 

occur under typical and disturbed conditions and specifically relate to the reflectance 

properties that are detected using remote sensing tools. These models are used to 

identify important areas of focus for this project and demonstrate feedbacks and 

interactions within these variables. The primary mechanisms that have been identified 

to alter spectral reflectance—and hence vegetation indices and phenology profiles—are 

changes in species composition, rainfall, and disturbance. Ultimately, effects on spectral 

reflectance relate to changes in biophysical characteristics of vegetation (Asner 1998). 

Species composition is a major influence on spectral reflectance. Every species presents 

a range of biophysical parameters that are have characteristic reflectance properties; 

these may be unique or may overlap with other species. It is the unique signatures that 

are exploited by researchers attempting to detect particular species using remote sensing 

methods (e.g. Dehaan et al. 2007; Pengra, Johnston and Loveland 2007). Figure 1.4 

identifies the key biophysical parameters that are associated with an individual species. 

For each species present, these parameters change seasonally depending on 

photosynthetic type and response to temperature and rainfall, For example, a species 

with conspicuous flowers will have a different spectral reflectance during flowering 

times versus when it is vegetative (Underwood et al. 2003, Huang and Asner 2009). 

This model illustrates that even in a hypothetical monoculture, phenological changes 
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will be apparent in the spectral profile. In grassland with many different species, each 

species may change differently, resulting in a complex integrated response. Herbaceous 

species will also have a more dynamic response to these drivers than woody species do, 

resulting in faster and more extreme changes for individual species as well as 

community composition (Petrie et al. 2011). 

 Conceptual model: how biophysical properties of individual species contribute to 

changes in spectral reflectance. These parameters are not static, but change in response to 

climatic variables, adding an additional temporal component to this figure. 
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Figure 1.5 shows the effect that rainfall and drought have on vegetation by detailing the 

driver, effect, community response and changes to biophysical parameters. In each case, 

change in species composition is a likely community response, and the suite of 

biophysical changes shown in Figure 1.4 is relevant. Other effects, such as increased 

vegetation vigour, promote more a more linear response, such as increased leaf area 

index (LAI). A change in fractional cover is a common biophysical response and refers 

to the proportion of an area covered by photosynthetic vegetation, non-photosynthetic 

vegetation, and background substrate (Guerschman et al. 2009). 

 Conceptual model: rainfall and drought effects, community response and expected 

changes to biophysical parameters. 
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Disturbance events bring about the most abrupt changes in grassland structure and 

function (Verbesselt, Hyndman, Zeileis, et al. 2010). Figure 1.6 and Figure 1.7 show the 

impacts of common grassland disturbance events—fire, weed invasions, grazing and 

scalping (the removal of vegetation and surface soil)—on the community response and 

the vegetation biophysical parameters. It is important to note that changes to community 

composition are likely after all disturbances, as are changes to the proportions of 

fractional cover. In addition, disturbances are likely to cause feedback loops; for 

example, a weed invasion may result in less grazing by livestock, which leads to greater 

quantities of dead vegetation and higher risk of fire. Fire then provides another 

disturbance which may make the area more vulnerable to weed invasions, and the cycle 

continues. 

 Conceptual model showing how disturbance events change vegetation biophysical 

parameters (grazing and fire). 
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 Conceptual model showing how disturbance events change vegetation biophysical 

parameters (weed invasions and scalping). 

1.7 THESIS AIMS  AND RESEARCH QUESTIONS

The broad research questions that this thesis aims to answer are: 

• How do climate, biophysical factors and species composition interact to influence 

temperate grassland phenology?; 

• How do different temperate grassland functional types differ in their phenology?; 

• How do phenological estimates change with different spatial and temporal scales?; 

and 

• What is the capability of satellite-based and near-surface sensors to accurately 

quantify grassland phenological variables? 
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1.8 THESIS STRUCTURE

This research project is designed to use complementary and comparable methods in 

laboratory and field experiments to control particular variables. This will be used to 

build an understanding of the contribution of each variable to the grassland phenology 

profile. This thesis is structured such that each chapter covers a small suite of variables 

that contribute to and build our understanding of grassland phenology.  

Chapter 2 details an experiment conducted in controlled laboratory conditions to 

investigate the impacts of fractional cover and species composition in native grassland 

mesocosms. This experiment was conducted over a year, and was designed to control 

for factors such as density and species, while minimising the effects of variables such as 

climate and sensor geometry, as is found in natural environments. In particular, 

Chapter 2 explains the effect of standing litter on the phenological profile, and 

highlights how species composition of grassland can impact land surface phenology.  

Chapter 3 details the effects of different rainfall regimes on temperate grassland, in this 

case an improved pasture. This experiment utilised rainfall exclusion shelters over 1 m2

grassland plots to mimic rainfall regimes of altered quantities and timing. The effect on 

vegetation was monitored through time-lapse digital cameras (‘phenocams’) that were 

subsequently processed to generate a ‘greenness’ index for each image. The results of 

longitudinal image analysis of different rainfall treatments were compared with daily 

soil moisture values and rainfall data. This provides a baseline of information to prepare 

climate adaptation strategies to secure the future of Australia’s grazing industries. 

Chapter 4 investigates how the community structure of the four grassland functional 

types changes throughout the year, and the how the phenology of dominant species 

contribute to land surface phenology over an annual cycle. This chapter provides a 

‘field-level’ understanding of how grassland species change throughout the seasons and 

how grassland types are differentially affected by abiotic drivers such as climate. 

Chapter 5 examines how estimates of land surface phenology taken at different 

temporal and spatial scales detect temperate grassland phenology signatures. This 

chapter compares different methods of estimating vegetation dynamics: conventional 
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phenology estimates (biomass samples, pasture height and vegetative cover), 

contemporary near-surface remote sensing (phenocams), and traditional satellite remote 

sensing. This comparison provides a basis for determining where satellite estimates of 

phenology may or may not be viable, and the potential for scaling satellite-based 

observations to field conditions. This chapter also assesses the utility of phenocams in a 

temperate grassland system. 

Chapter 6 provides a synthesis of the findings of the overall research project and 

suggests future recommendations for this area of research. It discusses the role of 

remote sensing in phenological studies and the advantages that different methods 

provide. Chapter 6 concludes with a discussion of how multiple remote sensing tools 

can improve management of Australian temperate grasslands and contribute to our 

understanding of Australian phenology. 
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Chapter 2: The effect of species composition and fractional 

cover on spectrally-derived phenology in Australian 

grasslands 

2.1 INTRODUCTION

Temperate grasslands in south-eastern Australia represent a mosaic of diverse land uses, 

species composition, and ecological conditions because of their historical and current 

coexistence with pastoral agriculture and urbanisation (McDougall and Kirkpatrick 

1994, Ross 1999). Many native grassland communities are listed as threatened under 

Australian state and federal legislation, however the economic and cultural importance 

of livestock production in the region is high (Williams, Marshall, and Morgan 2015). 

The need for informed management of temperate grassland in this region is important to 

maintain or improve the ecological integrity and pasture production values under 

changing climatic conditions. Of particular interest is the relative dominance of species 

that use C3 or C4 photosynthetic pathway. C3 species are more productive in cooler 

climates, whereas C4 species have a greater advantage in warmer, dryer conditions 

(Baldocchi 2011). The relative response shown by C3 and C4 grasses to increased CO2, 

higher temperatures and modified rainfall regimes of future climates will have major 

impacts to both ecological condition and agricultural productivity (Körner 2006, 

Morgan et al. 2011). 

2.1.1 Remote sensing and temperate grassland management 

Satellite-based remote sensing is now a commonly used tool for consistently assessing 

vegetation characteristics at a landscape scale (Huete 2012). Remote sensing methods 

have been used in a grassland context both within Australia and internationally to 

identify land cover types (Price et al. 2002, Geerken et al. 2005), determine land use 

change (Henebry 1993, Wylie et al. 2002), estimate primary productivity (Psomas et al.

2011, Gu et al. 2013), assess vegetation cover (Liu et al. 2007, Guerschman et al. 2009, 

Zhang et al. 2009) and quantify ecological threats (Akiyama and Kawamura 2007). 

Traditionally, this data acquisition has been conducted through spectral classification, 

where differences in the spectral reflectance of vegetation types relate to differences in 
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biophysical (e.g. canopy architecture, leaf area index) or biochemical (e.g. 

pigmentation) parameters. The use of vegetation indices (VIs), which take advantage of 

the differential reflectance of light wavelengths by vegetation, have shown considerable 

accuracy in quantifying biomass, leaf area index, and vegetative fractional cover 

(Weiser et al. 1986, Xie et al. 2008, Guerschman et al. 2009). The Normalized 

Difference Vegetation Index (NDVI; Tucker, 1979) and the Enhanced Vegetation Index 

(EVI; Huete et al., 2002) are among the most used VIs, although numerous VIs have 

been developed that are optimised for different applications and sensors. These VIs can 

be generated from satellite-based sensors as well as ground-based spectral 

measurements. 

Identifying and characterising temperate grassland communities via remote sensing 

methods in south-eastern Australia is challenging (Eco Logical Australia 2009). Efforts 

are confounded by the dynamic response of grassland species to temperature and 

rainfall, which results in rapid changes to species composition and green/dead 

vegetative proportions. The high contribution of standing dead litter to Australian 

temperate grasslands can obscure the contribution of the green vegetation fraction, a 

feature that is known to impact spectral signals (van Leeuwen and Huete 1996, Nagler 

et al. 2000). Attempts to acquire grassland information in the spectral domain have been 

limited in number as well as success due to the spectral similarity of many grassland 

communities (Benson 1994, Environmental Research & Information Consortium 2001, 

Agrecon 2005). As a consequence, most grassland classification conducted by 

government organisations is currently conducted through annually-collected aerial 

photography analysis (Maguire et al. 2012). While this provides high quality 

information on grassland spatial extent it is a ‘snapshot’ at one moment in the year and 

provides no additional information on ecosystem function, productivity or quality. 

2.1.2 Land surface phenology and vegetation dynamics 

A complementary source of information on vegetation dynamics is through time-series 

patterns of vegetation growth. When this information is gathered from a mixture of 

vegetation types, such as a pixel from a satellite sensor that may cover several square 

metres, it is termed ‘land surface phenology’ (de Beurs and Henebry 2004). Phenology 

is the study of recurring seasonal events and is one of the oldest forms of vegetation 
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monitoring (Aono and Kazui 2008). Leafing and flowering times of individuals and 

groups of plants are commonly used in phenology studies, such as those that provide 

evidence of climate warming (Caradonna et al. 2014). In contrast, land surface 

phenology examines larger spatial scales, and uses vegetation growth to provide an 

indication of landscape-scale vegetative dynamics. When vegetation indices are 

measured over time, the resultant phenology profile is a greenness signature that is 

analogous to primary productivity over the measured area (Reed et al. 1994). Recent 

development of phenological methods have included applications to separate C3/C4

functional types (Wang et al. 2013), identify land cover classes (Lymburner et al.

2011), and detect ecosystem change (Nagler et al. 2012). There has also been discussion 

regarding the need for vegetation phenology data to improving carbon and energy 

balance models (Peñuelas et al. 2009, Richardson et al. 2012).  

The incorporation of phenological data has the potential to improve the classification 

and characterisation of temperate grassland types, monitor land use change, track 

restoration efforts or degradation, and estimate productivity. However, the vegetation 

dynamics of temperate grasslands in south-eastern Australia show different phenology 

patterns from northern hemisphere deciduous ecosystems where the majority of 

phenology studies have taken place. As such, there is a fundamental need to understand 

the drivers behind Australian temperate phenology signals before phenological methods 

can be applied to landscape-level management. This is best investigated in a controlled 

environment to limit the extraneous variability that natural systems exhibit. In 

particular, vegetation indices can be affected by changes in soil type, soil moisture, 

species composition, plant water content and canopy architecture (Jones and Vaughan 

2010), which need to be carefully controlled to ensure they do not confound the target 

variables. 

In this experiment, time-series spectral measurements of grassland mesocosms are used 

to determine the influence that photosynthetic and non-photosynthetic vegetation has on 

grassland phenology. Vegetative fractional cover is used as the response variable as this 

is commonly used for assessing grassland quality (Guerschman et al. 2009, Zhang et al.

2009) and can be measured non-destructively. Fractional cover refers to the aerial 

proportion of photosynthetic vegetation (fPV) and non-photosynthetic vegetation (fNPV) 

(White, Asner, et al. 2000), with the remainder constituting background substrate (fBG). 
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These relative proportions determine important ecosystem features like rates of carbon 

and nutrient exchange and heat fluxes. Fractional cover estimates are also used to 

estimate grassland vegetation condition (Purevdoj et al. 1998) and are crucial for 

providing land management information, such as estimates of productivity, fire 

frequency and erosion control (Guerschman et al. 2009). Nadir digital photography is 

used to provide a quantitative estimate of cover, as this method has proven to provide 

good fractional cover estimation of grassland systems (Przeszlowska et al. 2006). 

2.1.3 Aims 

This chapter investigates how spectral reflectance and VIs are impacted by species 

composition and vegetative fractional cover under controlled sensor/illumination 

geometry and in the absence of rainfall effects. A pilot study was conducted to 

determine appropriate VIs and assess spectral reflectance features of leaf and canopy 

level scenes. The preliminary results of this study was published as part of the 2013 

IEEE Geosciences and Remote Sensing Society conference proceedings (Watson et al.

2013) and is reproduced in part here. 

The aims of this experiment were to:  

• investigate differences in phenology patterns due to grass species and C3/C4

photosynthetic functional type;  

• determine how vegetation density affects spectral estimates of phenology in 

grasslands; and  

• quantify the proportional impact of photosynthetic vegetation and standing litter 

on spectral indices and phenology estimates. 
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2.2 METHODS

2.2.1 Canopy reflectance spectra 

This study used two grass species, Themeda triandra Forssk. (Themeda; C4 grass) and 

Poa labillardierei Steud. (Poa; C3 grass). These species are perennial caespitose 

(tussock) grasses that are common in grassland communities throughout temperate 

south-eastern Australia. These species are indicators of high quality temperate 

grasslands (Rehwinkel 2007) and are readily available from specialist native nurseries. 

Year-old potted plants were grown in a glasshouse and provided with adequate water, 

nutrients and pest control. Plants were moved within the greenhouse every two weeks to 

ensure subtle differences in light and temperature did not influence a particular group of 

plants. The glasshouse temperature and humidity were automated to represent ambient 

temperature conditions in Sydney (-33.883647 N, 151.199202 E). Temperature was 

recorded constantly with a Priva E-measuring box (Priva, De Leir, The Netherlands) for 

the study period and is presented as mean monthly maximum, mean monthly minimum 

and mean monthly temperature in Figure 2.1. Generally, the temperature followed 

typical seasonal patterns for the Sydney region, with a cool winter (June 2013–

August 2013), followed by increasing temperatures through spring (September 2013–

November 2013), and warm temperatures being maintained through summer 

(December 2013–February 2014). For the period of the study, autumn temperatures 

(March–April 2014) also remained high. 
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 Mean temperature, mean maximum temperature and mean minimum temperatures 

(°C) of the study glasshouse, measured monthly from May 2013 to April 2014. 

For each species, three density treatments were used to assess the influence of 

vegetation quantity on grassland phenology. These treatments of low density (16 plants 

per m2), medium density (32 plants per m2), and high density (64 plants per m2) 

replicated a common range of vegetation densities found in natural south-eastern 

Australian grassland systems. The approximate dry biomass per plant was assessed at 

25 g, hence the approximate biomass per treatment is 200 g/m2 (low density), 400 g/m2 

(medium density) and 800 g/m2 (high density). Biomass was not measured for each 

mesocosm due to the non-destructive nature of this experiment. 

For each species, two manipulative treatments of fractional cover were modified at the 

start of the experiment to test extremes of cover types that are encountered in natural 

systems. The first treatment, termed ‘drought’, involved water-stressing plants such that 

all green foliage had senesced, representing grassland conditions under drought stress. 

These plants had no photosynthetic vegetation (0% fPV); all the vegetation was non-

photosynthetic. The second treatment, termed ‘resprout’ involved the removal of all 

non-photosynthetic foliage so that only live vegetation remained (as close as practical to 

0% fNPV). This represents grassland vegetative resprouting following a disturbance 

event such as fire (Morgan 2015), or the broad scale clearing of ground-level vegetation 



43 

for pasture preparation or weed control (also known as ‘scalping’). Both treatments 

were initiated in June 2013 and were allowed to recover throughout the experiment. 

These fractional cover treatments were measured at the medium-density level of 

32 plants/m2 and were compared to the control treatments at the same density. 

To replicate the vegetative structure of a grassland for spectral measurement, individual 

potted plants were placed together as a mesocosm. The mesocosms comprised a 

modular 0.25 m2 frame that allowed experimentation with density and species 

arrangements (Figure 2.2). Individual grass plants were selected at random, placed 

within the frame and covered with a 2 cm layer of dry dark soil. For spectral 

measurements, the mesocosm was placed within a dark box to minimise stray light and 

was illuminated obliquely with two 1000 W tungsten-quartz lamps in a dark room 

(Figure 2.3), as recommended by the spectroradiometer manufacturer (Analytical 

Spectral Devices 1999). The mesocosms were mounted on a rotating platform, which 

was rotated for six sequential readings (i.e. 0º, 45º, 90º, 135º, 180º, and 270º) to account 

for differences in bidirectional reflection characteristics. 

An Analytical Spectral Devices spectroradiometer (ASD Inc., Boulder, CO, USA), 

FieldSpec FR Pro; range 350–2500 nm; maximum spectral resolution of 10 nm, was 

used to collect canopy-level hyperspectral reflectance data from each grass mesocosm. 

Each spectrum represents the average of 30 scans. The spectroradiometer probe 

(25º viewing angle) was positioned at nadir 1.3 m above the subject, allowing for an 

integrated viewing diameter of 44 cm. Reflectance was calculated used a Spectralon™ 

reference panel measured in the same plane as the target.  

Spectral measurements were taken once every month between May 2013 and April 2014 

to generate annual profiles of vegetative phenology for each species, density and 

fractional cover treatment group. Five replicate mesocosms with different individual 

plants were recorded for each treatment. 
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 Grassland mesocosm design, with dark soil and low-density Poa control treatment. 

 Grassland mesocosm under 2 x 1000 W oblique tungsten-quartz lamps during 

spectroradiometer measurements. 
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Fractional cover of each scene within the viewing diameter of the spectroradiometer 

was estimated through digital photography (Panasonic Lumix TS-4), and was processed 

for fractional components: photosynthetic vegetation (fPV), non-photosynthetic 

vegetation (fNPV), and background (fBG) using manipulation of colour thresholds in 

Adobe Photoshop™ CS5 version 12.0.4 (example shown in Figure 2.4). Replicate 

photographs were taken between repeat spectral measurements to ensure adequate 

repeatability of this method. An average relative percentage difference between 

replicates was less than 4% for all fractions. 

 Separation of nadir photograph into (a) photosynthetic, (b) non-photosynthetic and 

(c) background fractional cover components. 

2.2.2 Leaf-level reflectance spectra 

Leaf-level spectra were taken using the ASD FieldSpec Pro in conjunction with a  

LI-COR 1800-12 integrating sphere, as detailed in the pilot study (Watson et al. 2013). 

Spectral measurements of green (photosynthetic) and senesced (non-photosynthetic) 

leaf material were taken using narrow-leaf methods specified by Daughtry, Biehl and 

Ranson (1989). Typical leaf-level spectra of live and dead foliage from each species are 

presented in Figure 2.5. 

(a)                            (b)                             (c) 
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 Leaf-level typical spectra (400–2000 nm) of photosynthetic (top) and senesced 

(bottom) Poa and Themeda leaves 

As part of the pilot study, reference spectra were taken from canopies with a high level 

of fPV, which approximate plant condition at the start of the ‘resprout’ treatment, and 

those with a high level of fNPV, which approximate plant condition at the start of the 

‘drought’ treatment (shown in Figure 2.6). 
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 Canopy-level reference spectra (400–2000 nm) of Poa and Themeda medium-

density canopies with high fPV (top) and low fPV (bottom). 

2.2.3 Spectral indices 

In the pilot study (Watson et al. 2013), a range of conventional narrow-band and broad-

band VIs were tested to determine the optimal VI for estimating vegetative cover in 

temperate grasslands. The best agreement with fPV was found to be the red-edge NDVI 

(Equation 2.1; Pearson’s correlation coefficient r = 0.95). This VI is also termed 

NDVI705 and utilises the sensitivity of the red-edge—the boundary of the red and near 

infrared wavelengths—to changes in canopy cover, gap fraction and senescent 

vegetation (Gitelson and Merzlyak 1994). This index is unitless and has a theoretical 
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range of between -1 and 1, with higher values representing higher vegetation greenness. 

In practice, however, values tend to be between 0 and 0.6. 

           (2.1) 

(Gitelson and Merzlyak 1994) 

The best agreement with fNPV (r = 0.826) was found to be the Cellulose Absorption 

Index (CAI; Equation 2.2), which uses cellulose-sensitive absorbance regions in the 

2000–2200 nm range (Daughtry et al. 1996). This index has been successfully used in 

savannahs and croplands to quantify fNPV (Nagler et al. 2003, Guerschman et al. 2009). 

      (2.2)

(Daughtry et al. 1996) 

2.2.4 Chlorophyll content 

Relative chlorophyll content of grass leaves was measured monthly between 

November 2013 and April 2014 using a Minolta SPAD-502 chlorophyll meter 

(Minolta Co Ltd., Osaka, Japan). This instrument uses the spectral reflectance features 

of chlorophyll pigments at 650 nm and 940 nm to estimate chlorophyll content at the 

leaf level. This method has been shown to provide an accurate relative estimate of 

chlorophyll content (Víg et al. 2012). The benefit of this method is that it is non-

destructive, can be used in-situ and is able to measure the chlorophyll content of thin 

leaves, such as grasses. Leaves were measured in three locations, between the midpoint 

of the leaf and the tip, to account for the tip-down maturation of grass leaves. The leaf 

midrib could not be excluded from the measurement due to the small size of the leaf 

relative to the measurement port. Ten leaves for each time/treatment were measured in 

this manner resulting in thirty measurements per time/treatment. Instrument availability 

prevented this measurement from being taken for the duration of the experiment. 

2.2.5 Spectral processing and analysis 

Spectra visualisation and processing was conducted with ViewSpec Pro version 6.0 

(ASD Inc., Boulder, CO, USA). Data processing and analysis was undertaken using the 
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R software package (R Core Team 2013). Locally Weighted Scatterplot Smoothing 

(LOESS) curves were used to assist in visualisation of data trends (Cleveland 1979). In 

all statistical tests, the level of significance was set at p < 0.05. 

2.3 RESULTS

2.3.1 Fractional cover and vegetation indices 

The NDVI705 (Gitelson and Merzlyak 1994) demonstrated a strong relationship with fPV

across all species, treatments and time measurements (Figure 2.7; Pearson’s r = 0.846). 

The same relationship calculated separately showed a higher correlation for each 

species (Figure 2.8, Themeda: r = 0.928, Poa: r = 0.916). Given this strong relationship, 

it is reasonable to suggest that the time series measurements of NDVI705 accurately 

reflect changes in fPV. Several other narrow and broadband NDVI-based indices also 

demonstrated a strong positive correlation with fPV, as did ‘RGB’ indices that are 

applied to colour digital imagery. These correlations are presented in Appendix A. 

 Pearson’s correlation of fPV with NDVI705 for all treatments over all months 

(r = 0.730). The orange horizontal line represents the average bare soil NDVI705 value of 0.084.  
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 Pearson’s correlation of fPV with NDVI705 for all treatments over all months, 

separated by species (Themeda: r = 0.928; Poa: r = 0.916). The orange horizontal line 

represents the average bare soil NDVI705 value of 0.084. 

Despite being strongly correlated in the pilot study (Watson et al. 2013), the CAI was 

found to be only moderately correlated with fNPV when compared across all 

measurement times and treatments (Pearson’s r = 0.619). This was not improved when 

analysed individually by species (Figure 2.9; Themeda: r = 0.619; Poa: r = 0.618). 
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 Pearson’s correlation of fNPV with CAI for all treatments over all months, separated 

by species (Themeda: r = 0.619 and. Poa: r = 0.618). 

Phenology metrics of each treatment including mean NDVI705, peak NDVI705, month of 

peak, minimum NDVI705, month of minimum NDVI705, and NDVI705 amplitude can be 

used to identify similarities and differences within the groups. These metrics are 

presented in Table 2.1. Throughout this experiment the lowest recorded NDVI705 mean 

value was 0.102 (Poa drought treatment, June 2013) and the highest recorded NDVI705

value was 0.569 (Themeda control, October 2013). The mean NDVI705 of bare soil was 

0.084. 
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Table 2.1.  Summary of phenology metrics of Poa and Themeda mesocosms at low, medium or 

high density, and for control, drought or resprout treatments (mean values; n = 5). Shaded rows 

are Themeda (C4) treatments; unshaded rows are Poa (C3) treatments.  

Average 

value 

Peak 

value 

Peak 

months 

Min. 

value 

Min. 

month 
Amplitude 

Themeda Control 

Low Density 
0.377 0.461 May/Oct 0.246 Apr 0.215 

Themeda Control 

Medium Density 
0.429 0.540 Oct 0.300 Apr 0.240 

Themeda Control 

High Density 
0.460 0.547 May/Oct 0.345 Apr 0.202 

Themeda Drought 

Medium Density 
0.322 0.421 Sep 0.182 May 0.239 

Themeda Resprout

Medium Density 
0.457 0.567 Sep 0.315 Apr 0.252 

Poa Control 

Low Density 
0.310 0.392 Aug 0.235 Mar 0.157 

Poa Control 

Medium Density 
0.366 0.440 Jul 0.286 Mar 0.154 

Poa Control 

High Density 
0.397 0.463 Aug 0.298 Feb 0.165 

Poa Drought 

Medium Density 
0.271 0.349 Oct 0.187 Jun 0.162 

Poa Resprout 

Medium Density 
0.414 0.519 Jul 0.299 Feb 0.220 

2.3.2 Differences in phenology by species 

To illustrate the primary phenological differences between the two species, Figure 2.10 

provides a comparison of the NDVI705 phenology profiles of Themeda and Poa 

medium-density mesocosms. The profile of Themeda showed a high greenness at the 

commencement of the experiment (NDVI705 = 0.529) which declined and stayed 

consistently low during the winter months at approximately 0.420. During October, this 

rose again to a maximum value of 0.540 before steadily decreasing in the summer and 

autumn months to 0.300. The average Themeda NDVI705 throughout the course of the 

experiment was 0.429. The amplitude (difference between highest value and lowest 

value) was 0.240. This pattern was demonstrated by all density treatments. In contrast, 
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the Poa profile was notably more moderate throughout autumn, winter and spring, with 

a fairly consistent NDVI705 of between 0.384 and 0.440 (maximum in July). This 

decreased to a minimum of 0.286 in March but increased again after March as 

temperatures became cooler. One of the more evident and consistent differences was 

that the Poa profile peaked earlier in spring, and decreased rapidly with the onset of 

warm temperatures. Poa had a lower average mean NDVI705 of 0.366 with a smaller 

inter-annual variability (amplitude) than Themeda. 

One of the most marked differences between the two profiles is that Poa profile is more 

cyclical across the break in annual period, whereas Themeda demonstrates a strong 

disconnect: the mean NDVI705 during May is high (0.531), while after one year, the 

April NDVI705 is low (0.302).  

 Mean monthly NDVI705 values (± 1 s.d.) for medium-density Themeda and Poa

mesocosms (n = 5). The trend line for each series is represented by a LOESS fitted curve 

(span = 0.8). 
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2.3.3 Differences in phenology by plant density 

The phenology patterns of low, medium and high density Themeda mesocosms showed 

similar shapes (Figure 2.11) with a low period during the winter months, maxima in 

May and October, and a steady decline from December into the summer and autumn. 

Increased densities showed a predictable higher NDVI705 throughout, with the high 

density treatment averaging 0.460 compared to the low density 0.377. The medium- and 

high-density values tended to be similar to one another at higher NDVI705values (e.g. in 

May, October and December), suggesting a saturation point had been approached. 

When compared with the raw fractional cover data, it was apparent that the fPV values 

reached a natural maximum at 80%. As such, it is considered that the fPV rather than the 

index was saturated, and results at the higher end of the NDVI705 scale are valid. The 

amplitudes of the curves were comparable between density treatments. 

 Mean monthly NDVI705 (± 1 s.d.) phenology for low-, medium- and high-density 

Themeda mesocosms (n = 5). The trend line for each series is represented by a LOESS fitted 

curve (span = 0.8). 

Likewise, the different Poa density mesocosms all showed similar phenology patterns 

(Figure 2.12), with the NDVI705 peaking in the winter and early spring months then 
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declining in summer. The greenness values rose with increasing plant density: the low 

density treatment had an average NDVI705 of 0.310 and the high density treatment 

averaged 0.397.  

 Mean monthly NDVI705 (± 1 s.d.) phenology for low-, medium- and high-density 

Poa mesocosms (n = 5). The trend line for each series is represented by a LOESS fitted curve 

(span = 0.8). 

The strong relationship between fPV and NDVI705 was maintained across all density 

treatments for both Poa (Figure 2.13) and Themeda (Figure 2.14) control groups. 
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 Pearson’s correlation of fPV with NDVI705 for Poa control treatments, separated by 

density. The orange horizontal line represents the average bare soil NDVI705 value of 0.084. 

 Pearson’s correlation of fPV with NDVI705 for Themeda control treatments, 

separated by density. The orange horizontal line represents the average bare soil NDVI705 value 

of 0.084. 
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2.3.4 Differences in phenology due to treatment 

The drought treatment involved stressing the plants such that no green vegetation was 

present, and then monitoring the recovery throughout the year. Themeda plants in the 

drought treatment exhibited consistently low NDVI705 values through the winter months 

of June and July (NDVI705 < 0.355) before recovery and more vigorous growth of new 

foliage in spring (Figure 2.15). However these drought treatment plants reached a peak 

NDVI705 one month earlier than the controls, and maintained a lower VI throughout the 

duration of the experiment (annual average NDVI705 of 0.322 compared with the control 

annual average NDVI705 of 0.429). Poa plants (Figure 2.16) showed a faster recovery 

response than Themeda, but also maintained a greenness level much lower than the 

control plants (annual average NDVI705 of 0.271 compared with an annual average 

NDVI705 of 0.366 in controls). Unlike the Themeda treatments, Poa peaked two months 

later than the control treatment. 

The resprout treatment involved the removal of all standing litter from the mesocosms 

to mimic the state of green vegetation resprouting after a major disturbance (e.g. fire, 

broad scale clearing). The treatment then monitored the maturation of the ‘resprouted’ 

grass plants throughout the year. At the starting point, the resprout treatment for both 

species had a greater NDVI705 than control treatments, which comprised both standing 

litter and green vegetation. Following the initial state of 100% photosynthetic 

vegetation, the green leaves matured and senesced throughout the year, continually 

reducing the NDVI705, even as new green foliage was produced. In the Themeda 

treatment, an increased greenness was observed relative to the control throughout winter 

and spring, and remained higher than controls until October (Figure 2.15). At this point, 

controls and resprout treatments contained similar fractions of PV and NPV to one 

other, a state which remained comparable until the end of the experiment. In contrast, 

Poa resprout treatments showed a consistent decline in NDVI705 from the 

commencement but maintained higher values than the control until late summer 

(February) when the treatment returned to dynamic equilibrium (Figure 2.16).  
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 Mean monthly NDVI705 (± 1 s.d.) phenology for Themeda control, drought and 

resprout treatments at medium density. The trend line for each series is represented by a LOESS 

fitted curve (span = 0.8). 

 Mean monthly NDVI705 (± 1 s.d.) phenology for Poa control, drought and resprout 

treatments at medium density. The trend line for each series is represented by a LOESS fitted 

curve (span = 0.8). 
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Control and resprout treatments for both Poa (Figure 2.17) and Themeda (Figure 2.18) 

mesocosms maintained the strong relationship between fPV and NDVI705. In each case, 

the resprout treatment had the higher correlation coefficient (Poa: r = 0.971, Themeda: 

r = 0.960). For both species, the drought treatments exhibited a weaker relationship 

between these two variables (Poa: r = 0.678, Themeda: r = 0.796). 

 Pearson’s correlation of fPV with NDVI705 for Poa medium-density mesocosms, 

separated by treatment (control r = 0.809, drought r = 0.698, resprout r = 0.971). The orange 

horizontal line represents the average bare soil NDVI705 value of 0.084. 
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 Pearson’s correlation of fPV with NDVI705 for Themeda medium-density 

mesocosms, separated by treatment (control r = 0.951, drought r = 0.796, resprout r = 0.960). 

The orange horizontal line represents the average bare soil NDVI705 value of 0.084. 

2.3.5 Removal and addition of litter 

Plants in the resprout treatment had all non-photosynthetic material removed. Spectral 

reflectance readings were taken before and after the removal and converted to NDVI705 

values. The results show a significant increase from controls for both species (paired t-

test; Poa p < 0.001; Themeda p < 0.001), despite the fact that the physical quantity of 

photosynthetic material in the mesocosm had not changed (July control versus July 

resprout, Figure 2.15, Figure 2.16). It was apparent that the litter quantity affected 

NDVI705 response, so a supplementary experiment was set up to quantify this response. 

This experiment involved the removal of standing litter from a mixed vegetation scene, 

and the replacement of increasing quantities of litter (100 g, 200 g, 400 g, and 800 g per 

square metre) to determine the effect on the NDVI705 values. 

The soil used in this study had a mean NDVI705 of 0.084 with a standard deviation of 

0.0029. In natural systems, it is more common for grasslands to have a background 

layer of senesced vegetation still attached to the plant rather than a large amount of 

visible soil (Morgan and Lunt 1999). To evaluate how litter would impact a soil 
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background, increasing amounts of grass litter were added to bare soil, and the spectral 

reflectance response was recorded. Data was analysed using the Kruskal-Wallis non-

parametric analysis of variance due to non-normal distribution of the data. Post-hoc 

comparisons of treatments were conducted using Dunn’s test. 

The NDVI705 response of the addition of increasing quantities of Poa and Themeda litter 

to bare soil is illustrated in Figure 2.19. In both species, there was a significant  

(p< 0.05) difference in VI response between treatments (Themeda: 2 = 21.19, 

p = 0.0002; Poa: 2 = 20.70, p = 0.0003). The addition of 100 g/m2 of Poa litter to bare 

soil results in a significantly lower NDVI705 , though there is no further decrease when 

more litter is added. At higher quantities of Poa litter (400 and 800 g/m2), the NDVI705

is still significantly lower than that of bare soil.  

The addition of low quantities of Themeda litter (100 and 200 g/m2) to bare soil 

decreased the NDVI705, though this was only significant at 200 g/m2. Adding more litter 

resulted in an NDVI705 significantly greater than that of bare soil.  

 NDVI705 (± 1 s.d.) response to addition of increasing quantities of Themeda (grey) 

and Poa (white) litter to bare soil. Means with the same letter are not significantly different 

within each species (Dunn’s test at p < 0.05). 



62 

To investigate the effects of litter on a vegetated scene, five replicates of medium-

density (32 plants/m2) mesocosms were established for each species. Initial spectral 

measurements were taken with existing quantities of green vegetation and standing 

litter. All standing litter was then removed (as in the ‘resprout’ treatment), weighed, and 

the mesocosm reflectance taken. Increasing quantities of litter (100 g/m2, 200 g/m2, 

400 g/m2 and 800 g/m2) were added to the mesocosms to determine the effect of litter 

on the spectral reflectance, with spectral readings taken at every interval. Care was 

taken to not obscure the green vegetation with the litter; that is, the litter replaced the 

contribution of the background soil rather than obscuring the green vegetation. Finally, 

the highest quantity of litter was added on top of the plants (‘overlain’), to test for the 

effect of obscuring photosynthetic material. This sequence is presented in Figure 2.20. 

Data was analysed using the Kruskal-Wallis non-parametric analysis of variance due to 

non-normal distribution of the data. Post-hoc comparisons of treatments were conducted 

using Dunn’s test. 

 Photographs of sequence of litter measurements taken: (1) mixed PV/NPV scene, 

(2) removed litter, (3) 100 g/m2 litter, (4) 200 g/m2 litter, (5) 400 g/m2 litter, (6) 800 g/m2 litter 

and (7) 800 g/m2 overlain litter. 

Kruskal-Wallis analysis showed a significant different between litter treatment for both 

species (Themeda: 2 = 29.25, p < 0.001; Poa: 2 = 19.01, p = 0.004). Post-hoc analysis 

between treatments showed that the initial removal of litter significantly increased the 

NDVI705 in both Poa and Themeda mesocosms. In Poa mesocosms, NDVI705 increased 

from 0.195 to 0.269, with an average of 66.3 g of litter removed per mesocosm. In 

Themeda mesocosms, the increase was from 0.215 to 0.350, and equated to an average 
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of 76.2 g of litter. An alternate way of quantifying litter contribution is that adding 

11.6 g Poa litter per m2 increases the NDVI705 by 0.01 units. The same NDVI705

increase is obtained with 5.6 g of Themeda litter per m2. 

Increasing quantities of re-applied litter was found to decrease the NDVI705 value in 

both Poa and Themeda mesocosms (Figure 2.21 and Figure 2.22), though the effect was 

more linear with Themeda. Themeda showed a consistent decrease of 0.01 units for 

every 49.1 g/m2 (s.d. = 17.4) of litter applied, whereas Poa exhibited a more variable 

range (64.0 g/m2 litter; s.d. = 48.9).  

The largest decrease in NDVI705 in both species was found when litter was placed to 

obscure the green vegetation, as this greatly decreased the fraction of green vegetation 

visible in the scene and increased the proportional reflectance of near infrared 

wavelengths. 

 Themeda mesocosm mean NDVI705 response (± 1 s.d.) to removal and 

replacement of increasing quantities of non-photosynthetic vegetation (NPV), or standing litter. 

Means with the same letter are not significantly different (Dunn’s test at p < 0.05). 
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 Poa mesocosm mean NDVI705 response (± 1 s.d.) to removal and replacement of 

increasing quantities of non-photosynthetic vegetation (NPV), or standing litter. Means with the 

same letter are not significantly different (Dunn’s test at p < 0.05). 

2.3.6 Chlorophyll content 

Chlorophyll content, as represented by SPAD values, were measured between 

November 2013 and May 2014 (Figure 2.23). Analysis of SPAD data was performed 

using 2-factor ANOVA with Tukey’s HSD post-hoc test. In general, each treatment 

exhibited a high variance in chlorophyll content and there were no consistent significant 

differences between treatment types. As such, all treatments were grouped by species 

and comparisons of chlorophyll content made over time. SPAD values were observed to 

vary significantly for both species with time (Themeda: F = 3.923, p = 0.0017; Poa: 

F = 10.23, p < 0.0001), indicating that chlorophyll content was not constant over the 

study period.  

Poa chlorophyll content was found to be significantly lower than Themeda (F = 106.36, 

p < 0.0001). Monthly mean SPAD values ranged between 34 and 36.3 for Themeda and 

29 and 33.5 for Poa, however there was no consistent temporal pattern that matched 

observations of vegetation growth. A small but significant interaction effect between 

species and sampling time was observed (F = 2.82, p = 0.15). This suggests that the 



65 

temporal response of SPAD values differed between species; that is the chlorophyll 

concentration of each species had a different magnitude of change at different times of 

the year. 

 Leaf-level chlorophyll content (SPAD values) for Poa and Themeda between 

November 2013 and April 2014. Means with the same letter are not significantly different 

within each species. 

2.4 DISCUSSION

2.4.1 Phenological differences between species 

The difference in Poa and Themeda phenology patterns are evident in this controlled 

experiment, which was independent of the quantity and seasonal patterns of rainfall. In 

temperate Australia, the growth of C3 grasses such as Poa labillardierei tends to be 

greater through the cooler months, with reduced growth and increased senescence 

apparent in warmer temperatures (Morgan and Williams 2015). This is evident with 

Poa in this experiment: higher greenness is evident during the cooler months (June to 

October), with a sharp decline in NDVI705 in the warmer months brought on by 

increased senescence and lower production of green vegetation. In the final month of 

the experiment, when temperatures were cooler, a renewal in productivity and an 
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increase in greenness was observed. Some perennial C3 plants are classified as year-

round perennials (Rose and Rose 2012) because they are able to sustain low levels of 

growth even at less favourable growing times, which is apparent with Poa plants in this 

experiment.  

C4 grasses in temperate Australia grow more favourably than C3 grasses during the 

summer months due to higher light use efficiency at warmer temperatures (Ehleringer 

et al. 1997, Morgan and Williams 2015). This was apparent in these results, with a 

distinct productive season (October to February) and less active season (June–August) 

for the C4 Themeda grasses. Frost is a major driver of vegetation dynamics in Themeda 

triandra; foliage rapidly senesces when exposed to sub-zero temperatures and minimal 

green vegetation is retained on the plant (Robinson and Archer 1988). While frost 

effects clearly drive vegetation phenology in areas where temperatures are sufficiently 

low, similar and consistent phenology patterns in this species were observed despite the 

relatively moderate conditions in which these plants were grown. 

Poa had a cyclical intra-annual pattern, whereas Themeda did not. While Themeda 

showed an increased NDVI705 in the summer months, values decreased sharply through 

late summer to autumn. Given these plants had adequate water and other resources, a 

more expected pattern would have been sustained NDVI705 through summer, and a 

decline only in cooler seasons. It is likely that this decline in greenness and 

corresponding misalignment in annual cycles is due to an enhanced contribution of 

standing litter. This senescence was attributed to several days of very high temperatures 

following the high-growth period in October. The effect of litter is further discussed in 

Section 2.4.4. 

While replication of other C3 and C4 species is required to directly assess the 

reproducibility of phenology profiles according to photosynthetic type, it is encouraging 

that the key features of the phenology profiles of the C3 and C4 grasses were as 

expected. C3 grasses had higher greenness in winter than summer, and C4 peak values 

during warmer times of the year and distinctly poorer growth in the winter. With only 

minor variation, the density treatments of each species showed similar patterns. This 

provides assurance that the observed profiles are reflective of actual vegetation 

biophysical changes. 
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2.4.2 Phenological differences between density treatments

Poa plants had a lower greenness than Themeda plants due to the combined effects of 

lower fPV and lower mean chlorophyll content. Because of this difference, it is not 

appropriate to directly compare NDVI705 values between species groups. While it is 

feasible to compare values for intra-species treatments, patterns of phenology rather 

than NDVI705 metrics present a more appropriate method for inter-species trend 

comparison. 

The average annual NDVI705 followed a predictable increase with increasing vegetation 

density for both species. The average annual NDVI705 of Themeda increased from 0.337 

at low densities through 0.397 at medium densities to 0.431 at the highest density 

measured. Average annual Poa NDVI705 values increased from 0.272 at low densities, 

to 0.328 at medium densities and 0.363 at high densities. For both species, this order 

was observed consistently from month to month: in 10 out of 12 months for Themeda

and 11 out of 12 months for Poa. 

Vegetation indices have been successfully used for estimating vegetation density in 

other parts of the world (Karnieli et al. 2013). As has been demonstrated in field- and 

laboratory-based grassland experiments (e.g. Hansen and Schjoerring 2003; Mutanga 

and Skidmore 2004) increasing vegetation quantity results in increased VI for both 

species. However, particularly for Themeda, vegetation density reaches an upper 

threshold where fPV does not increase, and the difference in VIs between high and 

medium densities is not significant. This is confirmed by the representation of fractional 

cover with increasing densities, which is invariant at these same times. It would be 

suitable, therefore to use NDVI705 and similar indices as indicators of vegetation cover 

in the field, with the understanding that plant density increases are not detectable 

beyond a certain point due to an equilibrium of fPV and fNPV being reached.  

2.4.3 Phenological differences between treatments 

The phenological patterns of the ‘drought’ and ‘resprout’ treatments illustrate how 

grassland vegetation develops as systems recover from disturbed states. In both 

treatments, we see a slow reversion of the vegetation to the control state as the 
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proportion of green vegetation to standing litter returns to a dynamic equilibrium. For 

the drought treatments, the mesocosms start at a state of 0% green vegetation (May 

2013) and a corresponding low NDVI705. As the plants recover and start to grow, fPV

increases as the new green vegetation emerges beyond the standing litter. Rates of 

growth and NDVI705 increase will be different for C3 and C4 species depending on the 

recovery season; in this example the C3 Poa shows a faster recovery than C4 Themeda

because the ‘recovery’ component of the experiment commenced in the winter months 

where temperatures favour C3 growth over C4 (Murphy and Bowman 2007). Both 

species’ drought treatment NDVI705 approached that of the control within six months, 

but remained lower than the controls throughout the experiment. Rather than indicating 

that drought inhibits the recovery and production potential of grasses, this lower 

NDVI705 value may result from the increased fraction of standing litter that is present on 

the plants (see Section 2.4.4).  

Plants in the ‘resprout’ treatment started with 100% green vegetation to mimic 

resprouting following a disturbance event such as fire or broad scale clearing. The 

NDVI705 of the initial state exceeded the control treatment for both species, but 

decreased as leaves started to senesce from the leaf tips and the fNPV increased. As 

further leaves grew, matured and senesced, the VI for the resprout treatment approached 

that of the control groups for both species. The Themeda resprout treatment returned to 

a similar value as the control treatment only four months after the start of the 

experiment, whereas the Poa resprout group maintained an elevated NDVI705 over the 

control group for eight months. This may be due to the seasonal timing of the start of 

the treatment. As a C4 grass, Themeda is less active in the winter months when the 

experiment started and leaves are likely to senesce faster than they grow. On the 

contrary, Poa is in an active growth period during winter months and will be producing 

net green vegetation until the summer, thus maintaining greater levels until higher 

temperatures promote leaf senescence. A different result may be expected if this part of 

the experiment commenced at another time of year (e.g. in the middle of summer). 

2.4.4 Effect of litter on vegetation index 

The contribution of standing litter is known to have confounding effects to vegetation 

indices and estimates of biophysical characteristics, though the magnitude and direction 
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of change is dependent on soil type, stage of senescence of vegetation, and position of 

litter (Huete and Jackson 1987, van Leeuwen and Huete 1996). The removal of the NPV 

from both Themeda and Poa plants treatment led to a higher NDVI705, indicating that 

senescent vegetation has a negative influence on VI value. Both species are caespitose 

in form, and as such have NPV and PV both represented in upper and lower strata. As 

such, there is likely a combination of two effects: a masking effect of standing litter 

overlaying green vegetation and a dilution effect of litter on the red to near-infrared 

reflectance signal. A similar response to drying was seen by Cristiano and colleagues 

for the C3 grass Dactylis glomerata in controlled mesocosm studies (Cristiano et al.

2010). Because litter has high reflectance of both red and infrared wavelengths, 

increasing quantities of litter will naturally decrease VI values of a scene that normalise 

these wavelengths. In the case of grasses that exhibit different parts of the plant growing 

and senescing concurrently, this may create an artificial drop in VI immediately 

following the peak growth period. Put another way, when the active growth period 

commences, a large quantity of green foliage is produced. Particularly in the summer 

months when conditions are hot, a fraction of this foliage will start to cure and brown. 

This net increase in fNPV will reduce the VI, even though the active growth of the plant 

continues. As other authors have cautioned (Nagler et al. 2000), using VIs to estimate 

productivity may result in underestimated productivity if the effects of plant litter are 

neglected. This is likely to be a significant issue in Australian grasslands that tend to 

have a high proportion of litter throughout the year (Morgan and Lunt 1999). This is a 

major difference to northern hemisphere temperate grassland systems where the 

majority of senescence is confined to one part of the year.  

As increasing quantities of litter were added to bare soil, the response of NDVI705

changed depending on the species of litter applied. Application of a small quantity 

(100 g/m2) of Poa litter decreased the NDVI705 of bare soil, but no further decrease was 

apparent with higher quantities of litter. In fact at higher litter application rates the 

NDVI705 increased, though was still significantly below the NDVI705 of bare soil. 

Application of low quantities of Themeda litter had a smaller effect of decreasing 

NDVI705 below that of bare soil. However, when higher quantities of litter were added, 

NDVI705 was increased to a value above the bare soil. As grassy ecosystems in 

temperate Australia usually have a dense litter layer rather than bare soil (Morgan and 

Lunt 1999, Morgan 2015), these results have an influence on the quantification of 
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phenology parameters and ability to compare phenology metrics between systems. 

While some researchers have highlighted that increasing quantities of litter in a canopy 

may cause VIs to approach that of bare soil (Tucker and Sellers 1986), this result 

suggests that litter can suppress the VI below that of bare soil. As a bare soil VI is 

reasonably considered the zero-point of a phenology profile, phenology metrics where 

litter is abundant may be lower than a similar ecosystem with less or no standing litter. 

This will have an impact on some widely used phenology metrics (e.g. VI maxima, VI 

minima, large integral), and may restrict the ability to compare phenological values 

between systems that have different quantities of litter present. However, other metrics 

(e.g. small integral, amplitude, start of season, end of season, length of season) will be 

largely unaffected. For higher quantities of litter, the Poa NDVI705 is below that of bare 

soil, however the Themeda NDVI705 is above that of bare soil. This differential response 

to species of litter suggests that this impact may be relevant for some grassland types 

and not others. 

Where there is a mix of green vegetation and litter present, Themeda showed a more 

pronounced effect to the addition of litter to the mesocosm, exhibiting a significant 

reduction in NDVI705 with increasing amounts of litter. The exponential relationship 

that is displayed suggests that a threshold is reached at which additional litter no longer 

contributes to a decrease in vegetation index. In this experiment, that threshold for 

Themeda has not been reached and must be greater than 800 g/m2 of litter. Poa showed 

a less consistent result. While adding a small quantity of litter significantly decreased 

the VI, analysis showed no significant difference between the quantity of background 

litter and a limit of 400 g/m2 of litter, beyond which no more reductions occurred. This 

may be due to the architecture of the dried leaves of each species; Themeda tends to 

curl when dried, producing a tangled mat of litter, whereas Poa is more two-

dimensional, or filiform, in nature. This may result in more infrared scattering from 

Themeda litter, making the NDVI705 signal more sensitive to litter quantity. Other 

researchers have noted the potential response and overlapping nature of litter (Nagler 

et al. 2000), but little confirmatory research has been conducted in specific systems. 

Both Poa and Themeda, however, show a significant change in NDVI705 when a) all 

NPV was clipped and removed from the mesocosm, and b) when litter was overlain 

over the vegetation to obscure it. In a natural grassland system, the obscuring effect is 

likely to be a major contributor, particularly early in the growing season at locations 
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that have a high proportion of standing litter. This could feasibly result in an 

underestimate of the start of the growing season, as new growth will take some time to 

emerge past the litter layer.

The negative impact of litter on NDVI705 may also be visible in the apparent failure of 

Themeda drought treatments to recover from the initial drought stress. Despite plants 

being observed to establish green vegetation during the winter months, they retained a 

large proportion of NPV which consequently retarded their apparent recovery in the 

NDVI705 data. Native grasses can survive for long periods under drought conditions 

(Hodgkinson and Miller 2005) and are often reliant as pasture when exotic species have 

succumbed to drought stress. Understanding how plants recover from drought is critical 

for Australia, where droughts are common and projected to increase (Hennessy et al.

2007), hence further research into grass resilience under drought stress is necessary. 

2.4.5 Chlorophyll content 

Chlorophyll content differed between species but the range of SPAD measurements 

were quite large at each treatment. Part of this may be due to an inherent limitation of 

chlorophyll measurements using the SPAD method. The only leaves that were large 

enough to be measured by the SPAD were fully expanded leaves of both species. 

Smaller and partially expanded leaves were too thin to accurately cover the 

measurement window and were excluded from measurement. These excluded leaves 

can make up a substantial fraction of the total vegetation at certain times and 

chlorophyll content changes as grass leaves mature and expand from the leaf apex to the 

base (Prioul et al. 1980). Chlorophyll content varied significantly over time, but these 

changes did not correspond to observations in plant and leaf growth at particular times. 

In spite of this, the contribution of chlorophyll content to phenological variability 

appears low when compared to the contribution of vegetative cover. Further 

investigations into chlorophyll variation, which is known to affect NDVI-type 

vegetation indices (Tucker and Sellers 1986), may need to be conducted using 

destructive methods or a greater sample size to gain a complete picture of how total 

canopy chlorophyll changes seasonally. 
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2.4.6 Application to natural systems 

Caution should be taken when applying these results to natural systems because of the 

inherent simplicity of the conditions under which this experiment was conducted. 

Controlled conditions were necessary in this case to test the required parameters, but 

rely on artificially uniform mesocosms that differ from natural temperate grasslands in 

many ways. Australian temperate grasslands are rarely uniform in age or species 

composition. Their composition includes native and exotic forbs growing in the 

interstices between grass tussocks (Tremont and McIntyre 1994) which was not 

simulated here. Climatic conditions are more extreme in natural systems, which would 

result in more pronounced greenness minima in particular: Themeda browns in response 

to frosts and Poa senesces in summer heat and low rainfall conditions. Rainfall timing 

and quantity has a great impact on most Australian environments, and seasonal response 

to rainfall is a primary driver of growth and abundance in C3 and C4 grasses (Murphy 

and Bowman 2007). This impact was minimised within this study as plants were 

provided with adequate water at all times. Also, native grasslands are exposed to a 

myriad of other stressors, such as pests and diseases, grazing and competition, all of 

which were excluded or reduced in this experiment. 

In addition, the majority of remote sensing studies are conducted using satellite-based 

sensors, which can be variable in atmospheric effects and viewing/illumination 

geometries (Bhandari et al. 2011). These inconsistencies can generate noise in the data, 

which is limited in our controlled setting due to the consistent illumination and short 

distance between the scene and the sensor. Further data processing, filtering and quality 

control will naturally be required for satellite application. Different soil types across 

landscape-scale studies may necessitate the use of alternative vegetation indices that 

minimise the contribution of the soil reflectance component (e.g. the soil-adjusted 

vegetation index, SAVI, Huete 1988). 

2.4.7 Future work and recommendations 

The need for controlled conditions in this case has allowed for the expression of 

phenological characteristics of common C3 and C4 grass species that would be difficult 

in to conduct in non-controlled conditions. This improved understanding of grassland 
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phenology drivers can be applied to future studies of grassland ecosystems using 

satellite or ground-based remote sensing methods, which can be used to improve the 

knowledge and management of these dynamic systems. Validation of these findings in 

relevant ecosystems under natural conditions are addressed in Chapter 5 of this thesis. 

While the two examples of a C3 grass and a C4 grass within this study exhibited 

phenology trends that are consistent with the expectation for each photosynthetic type, 

these responses cannot be extrapolated for all C3 and C4 temperate grasses. Repeating 

this study with other dominant temperate species, such as Microlaena stipoides (C3), 

Rytidosperma caespitosum (C3), and Bothriochloa macra (C4), would provide more 

information on the consistency of C3 and C4 phenology between species. 

This study used fractional cover, a repeatable but non-destructive measure, as the main 

biophysical response variable. Vegetative biomass—the dry mass of vegetation per unit 

area—is an important biophysical parameter and can also be used to determine patterns 

of vegetation dynamics. In this case, repeated destructive biomass sampling was not 

feasible as the number of plants needed for adequate replication would have exceeded 

space requirements and budget. While vegetation indices can be used to estimate 

photosynthetic biomass as well as photosynthetic fractional cover (Ratana et al. 2005), 

these relationships are species-specific and should be empirically tested if accurate 

estimates of biomass are required. 

The soil used in this experiment was a dark brown native topsoil, similar to surface soil 

conditions in many areas of temperate Australia. However, different soil types are 

known to alter spectral reflectance characteristics and alter the spectral reflectance 

contribution of photosynthetic and non-photosynthetic vegetation (Huete 1988). Future 

research should test soils of different composition and colour to determine if the results 

presented here are repeatable for different soil types. 

At the start of the experiment, Themeda plants showed a high greenness, which is 

atypical for C4 plants in the cooler months. It is possible that the nursery had grown 

these plants in warmer conditions, or had removed some of the standing litter to make 

the plants appear more attractive to customers. While this does not appear to have 

affected overall patterns of phenology throughout the experiment, it is recommended 
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that future studies acclimatise plants to experimental conditions for at least six months 

to exclude potential legacy effects. 

In this experiment, NDVI705 was used as the primary response variable, as it showed the 

best relationship with photosynthetic fractional cover in the pilot study (Watson et al.

2013). However, other vegetation indices, particularly narrow- and broad-band NDVI, 

also showed strong relationships with fractional cover (r > 0.80; Appendix A), hence 

the conclusions drawn using NDVI705 could be extended to other vegetation indices, 

particularly for sensors that do not have hyperspectral capabilities.  

2.5 CONCLUSION

This study used a narrow-band vegetation index, the NDVI705, to test the effect of grass 

species, density and fractional cover on the vegetative phenology of controlled 

grassland mesocosms. This experiment showed that the NDVI705 had a strong 

relationship with vegetative fractional cover over a range of cover types for both 

species, and is a suitable index for hyperspectral assessments of temperate grassland 

vegetation cover. Other NDVI-type narrow- and broad-band indices also showed good 

relationships with photosynthetic fractional cover (Appendix A). Over the course of one 

year, species that represent C3 and C4 functional types showed differences in their 

phenological profiles that reflect different periods of vegetation growth and senescence 

in the two species. Poa treatments had high greenness in winter and early spring, 

whereas Themeda treatments showed peak greenness in later spring and summer. 

Increasing plant density for both species increased the VI as expected, but differences in 

density did not change the phenology profile, showing that phenology patterns are 

consistent regardless of vegetation density. Fractional cover treatments that mimicked 

drought and post-disturbance vegetation resprouting showed differences in phenophase 

timing and magnitude of NDVI705, with the resprout treatment exhibiting higher 

greenness than the drought or control groups. This is due to this treatment’s lack of 

standing litter, as non-photosynthetic vegetation was found to decrease NDVI705 under 

repeated measures. This represents a potential source of error in estimating productivity 

and cover of Australian temperate grasslands, which typically have high standing litter 

quantities throughout the year. Chlorophyll content varied between species but did now 

show any consistent temporal differences. These influences of fractional cover, 
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functional type and vegetation density on grassland phenology can be used to improve 

the accuracy and design of studies that use remote sensing to assess complex grassland 

ecosystems. 
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Chapter 3: The effect of rainfall regime on the phenology and 

productivity of Australian temperate pasture 

3.1 INTRODUCTION

3.1.1 Grazing agriculture in temperate Australia 

Grazing of sheep and cattle in south-eastern Australia has been an important part of 

Australia’s economic and cultural heritage since British colonisation in 1788. Grazing-

based agriculture (meat, wool, and dairy products), contributes approximately 

$16 billion per annum to Australia’s economy, including beef ($7.3 billion), dairy 

products, ($4 billion), sheep meat ($2.2 billion), and wool ($1.9 billion) (Australian 

Bureau of Agricultural and Resource Economics and Sciences 2013, Australian Bureau 

of Statistics 2014). These industries are pivotal to Australia’s economic growth and 

export sectors and thus critical to Australia’s future prosperity (Stokes et al. 2008, 

Australian Bureau of Agricultural and Resource Economics and Sciences 2013). Over 

the last 200 years, most grazed landscapes have experienced a sequence of increased 

grazing pressure during climatically favourable periods followed by prolonged drought 

periods that result in high disturbance to surface soils and vegetation quality (McAlpine 

et al. 2009). Given the importance of grazing industries to Australia’s food and 

economic security, there is a clear need to understand how the source of these 

industries—grasslands—respond to climatic conditions. Projected pasture-related 

challenges for the grazing industry include declines in pasture productivity, reduced 

forage quality, increased weed invasions, more frequent droughts and more intense 

rainfall events (Stokes and Howden 2010, CSIRO 2011, Scott et al. 2014). The primary 

factor that links all these challenges is the quantity and distribution of rainfall. 

Grazing landscapes in temperate Australia are a mosaic of different pasture types, 

ranging from improved pastures (deliberately sown exotic species) to native grasslands. 

Between these two extremes are grazing lands that contain a mixture of native and 

exotic species. Sometimes this is deliberately facilitated through sowing of exotic 

species in native grassland—termed pasture cropping—to obtain the dual-benefit of 

high-quality exotic pastures and drought-resistant native grasses (Williams, Marshall, 
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and Morgan 2015). More often, mixed pastures are a result of long-term invasions of 

exotic species into native pastures, their spread assisted by changes in nutrient fluxes 

caused by long-term livestock impacts, chemical fertilisation, altered fire regimes, and 

other land management practices. Now, the majority of temperate grasslands contain a 

significant quantity of exotic species (Benson 1994). Australian temperate grasslands in 

an undisturbed state tend to be dominated by Themeda triandra, a C4 summer-growing 

species, with many subdominant C3 and C4 grass species (Rehwinkel 2007). However 

most pastures are highly disturbed, and contain a mix of C3 grass and forb species that 

are most active in the cooler months, and C4 grasses that are more active in the warmer 

months (Murphy and Bowman 2007, Williams, Marshall, and Morgan 2015). 

In temperate grassland biomes throughout the world, rainfall is the primary driver of 

productivity (Sala et al. 1988, Sala 2001) and up to 90% of the variability in production 

can be accounted for by annual precipitation (Campbell et al. 1997). As such, 

grasslands can be sensitive to subtle changes in water supply, which can often cause 

major changes in ecosystem structure and function (Sala et al. 1992). It is not surprising 

given the importance of grazing agriculture around the world that research into rainfall 

effects on grassland productivity has been prominent. 

3.1.2 Climate: perspectives in temperate south-eastern Australia 

Like many terrestrial biomes (Churkina and Running 1998), the temperate areas of 

Australia exhibit seasonal variation in climatic variables. Rainfall is the primary driver 

for growth of vegetation in Australia’s south-east (Morgan and Williams 2015). The 

mean rainfall in this region of Australia is relatively consistent throughout the year, with 

some parts having no dominant rainfall season, and other parts having a slightly higher 

winter rainfall. However, the inter-annual and intra-annual rainfall variability 

throughout south-eastern Australia is high (Murphy and Timbal 2008). Australia 

regularly experiences lengthy droughts, the causes of which are partially influenced by 

the variable El Niño Southern Oscillation and Pacific Decadal Oscillation and partially 

influenced by factors as yet unknown (McAlpine et al. 2009). The south-east is 

regularly impacted by this variation—the so called ‘big dry’ drought of 2001–2007 is a 

recent reminder of the economic, social and ecological impacts of rainfall variation (Cai 

et al. 2009). Throughout the period 1997–2006, only two years exceeded the mean 
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annual rainfall of the past 50 years. The ‘big dry’ had a seasonal component as well; 

most of the rainfall decline occurred in the autumn months of March to May (Murphy 

and Timbal 2008). 

Most reliable sources suggest that there is a continued long-term drying and warming 

trend evident in Australia, with indications that Australia has been drying for at least the 

past 5000 years (Schulmeister and Lees 1995). Since 1910, the average annual 

temperature of Australia has increased by 0.9 degrees, with the most warming having 

occurred since 1950 and in the east of the country (CSIRO 2011). The number of hot 

days (> 35 °C) and hot nights (> 20 °C) have increased during this time, as have 

declines in the frequency of cold days. Likewise, most of eastern and south-western 

Australia has become dryer (CSIRO and Bureau of Meteorology 2015).  

A greater awareness of the likely impacts of climate change on human activities and 

natural systems has led to widespread global modelling to estimate and refine 

predictions of future climates. While different models predict different magnitudes of 

change, predictions of temperature variables are consistent on the direction and general 

trends of change. The Intergovernmental Panel on Climate Change 2014 report provides 

the most recent synthesis of future climate predictions (IPCC 2014). Maximum and 

minimum temperatures will rise in all locations throughout the globe, with the highest 

rates of temperature change being concentrated to the polar regions. A global surface 

temperature increase of 2 ºC is confidently predicted by 2081–2100, with the magnitude 

of further warming to be impacted by carbon emission scenarios (IPCC 2014). This 

suite of models also predicted that extremes of temperature (e.g. heatwaves) are likely 

to occur with increasing frequency. 

Changes in precipitation regimes may have more severe impacts on ecosystems than 

that of temperature change or CO2 increase (Weltzin and McPherson 2003, Garbulsky 

et al. 2011). Predicting changes in the quantity and timing of rainfall is more 

challenging than other climate variables, as changes in rainfall will be more spatially 

heterogeneous and less predictable (Knapp et al. 2008, Beier et al. 2012). Nevertheless, 

an intensification of the global water cycle has been acknowledged that includes 

changes in annual precipitation amounts, seasonal timing, variability and frequency of 

extreme events (Seneviratne et al. 2010, Min et al. 2011, IPCC 2014). In fact, despite 
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the disagreement of many models at regional and local scales, most models are 

consistent in predicting more intensified intra-annual precipitation; that is, rainfall 

events that are less frequent but deposit more rain per event (Easterling et al. 2000, 

Hennessy et al. 2007). Changes in these precipitation events can influence a myriad of 

ecosystem processes including carbon cycling and storage (Harper et al. 2005). 

3.1.3 The future climate of south-eastern Australia 

3.1.3.1 Temperature 

The warming trend that Australia is experiencing is expected to continue, and is likely 

to be consistent with the global warming mean (Hennessy et al. 2007). Further warming 

of 0.6–1.5 ºC is expected by 2030, and 1.0–3.0 ºC by 2070. Warming trends are 

expected to be less in the south, especially in winter. There will be an increased 

frequency of extreme high daily temperatures and a decrease in the frequency of cold 

extremes, including frosts (CSIRO and Bureau of Meteorology 2015). 

3.1.3.2 Rainfall 

Precipitation is likely to decrease in southern Australia, caused by the contraction of the 

rainfall belt to more southern latitudes. This will be particularly pronounced in the 

winter and spring (Hennessy et al. 2007, Stokes and Howden 2010), with some sources 

also predicting autumn rainfall declines (Howden et al. 2003). The direction of 

precipitation change in other months is uncertain and model-dependent, however the 

overall annual average rainfall in southern Australia is confidently forecast to decrease 

(CSIRO and Bureau of Meteorology 2015). Extremes of precipitation are likely to 

increase (Hennessy et al. 2004, 2007, Kharin et al. 2007, Reisinger et al. 2014), though 

may be less pronounced where total rainfall decreases are predicted. Southern Australia 

is likely to experience seasonal shifts in rainfall as well as increased extreme events 

(Zeppel et al. 2014). 



80 

3.1.3.3 Drought 

In a general sense, climate predictions emphasise greater variability and increased 

incidence of extreme events (Howden et al. 2003). This classification includes fires, 

floods and droughts. 

There is an increased risk of drought in south-eastern areas of Australia, with some 

researchers demonstrating a 20–40% increase of drought frequency by 2030 

(Mpelasoka et al. 2008). Despite seasonally variable rainfall changes (i.e. some seasons 

may experience more rainfall than currently), there is a predicted net increased moisture 

deficit due to increased temperatures and increased evaporation (Kirono and Kent 

2011). Water availability will also be greatly affected by changes in vegetation and 

surface-atmosphere feedbacks (Donohue et al. 2009). Overall, this equates to longer 

periods of time in drought conditions for the south-east of Australia (CSIRO and 

Bureau of Meteorology 2015). 

3.1.4 Anticipated impacts to pasture production in southern Australia 

The impacts of climate change to pasture production are anticipated to be complex due 

to the interacting factors of increased atmospheric CO2, increased temperatures, 

variability in quantity and timing of rainfall, and soil nutrient availability (Fischer et al.

1997, Suter et al. 2002). This is particularly true in south-eastern Australian pastures as 

many contain both C3 and C4 pasture species that have differential seasonal responses to 

these drivers. Hence, ecological processes of competition and exclusion between these 

functional types add an extra level of complexity. 

Impacts of potential climate change scenarios can be monitored through experimental 

research, observations, or models (Reyer et al. 2013). Controlled experiments tend to be 

relatively small in scale. They provide accurate data for a specific region and a local set 

of conditions, hence the application of their results may be limited to similar locations 

or conditions. Observations can be small in scale or can be continental- or global-scale, 

made through remote sensing and climate data sources. While such large-scale 

observations may be appropriate for global estimates or cross-biome studies, they may 

not have the required levels of sensitivity for specific scenarios, or may need to undergo 
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several iterations of refinement before the data matches with validated information. 

Hence, reconciling the results of experimental research and remote sensing observations 

and models can be difficult (see also Chapter 5), and different approaches may yield 

different results. The following section presents a summary of effects that are predicted 

for changes in temperature, atmospheric carbon dioxide concentration on pasture 

production, and integrated changes on plant communities. The explicit effects of rainfall 

are presented in Section 3.1.5. 

3.1.4.1 Temperature and CO2 impacts on pasture production 

Warmer temperatures during cool seasons could benefit pastures in south-eastern 

Australia by increasing the length of the growing season and reducing frost damage 

(Stokes and Howden 2010). However, accelerated growth in winter may deplete soil 

moisture stocks and reduce the capacity for spring growth. In warmer seasons, increased 

heat stress and higher evaporative demand would likely have negative effects on all 

pasture types. In turn, pastures with mixed C3/C4 species may favour an increase in C4

species (Williams et al. 2007, Cullen et al. 2008), which tend to be less palatable to 

stock and of a lower forage quality (Ehleringer et al. 1997, Cullen et al. 2009). For the 

most productive C3 exotic pastures, heat stress and moisture deficit reduces their growth 

and quality (Waller and Sale 2001), which will become more pronounced and result in 

greater losses under hotter, dryer conditions.  

The CO2 ‘fertilisation effect’ suggests that vegetation productivity increases in the 

presence of elevated CO2, which is a result of reduction of water use per unit of carbon 

assimilated (Campbell et al. 1997). While it is expected that C3 species will obtain more 

benefit than C4 species from this effect (Ehleringer et al. 1997), results can be 

unpredictable when considered in concert with other variables such as temperature, 

moisture, and soil nutrient content (Shaw et al. 2002, Suter et al. 2002). Temperate C3

pasture response to increased CO2 has shown that modelled plant production was mostly 

attributed to the effects of moisture savings, rather than photosynthesis itself (Volk 

et al. 2000). There is some evidence that C4 grasses may be less responsive to increases 

in CO2 than C3 grasses (Owensby et al. 1993, Morgan et al. 2004, Nelson et al. 2004), 

although C4 prairies have been reported to increase above- and below-ground 

productivity under elevated CO2 and water stress (Owensby et al. 1997, Moran et al.
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2011). In the absence of water stress, a greenhouse-based mixed C3/C4 pasture showed a 

net increase in productivity under enriched CO2 conditions (Campbell et al. 1997). 

Modelled results of C4 pasture species in south-eastern Queensland suggests that 

increased CO2 is likely to have beneficial effects on the growth and productivity of C4

species, with a greater advantage in dry years than wet years. Increased temperature in 

combination with elevated CO2 further increased productivity due to the increase in the 

length of the growing season. However, when drier conditions were modelled (as is 

predicted), pasture production was reduced compared to current conditions (Howden et 

al. 1999). An Australian study that modelled the integrated effect of carbon dioxide, 

rainfall and temperature change across south-eastern Australian pastures (Cullen et al.

2009) found that potential increases from carbon dioxide and temperature effects were 

offset by moisture deficits. The greater the decrease in rainfall, the more apparent the 

loss in productivity. 

3.1.4.2 Integrated climate impacts on demographic change  

Demographics and community composition is less commonly studied than production-

based variables, but often shows site- or period-specific results. In a New Zealand 

study, a C4 grass population had a differential response depending on the degree of CO2

enrichment (Campbell et al. 2007). In Australia, a population of C4-dominant Themeda 

was unaffected by experimental warming and CO2 enrichment, while the C3

Rytidosperma was reduced in abundance (Williams et al. 2007). Likewise in US 

tallgrass prairie, cover and relative proportion of C4 species was unchanged under 

elevated CO2 but C3 grass abundance decreased (Owensby et al. 1999). These results 

provide some context to the conflicting views that C3 species will benefit more than C4

from higher CO2 (Wand et al. 1999), but C4 species are better suited to warmer 

temperatures (Howden et al. 2008). This conflict highlights the need to continue 

studying these interactions in different biomes.  

Prolonged drought conditions in US grasslands have been implicated in species 

compositional change and weed invasions (Scott et al. 2010, Moran et al. 2014). Weed 

invasions reduce the amount of productive land and have also been highlighted as a key 

threat to Australian systems that will be exacerbated under climate change (Scott et al.
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2014). Weeds can be more problematic under higher disturbance regimes, as exotic 

annual species have an advantage in perturbed systems (Fry et al. 2013). As most 

Australian grassland systems comprise perennial species, they are particularly sensitive 

to such scenarios. 

3.1.4.3 Integrated climate impacts on phenology 

Changes in rainfall and moisture availability in other biomes have shown complex 

phenological changes that can have far-reaching consequences for ecosystem 

functioning (Peñuelas et al. 2004). Impacts of climate change on the phenology of 

pasture species are less-frequently studied. In particular, the response of phenology to 

changes in climate variability is poorly understood compared to the change in mean 

climate (Reyer et al. 2013).  

Vegetation green-up is a fundamental phenological event that is likely to be impacted 

by climate change. The dynamics of photosynthetic vegetation is perhaps the best 

integrative measure of ecosystem functioning (Jobbagy and Sala 2000). The observed 

active period of photosynthetic vegetation refers to the growing season. Decreases in 

the number of cool days would increase the period that C4 grasses are active, thereby 

lengthening their growing season. Conversely, higher temperatures would limit the 

photosynthetic efficiency of C3 grasses (Murphy and Bowman 2007). Flowering time is 

a key phenophase for grassland dynamics. One experiment conducted in Tasmania 

under elevated CO2 and infrared warming showed that warming had an accelerated 

effect on flowering time, and elevated CO2 had little impact, though the effect was 

species-dependent (Hovenden, Wills, et al. 2008). Plants that flower in response to 

rainfall such as the Australian wallaby grasses (Groves and Whalley 2002) will have 

their flowering times and reproductive capacity impacted by any changes in rainfall 

regime. 

The need for further research into how grasslands will respond to climate change is 

essential to maintain food security and develop adaptation strategies. It has been 

recognised that strategies for adaptive grazing management should be a priority 

(Stafford Smith et al. 2007) and that extra initiatives into fire regime management 

should be implemented (Pitman et al. 2007). However, the lack of research in this area 
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is limiting to informed progress. Researchers have demanded more experimental 

research, given the degree of uncertainty around the relationship between CO2, 

temperature and rainfall, and the impact on pasture growth and productivity under 

Australian conditions (Howden et al. 2003, Harle et al. 2007). In the absence of 

Australian studies, we are obliged to look to temperate systems elsewhere to assess how 

Australian temperate grasslands might respond to changes in rainfall regimes. 

3.1.5 Grassland response to rainfall: global lessons 

3.1.5.1 Components of rainfall change 

Globally, research into rainfall effects on vegetation has been prominent and there is a 

large body of research literature investigating the effects of variability in rainfall 

(Weltzin and McPherson 2003). A recent synthesis of this field (Zeppel et al. 2014) 

highlights three interrelated components of rainfall change:  

1. overall quantity of rainfall; 

2.  frequency of extreme rainfall events; and  

3. seasonal precipitation regimes.  

While the quantity of rainfall is a primary driver in many systems (Campbell et al.

1997), the frequency of extreme precipitation events and changes to seasonal 

precipitation regimes can impact the quantity and timing of plant growth, and impact on 

phenological timing (Zeppel et al. 2014). An increase in extreme rainfall events refers 

to a situation where the same volume of rainfall occurs, but in larger events at less 

frequent intervals. A reduction in rainfall frequency is equivalent to an increase in 

extreme events.  

While most ecosystems are sensitive to precipitation change (Weltzin et al. 2003), 

grasslands attract substantial attention due to their aforementioned importance in 

grazing systems and food production (O’Mara 2012). Grasslands have a greater 

sensitivity to change than other vegetation types (Knapp and Smith 2001) and their low 

growth form makes experimental rainfall modification relatively straightforward. An 

analysis of precipitation modification experiments showed that 46% of 95 experiments 

globally had been conducted on grasslands (Beier et al. 2012). 
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In temperate grasslands around the world, several research groups have demonstrated 

that increased precipitation promotes plant growth and productivity (Lane et al. 1998, 

Huxman et al. 2004). However, studies that incorporate precipitation frequency and 

timing into their experimental design are restricted to a few well-studied regions. 

3.1.5.2 Temperate grassland response to changes in rainfall frequency 

The US Great Plains constitute one of the most extensive and well-studied temperate 

grasslands in the world. These large expanses of prairie cross a mesic to semi-arid 

climatic gradient. Results from over a decade of research into precipitation regimes 

have concluded that reduced rainfall frequency (but same total volume) in a mesic C4

grassland led to decreased soil moisture and a reduction in aboveground net primary 

productivity (ANPP; Knapp et al. 2002), a result that was subsequently confirmed by 

Fay and colleagues (Fay et al. 2003). This follow-up study also showed an increased 

root to shoot ratio under more intense rainfall regimes. Interestingly, the location of this 

research is water-limited and extreme events usually increase production in water-

limited environments (Knapp et al. 2001). Further studies have suggested that this 

assumption is too simplistic, as extreme event factors interact with total rainfall quantity 

(Fay et al. 2008). Hence a more complex model is required to predict whether an 

increase or decrease in productivity will occur under different rainfall regimes.  

In contrast to the mesic grassland, a semi-arid C4 grassland under similar reduced 

rainfall frequency demonstrated an increase in ANPP (Heisler-White et al. 2008, 2009). 

An intermediate site on this mesic to semi-arid gradient was established to confirm the 

relationship between productivity and rainfall frequency. This intermediate site showed 

an unexpected result: highly positive productivity as a response to more extreme rainfall 

events (Heisler-White et al. 2009).The non-linear responses shown in these studies 

demonstrate the strong sensitivity of temperate grasslands to extreme growing season 

rainfall regimes and highlight the inherent complexity in these biomes. 

Also in the USA, Zhang and colleagues (2013) performed a cross-biome study using 

MODIS EVI satellite data. While other biomes including arid grasslands showed a drop 

in ANPP with reduced rainfall frequency, mesic grasslands did not. Elsewhere in the 
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world, coarse-scale satellite remote sensing has been used to investigate the relationship 

between productivity and rainfall regimes. Some research suggests that more frequent, 

less intense and evenly-distributed rainfall will enhance productivity of temperate 

grasslands (Fang et al. 2005). When modelling the cumulative effects of rising CO2, 

temperatures and precipitation forecasts, Parton and colleagues predicted all global 

grassland types to increase in productivity, with the additive effect of CO2 and climate 

change showing a significant increase in net primary productivity in mesic areas (Parton 

et al. 1995). In water-limited Themeda-dominated South African C4 grasslands, 

interactions with precipitation and ANPP were highly complex, with event size 

important at the driest site, spacing of events important at the wettest sites, and neither 

important at an intermediate site (Swemmer et al. 2007). In a Spanish grassland 

(Miranda et al. 2009), reducing rainfall quantity through a shelter experiment reduced 

grass productivity, but changing event size had little effect. A mesic grassland in the 

UK was exposed to drought and drought/downfall treatments in combination with 

increased winter rainfall (Fry et al. 2014) The more extreme regime resulted in lower 

species richness and vegetative cover but overall the grassland displayed resistance to 

changes in rainfall. 

3.1.5.3 Temperate grassland response to seasonal changes in rainfall 

There have been few experimental studies of the effect of seasonal redistribution of 

rainfall on grasslands. In a long-term rainfall modification experiment in a northern 

California grassland, effects of rainfall redistribution were very strongly dependent on 

seasonality (Suttle et al. 2007). The results showed that extending the rainy season into 

spring resulted in an increase in plant productivity but supplemental water during the 

wet winter had minimal effect. The treatment that extended the rainy season into spring 

brought about an unexpected trophic cascade: in the first year of the study, nitrogen-

fixing forbs showed the largest increase, whereas the second year showed a pulse of 

annual grasses. By the fourth year, the built-up grass biomass had suppressed other 

species’ establishment success and led to species richness collapse.  

A less-dramatic result in composition was shown in a nine-year observational study in 

the Czech Republic: increases in winter rainfall led to increases in some grasses, and 

declines in rosette-based forbs (Dostálek and Frantík 2011). This result conflicted with 



87 

studies from other temperate regions that reported increases of annual plants in response 

to spring and autumn rains (Winkler and Klotz 1997, Matesanz et al. 2009). Though 

small in number, these studies on seasonal rainfall distribution highlight the importance 

of long-term observations and likely vegetation community changes under different 

rainfall regimes. 

Given the level of complexity and differential responses shown at site-dependent scales, 

several researchers have expressed concern on the scarcity of data in different biomes 

and the need to increase our understanding on rainfall-vegetation relationships (Weltzin 

et al. 2003, Knapp et al. 2008, Zeppel et al. 2014). In particular, the impact of extreme 

precipitation and altered seasonality has been identified as a key research gap (Beier et 

al. 2012, Zeppel et al. 2014), particularly in mesic grasslands (Swemmer et al. 2007). 

3.1.6 Near-surface phenology as a monitoring tool 

Vegetation productivity in grasslands has traditionally been assessed by harvesting 

aboveground biomass (all plant parts) or phytomass (leaves) after a known period of 

growth. Typically this is aggregated from the start of the growing season to either the 

peak of the growing season or time of harvest, whichever is most appropriate 

(Lauenroth et al. 1986, Paruelo et al. 2000). By this method, an estimate of quantity of 

carbon fixed to aboveground vegetation over a known time per unit area (productivity) 

can be obtained. This method captures the integrated quantity of productivity over the 

period and is particularly useful in circumstances where vegetation growth is 

unidirectional and relatively constant. In environments where vegetation is more 

dynamic—such as those with highly variable rainfall—a method that estimates 

vegetation dynamics (both greening and senescence) more regularly may add value to 

these studies. 

The use of time-lapse digital photography for estimating vegetation dynamics has 

become more common in the past decade, with the lower costs of digital cameras 

facilitating use by researchers in the climate and plant sciences. Time-lapse cameras are 

used to monitor seasonal vegetation dynamics, or phenology, and are often termed 

‘phenocams’. Phenocams are a form of near-surface remote sensing and have been used 

to monitor phenology in several distinct biomes: broadleaf forests (Richardson et al.
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2007, 2009, Nagai et al. 2011, Sonnentag et al. 2012), conifer forests (Ide and Oguma 

2010, Bater et al. 2011, Sonnentag et al. 2012), mixed forests (Ahrends et al. 2008, 

Henneken et al. 2013) semiarid scrub (Kurc and Benton 2010), tropical savannah 

(Alberton et al. 2014), alpine grasslands (Migliavacca et al. 2011, Ide and Oguma 2013, 

Julitta et al. 2014), and suburban parks and gardens (Crimmins and Crimmins 2008, 

Nijland et al. 2014). These studies have generally praised the ability of phenocams to 

detect changes in vegetative phenology and promoted their future use in ecological 

research. 

Conventional satellite remote sensing utilises vegetation indices for monitoring 

vegetation dynamics, such as the Normalized Difference Vegetation Index (NDVI; 

Tucker and Sellers 1986) and the Enhanced Vegetation Index (EVI; Huete et al. 2002). 

Similar to satellite remote sensing, phenocam vegetation indices are calculated from the 

red, green and blue (RBG) image brightness values to give an integrated ‘greenness’ 

value of the image. This greenness is linked to biophysical characteristics, as plant 

canopy reflectance in visible wavelengths (400–700 nm) is predominantly influenced by 

chlorophyll and photosynthesis-related pigments (Sims and Gamon 2002, Gitelson et al.

2003). This vegetation index can subsequently be used for time-series visualisation and 

analysis to determine how the greenness changes over time. Common indices used 

within the literature include the green chromatic coordinate (Sonnentag et al. 2012) and 

the excess green index (Richardson et al. 2007). Both of these indices utilise the 

concept of normalising the green brightness channel relative to other channels to 

minimise the effects of illumination and increase the contribution of green pigments. 

Phenocams have several advantages over satellite remote sensing, particularly for 

smaller-scale measurements. They can be programmed to take high frequency (sub-

daily) images, they are less impacted by cloud or atmospheric effects, and can be 

manually positioned to capture specific individuals, species or communities (Ide and 

Oguma 2010, Mizunuma et al. 2013, Julitta et al. 2014). Some studies even report a 

better accuracy for RGB indices than infra-red indices such as NDVI (Mizunuma et al.

2013, Nijland et al. 2014). Phenocams also have advantages over traditional 

phenophase estimates or radiometric sampling of vegetation function in that they 

provide a continuous measure, can cover a large spatial area, require minimal resources 
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and produce estimates of phenophase (particularly vegetative phenophase) that are less 

vulnerable to subjectivity than visual estimates (Richardson et al. 2007).  

Although some of the pioneering research using phenocams was conducted on 

agricultural areas (Adamsen et al. 1999), this technology has not been used extensively 

to examine pasture vegetation dynamics. The only similar example in the literature is 

webcam-based phenological research conducted on grazed peatland pastures 

(Sonnentag et al. 2011), however the subject of the research was the physical 

parameters of a dominant invasive weed, rather than the pasture itself. Digital 

photography has been used as a method for estimating ANPP (Paruelo et al. 2000), but 

this research project did not have a temporal component to it, which is a key feature of 

phenology studies.  

This research project uses 13 months of sub-daily phenocam images to record changes 

in temperate grassland phenology and productivity trends in response to the 

modification of rainfall regimes. It represents the first use of phenocams to examine 

differences in vegetation dynamics between experimental treatments. Rainfall 

modification was conducted at the DRI-Grass study site (Power et al. 2016): a rainfall 

modification experiment located at the Hawkesbury Institute of the Environment, 

Western Sydney University (WSU). 

3.1.7 Aims 

The aims of this research are to: 

• determine how differences in the quantity and timing of rainfall impacts 

vegetation dynamics and phenology;  

• determine how individual species phenophase responds to rainfall regimes; and 

• assess the ability of phenocams to estimate vegetation dynamics in temperate 

grasslands. 
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3.2 MATERIALS AND METHODS

3.2.1 Study site and climatic variables 

The study was conducted at the Hawkesbury campus of Western Sydney University 

(WSU) located near Richmond, New South Wales approximately 50 km north-west of 

Sydney (33.608139 S, 150.737222 E). This area is on the Cumberland Plain at the foot 

of the Blue Mountains and broadly comprises extensive agricultural lands (grazing and 

turf farms), rural residential properties and open Eucalyptus woodland. 

The climate of this region is temperate with hot summers and cool winters. The average 

annual maximum temperature is 24.1 °C and the average annual minimum is 11.0 °C 

(Table 3.1). The mean maximum daily temperature of the summer months ranges 

between 28.5 °C and 30.0 °C, and dips to a low of 17.6 °C in the winter (July). 

Minimum daily temperatures frequently reach below freezing in the winter; the average 

minimum daily temperature is 3.6 °C in July. The area has a mean annual rainfall of 

approximately 800 mm, measured on campus from 1881 to 2015 (Table 3.1). The 

seasonal distribution of rainfall is shown in Figure 3.1, with approximately double the 

rainfall in the summer months (December–February) than winter/early spring (July–

September). Note that these mean values are used as an overview only, and are highly 

variable from year to year. 

Table 3.1. Mean monthly minimum and maximum temperatures taken from Richmond RAAF 

base, 3 km from the study site (1993–2015) and mean monthly rainfall, taken from WSU 

Hawkesbury (1883–2015). 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Avg. 

Mean maximum 
temperature 

(°C)
30.0 29.0 26.9 23.9 20.7 17.9 17.6 19.8 22.8 25.2 26.9 28.5 24.1 

Mean minimum 
temperature 

(°C)
17.6 17.7 15.6 11.5 7.5 5.1 3.6 4.4 8.0 10.9 14.1 16.0 11.0 

              

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Tot. 

Mean monthly 
rainfall (mm) 95.6 95.6 87.6 68.6 57.4 60.6 44.8 42.8 42.6 56.9 73.4 76.0 802 
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 Average monthly rainfall measured at WSU Hawkesbury 1883–2015 (formerly 

known as UWS Hawkesbury). Figure courtesy of the Australian Bureau of Meteorology. 

Rainfall for the experimental period is presented in Figure 3.2. This period was slightly 

wetter than average, with 1066.8 mm of rainfall throughout the experimental period, as 

compared to the long-term equivalent average of 870.5 mm. The rainfall was highly 

variable, with more than half of the total rainfall falling in only three months 

(December 2014, January 2015 and April 2015). The period of April 2014 to 

November 2014 was particularly dry, with the exception of the months of August 2014 

(much wetter than average) and October 2014 (average rainfall). The summer months of 

December 2014 and January 2015 were extremely wet. February 2015 was more 

consistent with the long term average, and March 2015 was much drier. April 2015 was 

much wetter than average.  
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 Total monthly rainfall for the experimental period (April 2014–April 2015) and the 

long-term monthly average (1883–2015). 

Soil moisture was measured in 30 plots in the larger network, and an average soil 

moisture time-series data set for each treatment was used. The average soil moisture for 

ambient treatments as compared with daily rainfall is presented in Figure 3.3. In 

general, the ambient soil moisture followed the rainfall very closely, with even small 

rainfall quantities (>1 mm) promoting a detectable increase in soil moisture. Sequential 

days of rain led to sustained periods of high soil moisture, but due to the sandy nature 

and high drainage capability of the soils, large rainfall events did not increase the soil 

moisture beyond a threshold of 24% volumetric water content. Mean soil moisture for 

all treatments is presented in Figure 3.4. 
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 Average soil moisture (%v/v) of ambient rainfall treatments (primary y-axis; black 

line) and daily rainfall (secondary y-axis; blue bars) throughout the experimental period 

(April 2014–April 2015). 

 Average soil moisture (% v/v) for all treatments: top (ambient, reduced rainfall, 

summer drought) and bottom (ambient, increased rainfall and altered frequency). 
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The soils of the study site are described as Blackendon sand, a formation unique to the 

WSU Hawkesbury campus and identified during a campus survey by Walker in the 

1950s (Aiken 2004). While technically poorly described, Blackendon sand is a red 

podzolic sandy soil with increasing clay at depth, and displays good drainage. 

Clarendon sand (Walker 1960), a similar formation, is present on the boundary of the 

study site. This soil type has a higher clay fraction, exhibits poorer drainage and can 

facilitate a perched water table. 

The study was conducted on an improved mixed C3/C4 pasture that has been 

periodically grazed by domestic livestock (mostly cattle) since at least the early 1980s. 

Pasture crops such as lucerne (Medicago sativa) were grown in the paddock in the 

1960s, but a detailed land use history prior to this time is not available. Grass and forb 

species present at the location are predominantly exotic, and common species recorded 

during the experimental period are presented in Table 3.2. Several species of native and 

exotic weed species are present amongst the pasture grasses, with some native grasses 

present, but very few native forbs. Over 62 species have been identified since the DRI-

Grass project commenced (Power et al. 2016). 
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Table 3.2. Common vascular plant species found within the DRI-Grass plots, separated by life 

form (graminoids/forbs) and photosynthetic functional type (C3/C4). Exotic species are 

indicated with (*); pasture weeds are indicated with (^). Dominant species are in bold. Species 

identified as weeds follow Richardson, Richardson and Shepherd (2011). 

Graminoids Forbs 

C4 C3

Axonopus fissifolius* Avena sativa* Bidens pilosa*^ 

Bothriochloa macra Briza spp.* Commelina cyanea^ 

Cymbopogon refractus Bromus spp.* Conyza bonariensis*^ 

Cynodon dactylon Dichelachne sp. Echium plantagineum*^ 

Digitaria ramularis Cyperus sesquiflorus*^ Euchiton sphaericus 

Eragrostis curvula*^ Microlaena stipoides Hypochaeris radicata*^ 

Paspalidum flavidum Lolium perenne* Lotus corniculatus*^ 

Paspalum dilitatum* Poa annua* Medicago sativa* 

Setaria parviflora* Vulpia myuros* Ornithopus compressus* 

Sporobolus sp.*  Oxalis corniculata*^ 

  Plantago lanceolata*^ 

  Senecio madagascariensis*^ 

  Sida rhombifolia*^ 

  Sonchus oleraceus*^ 

  Verbena bonariensis*^ 

  Vicia sativa*^ 

  Wahlenbergia sp.

3.2.2 Experimental design 

The DRI-Grass rainfall exclusion experiment (Power et al. 2016) was established at 

WSU in June 2013 and had been running for 10 months at the time this experiment 

commenced. The rainfall exclusion shelters are located on grassland, and were set up in 

a block design over an area of 1200 m2. The shelters are 2.5 m x 1.9 m in dimension 

(4.75 m2) and constructed of steel tubing frame with a UV-transparent acrylic roof, 

angled at 20° from horizontal (Figure 3.5). The experimental plot is 2.0 m x 1.8 m 

(3.6 m2) and smaller than the shelter so that windblown rainfall and external effects 

were minimised. The experimental plot was surrounded by a 300 mm deep root barrier 

so that plants within the plot could not extract moisture or be subject to belowground 

competition from outside of the plot. Within the experimental plot is an area of 1 m x 
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1 m (1 m2). This smaller plot is designed to further minimise external effects and is used 

for biomass harvesting and the phenological observations for the current study (Figure 

3.6). The grassland species composition was not controlled within the plots; the 

experiment was designed to mimic a natural grazing system. 

 The network of rain exclusion shelters used in the DRI-Grass experiment. 
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 The experimental regions with in the plot: area covered by shelter (red; 4.75 m2), 

experimental plot (yellow; 3.6 m2) and harvesting/phenology plot (green; 1 m2).  

Ambient rainfall was measured with a 0.2 mm resolution tipping bucket rain gauge 

(ICT, Armidale, Australia), and redistributed with an automated irrigation system 

according to treatment. Irrigation of each plot was individually controlled by a 

Campbell Scientific CR1000 data logger with SDM-CD16AC relay controllers 

(Campbell Scientific, Logan, Utah, USA). Soil moisture was measured using a TDR 

CS616 soil moisture sensor (Campbell Scientific, Logan, Utah, USA), which integrates 

the soil moisture from the surface to 15 cm depth. 

Six replicates of six rainfall treatments were used for the broader DRI-Grass project. 

For the current study, three replicates of five treatments were used because of limited 

equipment availability. The five treatments that were investigated are detailed in Table 

3.3.  
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Table 3.3. Description of the rainfall modification treatments used.  

Treatment Description 

Ambient 
Rainfall was delivered at the same rate and frequency as 

measured ambient rainfall. 

Increased rainfall 
Rainfall was delivered at 150% of the quantity of measured 

rainfall, but frequency did not change. 

Reduced rainfall 
Rainfall was delivered at 50% of the quantity of measured 

rainfall, but frequency did not change. 

Altered frequency 

Rainfall was delivered less frequently, in more extreme events. 

One pulse of water was delivered once every three weeks, 

however the total quantity each three-week period did not 

change from ambient. 

Summer drought 

Rainfall was eliminated in the summer months 

(17 December 2014 to 17 March 2015) to simulate a prolonged 

summer drought. 

3.2.3 Phenology observation with repeat digital photography 

At each site, a Wingscapes™ time-lapse RGB camera (‘phenocam’) was installed to 

capture the vegetation changes at a high temporal capacity. These phenocams are 

contained in a weatherproof housing with a solar panel to supplement battery power. 

These cameras are of a ‘black box’ design, with proprietary hardware, and no adjustable 

white balance or exposure settings. In spite of this, Wingscapes™ phenocams have 

performed favourably when compared with more complex phenocam systems 

(Sonnentag et al. 2012) and given their relatively low cost are suited to applications 

where multiple fields-of-view are required or where power is not readily available. 

The phenocam was mounted on the elevated edge of each shelter, 1.4 m above ground 

level, and was angled at 20° from horizontal, parallel to the shelter (refer to Figure 3.7). 

While nadir camera views are often used for vegetation growth studies (e.g. Adamsen 

et al. 1999), the shelter structure only allowed for an oblique view, which has also been 

shown to be effective (Kurc and Benton 2010). The field-of-view (FOV) of the camera 

incorporated the entire experimental plot, though this was restricted in some cases by 

movement of the camera or the FOV being obscured.  
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 Wingscapes™ phenocam mounted to rain exclusion shelter. The camera is angled at 

20° from horizontal on the same plane as the shelter roof. 

Sub-daily images were captured over a period of 13 months, from 1 April 2014 to 

30 April 2015, with the exception of the summer drought treatment that started later 

(24 May 2014) due to technical issues. The phenocams were programmed to capture 

photographs at hourly intervals between 9:00 and 15:00 Australian Eastern Standard 

Time. Pilot studies using these cameras showed that images captured outside this period 

were either too dark or too variable to be consistently utilised for phenology purposes. 

This time-filtering is in agreement with similar studies (Sonnentag et al. 2012, 

Klosterman et al. 2014). For image analysis, only noon (12:00) images were used to 

reduce variability from sun-angle effects. No standardisation of colour was used 

through the use of a reference card, as can be found in some other camera-based 

projects (Migliavacca et al. 2011, Sonnentag et al. 2011), due to the practical 

limitations of the equipment configuration. In this study, the card could not be mounted 

in the same plane as the target; preventing the card from becoming contaminated from 

dust and plant material was impractical; and the card could not be mounted from the 

camera without interfering with the image collection and other experimental elements. 

As all cameras were from the same manufacturer and from the same batch, it was 

assumed that the sensors within each camera were all similar to one another, and that 
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any sensor drift would a) be negligible over the course of one year, and b) occur at the 

same rate in all cameras. 

In addition to the fifteen phenocams installed on the treatments, one camera was also 

installed over a patch of representative bare soil as a reference to monitor changes in 

background soil qualities over the study period. 

Total aboveground biomass was harvested on two occasions throughout the 13-month 

period: in the middle of the study (September 2014) and at the end (late March 2015). 

The harvesting was not conducted as part of this study, but is presented here as it 

necessarily resulted in a change in vegetation. 

3.2.4 Image processing and analysis 

Viable images were processed using ImageJ open source image processing software 

(Abràmoff et al. 2004). For each image, a region of interest (ROI) was described that 

corresponded with the 1 m2 plot. Average image brightness values were processed from 

the area bounded by this ROI (Figure 3.8). Multiple ROIs were not taken in this 

experiment (compared to phenocam studies in Chapter 5) as it was the integrated plot 

response that was of primary interest rather than different regions within the plot.  
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 Representative phenocam image showing the area of the phenology plot in red. 

This study used the green chromatic coordinate (gCC) as the RGB vegetation index to 

monitor vegetation greenness. The gCC is presented as Equation 3.1 and is the relative 

brightness of the green fraction as compared to the sum of the red, green and blue 

fractions (Gillespie et al. 1987, Sonnentag et al. 2012). The gCC is a unitless index that 

pilot studies suggest ranges between 0.25 (no green vegetation) and 0.5 (abundant green 

vegetation) in grassland systems. A variety of phenocam-based studies have used this 

index over other indices because of its robustness to variations in image brightness due 

to time of day or shadowing, and its dynamic response to changes in plant biophysical 

variables (Ide and Oguma 2010, Sonnentag et al. 2012, Julitta et al. 2014). 

gCC =               (3.1) 

To calculate the gCC for each region, images were separated into their red, green and 

blue channels, and the pixel brightness of each channel was computed for each image 

region of interest (ROI). Figure 3.9 shows images of gCC values at various quantities of 

photosynthetic and non-photosynthetic grass cover with a colour filter to emphasise 

differences in gCC. 
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 Corresponding phenocam images—RGB (left) and gCC values (right) for different 

levels of photosynthetic vegetation cover. High greenness is expressed in December 2014 (top), 

low greenness in May 2014 (middle), and moderate greenness in September 2014 (bottom). For 

the gCC images, darker colours (grey/black) represent lower gCC values, brighter colours 

(yellow/white) represent higher gCC values, and reds represent intermediate gCC values. 

Data summary and graphical interpretation was conducted with the R software package 

(R Core Team 2013). Midday (12:00) gCC values were used to establish a daily time 

series, or phenology profile. Images that were fogged or where the experimental plot 

was obscured were removed from the analysis, thereby removing obvious outliers. This 

filtering allowed for the use of raw gCC values rather than fitted curves as is common in 

some phenocam research.  
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The integrated value of vegetation indices (i.e. the calculated area under the VI 

phenology curve) is a theoretical representation of productivity (Goward et al. 1985, 

Running and Nemani 1988). This method has been used successfully to estimate ANPP 

in grassland biomes (Zhang et al. 2013, Moran et al. 2014), though these examples use 

satellite-derived indices such as the EVI and the NDVI. Here, the integrated gCC (igCC) 

is used as an estimate of productivity and a method for comparing vegetation dynamics 

between treatments. As the calculation of igCC required a data series with no gaps, gap 

filling was undertaken where necessary using linear interpolation. The soil gCC mean 

value of 0.3076 was used as a baseline for this calculation; therefore the igCC represents 

the area between the gCC profile and the soil baseline. This is explained further and 

illustrated in Section 3.3.4. 

The igCC data was non-normally distributed for all groups (Shapiro-Wilks test for 

normality, p < 0.01). As such, Kruskal-Wallis non-parametric statistical tests were 

conducted to assess differences between treatments, at a threshold of p < 0.05. If a 

significant difference between treatments was present, Dunn’s post-hoc test was 

conducted to determine which treatments were significantly different at p < 0.05. 

3.2.5 Phenophase observations 

The assessment of key phenophase dates was conducted for all species where specific 

phenophase (e.g. commencement of flowering/fruiting, end of flowering) could be 

reliably confirmed in the imagery. After examination of all treatment plots, it was 

determined that commencement of flowering date was the only phenophase that could 

be accurately identified. End-of-flowering dates were difficult to assess due to large 

quantities of biomass present at this time, and fruits tended not to be conspicuous 

enough to be accurately resolved in the images. 
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3.3 RESULTS

3.3.1 General phenocam observations 

The gCC phenology profiles generated from phenocam data showed obvious and 

dynamic response to rainfall events and correlated well with seasonal growth patterns 

observed in the field. In particular, increases in gCC corresponded precisely with major 

rainfall events. Throughout the experimental period, five distinct and complete 

greening/browning cycles (modes) were identified (Figure 3.10). These five modes 

were observed for all treatments where data was available and corresponded with the 

following dates: 

• Mode 1: 6 April 2014–29 May 2014 

• Mode 2: 30 May 2014–15 August 2014 

• Mode 3: 16 August 2014–10 October 2014 

• Mode 4: 11 October 2014–22 November 2014 

• Mode 5: 23 November 2014–7 April 2015 

 Phenology profile of the average ambient rainfall treatment (n = 3), indicating five 

distinct periods of greening and senescence (modes). Harvesting occurred near the end of 

mode 3 and mode 5, creating a drop in gCC. 
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More so than other projects using phenocam monitoring (see Chapter 5), the protection 

from the rain exclusion shelters, less severe winter temperatures and regular monitoring 

contributed to a large proportion of images being viable for analysis. Non-viable images 

were caused by lens fog (1.5%), FOV obscured (0.1%) and camera failure (5.7%). This 

resulted in minimal gaps in the data series, with over 90% of images being used. 

The gCC has been found to correlate well to grass biophysical parameters, specifically 

with fractional cover (Appendix A); and photosynthetic biomass in (Chapter 5 and 

Paruelo, Lauenroth and Roset 2000). It has been found to perform more consistently 

than other common RGB greenness indices (Sonnentag et al. 2012) and is regularly 

used in digital image analysis of vegetation change (Ide and Oguma 2010, Mizunuma 

et al. 2013, Julitta et al. 2014). Given that it also corresponds well with measured 

rainfall events and field observations of greenness, the gCC is considered appropriate 

here for assessing vegetation dynamics. 

3.3.2 Growth response to rainfall/soil moisture 

When all treatments were measured across the entire monitoring period, the integrated 

gCC (igCC) was found to have a strong relationship with total rainfall (Pearson’s 

R2 = 0.8116), indicating that approximately 80% of the variation in productivity can be 

explained by rainfall quantity (Figure 3.11). However, when separated into seasonal 

components, this relationship was not found to be consistent. A very strong relationship 

(Pearson’s R2 = 0.97) was present between rainfall and productivity in the summer 

months, when both rainfall and productivity were high. However, this relationship was 

much weaker during all other months (Figure 3.12). Differences in the relationship 

strength between productivity and rainfall were also observed when the data was split 

into modal groups (not presented). 
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 Relationship between total productivity (igCC ± 1 s.d.) and total experimental 

applied rainfall (mm) for all treatments throughout the study period. The dashed line is a linear 

trend (Pearson’s R2 = 0.8116). 

 Relationship between productivity (igCC ± 1 s.d.) and total rainfall (mm), separated 

by season. The productivity/rainfall relationship was strong during periods of high rainfall and 

high productivity (Summer 2015 Pearson’s R2 = 0.97), but poorer at other times (Autumn 2014 

Pearson’s R2 = 0.79; Winter 2014 Pearson’s R2 = 0.45; Spring 2014 Pearson’s R2 = 0.63; 

Autumn 2015 Pearson’s R2 = 0.62).  
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Rainfall was only moderately correlated with soil moisture content (Pearson’s 

R2 = 0.75). This is particularly evident in the different treatments. The reduced rainfall 

treatment (50% reduction in rainfall) results in a proportional reduction in mean soil 

moisture of approximately 65% of ambient. However, the increased rainfall treatment 

(50% increase in rainfall) only resulted in a mean soil moisture content 105% of 

ambient.  

Soil moisture content (mean soil moisture and integrated soil moisture) was poorly 

correlated with igCC for the total monitoring period, harvest and seasons (not presented). 

3.3.3 Qualitative comparisons: annual phenology profiles 

Average phenology profiles for each treatment are presented in Figure 3.13 to illustrate 

the general trends in greenness throughout the experimental period. Greenness from 

April 2014 to mid-August 2014 was relatively low, though the first two small greening 

modes occurred during this time. Most treatments experienced their lowest recorded gCC

values in August. Greenness started to increase in late August, but decreased when 

biomass was harvested in early October—close to the local peak of this greening mode. 

The growth response to harvesting resulted in a small gCC peak that quickly declined in 

most treatments. The dominant period of growth commenced in mid-November and 

steadily increased to a broad peak in early- to mid-January. This peak was followed by 

equally steady decline until late March and another harvesting event. Post-harvesting 

saw another sharp increase in greenness until the experiment’s conclusion. 
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 Phenology profiles of mean 12:00 gCC values (± 1 s.d.) for all rainfall modification 

treatments (n = 3). 
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The gCC of bare soil fluctuated between 0.301 and 0.318. Variations in soil gCC also 

corresponded with rainfall events with wetting of the soil increasing the gCC. This effect 

has the potential to impart gCC fluctuations on imagery where soil is a large fractional 

component, but would be negligible where soil contributes a small fractional 

component. In all photographs, green vegetation and/or non-photosynthetic vegetation 

dominate the scene, and soil comprises a small fraction. The highest soil fraction 

observed in all images was approximately 20%. More so than other treatments, the 

phenocam that was monitoring bare soil had several hardware issues and resulted in an 

incomplete data series. For these reasons, the mean value of soil gCC (0.3076) is used as 

the baseline. 

3.3.3.2 Changes in rainfall quantity 

The treatments that involved only changes to rainfall quantity, reduced rainfall and 

increased rainfall, generally showed a predictable pattern when compared to the 

ambient treatment. Throughout the observational period, the gCC trend followed the 

pattern of reduced rainfall < ambient < increased rainfall (Figure 3.14). The only 

exception to this occurred during times of high rainfall, specifically the end of 

September and mid-December through January. At these times, ambient gCC approached 

the increased rainfall treatment gCC, but the reduced rainfall treatment remained lower. 

Greenness response was also similar for a short period after harvesting events, which 

tended to lower gCC values to a comparable level for all treatments.  

The timing of phenology markers were very similar between the treatments, with the 

key features being five obvious growth periods (modes) and a steep linear green-up 

during the month of December. The only discernible difference in timing was that the 

reduced rainfall treatment had a slightly earlier peak at mode 5 than the ambient and 

increased treatments. The peak of the reduced treatment was not as broad, and the 

following slope of decreasing gCC was steeper, indicating a faster period of senescence.  

The increased rainfall treatment was consistently higher than ambient and reduced 

rainfall treatments. This means that not only does increased rainfall promote higher 

levels of greenness, but that it can extend the growing season under certain 

circumstances. 
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 Phenology profiles of mean 12:00 gCC for three treatments: reduced rainfall, 

ambient and increased rainfall. The mean soil gCC is indicated by the dashed horizontal line. 

3.3.3.3 Changes as a result of summer drought 

The summer drought treatment was not given water between 17 December 2014 and 

17 March 2015, a period of three months. During this imposed drought, the most 

striking difference occurs between this treatment and the ambient (Figure 3.15). Both 

treatments peak at approximately the same gCC (~ 0.425) in response to high rainfall in 

early December, but the drought treatment gCC quickly drops as drought is imposed and 

vegetation wilts and senesces. This results in a very narrow peak of mode 5, quite 

different to the broad peak shown by the ambient treatment.  
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 Phenology profiles of mean 12:00 gCC for ambient and summer drought 

treatments. The mean soil gCC is indicated by the dashed horizontal line. 

Through the winter months, the mean gCC of the summer drought treatments was 

considerably lower than ambient. However, with the first spring rainfall (mode 3), the 

drought treatment rapidly increased to peak at a much higher greenness than ambient 

(gCC maximum = 0.390 in the drought treatment versus 0.360 in the ambient treatment). 

A destructive harvesting event occurred at this time, however the same phenomenon 

was observed following post-harvest greening (mode 4). On this occasion, the mean 

maximum gCC was 0.375 for the drought treatment and 0.360 for the ambient treatment. 

Notably, these two drought peaks showed a higher gCC than even the increased rainfall 

treatment. Another greening event at the end of the observational period was recorded 

to have an even greater difference, although this mode is incomplete. At the end of 

April 2015, following post-harvest greening, the mean maximum gCC of the drought 

treatment was 0.412, compared with the ambient treatment of 0.368. Although the gCC

is different, the soil moisture of the two treatments is equivalent during these periods, 

and this phenomenon is a clear indicator of drought influence on vegetation. 

With respect to timing, the three peaks of modes 3, 4 and 5 appear to occur earlier in the 

drought treatment than the ambient treatment. However, this is difficult to resolve as 

disturbances disrupt the phenology curve at mode 3 (harvest) and mode 5 (drought 
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treatment). While again difficult to quantify, it appears that the peak of mode 2 occurs 

later in the drought treatment than in the ambient treatment. This is during the winter 

when the drought gCC is less than ambient gCC. 

3.3.3.4 Changes from rainfall frequency reduction 

The altered frequency treatment simulates a reduction in the frequency of rainfall events 

while keeping the overall rainfall volume equal. In this case, rainfall from every 3-week 

period was withheld and deposited in one event. 

Throughout early April to mid-August 2014, the altered frequency treatment was 

consistently greener than ambient (Figure 3.16). The mean gCC maximum at mode 1 

was 0.382 for the altered frequency plots and 0.358 for the ambient plots. At mode 2, 

this value was 0.354 for altered frequency treatments and 0.342 for ambient treatments. 

This difference between the two treatments was consistent throughout this period. From 

mid-August 2014 through to March 2015, the two treatments were very similar and did 

not exhibit the differences seen in the drier winter months. At no time was the altered 

frequency treatment gCC consistently lower than the ambient treatment gCC. 

While a delay in phenological timing could reasonably be expected due to the periodic 

withholding of water, no discernible differences in peak timing were observed for any 

modes. However, the greening of modes 4 and 5 was more gradual in the altered 

frequency treatment, and more abrupt in all other treatments. In mode 5, a slight delay 

in browning during March 2015 was observed. The greening shape and peak of mode 4 

was less distinct in the altered frequency treatment because of higher variability within 

the treatment around this time. 
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 Phenology profiles of mean 12:00 gCC for ambient and altered frequency 

treatments. The mean soil gCC is indicated by the dashed horizontal line. 

3.3.4 Total and seasonal differences in productivity 

The integrated gCC (igCC) between the phenology curve and the mean soil gCC (0.3076) 

is used to estimate the overall productivity of the treatment (refer to Figure 3.17). 

Treatment data was analysed using the non-parametric Kruskal-Wallis test due to non-

normal distribution of igCC data. Post-hoc comparisons of treatments were conducted 

using Dunn’s test at a threshold of p < 0.05. 
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 Mean gCC phenology profiles of the ambient treatment illustrating the integrated 

gCC, or igCC (shaded region). This integrated region between the gCC curve and the soil baseline 

(dashed line) is analogous to aboveground net primary productivity. 

3.3.4.1 Total productivity 

When integrated gCC is used as an analogue for productivity across the whole 

observational period, the treatments show a significant difference in mean igCC

( 2 = 10.23, p = 0.037). The increased and reduced rainfall treatments showed, 

respectively, greater and less productivity than ambient, as would be expected (Figure 

3.18). The altered frequency treatment had a higher mean than ambient (mean 

igCC = 21.9 versus 18.4), though these were not significantly different from one another. 

Likewise, the drought treatment mean igCC was lower (mean igCC = 16.4), though not 

significantly different from the ambient treatment.

While this provides information about the total annual productivity, Section 3.3.3 

demonstrated that the treatments exhibit differential responses at different times of the 

year, depending on environmental and climatic conditions. One advantage of taking 

high-frequency measurements is that data subsets can be examined separately to 

determine how different seasonal and climatic factors affect vegetation growth patterns. 
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 Mean igCC (± 1 s.d.) by treatment for the full experimental period. Means with the 

same letter are not significantly different between each treatment (Dunn’s post-hoc test 

p < 0.05). 

3.3.4.2 Productivity by season 

Further information can be obtained by examining the seasonal trends of the treatments 

throughout the year. 

The gCC data was subset into different seasons (Autumn 2014, Winter 2014, 

Spring 2014, Summer 2015 and Autumn 2015) and the seasonal productivity (igCC) 

calculated for each treatments (Figure 3.19). The summer drought treatment was not 

included in the Autumn 2014 analysis due to insufficient data.  
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 Phenology profile of mean ambient treatment, separated into seasons 

(Autumn 2014, Winter 2014, Spring 2014, Summer 2015 and Autumn 2015). The horizontal 

dashed line represents the mean soil gCC value. 

Total seasonal rainfall data was also separated into seasonal components and presented 

as Table 3.4. This table can be used as a reference point to identify the moisture 

conditions when examining the seasonal productivity trends. Rainfall was very low 

during Autumn 2014. Although the winter rainfall in 2014 was similar to average, it 

was unevenly distributed. October had average rainfall, whereas September and 

November had very little rainfall. Summer was extremely wet: almost double the annual 

average for this period. The Autumn 2015 period saw approximately double the typical 

rainfall. 
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Table 3.4. Seasonal rainfall (mm) by season for the experimental period (April 2014–

April 2015) and long-term average (1883–2015). 

Seasonal Rainfall 
 2014–15 (mm) 

Long-term Average  
Seasonal Rainfall (mm) 

Autumn 2014 47.25 126 

Winter 2014 136.92 148.2 

Spring 2014 95.13 172.9 

Summer 2015 454.23 267.2 

Autumn 2015 333.24 156.2 

Total 1066.77 870.5 

Autumn 2014 showed a significant difference in productivity between treatments 

( 2 = 9.256, p = 0.026), which is displayed in Figure 3.20. The altered frequency and the 

increased rainfall treatments were similarly high (mean igCC = 2.9 and 2.8, 

respectively), and were significantly greater than both the ambient (mean igCC = 1.9) 

and reduced rainfall (mean igCC = 1.4) treatments. The summer drought treatment was 

not included in this analysis because of insufficient data. 

 Mean igCC (± 1 s.d.) by treatment for Autumn 2014 (1 March 2014–31 May 2014). 

Means with the same letter are not significantly different between each treatment (Dunn’s post-

hoc test p < 0.05). 
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Winter 2014 also showed a significant difference between treatments (Figure 3.21; 
2 = 10.567, p = 0.032) with similar trends to the Autumn 2014 data. Inter-treatment 

variability was higher, however, particularly for the altered frequency and ambient 

plots. The altered frequency treatment had the highest mean productivity (mean 

igCC = 2.9), with the increased rainfall treatment only slightly lower (mean igCC = 2.8). 

The reduced rainfall treatment was extremely low, (mean igCC = 0.5) and dropped 

proportionally more than all other treatments when compared to the previous season. At 

this stage, the reduced rainfall soil moisture content was extremely low, and did not 

exceed 8.5 % v/v between 1 June 2014 and 15 August 2014. Although more productive 

(mean igCC = 1.6), the summer drought treatment was not significantly different to the 

reduced rainfall treatment, nor was it significantly different to the ambient treatment.  

 Mean igCC (± 1 s.d.) by treatment for Winter 2014 (1 June 2014–31 August 2014). 

Means with the same letter are not significantly different between each treatment (Dunn’s post-

hoc test p < 0.05). 

No significant difference between treatments was observed for Spring 2014 (data not 

shown). This is likely due to high variation within the small number of replicate plots. 

Nevertheless, the summer drought treatment showed the highest mean productivity 

(mean igCC = 4.8). This is a highly responsive trend difference for this treatment, which 

has productivity between the reduced rainfall and the ambient treatments in other 

seasons. This increased productivity is due to the increased gCC peaks in modes 3 and 4, 

seen in Figure 3.15.  
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No significant difference between treatments was observed for Summer 2015 (data not 

shown). This season had a high rainfall, and represents the bulk (45%) of the total 

annual productivity. Summer 2015 also shows the most even growth and the most 

consistent variability within the five treatments. Despite the wet conditions, the 

increased rainfall treatment still had the highest mean productivity (mean igCC = 8.9). 

The ambient and altered frequency treatments were only slightly less productive (mean 

igCC = 7.9 and 7.6, respectively). Despite being without water for most of the season, 

the summer drought treatment did not show as dramatic a decrease as would be 

expected, as the drop in gCC throughout the drought period was modulated by very high 

productivity in early December. In fact, the mean productivity of this treatment is still 

slightly higher than that of the reduced rainfall treatment (mean igCC = 5.9 versus 5.8).  

The productivity during Autumn 2015 (Figure 3.22) showed a similar pattern to 

Autumn 2014 and Winter 2014. The differences between the treatments were significant 

( 2 = 10.433, p = 0.034), with the altered frequency having the highest mean igCC of 3.0. 

This was significantly higher than the ambient treatment (mean igCC = 2.1). As is typical 

for other seasons, the summer drought treatment (mean igCC = 1.8) and the reduced 

rainfall treatment (mean igCC = 1.4) had the lowest productivity. 

 Mean igCC (± 1 s.d.) by treatment for Autumn 2015 (1 March 2015–

30 April 2015). Means with the same letter are not significantly different between each 

treatment (Dunn’s post-hoc test p < 0.05). 
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The trends that were observed from the seasonal analysis of igCC data provide more 

information than the total analysis. We see an increasing productivity trend with 

treatments of increasing rainfall quantity (reduced rainfall < ambient rainfall < 

increased rainfall). However, more subtle differences are present in the treatments that 

mimic changes in rainfall frequency and seasonality. The altered frequency treatment 

tends to be more productive than the ambient treatment, but this trend is more apparent 

in seasons when rainfall is low (e.g. Autumn 2014, Winter 2014), though occasionally 

when rainfall is higher (e.g. Autumn 2015). The summer drought treatment tends to 

show similar productivity to the ambient treatment at times when drought conditions are 

not imposed. The exception to this is in spring, when the productivity of summer 

drought plots is unexpectedly higher than ambient plots. Summer drought productivity 

also tends to have a higher mean igCC than the reduced rainfall plots, even when drought 

conditions are imposed, however this difference is not significant for any season. 

Variability within treatments is an indication that differences in community composition 

and vegetation response is occurring. High variability is present during spring for both 

the altered frequency plots and the summer drought plots. High within-plot variability is 

also observed for all treatments during throughout autumn 2015. 

3.3.4.3 Productivity by drought regime 

For drought regime, igCC data was split into two periods: when summer drought was 

imposed (‘drought’ period; 17 December 2014–17 March 2015) and outside of the 

drought period (‘no drought’ period; 1 April 2014–16 December 2014 and 

18 March 2015–30 April 2015). Figure 3.23 illustrates the drought period in the context 

of an ambient treatment phenology profile. 
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 Phenology profile of mean ambient treatment with the ‘drought’ period shaded 

(17 December 2014 to 17 March 2016). The horizontal dashed line represents the mean soil gCC

value. 

No significant difference in productivity was present between treatments during the 

‘drought’ period (Figure 3.24). This is unexpected, as the summer drought treatment 

received no water during this time while the other treatments were exposed to the 

wettest months of the experiment. Reasons for this are discussed in Section 3.4.3, but 

the relatively high inter-treatment variability during this time (see Figure 3.13) may 

have contributed to the lack of statistical resolution. 
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 Mean igCC (± 1 s.d.) by treatment for ‘drought’ period (17 December 2014 to 

17 March 2015). 

During the ‘no drought’ period, productivity differences between the treatments were 

significant ( 2 = 9.900, p = 0.042; Figure 3.25). While the increased rainfall treatment, 

ambient treatment and reduced rainfall treatment showed the usual pattern of decreasing 

productivity, the summer drought treatment showed the most surprising result. This 

treatment (mean igCC = 11.22) was almost identical to the altered frequency treatment 

(mean igCC = 11.23), and more productive than the ambient treatment (mean 

igCC = 10.34), though the difference between these treatments was not significant. 
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 Mean igCC (± 1 s.d.) by treatment for ‘no drought’ period (1 April 2014–

16 December 2014 and 18 March 2015—30 April 2015). Means with the same letter are not 

significantly different between each treatment (Dunn’s post-hoc test p < 0.05). 

The trends from separating the drought data into ‘drought’ and ‘no drought’ periods are 

illustrative for the summer drought treatment, but do not reveal further information than 

the seasonal data for the other treatments.  

Analysis of the productivity of individual growth period (modes) was also conducted. 

Modal productivity showed similar trends to seasonal productivity. Analysis of 

treatment productivity separated by harvest period was conducted and showed similar 

trends to other results. These analyses are presented in Appendix B. 

3.3.5 Phenophase differences between treatments 

The date of flowering commencement for identified species was recorded across all 

treatment plots (Table 3.5). Commencement of flowering times for six species could be 

identified through the phenocam images. The most widespread species were: 

Hypochaeris radicata (8 of 15 plots), Paspalum dilatatum (6 of 15 plots), Cymbopogon 

refractus (5 of 15 plots) and Senecio madagascariensis (3 of 15 plots). Two other 

species were only found in one plot each. Many other species were present in the plots 

(see Table 3.2), however these did not have conspicuous flowers that could be identified 

through the images. 
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Table 3.5.Flowering start dates of species able to be identified through phenocam imagery. 

Treatment Replicate Species Flowering Start Dates 

Ambient 1 (none) 
 2 (none) 
 3 Hypochaeris radicata 

Paspalum dilatatum 
24 Jan 2015 
15 Jan 2015 

Altered Frequency 1 Paspalum dilatatum 26 Jan 2015 
 2 Hypochaeris radicata 

Paspalum dilatatum 
27 Dec 2014 
17 Jan 2015 

 3 Cymbopogon refractus 13 Dec 2014 < > 17 Jan 2015* 

Drought 1 Hypochaeris radicata 
Cymbopogon refractus 

15 Dec 2014 
10 Jan 2015 

 2 Plantago lanceolata 
Hypochaeris radicata 
Paspalum dilatatum 

9 Dec 2014 
22 Nov 2014 
13 Jan 2015 

 3 Verbena bonariensis 21 Oct 2014 

Increased Rainfall 1 Hypochaeris radicata 
Senecio madagascariensis

19 Aug 2014 
15 Feb 2015 

 2 Hypochaeris radicata 
Senecio madagascariensis 
Paspalum dilatatum 

6 Oct 2014 
26 Jan 2015 
25 Jan 2015 

 3 Hypochaeris radicata 
Cymbopogon refractus 
Senecio madagascariensis

11 Nov 2014 
2 Jan 2015 
13 Jan 2015 

Reduced Rainfall 1 Paspalum dilatatum 26 Jan 2015 
 2 Cymbopogon refractus 23 Dec 2014 
 3 Hypochaeris radicata 

Cymbopogon refractus 
4 Dec 2014 
4 Jan 2015 

* Note: Precise date not resolved due to camera failure 

Due to the different composition of species within each plot, little replication of species 

within each treatment was found: some species were only found in one plot of the 

treatment, and others were not found in certain treatment plots. Two plots had no 

observable flowering at all.  

For the four most widespread species, two had relatively consistent flowering start dates 

across all treatments, both of these being C4 grasses. Cymbopogon refractus

commenced flowering consistently in early January, between January 2 and January 10, 

across three different treatments. Paspalum dilatatum had a broader flowering start 

date: from January 13 to January 26, 2015. There was no obvious difference in 

flowering commencement of C4 grass species between treatments.  
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A treatment-based anomaly was observed for the flowering of Hypochaeris radicata, a 

common exotic forb. While this species had a broad start-of-flowering threshold 

(22 November 2014–24 January 2015), the increased rainfall treatment showed the 

earliest flowering commencement dates, including three plots that commenced 

flowering during winter/spring (19 August 2014, 6 October 2014 and 

11 November 2014). Another anomalous observation was made with regard to Senecio 

madagascariensis. Flowering of this species was observed in all three increased rainfall 

plots, with no flowering observed in any other treatments. 

3.4 DISCUSSION

3.4.1 Effects of change in rainfall quantity 

In temperate grasslands, inter-annual variation in biomass production is regarded to be 

primarily determined by inter-annual variation in precipitation quantity (Campbell et al.

1997, Sala 2001). However, while this may be true at regional scales, the relationship 

may not hold true at local scales (Swemmer et al. 2007). In the current experiment, total 

rainfall accounts for approximately 80% of the variation in productivity (as estimated 

by igCC) across all treatments. However, when broken down into seasons, or periods of 

growth, the accuracy of this model becomes much more variable. During the summer, 

where rainfall and vegetation growth were both high, the relationship between rainfall 

and igCC was very strong (Pearson’s R2 > 0.95) however at other times this relationship 

was much weaker (e.g. Winter 2014 Pearson’s R2 = 0.11). Given that agricultural 

production is seasonally-based, particularly in grazing systems, the need for accurate 

seasonal and local predictors is of great importance.  

The qualitative observations of gCC phenology profiles showed a consistent trend of 

increasing greenness with increasing rainfall throughout the year. That is, the reduced 

rainfall treatment consistently showed the lowest greenness, the ambient treatment had 

intermediate greenness, and the increased rainfall treatment had the highest greenness. 

This trend indicates that the system is rainfall-limited and that for most times 

throughout the year, a threshold limit to greenness has not been reached. However, 
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ambient and increased rainfall treatment gCC values approached one another in the 

higher-rainfall periods of early spring and summer. At these times, soil moisture content 

was similar between the two treatments. This observation was supported by the analysis 

igCC as a proxy for productivity. At all segmentation fractions (harvest periods, seasons, 

etc.) the same trend of increasing productivity with increasing rainfall was observed in 

mean igCC values. However, this was not statistically significant at all segmentation 

fractions, which may either reflect convergence to a rainfall-limited threshold value 

during those seasons, or simply a low detection power of the statistical analysis (see 

Section 3.4.6).  

The observations from this experiment showed that rainfall quantity changes produced 

only minor modifications to the shapes of phenology profiles. These differences 

included a skewed greenness distribution and possible earlier greenness peak, but 

generally differences were minor. This suggests that changes in rainfall quantity may 

yield predictable responses in the increase or decrease of productivity. However, there 

may be specific seasonal thresholds beyond which dramatic responses occur, such as 

the dramatic drop in greenness observed in the reduced rainfall treatment in 

Winter 2014. This may be most applicable to areas that are approaching those seasonal 

thresholds already, and where further rainfall decreases are predicted for the future.  

The effect of rainfall on temperate grassland growth in other parts of the world have 

concluded that ANPP response to rainfall quantity is dictated by the water holding 

capacity of the soil (Sala et al. 1988, Lane et al. 1998), which determines the soil 

moisture content (Volder et al. 2013). Favourable years (more rainfall) may promote 

greater productivity on certain soil types, but unfavourable years (less rainfall) may 

promote greater productivity on other soil types, particularly where water is less 

limiting. In the current study, this concept can be extended to favourable and 

unfavourable seasons, as several growth patterns occur within one season. Although it 

refers to a temperature-driven system, this separation of seasons has also been 

suggested in British temperate grasslands where diverging responses to rainfall occur 

according to season (Morecroft et al. 2004). 

Most of south-eastern Australia is water-limited, which suggests that primary 

production will benefit from increased rainfall, and decrease under lower rainfall 
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conditions. Given that climatic forecasts predict decreasing rainfall quantities in the 

autumn, winter and spring (IPCC 2014, CSIRO and Bureau of Meteorology 2015), 

lower productivity during these periods is likely. Autumn and winter rainfall also serves 

to improve soil moisture for spring growth (Cai et al. 2009), hence a decrease in winter 

rainfall may precipitate a greater moisture deficit in early spring. 

3.4.2 Effects of change in rainfall frequency 

Understanding how vegetation productivity responds to extreme rainfall patterns is 

crucial for assessing the impacts of climate change on terrestrial ecosystems (Zeppel 

et al. 2014). With more extreme rainfall predicted for south-eastern Australia (Hennessy 

et al. 2007, Reisinger et al. 2014), there are substantial consequences for pasture 

production in this region. Many scientists have acknowledged that an intensification of 

the water cycle is occurring, but it still remains to a) identify likely vegetation response 

and b) design appropriate adaptation strategies for future climates (Howden et al. 2008, 

Cullen et al. 2009, CSIRO 2011, Rickards and Howden 2012). 

In the altered frequency treatment, higher greenness than ambient was observed 

throughout the cooler periods, and equivalent greenness to ambient was observed 

through the warmer, wetter months. No wholesale changes to timing of vegetative 

phenology was observed, although some increases in greenness tended to be more 

moderate (i.e. less steep) in the altered frequency treatments than others. This 

moderation was contrary to expectations; a periodic pulse of rainfall would logically 

result in a periodic greening, however this was not observed. Presumably if the event 

size and interval between events results in a steady supply of plant-available water, 

pulses in growth may not necessarily occur. 

This phenomenon of reduced rainfall frequency resulting in higher productivity has also 

been observed in water-limited temperate grasslands in the USA (Heisler-White et al.

2008). In these studies, the productivity response of vegetation to changes in rainfall 

frequency has been shown to be related to the moisture state of the environment: xeric 

environments tend to respond more positively to extreme precipitation (i.e. higher 

productivity), whereas mesic environments tend to respond negatively (Knapp et al.

2001, 2008, Heisler-White et al. 2009). As an example, very little water will be 
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available to the plant following small rainfall events, as much of it will have evaporated 

before the rooting zone is reached. As the event size increases, the loss to evaporation 

will be proportionally less and more water will be available to plants. After a certain 

threshold, larger rainfall events will result in water loss through percolation through the 

soil column beyond the rooting zone (Weltzin et al. 2003). Hence, for xeric systems 

where evaporation is high, more water would be available to biota with larger events, 

whereas mesic systems would have proportionally less water available with less 

frequent rainfall (Knapp et al. 2008). 

Soil characteristics (particularly water-holding capabilities) have an impact on this 

model (Lane et al. 1998). Sandy soils allow faster infiltration, so less water is lost to 

evaporation, but more plant-available water is lost through percolation beyond the 

rooting zone. Soils with more clay or loam restrict infiltration, so will lose more water 

to evaporation but retain more within the rooting zone (Sala et al. 1988). The 

relationship of these properties to climate type is known as the inverse texture effect 

(Noy-Meir 1973), and promotes a ‘crossover point’ of mean annual precipitation. Either 

side of this point provides a water-holding (and by extension, productivity) advantage to 

coarse-textured or fine-textured soil.  

Measurement of the soil moisture over the study period showed that mean soil moisture 

was much lower for the altered frequency treatment than the ambient treatment for all 

seasons. Soil water-holding capacity (c.f. texture) has been identified as an important 

variable in ANPP (Epstein, Lauenroth, and Burke 1997) when considered on a regional 

scale. In the absence of temperature and soil texture variation at local scales, a positive 

relationship would be expected between soil moisture and productivity. However our 

experiment found only a moderate correlation between these variables, both overall and 

within seasons. Soil moisture was only measured to 15 cm, and some deep-rooted 

perennial grasses may have accessed soil moisture lower than this. However, this result 

provides a new perspective on the relationship between soil moisture and ANPP for 

Australian temperate grassland systems. It also highlights the need for more research on 

plant-soil water relations in these environments. 

The interactions between the xeric/mesic nature of the grassland biome and the soil 

properties have a large impact on whether changes in extreme events have a positive, 
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negative or neutral impact on productivity. For each ecosystem there is likely to be an 

optimum distribution of precipitation event sizes and intervals between them (Swemmer 

et al. 2007). In the temperate pasture of this experiment, this optimum distribution is 

closer to the altered frequency treatment than the ambient treatment—at least over the 

course of the study period. However, because we see differential seasonal effects, this 

concept can be extended to seasonal climatic conditions rather than annual climatic 

conditions. It is clear that the continuation of this study is required to determine the full 

suite of seasonal conditions under which enhanced productivity is observed. 

Thus far, only productivity response to changes in rainfall frequency has been 

considered, but changes to species composition are likely as well. Consideration needs 

be given to the types of species that are responding to moisture in different seasons. In 

cooler months, C3 plants are more likely to take advantage of available moisture. In the 

case of the altered frequency treatments, perhaps certain functional types (C3 annuals, 

for example) are more responsive to rainfall pulses seen in the altered frequency 

treatment, but are less responsive to consistently low rainfall of the ambient treatment in 

these winter months. While an obvious species shift was not observed in the phenocam 

imagery, the resolution is insufficient to register changes of this nature. Extending this 

research over different years will confirm conditions under which reduced rainfall 

frequency results in higher productivity. This should be integrated with high-frequency 

(e.g. monthly) vegetation surveys to determine which plant functional types are 

responding during this time. 

It is generally agreed that future climate in south-eastern Australia will involve 

intensification of the hydrological cycle: an increase in rainfall event size and a 

reduction in event frequency (CSIRO and Bureau of Meteorology 2015). The results of 

this study suggest that under some circumstances, particularly when rainfall is low, an 

increase in grassland productivity may be observed as a result of reduced rainfall 

frequency. This is more likely in cooler, drier seasons, but confirmation of this trend is 

required. 

This conclusion should be put in context of other studies that have found complex 

interactions between rainfall event size, quantity and interval (e.g. Fay et al. 2008; 

Zhang et al. 2013). Here, we use ambient rainfall with a constant interval and relative 
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event size, a regularity that is unlikely to occur in natural rainfall events. More long-

term observations are required to determine if this trend is consistent in years of 

different climatic variability. In addition, it should be considered that more extreme 

events are likely to result in negative impacts such as increased runoff (particularly 

where surface soils are dry) and increased soil erosion (CSIRO and Bureau of 

Meteorology 2015). These impacts result in lower soil moisture and less grazing land, 

respectively, and may offset any potential productivity benefits. 

3.4.3 Effects of drought events 

Future climate predictions for south-eastern Australia indicate that droughts are likely to 

increase in severity and duration (CSIRO and Bureau of Meteorology 2015). For a 

country such as Australia that already experiences regular and lengthy droughts, this is a 

serious prospect for agricultural production in coming decades. 

The results of the summer drought treatment show a predictable sharp decrease in 

greenness and corresponding loss of productivity during the time that the drought was 

in effect (17 December 2014 to 17 March 2015). This result was expected, but 

illustrates the dramatic effect that drought can have on healthy ecosystems and soil 

moisture, and the speed at which vegetation senescence can occur. In contrast, outside 

of the drought period, the summer drought plots exhibited very different behaviour. 

Over the non-drought period, productivity of the summer drought treatment was 

significantly higher than ambient treatments, despite the fact that both treatments were 

receiving equal quantities and distribution of rainfall during this time. The phenology 

profile suggests that the increased seasonal and overall productivity was attributed to 

large greenness peaks at modes 3 and 4. The same phenomenon was observed after 

mode 5, in April 2015. The review of phenocam imagery allowed an explanation of 

this: that the drought plots had been subject to invasion from a variety of exotic forbs. 

The weed invasion caused a dramatic community change that occurred in all drought 

plots and was not evident in other treatments. Droughts are well known to promote 

weeds; exotic plants that typically have fast establishment times and are able to take 

advantage of the lack of competition following drought conditions (Richardson et al.

2011). Several field observations have documented weed invasions to temperate 

grasslands following major droughts (Scott et al. 2010, Moran et al. 2014). 
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This abrupt change in community composition was unexpected and clearly reinforces 

the prediction that prolonged and more frequent droughts will provide more 

opportunities for weed invasion (Scott et al. 2014). This will result in lower productive 

land for grazing and greater costs relating to weed control and eradication. With weeds 

estimated to cost agricultural producers over $3.5 billion annually (Sinden et al. 2004), 

increases in drought frequency and extent will result in a significant inflation of this 

cost. 

This observation also serves as a reminder that a higher vegetation index, or greenness, 

is not always reflective of a more positive situation. Although the greening of the Sahel 

region of Africa following several droughts is often cited as an example of ecosystem 

resilience (Dardel et al. 2014), ground data indicates large ecological shifts have 

occurred and that the vegetation is more impoverished than the pre-drought condition 

(Herrmann and Tappan 2013). When using satellite or near-surface remote sensing 

(such as phenocams), the need for ground validation, particularly of anomalous or 

unexpected results, is critical. 

Like the altered frequency treatment, the impacts of drought may be more or less severe 

depending on annual rainfall quantity and soil texture. In a European temperate 

grassland, biomass reduction was reported for low-rainfall sites following drought, but 

experimental drought actually increased biomass in higher-rainfall locations (Gilgen 

and Buchmann 2009). However, even the low rainfall treatment in Gilgen and 

Buchmann’s study is higher than the annual rainfall of the DRI-Grass location, and the 

drivers in European temperate grasslands are very different to those in south-eastern 

Australia. 

During the drought period, a large and significant decline in greening and productivity 

was evident. At this stage of the experiment, the plots were dominated by C4 grasses, 

species that have a higher water use efficiency than C3 species, and tend to be more 

resistant to drought effects (Ghannoum et al. 2011). As the drought effects on these 

plants were dramatic, droughts occurring at other times of year—when C3 plants are 

more dominant—will be even more damaging. The key message, obvious though it may 

be, is that the direct impacts of extended and more regular droughts on grassland 
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ecosystems will be senescence and death of vegetation and large losses in pasture 

production. When droughts reoccur before an ecosystem has recovered, the likelihood 

of widespread community change impacts on plant mortality is even more pronounced 

(Anderegg et al. 2013). 

3.4.4 Observed changes in species composition and phenophases 

Through this experiment, most of the biomass production occurred during the summer 

months, when temperature and rainfall were both high. Field observations, confirmed 

with phenocam image review, indicated that C3 grass and forb species were dominant 

during the cooler months, however C4 grasses such as Cymbopogon refractus and 

Paspalum dilatatum were extremely vigorous during the warmer months. This pattern 

of C3/C4 dominance in cool/warm seasons respectively was observed for all treatments. 

This is a typical pattern for mixed pastures such as this, but the high levels of rainfall in 

the warmer months is a key driver of high levels of C4 productivity (Volder et al. 2010), 

as was the case in summer 2014/15.

The drought impact on community composition has already been discussed (Section 

3.4.3), with particular reference to weed invasions. However, more subtle changes in 

rainfall quantities and distribution can result in long-term species compositional change 

(Bates et al. 2006, Suttle et al. 2007). While the resolution of phenocam images may be 

insufficient to monitor this over time, ongoing species monitoring at the plot level is 

critical to determine the interactions between different functional groups. Groups that 

are predicted to have differential response to rainfall change include C3 versus C4

(Cristiano et al. 2012), grasses versus forbs (Dostálek and Frantík 2011), native versus 

exotic (Scott et al. 2014), deep-rooted versus shallow-rooted (Morecroft et al. 2004) 

and annual versus perennial (Dostálek and Frantík 2011). In addition there is growing 

evidence that rainfall regime from the current year is likely to result in community 

change during the following year (Sherry et al. 2012, Dudney et al. 2016). 

Phenological changes in vegetation communities are widely predicted in response to 

changes in rainfall (Reyer et al. 2013), though remain a major data gap in current 

research. Widespread changes to plant phenology in response to drought was reported 

in an oak forest (Misson et al. 2011) but similar studies are rare in other biomes. The 
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current study observed changes in the magnitude of phenology curves (i.e. greenness), 

but did not observe substantial changes in the timing of vegetation phenology. Changes 

in the integrated phenology of the plot (i.e. through community change) may be visible 

in the short-term, but any changes in vegetative phenology of individual species are 

likely to take many years to resolve. The seasonality of plant available water has been 

shown to influence the distribution of C3 and C4 grasses at larger scales (Winslow et al.

2003, Flanagan 2009), though its effect on C3/C4 distribution at smaller scales remains 

to be seen. 

Such experiments also present the opportunity to explore traditional phenology—

changes in flowering and fruiting times. This experiment identified minor phenological 

differences in flowering times of two exotic forb species which suggests that increased 

rainfall may promote earlier or more vigorous flowering of unwanted species. However, 

the camera resolution and angle of viewing was not ideal for this purpose. While the 

lack of species consistency between experimental plots makes exhaustive comparisons 

impossible, comparison of flowering and fruiting time of the primary species would be 

extremely valuable for demographic studies. It is recognised that traditional monitoring 

of phenology can be extremely time-consuming (Tuanmu et al. 2010) but may be an 

appropriate value-adding service if the plots are attended regularly. 

3.4.5 Assessment of phenocam utility 

This phenocam-based approach used an RGB vegetation index, the green chromatic 

coordinate (gCC), to monitor vegetation dynamics at a high temporal frequency. While 

several studies have used a similar approach to investigate and monitor changes in 

ecosystems (e.g. Ide and Oguma 2010; Richardson et al. 2007), this is the first study 

that has used this approach in an experimental setting to assess vegetation growth 

differences between experimental treatments.  

Based on field observations and correlations with rainfall and soil moisture, the gCC

provides an accurate assessment of grassland vegetation dynamics. Although unable to 

correlate integrated gCC with measured biomass, the observed greening and productivity 

trends closely match field observations and rainfall patterns. The setup of the phenocam 
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in this experiment ensured a consistent camera angle relative to the pasture. This allows 

the magnitude of gCC change to be directly compared between phenocams. 

In the last decade, the use of phenocams to conduct ecological and phenological 

research has increased. Primarily, this is due to the ability to collect a continuous record 

without a human operator. Imagery collected with phenocams also has a critical 

advantage over alternative methods: the ability to subset the data spatially and 

temporally. In the broader rainfall exclusion experiment, assessment of productivity 

through destructive harvest was conducted twice annually. However, productivity 

estimates using phenocam-based indices are able to be subset to any desired timeframe: 

over the total period, biannually, by season, or by growth period. Many phenocam 

studies are interested in investigating the green-up period, which can be easily extracted 

from phenocam data, even where there are several growth periods in one year. This is 

not to say that phenocam-based estimates of greenness or productivity negate the need 

for ground measurements. Rather, with appropriate validation, phenocams allow the 

coverage of a wider geographical area or greater replication. 

The high spatial resolution afforded by phenocams provides the capability to investigate 

different areas of the data (image) independently. As such, specific regions of interest 

(ROIs) within the same image can be defined and compared. Such capability has been 

used to differentiate the phenology of different species (Alberton et al. 2014; Nagai 

et al. 2011) and even quantify phenology timing down to the pixel level (Julitta et al.

2014). 

Despite the considerable advantages that phenocams provide, throughout the course of 

this experiment several features were identified that could contribute to data 

contamination or loss. These factors relate to the quality of the data and are discussed 

below. 

3.4.5.1 Shadowing 

Shadowing was present in many photos due to the proximity of the shelter framework, 

the shelter roof, and the phenocam itself. The gCC was selected as an appropriate 

vegetation index as it is known to be relatively invariant to changes in illumination 
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effects (Sonnentag et al. 2012), however some suppression of gCC from shadows is still 

known to occur (Crimmins and Crimmins 2008). This effect is visible in the centre right 

panel of Figure 3.9. 

Analysis of one month of gCC-processed imagery (not presented) compared images on 

sunny days (shadows) with cloudy days (no shadows). The results showed that although 

shadowed images did have a lower gCC (mean 0.3399 compared to 0.3369) this 

difference was minor. Shadowing effect on bare ground lowered the gCC by 0.05 units 

(typically from 0.3 to 0.25) but had no effect on gCC when vegetation was present. The 

shadows, therefore, only affect imagery where they intersect with bare ground, which is 

relatively rare in the image time-series. 

For this study, the shadows in the images were retained instead of being manually 

removed. While this results in minor dampening of the ‘true’ gCC value, the removal of 

the shadows via colour threshold methods introduces an extra element of uncertainty 

and potential error. As the shadowed portion of the image was never greater than 10%, 

and this only affected images that had a higher proportion of bare soil, this was 

considered an acceptable level of uncertainty in the data. 

3.4.5.2 Viewing geometry 

The relative angles of the illumination source and the sensor has an impact known as 

anisotropy that will impact reflectance characteristics of the target (Jones and Vaughan 

2010). In our case, the camera angle remains constant in all plots but the sun angle 

changes continuously throughout the day and with the seasons. Sun angle has been 

found to provide a minor impact on gCC (see Chapter 5), however to be conservative 

only noon (12:00) photographs were used. The change in sun angle due to the earth’s 

tilt on its axis has not been taken into account, but the effect is expected to be 

negligible. 

The most apparent impact that illumination has is the change in shadows throughout the 

year. The shadowing impact on gCC has already been discussed and, with the exception 

of images with very low vegetation cover, has been determined to have a low impact on 

image gCC. 
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3.4.5.3 Soil signal 

Changes in soil moisture are known to affect certain vegetation indices; robust spectral 

indices have been developed in the satellite domain that correct for this (Huete 1988).  

The gCC of bare soil fluctuated in response to rainfall, with values of 0.30 typical at low 

soil moisture and values up to 0.32 occurring immediately after rainfall. Because of this 

fluctuation, the average value (gCC = 0.3076) was used as a baseline throughout this 

experiment. 

Attempts to correct for this soil moisture anomaly proved difficult because of the 

different proportions of background fraction for each image. For images that contained 

a high proportion of soil (e.g. 20%), the gCC may be artificially inflated when soil 

moisture content is high. However when the background fraction was close to zero (i.e. 

~ 100% of the image was comprised of green or senesced vegetation), changes to the 

soil colour had no impact on the overall gCC. Fortunately, this imposes an element of 

self-correction: during times of high rainfall, where the variant soil gCC may impact the 

gCC of the scene, vegetation growth was high and soil contribution was negligible. The 

images that exhibited the highest proportion of background soil were on occasions when 

conditions were dry and the soil was relatively invariant. In this case, no correction was 

made, with the acknowledgement that the gCC minima of low-rainfall treatments, the 

only treatment with a significant quantity of bare soil, may be marginally inflated when 

rainfall has occurred and when greenness values are very low.  

While negligible in this case, soil gCC variation may have a greater impact on studies 

where more background soil is present throughout the year, or where the soil has a 

particularly large change in gCC with moisture conditions. This should be assessed on a 

case-by-case basis depending on individual soil types. 

3.4.5.4 Technical issues 

Like most pieces of technical equipment, the phenocams used in this study were not 

infallible. Moisture incursion (lens fogging) and hardware failure resulted in the loss of 

some data but an overall capture rate of > 90% is considered more than sufficient to 

observe trends. Additional weatherproofing would further improve this capture rate. 



137 

A range of phenocams have been used in ecological studies from inexpensive 

‘webcams’ to professional-grade cameras. In a comparative study, the Wingscapes™ 

product used in this study showed no difference to higher-quality phenocams 

(Sonnentag et al. 2012), and offered the advantage of lower cost; hence more replicates 

could be used. One disadvantage of this product is that it is a ‘black box’ as far as 

technology and customisable settings are concerned (Sonnentag et al. 2012), with very 

few options able to be modified by the user. However, when used in a consistent setting 

in conjunction with an appropriate vegetation index, this does not seem to present a 

major problem. 

Over time, the sensors within digital cameras have been known to degrade, which can 

compromise the integrity of time-series imagery. One study in Japan observed a decay 

in colour consistency that occurred gradually over 8 years (Ide and Oguma 2010), 

though sensor drift was not evident until almost three years into the observations. While 

sensor degradation is likely to differ between camera models and—reasonably—more 

inexpensive phenocams may experience degradation faster than more expensive ones, 

our study used new cameras from the same manufacturing batch over the span of one 

year. Visual inspection of images could not discern any noticeable changes between 

invariant objects (e.g. shelter framework) from the beginning of the study to the end, 

and it is not believed that sensor drift has impacted these results. Nevertheless, future 

studies should attempt to incorporate some form of colour reference, despite the 

acknowledged limitations that these entail (Migliavacca et al. 2011). 

From a digital photography perspective, RAW image format is the only scientifically 

justified file format (Verhoeven 2010), one that is not supported by Wingscapes™ 

phenocams. Other image formats (e.g. JPEG) can result in spatial or colour compression 

that can potentially lead to information loss (Stevens et al. 2007). This position though 

continues to be challenged, with JPEG and uncompressed formats showing no 

significant differences in data quality from RAW format counterparts (Pekin and 

Macfarlane 2009, Sonnentag et al. 2012). The extensive use of alternative file formats 

amongst researchers using phenocams suggests that file format, while still an important 

consideration, is not an impediment to obtaining accurate results. 



138 

3.4.5.5 Overall assessment 

Overall, phenocams represent a novel and accurate method of exploring vegetation 

dynamics and phenology. It has been suggested that the development of inexpensive, 

instrument-based approaches for field measurement is necessary to advance phenology 

monitoring (Morisette et al. 2009). The use of phenocams in an experimental setting is a 

step in this direction and provides an excellent opportunity to obtain high-frequency 

data that is difficult to obtain using other methods. The increasingly widespread use of 

open-source image processing software also facilitates the sharing of methods to 

improve the speed and accuracy of image processing. Phenocams also provide several 

value-adding services, like the ability to revisit anomalous observations, and to validate 

trends visually (Richardson et al. 2007). However, factors that can affect data quality 

should be understood, and considered on a case-by-case basis to ensure the validity and 

integrity of the phenocam data. 

3.4.6 Limitations and recommendation for future research 

Due to equipment cost and availability, this study was limited to three replicate 

phenocams per treatment. Ultimately, this is a low number of replicates when working 

with heterogeneous grassland, as subtle differences in species composition can result in 

unwanted variation within treatments. As such the statistical power is low in this 

experiment, particularly when data is subset to seasonal periods and shorter timeframes 

(< 90 data points). With three replicates, the data is not normally distributed and less 

powerful non-parametric statistical tests have to be employed. However, the trends are 

promising even where non-significant differences were observed and provide 

opportunities for future research. It has to be recognised that in natural conditions where 

variability is high, more replication is needed to increase the confidence in statistical 

tests. In the absence of simply obtaining more resources for extra equipment, future 

experiments can focus more replications on fewer treatments.  

Field validation of remotely-sensed vegetation dynamics is important to ensure that the 

observed trends are accurate representations of conditions (Reed et al. 2009). In this 

experiment, an element of validation is obtained through photographic data capture and 

the ability to visually confirm greening and browning trends. However, validation of 
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productivity estimates is much less straightforward. Simulation research on grassland 

productivity highlights the complexity and variability in conducting field-based 

productivity estimates, in particular the difficulty in accounting for changes in 

vegetation between harvests (Lauenroth et al. 1986). Even simple unimodal 

monoculture systems do not accurately capture translocation of resources from 

belowground to and from aboveground (e.g. as a result of plant stress), or loss of 

vegetation from the system (e.g. from herbivory) (Scurlock et al. 2002). As a result, 

grassland productivity estimates using different methods can vary markedly—by up to 

five times (Singh et al. 1975, Long et al. 1989). In the current experiment—with 

complex multimodal dynamics that include several species—harvesting at 6-monthly 

intervals cannot accurately reflect the vegetation dynamics estimated by the phenocams. 

For future experiments, a much greater degree of replication is required to allow for 

monthly (or even more frequent) harvesting and accurate validation of productivity 

estimates. 

While rainfall is the most direct driver on temperate grassland productivity and 

vegetative phenology (Sala 2001), it must be acknowledged that rainfall is only one 

element of the overall climate change effect. Temperature and CO2 concentrations will 

also have their own impacts; some of these are known, some are unknown. These 

factors will also interact with rainfall regimes to impact plant-available soil moisture. 

Higher temperatures will promote greater moisture loss through increased evaporation 

which will be further increased for areas with predicted lower humidity (CSIRO and 

Bureau of Meteorology 2015). It is possible that evaporative loss will be so high that 

even where increases in rainfall are predicted, a net loss in soil moisture will result. On 

the other hand, some evidence suggests that increased atmospheric CO2 may offer the 

possibility of moisture deficit savings in grasslands (Volk et al. 2000). As such, the 

results of this experiment should be considered in conjunction with potential changes 

imparted by CO2 and temperature interactions. 

While the DRI-Grass experimental plots have been established since 2013, the research 

project described in this chapter only ran for 13 months. This is a relatively short time 

frame, and is insufficient to take into account long-term ecological effects of rainfall 

regime changes. Some ecosystems may have strong resilience to climatic changes, and 

ecological change may only occur after many years (Bates et al. 2006). In less-resilient 
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biomes, changes may be apparent within the first year, but cascading effects may result 

in ecosystem instability for several years until equilibrium is restored. Such an effect 

was observed in a rainfall redistribution experiment on a northern Californian grassland 

(Suttle et al. 2007). While some interesting ecosystem responses have already been 

observed in the DRI-Grass treatments, the long-term effects on our temperate grassland 

systems will only be fully revealed after many years of monitoring. In addition, the 

south-eastern part of Australia is typified by a variable climate. The year that this 

research was conducted was an unusually dry winter and a very wet summer. Hence, 

conclusions on vegetation response can only be drawn for these conditions, and a 

variable response may be observed if, for example, a dry summer occurs in future years. 

Ongoing monitoring at this research facility will ensure that the grassland response to a 

range of climatic conditions is recorded. 

Precipitation exclusion experiments are inherently complex and invariably result in 

‘dilemmas’ that dictate the experimental variables and artefacts that occur from a 

shelter-type design (Beier et al. 2012). One such dilemma is a trade-off between 

realistic and imposed experimental conditions. Here, the project infrastructure was 

deliberately established on a natural grassland to ensure that results and findings could 

be directly applied to natural systems. However, the heterogeneity of Australian 

temperate grasslands means that the species composition at the start of the experiment 

may be subtly—or more obviously—different between treatment plots. This is a 

different strategy to controlling the species composition from the start of the experiment 

(e.g. Fay et al. 2008). In the dilemma between exercising control versus representing 

reality, each strategy has its advantages and disadvantages. In our case, a non-consistent 

plant community will result in a more integrated response of vegetation rather than 

being able to identify specific responses from individual species. This strategy is more 

appropriate for mixed pasture systems where this importance is less on individual 

species and more on the integrated pasture response. However, adequate replication is 

required to provide a representation of the variety of plant community. 

Beier (2012) provides a comprehensive summary of recommendations for future rainfall 

modification experiments. The DRI-Grass project addresses many of these data gaps, 

and will continue to collect data over the coming years. Phenocams offer a value-adding 

service to rainfall modification experiments at a modest cost, however over-replication 
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is recommended to ensure hardware failure and vegetation variation does not limit the 

applicability of the findings. 

3.5 CONCLUSION

Changes in rainfall regime and the occurrence of more extreme events such as drought 

have been identified as a major threat to Australia’s grazing economy, as much remains 

unknown about future climate effects on pasture productivity. This experiment used a 

network of time-lapse digital cameras (phenocams) to quantify the effect of different 

rainfall treatments on a mixed grassland in temperate south-eastern Australia. Rainfall 

treatments were designed to alter either the quantity or timing of rainfall events within a 

rainfall shelter design. The phenocam images were processed to the green chromatic 

coordinate (gCC), a vegetation index that has been successfully used to track changes in 

vegetative phenology in many biomes. The integral of the gCC was used as an estimate 

of aboveground net primary productivity. Five growth periods (modes) were identified 

throughout this 13–month experiment, which is in sharp contrast to unimodal or (rarely) 

bimodal patterns observed in northern hemisphere phenology studies. 

The results showed that in treatments that involved changes in rainfall quantity, the 

variables of greenness and productivity followed a predictable pattern. Seasonally, as 

well as over the course of the experiment, higher volumes of rainfall produced 

consistently higher greenness values and higher levels of productivity. This is indicative 

of this system being water-limited at some times of the year but in other seasons 

approaching a water limiting threshold where increased rainfall did not result in 

significantly greater productivity. Soil moisture changes were not commensurate with 

rainfall regime. A reduction of rainfall to 50% of ambient resulted in a mean soil 

moisture content 65% of ambient, and an increase of rainfall to 150% of ambient 

resulted in only a 105% increase in soil moisture. This is likely due to the high drainage 

capability of the sandy soils at this location, and reinforces the concept that the water-

holding capacity of soils may dictate the extent to which changes in rainfall quantity 

will affect productivity. In this ecosystem, the impacts of rainfall reduction on soil 

moisture are more apparent than those due to rainfall increase.  
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Two treatments investigated the effects of altering rainfall timing. The summer drought 

treatment imposed a three-month drought, consistent with predictions for south-eastern 

Australia to experience harsher and longer droughts in coming decades. During the 

drought period, this treatment showed a dramatic drop in greenness as vegetation wilted 

and senesced, and significantly lower productivity than the ambient treatment. 

However, outside the drought period, productivity was not significantly different to 

ambient, and in fact greatly exceeded it at several times. Upon examination of the 

phenocam images it was apparent that the increased greenness was caused by the 

invasion of exotic forbs that occurred at each of the drought treatment plots following 

the drought event. This illustrates a critical warning: that extended droughts will not just 

reduce productivity for the drought period, but can reduce ecosystem resilience such 

that undesirable species may increase in abundance. This finding also acts as a caution 

to remote sensing scientists that ‘greener is not always better’, and ground validation is 

necessary to confirm greening trends.  

The ‘altered frequency’ treatment is analogous to the intensification of the hydrological 

cycle that is predicted to occur in south-eastern Australia. At some times of the year—

particularly the warmer months where rainfall was high—the greenness of this 

treatment closely mirrored the ambient treatment, though was slightly more productive. 

In cooler and dryer months, the altered frequency treatment was consistently and 

significantly more productive than ambient. This finding is consistent with research 

from other temperate grasslands around the world where water is limited, though was 

unexpected in our case due to the much lower soil moisture content in altered frequency 

plots. 

Impacts on phenophase, such as flowering and fruiting times were difficult to monitor 

across treatments due to the heterogeneity of species composition. However, the 

flowering of one exotic forb, Hypochaeris radicata, commenced earliest in the 

increased rainfall plots. Another exotic forb, Senecio madagascariensis, was only 

observed to flower in the increased rainfall plots. While not conclusive, these 

observations suggest that in regions where increased seasonal rainfall is predicted for 

future climates, there may be some unexpected negative impacts to offset the likely 

increases in production. 
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This is the first research study that used phenocams to monitor experimental changes in 

vegetation dynamics. The method and the vegetation index used provided an accurate 

assessment of greening and browning changes that would be time-consuming to collect 

with traditional field measurements. An obvious advantage of high-frequency 

phenocam data is the ability to segment the data into specific time periods and enable 

the resolution of seasonal or monthly productivity trends that destructive harvesting 

may not be able to resolve. Phenocams also offer the advantage of creating a visual 

record, so that anomalies can be revisited and inspected at a later date. Image quality 

issues such as shadowing, sun angle and filtering were not considered to have a great 

impact on the overall findings, but require assessment on a project-by-project basis to 

reduce noise in the data and improve overall accuracy.  

Validation of the imagery was not possible in this experiment as the harvesting timing 

and number of experimental units had been established prior to commencement. 

Although biannual harvesting is sufficient for some studies, the multimodal nature of 

the pasture as detected through the phenocams suggest that more fine resolution 

harvesting would be required to accurately validate the phenocam estimates of 

productivity. Future experiments should consider the modality of the ecosystem and 

consider this a priori.  

Ecosystem change from rainfall experiments may take several years to fully resolve, 

and this experiment represents only one year of a long-term project. In addition, this 

project was conducted in a region that has highly variable climatic conditions, and 

further observations are required under a range of seasonal climatic states to completely 

understand the grassland response to rainfall. However, results obtained thus far show 

changes to grassland productivity, phenology and community composition that are 

valuable clues into how grazing agriculture may be affected by future rainfall regimes. 

From these results, and results from other manipulation experiments across the world, it 

is clear that the interaction between rainfall quantity, rainfall event size, and soil type is 

a complex one, and further work is required to disentangle these factors under varying 

climatic conditions. Although rainfall is only one of a number of changing factors that 

affect grassland ecosystems, these results provide additional insight into the type of 

adaptation strategies that will be required to ensure Australia’s food security in coming 

decades. 
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Chapter 4: Seasonal changes in temperate grassland species 

dynamics and phenophase: a floristic study 

4.1 INTRODUCTION

Temperate grasslands are often described as ‘dynamic’ vegetation types; they are 

comprised of many different species that change rapidly in response to environmental 

variables (Tremont 1994, Lunt and Morgan 1999, Eddy 2002). While some grassland 

communities have a single dominant species that remains constant, others have species 

compositions that change between seasons and from year to year. This dynamic nature 

is thought to increase the resilience of grasslands (Fry et al. 2013), but presents 

challenges in understanding larger-scale ecological processes. 

Because grassland components change more quickly than, for example, forested 

ecosystems, grasslands can be viewed as early indicators of external drivers. Species 

changes may be indicative of short- or long-term climatic factors, fire regimes, or 

grazing impacts. Monitoring these changes, either through remote sensing (Petrie et al.

2011) or field surveys (e.g. Vivian and Baines 2014) is critical for identifying these 

changes. Increasingly, land surface phenology—the integration of vegetative phenology 

across a large area—is being used for ecological monitoring purposes (Bradley and 

Mustard 2008; Keenan et al. 2014). Given the complexity of grassland dynamics, it is 

clear that a strong understanding of grassland community compositional change is 

necessary to provide context to land surface phenology information. 

4.1.1 Monitoring changes in grassland species richness 

Species richness—the number of species in an ecosystem—is a fundamental ecological 

monitoring variable. It has been linked to ecosystem resilience, condition, restoration, 

degradation and disturbance (Prober, Thiele and Lunt 2007; Vickers, Gillespie and 

Gravina 2012; Williams et al. 2006). Monitoring the abundance and phenophases of 

individual species can provide important information as to the dynamics of key species, 

and can thus explain their contribution to land surface phenology. 
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In ecosystems dominated by woody species, species richness remains relatively 

constant throughout the year. However in ecosystems dominated by herbaceous species, 

or in non-woody vegetation layers (e.g. groundcover) species richness can change 

markedly as annual species germinate, grow and senesce through the year. In some 

species, senescent plants may leave residual aboveground parts, but others can leave no 

evidence of their former presence. In temperate Australian grasslands, some species are 

only conspicuous when flowering—after which, aboveground parts wither, leaving only 

belowground tubers. In addition, species may be eliminated from an area through 

preferential grazing. Species richness at any given time—or at least species richness as 

determined by traditional botanical survey—is thus dependent on the phenophase, life 

history strategies and ecology of the suite of species present. Monitoring species 

richness throughout the year is important to determine ideal times for ecological 

monitoring or validation of remote sensing measurements. This is particularly true in 

grasslands, as different functional types may have different seasonal patterns of species 

richness. For example, annual plants are more likely to have greater species richness in 

the Australian spring whereas plants that utilise the C4 photosynthetic pathway will be 

more abundant in the summer. 

While the dynamic nature of grasslands in temperate Australia is regularly highlighted, 

there are few examples of studies in the literature that confirm the species dynamics 

through frequent floristic survey. Some exceptions occur: in a study of grasslands in the 

northern tablelands of New South Wales, Tremont made general ecological 

observations on a monthly basis, but only made formal surveys twice within a year 

(Tremont 1994). A disturbance-based investigation on grassland ecology on the New 

England Tablelands surveyed species richness every three months (Li et al. 2006). 

Stuwe and Parsons surveyed across spring and summer, but recognised the importance 

of sampling outside this period for detecting other species (Stuwe and Parsons 1977). 

Chan surveyed weekly phenology of dominant species in grasslands of the Australian 

Capital Territory (Chan 1980), but did not survey full floristic details. A report to the 

ACT Commissioner for Sustainability and the Environment monitored the species mix 

of several grasslands at three targeted occasions over one year (Hodgkinson 2014). 

Many long-term grassland surveys are surveyed once per year, but repeated in the same 

month each year for consistency (e.g. Lunt and Morgan 1999; McIntyre and Martin 



146 

2002; Vivian and Baines 2014). More regular flora surveys are required to adequately 

capture changes in species composition throughout the year. 

4.1.2 Monitoring changes in grassland condition 

Ecosystem ‘condition’ generally refers to the heath or well-being of the community, but 

a precise definition remains vague (Keith and Gorrod 2006). Nevertheless, ‘condition’ 

is now an accepted form of valuing an ecosystem and is embedded in Australian state 

and federal legislation (Department of the Environment 2016). A common broad 

approach to assessing condition is related to the integrity of the structure, composition 

and function of that ecosystem (Hnatuik et al. 2009, Department of Environment 

Climate Change & Water 2011), often as compared to a ‘benchmark’ or representative 

example of an undisturbed community.  

Changes in ecosystem condition are typically long-term; they relate to ecosystem 

restoration or degradation that occurs over many years. However, the question of how 

measures of ecosystem condition change on a seasonal basis has not been explicitly 

addressed. This may be because in many Australian ecosystems, the dominant 

vegetation types such as Eucalypt woodlands are woody, evergreen, long-lived, and are 

relatively invariant to seasonal changes.  

The dynamic nature of grasslands makes the concept of condition at any point in time 

more uncertain. The factors used to assess condition (e.g. native species richness, 

vegetation cover, exotic species presence) will change in grassland much faster than 

other ecosystems. Given that the structure and composition of grasslands can change 

rapidly—even from week to week—there is a need to investigate how this impacts 

estimates of condition. Understanding how seasonal changes affect condition measures 

may also help inform optimal monitoring times for long-term condition assessments; 

conversely, ignorance of short-term condition changes may undermine long-term 

monitoring strategies. 

There is a variety of methods to monitor grassland condition (Seddon et al. 2011). 

Many of these use the biomass or cover of grass as the defining variable (Sharp et al.
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2015). However, in Australian temperate grasslands, a primary indicator of condition is 

the richness and abundance of native forbs. A Floristic Value Score (FVS) method has 

been developed that provides a greater weighting to sensitive species, and is reflective 

of the true conservation value of the grassland (Rehwinkel 2007). This method was 

designed to monitor long-term changes in grassland condition, however has potential to 

investigate seasonal changes of condition. 

4.1.3 Grassland phenology 

The phenology of select south-eastern Australian grasslands has been described by 

several authors. Most of these studies have either focused on a combination of 

flowering and vegetative phenology (Biddiscombe et al. 1953, Williams 1961, Groves 

1965, Chan 1980). Some studies investigated only flowering phenology (e.g. Tremont 

1994), particularly where it related to climate change impacts (Hovenden et al. 2008). 

For the majority of these studies, the vegetatively dominant species of the ecosystem 

has been the focus, as dominant species will proportionally contribute the most towards 

total ecosystem function. As an extension of this, the dominant species will provide the 

greatest contribution to land surface phenology. Understanding individual species 

contribution to land surface phenology is essential to enable scaling between field and 

remote sensing sources. 

4.1.4 Land surface phenology of grasslands 

As detailed in Chapter 1, land surface phenology refers to large-scale phenology 

observations, as opposed to traditional point-source phenological observations 

(de Beurs and Henebry 2004). These large-scale observations are typically associated 

with time-series imagery of a vegetated scene collected from satellite remote sensing or 

a time-lapse phenology camera (‘phenocam’). The change in vegetative phenology is 

represented as a time-series ‘greenness’ vegetation index (VI), such as the Normalized 

Difference Vegetation Index (NDVI; Rouse et al. 1974), Enhanced Vegetation Index 

(EVI; Huete et al. 2002) or Green Chromatic Coordinate (gCC; Sonnentag et al. 2012). 
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How the VI changes through time is dependent on changes in vegetation biophysical 

characteristics, such as Leaf Area Index, aboveground biomass and chlorophyll content 

(Glenn et al. 2008). In turn, the biophysical characteristics of individual species are 

affected by their inherent phenology and how they respond to environmental drivers 

(e.g. climate, herbivory). For example, a grass plant may decrease canopy chlorophyll 

content and lose photosynthetic biomass due to winter senescence (phenology), but an 

environmental driver such as a long drought may produce a similar effect. It is 

important to determine how species respond to environmental drivers before taking 

remote data at face value. 

Depending on the scale of capture, an image used to quantify land surface phenology 

will contain several to many thousands of individual plants, likely comprised of many 

species. Each individual plant within an image time-series has its own phenophase 

signature: a seasonal pattern of growth and development that may include emergence, 

foliage growth and senescence, flower production and fruit development 

(Hudson 2010). Individual species phenophase will result in changes in VI relative to 

the changes in their biophysical characteristics. 

Land surface phenology measures will be further impacted by the change of species 

composition through time, as the proportion of each species will affect their 

contribution to the vegetation signal. In particular, land surface phenology will be 

impacted by changes in the canopy species as the effect of understory species may be 

reduced or eliminated if the canopy is closed. In this section, ‘canopy’ refers to the 

uppermost vegetation that can be observed by the sensor. This may include trees (in a 

forest), grasses (in a grassland), shrubs (in a heathland), or a mixture of any of these 

where mixed strata occur (e.g. in a savannah). Grassland ecosystems present a unique 

challenge to the interpretation of land surface phenology. Unlike woody ecosystems 

such as forests, temperate grassland canopies typically contain a mix of annual and 

perennial C3 and C4 herbaceous species that can respond dynamically and differentially 

to seasonal drivers and environmental conditions.  

Consequently, the land surface phenology response at any given time will be dictated by 

three on-ground factors: 
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a) The biophysical characteristic of each species (i), which is in turn impacted by: 

i. the inherent phenological characteristics of each species ( ); 

ii. the response of each species to environmental drivers ; and 

b) The relative proportion of each species to the community composition 

. 

This can be conceptually represented as: 

         (5.1) 

4.1.4.1 Species phenophase 

Changes in plant phenophase in temperate environments is most commonly driven by 

temperature and photoperiod (Crimmins et al. 2008). Changes in phenophase will 

impact the vegetation index in different ways depending on the specific index. 

However, the typical response is an increasing VI with increased quantity and quality of 

green vegetation, such as through plant growth and leaf expansion (Asner 1998; Glenn 

et al. 2008). Conversely, decreases in VI will result from leaf loss, decreases in 

chlorophyll content (or senescence), or obscuring of green vegetation with non-

photosynthetic parts, including seed heads, flowers, or standing litter (van Leeuwen and 

Huete 1996, Nagler et al. 2000). Chapter 2 showed that a relative increase in non-

photosynthetic (i.e. senesced) vegetation decreased indices that differentially use red 

and near infra-red fractions of the electromagnetic spectrum, such as NDVI and EVI. 

The magnitude of VI increase or decrease will also depend on the viewing geometry of 

the sensor and illumination source (Bhandari et al. 2011). 

4.1.4.2 Environmental drivers 

Environmental drivers refer to any external factor that can alter a phenological 

signature. This includes weather factors, such as rainfall, temperature and cloud cover. 

It also includes land management factors such as grazing, mowing or vegetation 

clearing. These environmental conditions may result in an actual change to land surface 
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phenology; for example, cold temperatures may induce leaf senescence that results in a 

VI decrease. However, they may also result in an apparent change to land surface 

phenology; for example, grazing removes plant biomass that results in a VI decrease 

that is not directly a result of plant phenology. 

Environmental conditions can induce rapid changes in apparent or actual phenology, 

and is particularly the case in grasslands. In temperate grassland systems, frosts can 

induce widespread senescence in Themeda-dominated grasslands. Rainfall following a 

drought will promote the rapid growth of annual grasses and forbs, and high 

temperatures can result in widespread wilting and/or plant death.  

4.1.4.3 Community composition 

Changes in land surface phenology signatures may occur through ecological 

interactions that change community species composition (Figure 4.1). This was 

observed in Chapter 3, where the invasion of exotic forbs in drought-impacted 

treatments altered land surface phenology as compared to the control treatments. 

Different ecosystems have variable species mixtures and different rates of 

compositional change. Ecosystems with long-lived species, like forests, have a 

relatively consistent canopy species mix due to the slow turnover of individual plants. 

Grasslands, on the other hand have a complex mixture of annual and perennial species. 

Their dynamic nature means that species turnover is fast, with high year-to-year 

variability in species composition possible from one year to the next (Vivian and Baines 

2014). Complexity is added in that, because of their short community stature, all 

grassland species contribute to land surface phenology. In contrast, a closed forest 

would only have the canopy tree species contributing to the land surface phenology 

signature as the understory plants are not visible to the sensor. 
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 Conceptual diagram of land surface phenology where the vegetation is a) comprised 

of a single species ( ) and b) comprised of multiple species ( and ) with different 

phenophase patterns. Darker colours represent higher greenness, with white representing low 

greenness. The resultant phenology profile is presented on the right: green and red lines 

represent the profiles for species A and species B, respectively. The black line is the integrated 

land surface phenology profile of species A and B. 

Perennial communities maintain a relatively consistent composition (Ceballos 

et al. 2010), whereas communities dominated by annual species may be very quick to 

change (Suttle et al. 2007). In addition, deciduous communities are more likely to show 

rapid change than coniferous communities (Hmimina et al. 2013; Huete 2012).
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4.1.5 Aims 

Grassland systems are typified by dynamic and rapid changes in species composition 

and biophysical characteristics of individual species. Understanding how these elements 

change throughout the year is essential for planning and conducting grassland surveys 

for remote sensing validation or ecological monitoring. Likewise, this understanding 

will be integral in the interpretation of remotely-sensed land surface phenology patterns.  

This project aims to: 

• identify the species present at each site and determine how temperate grassland 

species composition changes throughout the year; 

• determine any differences in plant functional group dynamics between native- 

and exotic-dominated grasslands; 

• asses how grassland condition changes seasonally, and to identify optimal times 

for conducting grassland monitoring; 

• assess how the phenophase of dominant species changes through the course of 

the year, and 

• identify how seasonal grassland changes are likely to impact land surface 

phenology estimates. 

4.2 MATERIALS AND METHODS

4.2.1 Study region 

4.2.1.1 General description and range 

The study area is in the South Eastern Highlands region of New South Wales (NSW) 

and the Australian Capital Territory (ACT), and is approximately bounded by the towns 

of Bungendore (35.2500° S, 149.4500° E), Gungahlin (35.1831° S, 149.1330° E), and 
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Bredbo (35.9420° S, 149.2009° E) (Figure 4.2). This region was selected because it has 

distinct seasonal differences in temperature that promotes phenological variation. 

Crucially, this region contains several types of native and exotic grasslands within a 

similar climate envelope.  

The predominant land uses in the region are agriculture, specifically native and exotic 

pasture for meat (sheep and cattle) and wool production. Aside from grassland, natural 

vegetation types are mostly closed to open Eucalyptus woodland with a grassy 

understory. Development is typically limited to scattered rural centres, with the city of 

Canberra (population 388,000) representing the only major urban centre. Pre–1788, the 

majority of this region was expansive grassland and grassy open woodland (Chan 1980) 

but most of this has been cleared or modified for agriculture and urban development. 

Regeneration of woody vegetation is naturally limited through parts of the region due to 

cold winters and frost valleys restricting the establishment of tree seedlings (Wearne 

and Morgan 2001). As such, it is these naturally treeless areas that have become 

dominated by grasses. Historical indigenous ‘fire-stick’ land management, that involved 

regular burning of grasslands to facilitate the regeneration of wild food plants, also 

contributed to the sustained grassland in the region (Gammage 2011, Gott et al. 2015). 

In the ACT, relatively large areas of mixed-condition grasslands have been conserved in 

government reserves, whereas the reserved grasslands in NSW are generally confined to 

small (< 50 ha) high-quality remnants in areas where livestock grazing is prevented or 

reduced (Williams and Morgan 2015). 

Kangaroos were historically the dominant vertebrate grazer within the region. Although 

livestock (sheep and cattle) and introduced species (rabbits and goats) are now 

abundant, kangaroos remain the dominant native vertebrate herbivore and represent the 

main source of biomass removal in areas ungrazed by livestock. In certain areas, 

kangaroos can be found at very high densities and occasionally have numbers reduced 

through culling (ACT Territory & Municipal Services 2010).
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 Map of study region, with approximate boundary in red. 
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4.2.1.2 Soil and Climate 

The climate of this region is characterised by warm summers (December–February) 

with maximum daily temperatures frequently reaching 35 ºC. Winters (June–August) 

are cold, with daily minimum winter temperatures frequently below 0 ºC (Figure 4.3). 

The intermediate seasons of spring and autumn are cooler than coastal areas of south-

eastern Australia. Rainfall is relatively consistent throughout the year, with a mean of 

between 30 mm and 90 mm per month (see Figure 4.4), and an annual average of 

650 mm. There is a slight north to south gradient of decreasing average maximum and 

minimum temperatures, however the patterns of temperature and rainfall are consistent 

across the study region. Several weather stations were used to capture the most 

complete data sets of long-term and current climate variables across the study region as 

individual stations within the region contained data gaps. Note that these mean values 

are used for overview purposes only and it should be noted that both rainfall and 

temperature can vary markedly from year to year. 

 Mean monthly minimum temperatures and mean monthly maximum temperatures 

(ºC) at the northern (Canberra) and southern (Cooma) extent of the study region. Average 

temperatures are reported by the Australian Bureau of Meteorology (BOM) between 1997 and 

2014. 
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 Mean monthly rainfall (mm) near the northern (Ainslie) and southern (Michelago) 

extent of the study region. Average rainfall values are reported by BOM between 1985 and 

2014. 

The soils of the study region are generally acidic, of low to moderate soil fertility, and 

are often deficient in key plant nutrients such as phosphorus, sulfur and molybdenum 

(Clements et al. 2003). The topography of the area is that of rolling hills, with flat river 

valleys and some taller hills (to 2100 m) towards the south of the study region. In 

general, areas of improved pasture (that is; with a significant exotic component and/or 

supplemented with fertiliser) are found on the valley floors and floodplains. Native 

grasslands and grassy woodlands are located on the foothills and hillsides, and denser 

woodland is found at higher altitude. Few pastures in the region are artificially irrigated. 

4.2.1.3 Weather Patterns During Study Period 

The study period comprised one year from 1 May 2014 to 30 April 2015. Climate data 

was gathered from the Australian Bureau of Meteorology (BOM) that has several 

stations throughout the study region. Rainfall data was gathered from the Canberra 

National Botanic Gardens weather station with the long-term average taken from 1896–

2014. Temperature data was gathered from the Tuggeranong station from 1996 to 2014. 

These stations contained the most complete rainfall and temperature data from the 

stations within the study region. 
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Early 2014 (Australasian summer) consisted of below-average rainfall which limited 

growth in most grasslands. February to April 2014 was a period of higher than average 

rainfall; autumn rains following the dry period brought growth to most grassland types, 

which gives an indication of conditions when the study period began. Figure 4.5 

illustrates the rainfall for the study period compared with the long-term average (1968–

2014). May 2014 had low rainfall, followed by high rainfall in June. The months July 

through to November were all slightly below average in rainfall. December and January 

had high rainfall (~160% of average), whereas February, March and April 2015 were 

lower (60% of average for Feb and March, < 20% for April). The total rainfall for the 

study period was 633.8 mm compared with the long-term annual average of 700.7 mm. 

 Monthly rainfall (mm) at the Australian National Botanic Gardens BOM station for 

the study period compared with the long-term average (1968-2014). 

Monthly temperatures throughout the study period were generally typical, with minor 

deviations from the average shown in Figure 4.6. Mean maximum temperatures from 

spring to early summer (September to December) were consistently higher than 

average. The mean monthly maximum for November 2014 was much hotter (3 degrees) 

than the long-term average. January and April 2015 mean monthly maximum 

temperatures were more than 2 degrees cooler than average. Overall, the mean 

maximum temperate of the study period was 18.9 ºC as compared with the recent 

average of 20.8 ºC. These conditions led to relatively good seasonal grassland 
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productivity throughout the study period, with the exception of some sites that saw 

vegetation wilt and senesce in summer. 

 Monthly mean maximum temperature (ºC) at the Tuggeranong BOM weather 

station for study period compared with the recent average (1996–2014). 

4.2.2 Study Sites 

For this experiment, three replicate areas of four distinct perennial grassland types were 

selected. To be eligible for selection, sites had to meet a strict set of criteria to ensure 

the full suite of data could be collected at each location throughout the year. These 

criteria included: 

• relatively homogenous cover of the selected grassland type; 

• consistent land management throughout the study period; 

• a grassland area greater than 20 hectares, with adequate coverage in all 

dimensions to incorporate a minimum of one MODIS pixel; 

• permission to access the site at all stages of the experiment; and 

• being undisturbed by human activities (e.g. vehicles, buildings, roads, etc.) 

Sites were grouped based on the C3/C4 and native/exotic status of the dominant 

perennial grass species, with three replicates of each type. Site groups were selected 
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based on important grassland types in the region, including those that are used for 

conservation purposes, and others that are used for grazing agriculture. Sites within 

each category were not required to have the same dominant species per se, but rather be 

dominated by the same functional group (e.g. native C4 grass). This dominance is 

designated by the terminology used throughout this part: C4 Native, C4 Exotic, 

C3 Native and C3 Exotic. However, it should be acknowledged that these functional 

groups are not monocultures and all contain some elements of different plant types (e.g. 

all sites contain some exotic C3 forbs). In addition, the contribution of different 

functional groups can change with season and climate. 

Locations of each site are shown in Figure 4.7. Sites were selected with the assistance 

of local experts and were monitored three months prior to the commencement of the 

experiment to ensure that the site was representative of the required type. This was 

necessary because grasslands can change in species composition and structure relatively 

rapidly, and a significant change in these elements may reduce the usefulness of the 

experimental units. As it was, some sites did show a difference in grass species 

throughout the study period, but not in sufficient abundances to affect overall outcomes. 
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 Location of temperate grassland field sites. 
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A summary of each site is provided in Table 4.1, with a fuller description presented in 

Table 4.2. Photographs of the native-dominated sites are presented as Figure 4.8, with 

photographs of exotic-dominated sites included as Figure 4.9. 

Table 4.1. Summary of temperate grassland field sites. 

Field Site Name 
Field Site 

Code 

Grass 

Dominance 
C3/C4 Dominance 

Mullunggari Nature Reserve MGAR Native C3

Gungaderra Grassland Reserve 

(native paddock) 
GUNN Native C3

Mulloon Creek Natural Farms 

(native paddock) 
MULN Native C3

Gidleigh Travelling Stock Reserve GIDL Native C4

Turallo Nature Reserve TURA Native C4

Millpost Farm (native paddock) MPON Native C4

Mulloon Creek Natural Farms 

(exotic paddock) 
MULE Exotic C3

Gungaderra Grassland Reserve 

(exotic paddock) 
GUNE Exotic C3

Millpost Farm (exotic paddock) MPOE Exotic C3

Scottsdale Bush Heritage Reserve SCOT Exotic C4

Ingelara Farm INGE Exotic C4

Ingelara Paddock 17 IN17 Exotic C4
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At each site, the following activities were conducted: 

• permanent installation of at least one time-lapse phenology camera with sub-

daily image capture; 

• monthly floristic surveys at three 20 x 20 m locations; 

• monthly harvesting of aboveground biomass in six 1 x 1 m quadrats; 

• monthly assessment of pasture height at 20 locations; and 

• monthly measurement of fractional cover (percent green vegetation, brown 

vegetation and bare soil) at 100 step-point locations. 
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 Photographs of native-dominated temperate grassland field sites: (a) Turallo Nature 

Reserve, (b) Gidleigh Travelling Stock Reserve, (c) Millpost Farm (native paddock), 

(d) Gungaderra Grassland Reserve (native paddock), (e) Mullunggari Nature Reserve, 

(f) Mulloon Creek Natural Farms (native paddock). Photographs were taken in January–

February 2015. 
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 Photographs of exotic-dominated temperate grassland field sites: (a) Scottsdale 

Bush Heritage Reserve, (b) Ingelara Farm, (c) Ingelara Paddock 17, (d) Mulloon Creek Natural 

Farms (exotic paddock), (e) Gungaderra Grassland Reserve (exotic paddock), (f) Millpost Farm 

(exotic paddock). Photographs were taken in January–February 2015. 
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Table 4.2. Description of field sites. Shaded cells represent C4-dominated sites; white cells represent C3-dominated sites. 

Site name Code Location 
(Dec.Degrees) C3/C4 Dominance Grazing 

pressure 
Dominant 

genera 
Nearest 

town Area Floristic 
Composition Tenure 

Mullunggari Nature 

Reserve 
MGAR 

-35.17377, 

149.15075 
C3 Native 

Moderate 

(kangaroos)

Rytidosperma, 

Austrostipa 
Gungahlin 48 ha 

Native/exotic 

forbs and 

grasses 

Nature 

Reserve 

Gungaderra 

Grassland Reserve 

(native paddock) 

GUNN 
-35.20961, 

149.13885 
C3 Native 

Moderate 

(kangaroos)

Rytidosperma, 

Austrostipa 
Gungahlin 35 ha 

Native and 

exotic forbs 

(particularly 

Hypochaeris); 

mostly native 

grasses 

Nature 

Reserve 

Mulloon Creek 

Natural Farms 

(native paddock) 

MULN 
-35.27538, 

149.57024 
C3 Native 

Light 

(cattle) 

Rytidosperma, 

Austrostipa 
Bungendore 24.1 ha

Very diverse 

mix of native 

and exotic 

forbs and 

grasses 

Private 

Land 
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Site name Code Location 
(Dec.Degrees) C3/C4 Dominance Grazing 

pressure 
Dominant 

genera 
Nearest 

town Area Floristic 
Composition Tenure 

Gidleigh Travelling 

Stock Reserve 
GIDL 

-35.29711, 

149.45078 C4 Native 

Light 

(horses, 

sheep) 

Themeda Bungendore 15.5 ha

Very diverse 

in native forbs; 

few exotics 

Travelling 

Stock 

Reserve 

Turallo Nature 

Reserve 
TURA 

-35.2983, 

149.47868 
C4 Native 

Light 

(sheep) 
Themeda Bungendore 23.4 ha

Very diverse 

in native forbs 

Nature 

Reserve 

Millpost Farm 

(native paddock) 
MPON 

-35.29873, 

149.36943 
C4 Native 

Heavy 

(sheep) 
Themeda Bungendore 17.5 ha

Extremely 

diverse in 

native forbs; 

few exotics 

Private 

Land 
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Site name Code Location 
(Dec.Degrees) C3/C4 Dominance Grazing 

pressure 
Dominant 

genera 
Nearest 

town Area Floristic 
Composition Tenure 

Mulloon Creek 

Natural Farms  

(exotic paddock) 

MULE -35.27643, 

149.59981 
C3 Exotic 

Heavy 

(cattle) 

Phalaris, 

Festuca, 

Dactylis 

Bungendore 26.3 ha

Exotic pasture 

grasses with 

some exotic 

legumes. 

Private 

Land 

Gungaderra 

Grassland Reserve 

(exotic paddock) 

GUNE 
-35.20252, 

149.10452 
C3 Exotic 

Light  

(kangaroos, 

wallabies) 

Phalaris Gungahlin 25 ha 

Exotic pasture 

grasses and 

sedges 

Nature 

Reserve 

Millpost Farm 

(exotic paddock) MPOE 

-35.3126, 

149.33973 
C3 Exotic 

Heavy  

(sheep, 

rabbits) 

Festuca, 

Dactylis, 

Phalaris 

Bungendore 12.4 ha

Mostly exotic 

grass/legumes 

with some 

native grass 

species 

Private 

Land 
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Site name Code Location 
(Dec.Degrees) C3/C4 Dominance Grazing 

pressure 
Dominant 

genera 
Nearest 

town Area Floristic 
Composition Tenure 

Scottsdale Bush 

Heritage Reserve 
SCOT 

-35.90046, 

149.1482 
C4 Exotic 

Light 

(kangaroos)
Eragrostis Bredbo 46 ha 

Exotic grass, 

scattered 

exotic annual 

forbs with 

some small 

areas of native 

forbs 

Nature 

Reserve 

Ingelara Farm INGE 
-35.82609, 

149.15601 
C4 Exotic 

Heavy 

(cattle) 
Eragrostis Bredbo 14.3 ha

Exotic 

perennial grass 

with annual 

exotic forbs 

and grasses 

Private 

Land 

Ingelara 

Paddock 17 
IN17 

-35.84286, 

149.13597 
C4 Exotic 

Moderate 

(cattle/ 

kangaroos) 

Eragrostis Bredbo 26.6 ha

Exotic 

perennial grass 

with annual 

exotic forbs 

and grasses 

Private 

Land 

. 
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4.2.3 Floristic surveys 

A monthly survey of the floristic composition of each site was conducted between 

May 2014 and April 2015. The survey was conducted in accordance with a method 

commonly used in vegetation surveys in NSW and adapted for temperate grassland 

ecosystems (Rehwinkel 2007, Hnatuik et al. 2009, Department of Environment Climate 

Change & Water 2011). This method involved surveying a square 20 x 20 m plot for all 

vascular plants. Three replicates of 20 x 20 m plots were surveyed per site per month. 

The location of these plots was fixed throughout the study period. 

The cover and abundance of each species was scored based on a modified Braun-

Blanquet scale (Poore 1955, Rehwinkel 2007). This 7-point scale attributes a value to 

each species based on the combined abundance (number of individuals) and percentage 

cover class (refer to Table 4.3). For quantification of vegetative cover, Braun-Blanquet 

values were transformed into per cent cover for different functional group categories 

(e.g. native forbs, exotic grasses, etc.) (McNellie et al. 2017). While this type of 

transformation has acknowledged limitations, it allows useful grouping of the data on a 

numerical scale and avoids difficulties associated with the analysis of ordinal data 

(Ricotta and Feoli 2013). 

Table 4.3. Modified Braun-Blanquet Scale used for floristic surveys. 

Braun-Blanquet 

Score 

Cover/Abundance Criteria Transformed Cover 

(after McNellie et al. 2016) 

r 
< 5% cover and solitary  

(< 4 individuals) 
0.05% 

+ 
< 5% cover and few 

 (4-15 individuals) 
0.05% 

1 
< 5% cover and numerous  

(> 15 individuals) 
0.5% 

2 5% – < 25% cover 15% 

3 25% – < 50% cover 38% 

4 50% – < 75% cover 63% 

5 75% or greater cover 88% 



170 

Species were categorised into one of two functional forms: graminoids (including 

grasses, sedges and rushes), and forbs (herbaceous non-graminoids). As grasses were 

the dominant graminoid, the term ‘grass’ is used generically for graminoids within this 

chapter. Species were identified as native or exotic, following PlantNET (Royal Botanic 

Gardens and Domain Trust 2016). Any species that could not be accurately classified as 

native or exotic was classified as ‘unknown’ and excluded from that component of the 

analysis. Senesced or dead plants were included in the census if they were able to be 

identified. However many grassland species die back to belowground parts, and cannot 

be identified during floristic surveys. 

No native woody shrubs were found within the sampling zones, and trees were excluded 

from the sampling protocol. One species of fern, Cheilanthes austrotenuifolia, was 

included in the ‘forbs’ group for simplicity, as was the exotic species Hypericum 

perforatum (St John’s wort), which is nominally a shrub. Species and common names 

are consistent with the Australian Plant Name Index (www.anbg.gob.au/apni).  

4.2.4 Grassland condition assessment 

Grassland condition was assessed using the Floristic Value Score (FVS) method 

(Rehwinkel 2007, 2014). The FVS has been developed and tested by temperate 

grassland experts in New South Wales and is widely used by government agencies and 

private consultants to assess temperate grassland condition in the South Eastern 

Highlands bioregion of NSW (Hodgkinson 2014, Vivian and Baines 2014, Department 

of the Environment 2016). 

The FVS is a weighted score that relates each recorded flora species to a known 

sensitivity status. Species that are known to be of low sensitivity (i.e. are regionally 

common and increase under disturbance) are weighted lower. Species that are known to 

be of high sensitivity (i.e. native species that are regionally rare and are known to 

decrease under disturbance) are weighted higher. The cover/abundance of individual 

species also impacts the FVS, with higher cover/abundance scores contributing a higher 
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weighting. As different species are apparent throughout the year, the FVS can change 

accordingly. 

By prescribing threshold values, the FVS can be used to place grassland sites into 

condition classes. Following the classes prescribed in the method, a FVS below 5.0 

represents low condition; between 5.0 and 6.5 represents medium condition; and above 

6.5 represents high condition (Rehwinkel 2014). However, this method assumes surveys 

are conducted at the optimum time of year. As this is not always practical, the 

Australian Commonwealth legislation for Natural Temperate Grasslands of the South 

Eastern Highlands varies the condition threshold values based on the time of year of 

sampling (Department of Environment 2016). These values are presented in Table 4.4, 

and are used within this chapter. We designated ‘favourable sampling time’ to be from 

December to February, and ‘other sampling time’ to be the remainder of the year. 

Table 4.4. Condition classes based on Floristic Value Score and time of year in which survey 

was undertaken (Department of Environment 2016). 

Floristic Value Score 

Favourable sampling time 

(December–February) 

Other sampling times  

(March–November) 

Low 0–4.99 0–2.99 

Moderate to High 5–6.49 3–6.49 

High to Very High 6.5 + 6.5 + 

The mean FVS and species richness from the three plots per site is used in analysis and 

calculations. 

4.2.5 Phenophase of dominant species 

Phenophase refers to the state of growth and development of a plant and is typically 

used to describe stages of leaf growth, flowering and fruiting (Menzel et al. 2006). At 

each survey location, a phenophase category was assigned to each dominant species 
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(refer to Table 4.5). Dominant species were defined as those that had a Braun-Blanquet 

score of 2 or more (5%–25% cover or higher) at 2 or more consecutive months 

throughout the year. Only dominant species were selected for this analysis as less 

dominant species (< 5% cover) occupy a small proportion of the site area and are 

unlikely to significantly impact overall land surface phenology.  

While it is acknowledged that phenophase is often variable in natural systems, each 

phenophase category was attributed based on the dominant phenophase at the survey 

time.  

Table 4.5. A description of the phenophase characteristics used for grassland monitoring. 

Phenophase Symbol Description 

Vegetative V 

Photosynthetic leaves present, some non-photosynthetic 

leaves may be present. No flowering or fruiting structures 

present. 

Flowering Fl Flowering structures present; anthers evident. 

Fruiting Fr Flowering structures absent; fruits evident. 

Post-fruiting P 
Flowering and fruiting structures senesced but retained on 

the plant. Photosynthetic leaves present.  

Senescent S All vegetation is non-photosynthetic. 

Absent X Species is not recorded 

4.3 RESULTS

4.3.1 Annual species richness 

A total of 192 species were recorded across all sites throughout the sampling period. Of 

these, 90 species (46.9%) were native and 90 species (46.9%) were exotic. Twelve 

species (6.2%) were unable to be identified to species level and their native/exotic status 

could not be determined. The native-dominated sites had a total of 159 species recorded 

(82 native, 68 exotic and 9 unknown), whereas the exotic-dominated sites recorded 

115 species (40 native, 70 exotic and 5 unknown). A total of 59 grass species and 

133 forb species were recorded across all sites. Table 4.6 shows the species richness 

recorded by plant functional type (i.e. grass/forbs and native/exotic). Figure 4.10 
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illustrates the total number of native, exotic and unknown species. Figure 4.11 

illustrates the total number of species recorded at all sites, separated by functional 

group. A full list of species recorded at each site is presented in Appendix C.  

Table 4.6. Total number of flora species identified at native-dominated, exotic-dominated and 

all sites. 
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Native-dominated 

sites 
159 82 68 9 53 106 28 20 54 48 

Exotic-dominated 

sites 
115 40 70 5 29 86 9 17 31 53 

All sites 192 90 90 12 59 133 30 22 60 68 

 Total number of native, exotic, and unknown flora species recorded at temperate 

grassland sites. Data is grouped by: all sites (orange bars) native-dominated sites (dark bars) and 

exotic-dominated sites (white bars). 
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 Total number of flora species recorded at temperate grassland sites in four 

functional groups: native grasses, exotic grasses, native forbs and exotic forbs. Data is grouped 

by: all sites (orange bars) native-dominated sites (dark bars) and exotic-dominated sites (white 

bars).  

Native-dominated sites had a higher annual species richness (mean = 68.3) than exotic 

sites (mean = 40.5), with higher numbers of native forbs and native grass species. 

Exotic-dominated sites had similar numbers of exotic forbs and grasses as the native-

dominated sites, however had low richness of native forbs and grasses.  

The native-dominated C4 grasslands MULN and TURA had the highest annual species 

richness with 99 and 73 species, respectively. The exotic-dominated C3 grasslands 

MULE and GUNE had the lowest species richness, with 18 and 21 species, 

respectively. Annual species richness for each site is presented in Table 4.7. 
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Table 4.7. Annual species richness by plant functional group at each site. 

Site 
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MGAR 64 34 28 2 22 42 12 8 19 20 

GUNN 44 13 29 2 15 29 4 10 9 19 

MULN 99 49 46 4 36 63 19 14 30 32 

GIDL 59 38 19 2 18 41 10 7 28 12 

TURA 73 47 25 1 25 48 15 10 27 15 

MPON 71 46 24 1 15 56 10 5 30 19 

Native 

Average 
68.3 37.8 28.5 2.0 21.8 46.5 11.7 9.0 23.8 19.5 

MULE 18 0 18 0 4 14 0 4 0 14 

GUNE 21 7 12 2 10 11 1 7 6 5 

MPOE 39 13 24 2 20 19 7 12 6 12 

SCOT 56 18 37 1 8 48 3 5 15 32 

INGE 53 10 41 2 15 38 3 11 7 30 

IN17 56 14 38 4 11 45 2 7 12 31 

Exotic 

Average 
40.5 10.3 28.3 1.8 11.3 29.2 2.7 7.7 7.7 20.7 

4.3.1.1 Exotic versus native species richness 

Native-dominated sites contained the highest species richness of native grass and forb 

species. However some native-dominated sites were surprisingly low in native species, 

such as GUNN, with only 13 native species recorded throughout the year. 

Exotic-dominated sites had a higher proportion of exotic species than native-dominated 

sites. They did not always have the highest exotic species richness as many exotic sites 

were dominated by only a few species. 
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4.3.2 Seasonal changes in species richness 

Average species richness per month is presented in Figure 4.12. Species richness 

changed throughout the year as different species progressed through their life cycle and 

responded to ecological pressures. The highest average species richness across all sites 

was in January with over 31 species recorded per site. The winter months all recorded 

an average of less than 20 species per site. Native-dominated sites recorded higher 

species richness than exotic-dominated sites. The average species richness in native 

dominated sites remained consistently above 35 between October and February. In 

contrast, the shape of the curve of exotic-dominated sites showed a more distinct peak 

in species richness. This occurred in January, when average richness reached 26. 

 Average species richness by month, as measured at all sites, native-dominated 

sites, and exotic-dominated sites. 

Figure 4.13 illustrates the proportion of species at each site detected in each month, 

relative to each site’s annual total. As an example, a site that records 10 species 

throughout the year but only 5 species in June will have a detection frequency of 50% 

for that month. Given the variety of species richness throughout the different field sites, 

this method provides a standardised measure of relative species richness. This is of 

particular usefulness as it can direct sampling effort to seasons of optimum efficiency, 
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i.e. when detection frequency is highest. January was the month with the highest 

detection frequency for both native-dominated and exotic-dominated sites. During 

January, an average of 65% of species was detected at exotic-dominated sites, whereas 

an average of 55% of species was detected at native-dominated sites. A consistently low 

proportion of species (< 40%) was detected in the winter months (June to August) at all 

sites. 

 Average proportion of species detected per month. This value is represented as the 

average proportion of the annual species richness for each site.  

4.3.3  Seasonal changes by functional group: richness, 

detection frequency and cover 

Separating data into functional groups provides further resolution in elucidating 

ecological changes throughout the year. This is conducted by examining the changes in 

species richness, species detection frequency, and vegetative cover over time. Figure 

4.14 presents the patterns of average species richness for each month. Figure 4.15 

presents the annual patterns of average detection (as explained in Section 4.3.2).  

Figure 4.16 presents the annual patterns of average vegetative cover, as calculated by 

summing the transformed Braun-Blanquet scores for each functional group. In each 
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group of figures, data is separated into native-dominated sites and exotic-dominated 

sites.  
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 Time-series from May 2014–April 2015 of average species richness by functional group: a) exotic forbs, b) native forbs, c) exotic grasses, d) 

native grasses.

a) b) 

c) d) 
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 Time-series from May 2014–April 2015 of average proportion of species detected per month for each functional group; a) exotic forbs, b) native 

forbs, c) exotic grasses, d) native grasses. 

a) b) 

c) d) 
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 Time-series from May 2014–April 2015 of average proportion of vegetative cover for each functional group; a) exotic forbs, b) native forbs, 

c) exotic grasses, d) native grasses. 

a) b) 

c) d) 
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4.3.3.1 Native forbs 

Native forbs require specific attention, as they are often used as direct indicators of 

grassland condition. They also represent the most potential for change in species 

richness, as forbs are less likely to retain aboveground senescent material as grasses or 

exotic forbs regularly do—hence are likely not to be recorded outside of peak times. 

Over all sites, native forbs have the highest average species richness in January. 

However, native-dominated sites showed a different pattern to exotic-dominated sites. 

At native-dominated sites, species richness of native forbs peaked in December, 

whereas at exotic-dominated sites the native forb species richness peaked in February. 

For native-dominated sites, the highest proportion of native forbs present was in 

January, when an average of 61% of native forbs was detected. In exotic-dominated 

sites, the highest proportion of native forbs was detected in February (69%). Native 

forbs were least likely to be detected through the cooler months (May to August), with 

only 22%–30% of native forbs being observed during this time. 

Average native forb cover was consistently low throughout the year, below 3%. At 

exotic-dominated sites, average native forb cover was very low and peaked in 

December (0.5%). This was slightly higher for native-dominated sites (2.8%), which 

also peaked in December. 
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4.3.3.2 Exotic forbs 

Exotic forb richness was relatively consistent throughout the year, with an average 

between 7 and 11 species. Many common exotic forbs retain seed heads and other dead 

material aboveground throughout the year, hence are consistently present in the species 

count. At exotic-dominated sites, exotic forb species richness peaked in January. In 

native-dominated sites, the peak was earlier in November, and showed a lower species 

richness. This pattern was consistent with proportion of exotic forbs detected 

throughout the year which also peaked in November for native-dominated sites (58%) 

and in January for exotic-dominated sites (69%). 

Exotic forb cover was highly variable throughout the year, with the average for all sites 

ranging between 1.6% and 8.7%. Native-dominated sites showed high exotic forb cover 

in the cooler months, peaking in June at 11.4%. Exotic forb cover was lower in warmer 

months (December–March), being consistently below 3%. Exotic forb cover in exotic-

dominated sites peaked in September (9.1%). 

4.3.3.3 Native grasses 

Native grass richness followed a similar seasonal pattern for native- and exotic-

dominated sites, with low richness in winter and reaching a maximum in January. 

However, native-dominated sites had a much greater richness (average maximum of 

8.2 species at peak time) than exotic-dominated sites (average maximum of 2.2 species 

at peak time). 

Detection frequency was quite high during peak times, with over 70% of native grasses 

detected in January for both native- and exotic-dominated sites. This was slightly lower 

in winter for native-dominated sites (approximately 45% throughout), but was very low 

in winter for exotic-dominated sites, where less than 20% of native grasses were found. 

Cover of native grasses was consistently high in native-dominated sites, with an average 

of between 53.3% and 71.8% throughout the year. However, exotic-dominated sites had 

an extremely low cover of native grasses, with a maximum average cover of 2.8% 

(February). 
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4.3.3.4 Exotic grasses 

The pattern of average richness of exotic grasses is similar for native- and exotic-

dominated sites, peaking in November (average 5.8 species). Seasonal patterns of 

detection frequency are also similar, with highest detectability in November and 

December. However, native-dominated sites are markedly lower, particularly in winter. 

Cover of exotic grasses at exotic-dominated sites was extremely high, ranging between 

70% and 90% at all times throughout the year. Native-dominated sites, however, had a 

low cover of exotic grasses, with two minor peaks in October (8%) and January (7%). 

4.3.4 Seasonal changes in grassland condition 

Grassland condition is represented by the Floristic Value Score (FVS). Figure 4.17 

illustrates the mean annual FVS for each site. The native-dominated C4 sites had the 

highest FVS (range: 22.6–25.1). Two out of the three native-dominated C3 sites had an 

average FVS of more than 5 (7.6 and 11.4). All the exotic-dominated grassland sites 

had average FVS of below 5. 
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 Mean annual Floristic Value Score for each site. Sites are grouped by functional 

type: C3 native-dominated, C4 native-dominated, C3 exotic-dominated and C4 exotic-dominated. 

Error bars represent the range of monthly values for each site. 

The monthly FVS data for each site is shown in Table 4.8 and the score for each season 

is annotated to condition class in accordance with the thresholds in Table 4.4. With the 

exception of site MPON, all sites had their highest monthly FVS in the summer months 

of December, January or February. All native-dominated C4 grasslands were classed as 

‘high condition’ in all months. Two of the three native-dominated C3 grasslands had an 

average FVS that placed them in the ‘high condition’ category but one of these 

(MULN) had lower scores in June and August that placed it as ‘moderate condition’ for 

these surveys. The third site (GUNN) was classed as ‘low condition’ for all months. All 

exotic-dominated sites had an average FVS that classed them as ‘low condition’ for 

most of the year. However, one exotic site recorded ‘moderate condition’ scores from 

June to August and another recorded a ‘high condition’ score in December. 
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Overall, 9 out of the 12 sites retained the same condition class throughout the year. 

Three sites changed condition class depending on the month that the survey was 

conducted; one of these (MGAR) fluctuated between ‘moderate condition’ and ‘high 

condition’, one (SCOT) fluctuated between ‘low condition’ and ‘moderate condition’, 

and one (GUNE) fluctuated between ‘low condition’ and ‘high condition’ with no 

‘moderate condition’ periods. 
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Table 4.8. Mean Floristic Value Score for each site by season. Bold values represent the highest annual score for each site. Cells shaded in dark grey indicate 

‘high condition’. Cells shaded in light grey indicate ‘moderate condition’. White cells indicate ‘low condition’. Condition classes are outlined in Table 4.4. 

 2014 2015 Annual Average 
 May June Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr  

C3 Native-dominated Sites 

MGAR 6.6 3.7 7.1 6.1 9.4 9.7 6.9 8.3 10.5 7.5 7.2 7.8 7.6 

GUNN 0.5 0.4 0.8 0.8 1 0.5 0.8 0.9 1.3 0.9 0.7 0.6 0.8 

MULN 9.1 7.9 8.9 8.7 11.8 9.1 10.1 14 12.2 16.7 13.9 14.1 11.4 

C4 Native-dominated Sites 

GIDL 20.6 21.2 20.9 22.2 22.3 25.7 30.2 31.8 25.1 21.7 22.7 22.4 23.9 

TURA 19.5 16.5 17.8 18.4 16.9 20 28.2 29.6 30.6 27.8 22.5 23 22.6 

MPON   13.8 20.5 28.3 43.2 31.5 28.6 26.6 19.3 17.5 21.7 25.1 

C3 Exotic-dominated Sites 

MULE 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

GUNE 0.3 0.3 1.4 1.4 1.4 1.4 3.7 7 2.3 2 0.7 0.4 1.9 

MPOE   0.7 0.7 0.7 0.7 0.8 0.8 1.8 2.3 1 0.8 1.0 

C4 Exotic-dominated Sites 

SCOT 2.6 3.8 3.7 3.7 2.6 2.5 3.2 4.8 3.4 3 1.8 2.5 3.1 

INGE 0.4 0.4 0.4 0.4 0.5 0.6 0.6 0.6 1.1 1.2 0.7 0.5 0.6 

IN17  0.4 0.6 0.7 1.3 0.7 1 2.4 2.5 2.1 2.4 1.8 1.4 
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4.3.5 Tracking cover and phenophase of dominant species 

The cumulative cover of dominant species at each site throughout the year is presented 

in Figure 4.18. It should be noted that this data does not consider the photosynthetic 

state of the vegetation; that is, the cover measurement is a mixture of photosynthetic 

and non-photosynthetic vegetation.  

Native-dominated C4 sites were highly consistent in vegetative cover throughout the 

year, maintaining cover of over 80%. Exotic-dominated C3 sites also maintained a high 

consistent cover, though one site (INGE) was more variable.  

C3-dominated sites had a more variable cover throughout the year. In native-dominated 

C3 sites, cover was maintained at maximum levels from May to October, and dropped 

during the warmer dryer months of November and December. January rain saw an 

increase in cover at four of the six sites. 

Table 4.9 graphically shows the representative phenophase of each dominant species at 

each study site. Some species (e.g. Themeda triandra and Eragrostis curvula) have a 

predictable seasonal phenophase pattern that is consistent between sites, however others 

(e.g. forbs, Rytidosperma grasses) are driven more by climatic factors. These species 

may flower multiple times in one year, and can differ markedly in phenophase patterns 

from site to site. The dominant annual forbs found at some sites (e.g. Trifolium spp.) 

change markedly in phenophase and cover. These were absent during some surveys, 

typically during the summer months. 
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 Cumulative percent cover of dominant species at each study site. Note that due to overlapping strata the maximum cover can exceed 100%. Sites 

are grouped by functional type: a) native-dominated C4; b) native-dominated C3; c) exotic-dominated C4; d) exotic-dominated C3.  

a) b) 

c) d) 
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Table 4.9. Phenophase of dominant species throughout the sampling period. Letters and shading indicate the representative phenophase throughout the site 

during that month (V = vegetative, Fl = flowering, Fr = fruiting, P = post-fruiting, S = senescent, X = not present. Blank cells were not surveyed).  

  2014 2015 
Site Dominant Species May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr 
C4 Native-dominated sites

GIDL 
Themeda triandra V V V S S V Fl Fl Fr Fr P P 

Poa sieberiana V V V V V Fl Fl Fl P P P P 

TURA 
Themeda triandra V S S S S V Fl Fl Fr Fr P P 

Poa sieberiana V V V V V Fl Fl Fl P P P P 

MPON Themeda triandra S S S V Fl Fl Fr Fr P S

C3 Native-dominated Sites

MGAR 
Austrostipa scabra V Fl P V V Fl Fl P P V V V 

Rytidosperma spp. Fl Fl P Fl Fl P Fl P P V V V 

GUNN 
Austrostipa scabra V Fl Fl V V V Fl Fr P P V V 

Trifolium spp. V Fl V V Fl Fl S X X V V V 

MULN 

Trifolium spp. V V V V Fl Fl V Fl Fl V V V 

Rytidosperma pallida S S V V S V Fl Fr Fr P P P 

Austrostipa bigeniculata Fl V Fl Fl Fl V V Fl P Fl Fl P 

Themeda triandra P P P S S V Fl Fl Fl Fr P P 

Rytidosperma spp. Fl Fl Fr Fr Fr V V Fl Fl Fl Fr P 
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  2014 2015 
Site Dominant Species May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr 
C4 Exotic-dominated Sites
SCOT Eragrostis curvula P P S S S S V Fl Fl Fr P P 

INGE 
Eragrostis curvula P S S S S V Fl Fl Fr P P V 

Trifolium spp. V V V V V Fl Fl V X X X V 

IN17 
Eragrostis curvula S S S S V Fl Fl Fr P P S

Trifolium spp. V V V V V Fl V X X X X 

C3 Exotic-dominated Sites

MULE 

Dactylis glomerata Fl Fr Fr V V V V V V V V V 

Festuca sp. Fr P V V V V Fl Fl Fl Fl Fl Fl 

Medicago sativa Fl Fr V V V V X X Fl V V Fl 

Holcus sp. P P V V V V V Fl Fl Fl Fl V 

Phalaris aquatica P P V V V V V Fl Fl Fl P P 

GUNE 
Phalaris aquatica V V V V V V Fl Fl Fr P P P 

Juncus acutus P V V V V Fl Fl Fr Fr P P P 

MPOE 

Festuca sp. V V V Fl Fl P P P P P 

Trifolium spp. V V V Fl Fl V V V X V 

Holcus sp. V V V V Fl Fl Fr Fr P V 

Austrostipa spp. V V S V Fl Fl P Fl P V 

Phalaris aquatica V V V V V Fl Fl Fl P V 
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4.4 DISCUSSION

4.4.1 Temperate grassland species richness 

Monthly surveys of twelve grassland study sites recorded 192 grass and forb species 

throughout the year. Native-dominated sites tended to have higher average species 

richness than exotic-dominated sites, particularly for native forbs and grasses. There 

was less difference between native and exotic-dominated sites in richness of exotic 

species. This was not because native-dominated sites were infested with exotic species; 

rather that exotic-dominated sites comprised a small number of exotic species at high 

cover and native sites had a small number of exotic species at low cover. 

Species richness changed from month to month as species with different life history and 

demographic strategies emerged, reproduced, and senesced. As a result, different 

species were present at each month, and most sites showed large differences in total 

species richness throughout the year. Across all sites, the highest species richness was 

in the summer months (December to February), with the lowest species richness from 

June to August. This is typical for this region, with most published grassland flora 

surveys designed to coincide with the period of highest diversity (e.g. Tremont and 

McIntyre 1994; Vivian and Baines 2014). 

Species richness change over time is influenced by the native- or exotic-dominance of 

the vegetation, and by the functional type of each species. Particular difference in 

seasonal species richness patterns was observed in native-dominated vegetation, which 

has higher native species richness, particularly with respect to forbs. This was most 

apparent in grasslands dominated by Themeda triandra, which is known to be 

associated with high forb diversity (Cole and Lunt 2005, Rehwinkel 2007). Seasonal 

differences in richness patterns were particularly notable in native forbs; richness 

peaked two months later at exotic-dominated sites than native-dominated sites. A study 

in the northern tablelands of NSW also found a similar response in functional group 

patterns, albeit when examining grazed versus ungrazed landscapes instead of native-

dominated versus exotic-dominated sites (Tremont 1994). 
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Exotic grass species richness is similar between exotic-dominated and native-dominated 

sites, but the per cent cover is markedly different. Exotic-dominated grasslands have a 

high cover of exotic grasses, between 70%–90% throughout the year, where native-

dominated grasslands have a cover of exotic grasses below 10%. The inference from 

this data is that exotic grasses are present in native sites, but a high native cover restricts 

the establishment of exotic weeds (Eddy 2002, Robinson 2015). The species richness of 

exotic grasses peaks in November, consistent with the maturation of exotic annual 

species in this region. 

  

Native-dominated sites had consistently high species richness, averaging above 

35 species from October through to February. In contrast, exotic-dominated sites had a 

distinct peak in species richness in January. In this case, the shape of the curve, rather 

than the magnitude of species richness alone, is likely to represent a difference in 

ecosystem function and resilience between the two types.  

The data shows that January is the optimum month for monitoring species richness in 

temperate Australian grasslands. Although surveys during January will detect the 

highest proportion of species, this equates to an average of 61% of the native forb 

species found at any individual site. In fact the average maximum detection for native 

forbs (regardless of month) is only 69% over all sites. Surveys conducted in the winter 

months of June–August will only detect approximately one-third of the total species. 

Consequently, if a monitoring objective is to detect more than 50% of the number of 

native species, surveys must be conducted between November and February. If the 

objective is to detect more than 50% of the number of native forbs, surveys must be 

conducted between December and February.  

While the above recommendations for optimum sampling time (i.e. summer) are 

generally valid for temperate grasslands in the South Eastern Highlands bioregion, they 

are subject to seasonal constraints. For example, a summer with very low rainfall may 

not be conducive for conducting flora surveys as many plants will have wilted or died. 

Consideration must also be made of specific survey objectives; for example if there is a 

focus on early-flowering species or threatened species that have specific survey 

requirements (Office of Environment & Heritage 2016). This study shows that multiple 

surveys throughout the year are critical to identify more than 61% of the species. As a 
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minimum, two surveys per year should be conducted to capture both the early-flowering 

species (e.g. lilies and orchids), and summer-flowering species. Surveys conducted over 

multiple years are desirable for a complete species list (Sharp et al. 2015) but may not 

be compatible with monitoring budget or objectives.

Seasonal grassland surveys are not frequently undertaken, hence the true dynamics of 

grassland ecosystems are rarely revealed. This is often legitimately justified through 

gathering the most information at the optimal time of year (e.g. repeated surveys of 

Vivian and Baines 2014). The capability of using ‘out of season’ surveys to detect 

species not normally observed during summer has been highlighted in the past (Stuwe 

and Parsons 1977), and should be incorporated into surveys of temperate grasslands 

where accurate census data is required.  

The variability in detection frequency is greater for forbs than it is for grasses. This may 

be explained by the nature of many graminoids to retain their dried inflorescence on the 

plant for long periods of time. Hence, these graminoid species can be located and 

identified long after flowering has occurred and sometimes after the plant has senesced. 

Forbs exhibit this characteristic only rarely, and in those cases tends to be only in 

common species (e.g. Chrysocephalum apiculatum, Cirsium vulgare).  

The vegetative cover quantified in this chapter cannot be directly related to land 

phenology as it represents both photosynthetic and non-photosynthetic vegetation. This 

is the standard practice for collecting floristic data in NSW as it is relevant for other 

land capability assessments (Department of Environment Climate Change & Water 

2011). The separation of photosynthetic and non-photosynthetic cover to enable 

comparison between remotely sensed land surface phenology and field data will be 

discussed in Chapter 5.  

The proportion of different functional groups detected may be underpinned by the 

greater breadth of species at native sites. Exotic-dominated sites were observed to have 

a higher proportion of their native species detected in summer than native-dominated 

sites. A likely explanation of this is the increased quantity of annual grasses at exotic 

sites in spring results in increased competitive pressures for sensitive early-flowering 

species such as lilies and orchids. Hence, the majority of the native species that are 
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found in exotic sites are those that are summer-dominant. This is supported by the data: 

in native-dominated sites, September and October have approximately half of native 

species present. At exotic-dominated sites, only approximately one-quarter of native 

species are found during this time.  

4.4.2 Grassland condition monitoring 

The monitoring of grassland condition is essential for guiding management decisions in 

a range of contexts, such as grassland restoration, landscape degradation, and assessing 

the provision of ecosystem services (Sharp et al. 2015). While alternative methods for 

monitoring condition exist in temperate grasslands (Seddon et al. 2011), this study used 

the Floristic Value Score method as a surrogate for condition. The FVS gives a higher 

consideration to the abundance, richness and sensitivity of native forbs than other 

methods. This gives an ecologically sound estimate of condition, as the presence of 

high-value forbs on a site is consistent with one that has been managed sustainably and 

for conservation purposes. As high-value forbs are preferentially grazed from a pasture 

by domestic livestock, their presence is a good indication of historically low grazing 

pressures (Prober and Thiele 1995).  

The results of this study found large seasonal difference in floristic value scores for 

many sites. Most sites (11 of 12) recorded their highest FVS between December and 

February. The exception was the native site MPON, which had its highest FVS in 

October. This site is unique in having a large proportion of its flora as high-value 

species that germinate and flower in spring (e.g. Bulbine bulbosa, Drosera peltata, 

Microtis unifolia). This site’s FVS of 43.2 represents the highest score recorded in this 

study. This site is grazed by sheep at low intensity, and its high condition score relative 

to similar ungrazed sites (e.g. TURA) lends support to the ecological theory that 

intermediate disturbance of grassy ecosystems subtends higher species diversity 

(Grime 1973). This has been supported in some Australian grassy ecosystems (Prober 

and Thiele 1995) but not others (Fensham 1998). 

Condition class changed despite the seasonal flexibility built into the method (i.e. 

favourable versus non-favourable time of year). Three sites changed class—including 

one exotic-dominated site that jumped from ‘low’ to ‘high’ condition class during 
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December due to the presence of high-value forbs. A justification could be made that 

the presence of these forbs at this time meant that this site is truly high-value, despite 

falling into the ‘low condition’ category at almost all times. However, the implication is 

that unless that site is surveyed thoroughly in a narrow time-window, it will be 

classified as ‘low condition’. Low condition grasslands are not afforded the same 

conservation protection under Australian legislation, hence the importance of this 

classification system. Another exotic-dominated site was elevated into ‘moderate 

condition’ in the winter months, despite the trend that native richness (and consequently 

FVS) tends to be lower during this time of year. Conversely, July and August surveys 

saw a native-dominated site fall into the lower ‘moderate condition’ category. 

The shift in condition class for some sites suggests that the thresholds for the ‘non-

favourable’ time of year are inconsistent with those for the ‘favourable’ time of year. 

This presents the unintended outcome that a grassland may fall into a different class if 

sampled at a different time of year. Clearly, this has practical implications on 

conservation priorities and, conversely, development processes. Unless specific 

direction is provided by authorities, there is the potential for ‘gaming’ this method by 

surveying at the specific time that produces the most beneficial outcome.  

In NSW, the timing of ecological assessment is restricted by season for some purposes, 

such as detecting the presence of certain threatened flora (Office of Environment & 

Heritage 2016). Indeed, for grassland assessment, the seasonal requirements for survey 

timing is clearly specified (Rehwinkel 2007). However, restricting assessments of 

vegetation condition to one time of year increases the time taken for development 

approvals, hence some jurisdictions have implemented ‘out-of-season’ thresholds, such 

as those used here (Department of Environment 2016). This study demonstrates the 

importance of maintaining consistency within a monitoring program. Further research 

should examine how out-of-season thresholds should best be applied before this 

philosophy is expanded to other vegetation types. 

While suitable for this study, the Floristic Value Score is but one method for estimating 

condition, and requires a priori knowledge of the conservation value of all species. This 

requires significant investment. However, there are no other published methods that 

take into account the greater value of sensitive forbs. The FVS does have limitations—
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in particular, the discovery of a single sensitive species can dramatically change the 

classification. In addition, the threshold values that determine the condition class are 

expert-derived rather than data-derived, and may not be appropriate for all regions or 

grassland communities.  

Depending on the monitoring question, alternative methods for monitoring grassland 

condition may be considered, such as novel visual techniques (Morgan 2015) or using 

indicator species (e.g. Dorrough 2008). However, regardless of which method is used to 

estimate condition, it is essential to incorporate seasonal variability into the program 

design. 

4.4.3 Cover and phenophase change 

Sites that have one species with clear dominance (i.e. greater than 75% cover) tend to 

have relatively straightforward trends in vegetative cover. In our cases, these tended to 

be the C4-dominated sites that had a consistent cover of either Themeda triandra (native 

sites) or Eragrostis curvula (exotic sites). With the exception of one site (INGE), these 

sites had a consistent cover of the dominant species above 80%. This can be readily 

explained by the perennial native of these grasses that retain dead material on the plant 

for several years (Morgan and Lunt 1999, Morgan 2015). The variation in INGE 

occurred in November, when a large number of cattle were released into the paddock. 

However, in these cases, the total cover does not explain any potential variation in land 

surface phenology as it does not take into consideration any changes in photosynthetic 

and non-photosynthetic vegetation, the proportions of which significantly impact visual 

and near infra-red vegetation indices (Asner 1998, Nagler et al. 2003). 

In the sites with clear dominance of one species, the sequence of phenophase was 

consistent between sites of the same type. In native-dominated C4 sites, the vegetative 

growth stage of Themeda triandra corresponded with higher temperatures in October, 

followed by flowering in November and December. Inflorescences were retained on the 

vegetative plant until April and the plants were senescent from June to September. In 

exotic-dominated C4 sites, Eragrostis curvula followed almost identical patterns. 
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At these sites, the phenophase will be closely related to land surface phenology 

signature because a) overall cover remains constant, and b) species composition of 

dominant species is steady. 

For the remainder of sites, the occurrence of co-dominant species resulted in a more 

variable range of cover throughout the year. These sites were much more responsive to 

dry periods at the end of spring (November) and summer (March) and showed a 

significant drop in cover. Native-dominated C3 sites were dominated by Rytidosperma

and Austrostipa grasses, which are regarded as non-climax communities. These species 

dominate some grasslands as a result of grazing and other disturbances (Austin et al.

1981, Dorrough et al. 2011, Sinclair et al. 2014). Native-dominated C3 sites had a high 

population of native herbivores which would have further decreased the vegetative 

cover during these drier periods. Exotic-dominated C3 sites tended to occur in lower 

parts of the landscape such as floodplains so were less susceptible to moisture stress 

during November and March. The exception to this was MULE, which exhibited a 

similar pattern to the native-dominated C3 sites. 

Examination of phenophase at these sites is more complex, as each site has several co-

dominant species to consider. Exotic C3 pasture grasses tend to follow similar 

phenophase, but native grasses and exotic forbs exhibit different patterns. While many 

annual and perennial species tend to sequentially follow the phases in Table 4.5, species 

that flower prolifically throughout the year (e.g. Hypochaeris radicata) or in response to 

rainfall, such as occur in some Rytidosperma species (Waters et al. 2008), may have a 

less predictable pattern.  

While the vegetative stage can be legitimately viewed as the main predictor of land 

surface phenology, flowering time of dominant species can also impact remotely sensed 

phenology; typically producing non photosynthetic vegetation that is retained on the 

plant for several months once flowering is complete. The post-flowering designation 

used in this study implies that dead stalks or seed heads were retained on the plant. As 

many species have inflorescences that are retained for many months, this may lead to 

lagged impacts on land surface phenology. This will have a greater impact on sensors 

that collect imagery obliquely rather than from nadir sources. 
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It should also be acknowledged that some annual species germinate, flower, fruit and 

senesce over a relatively short time span. As such, multiple phenophases may pass 

between monthly sampling events. It is also a common reproductive strategy for plant 

species to have overlapping phenophases to increase the probability of successful 

fertilisation and seed dispersal (Davila and Wardle 2007). This increases the difficultly 

in correctly attributing phenophase class across the whole population. 

4.4.4 Implications for land surface phenology 

The results from this study highlight the magnitude of vegetative dynamics throughout 

the year, and the complexity of quantifying these vegetation changes in the context of 

land surface phenology. An understanding of how species change over time, and how 

the biophysical characteristics of those species change, is essential to avoid making 

incorrect inferences from remotely sensed data. Knowledge of ecology of the subject 

area is therefore essential for land surface phenology interpretation, and is the driver 

behind this chapter’s research aims. 

In temperate grasslands, grasses dominate the landscape but are relatively invariant in 

their species richness and cover throughout the year. In fact, the only prominent change 

in grass characteristics was in the species richness of exotic grasses. This peak of exotic 

grass richness in November coincided with the maturation timing of spring-growing 

annual grasses. Although no peak in the cover of exotic grass was observed in this 

month, exotic annual grasses have the potential to increase vegetation indices during the 

late spring when they are in the active growth period. They also have the potential to 

decrease vegetation indices after this period due to their abundance of mature (non-

photosynthetic) inflorescences. 

Overall grass cover was found to be relatively invariant throughout the year because 

most dominant grasses are perennial, and retain live and dead material on the plant, 

even when not in a phase of active growth (Morgan 2015). However, the phenophase 

and relative fractions of photosynthetic and non-photosynthetic vegetation is critical to 

remote sensing interpretation (Asner 1998, Guerschman et al. 2009). In this study, C4

grasslands showed a consistent and predictable phenophase change that correspond 

with: increased photosynthetic fraction in late spring/summer; flowering and fruiting in 
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summer, which increases non-photosynthetic fraction as inflorescences mature; and 

senescence to minimal photosynthetic fraction in winter. The C3 grasslands were more 

complex: they tended to have several dominant species that varied in relative abundance 

throughout the year and frequently had diverging or overlapping phenophases. For 

native sites, this may be an illustration of grassland dynamics in a non-climax 

vegetation type. In this scenario, multiple species occupy different ecological niches 

within different climatic conditions (Suttle et al. 2007). For exotic sites, species 

dynamics are more likely to be influenced by pasture management and in some cases 

grazing management. In either case, the task of coupling site ecological conditions with 

land surface phenology interpretation will be more difficult for sites with multiple 

dominant species that have differential phenophase.

The greatest floristic change throughout the year was in forb diversity. While forbs 

represent 70% of the total species, their contribution to the vegetative cover is typically 

low. Native forbs in particular recorded an average cover of 2% throughout the year and 

despite their importance floristically and ecologically are unlikely to have major 

implications on land surface phenology. However, some undisturbed temperate 

grasslands can support native forb cover at much greater quantities, so consideration of 

this potential is required.  

Exotic forbs exhibited large changes in cover and richness throughout the year. These 

have a much greater potential to dominate landscapes and impact land surface 

phenology. In this study, pasture species were the only exotic forbs that met the 

definition of ‘dominant’ (greater than 5%–25% cover class). However, there is a strong 

potential for many regionally-specific weeds to impact land surface phenology 

measures. Many exotic forbs in this region are broad-leafed and form large rosettes 

(Richardson et al. 2011), structural characteristics that are more readily captured by 

remote sensing means than, say, the erect habit of grasses (Asner 1998). 

4.4.4.1 Ecological interactions 

Section 4.1.4 introduced the three factors that contribute to variation in land surface 

phenology: phenophase and environmental drivers, which impact the biophysical 

characteristics of individual species, and species composition which determines the 
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proportional influence of each species. However, these three factors do not act in 

isolation—in fact they are inherently linked. The land surface phenology response of 

temperate grasslands, as measured by satellite or ground-based sensors, is dictated by 

the relationships between these three factors, which may result in complex responses 

that are difficult to resolve. 

Environmental Drivers and Community Composition 

For some communities, environmental drivers will produce differential species 

responses. In this study, we observed that exotic forbs were unable to sustain vegetative 

cover during hot, dry conditions whereas native grasses maintained a reasonable cover, 

albeit with a reduced photosynthetic fraction. The ecological niche vacated by the exotic 

forbs may be occupied by another species, thereby changing the composition. Similarly, 

when rainfall follows drought events, some plants—typically exotic species—are better 

able to take advantage of this moisture, and grow, develop and reproduce more quickly 

than others (Baker 1974).  

Some environmental drivers promote faster changes in community composition. 

Grazing animals will preferentially favour certain species over others, particularly inter-

tussock forbs (McDougall and Walsh 2007), which has been shown to reduce in the 

cover and abundance of native forbs in grassland systems (Tremont 1994). Grazing 

animals can have other direct and indirect impacts on grassy ecosystems, including 

introducing exotic species, compacting soil and altering nutrient regimes (Eldridge et al.

2016). Other environmental drivers that were not observed in this study may include 

fire or chemical fertilisation. All of these factors can result in short and long-term 

modification of an ecological community. 

Environmental Drivers and Species Phenophase 

Climate has obvious impacts on individual plant phenophase. Rainfall can induce 

vegetation growth or flowering, and lack of rainfall can prevent flowering or even force 

the wilting and death of foliage. Cold temperatures can accelerate vegetation 

senescence, as was widespread in our C4-dominated grasslands in winter. At C4-

dominated sites, warm weather usually induces leaf expansion and flowering.  
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Dormancy and germination in native forbs is primarily driven by seasonal conditions, 

though can also be influenced by unpredictable environmental changes such as soil 

wetting and changes in soil temperature (Tremont and McIntyre 1994). The cues that 

drive this may act differently between native and exotic species. 

Species Phenophase and Community Composition 

Phenophase can interact with community composition through population dynamics and 

life history strategies. Competitive advantage can be increased for species that 

germinate and grow earlier than others, particularly following disturbance (Li et al.

2006). Indeed, this is how many exotic species become so widespread, particularly 

annual species (Baker 1974). Species that are able to delay senescence will have more 

resources in storage for the following growing season. Alternatively, plants that flower 

earlier and more frequently than competitors can provide a greater representation in the 

seed bank and more individuals in the future (Brown and Venable 1986). The majority 

of these interactions will result in inter-annual changes, so were not directly observed in 

this study. 

The complexity of these interactions suggests that a thorough knowledge of site ecology 

is required to fully explain remotely-generated phenology estimates. In dynamic 

systems it promotes the need for field validation at more regular intervals than may 

normally be considered. Technologies such as high-definition phenocams (Brown et al.

2011) or automated drones may soon be a viable approach for frequent observations of 

sites, however it is difficult to envisage a scenario where field observations become 

obsolete. 

4.4.5 Study limitations 

Grassland flora surveys are recognised as being difficult to conduct accurately. 

Particularly in sites that have high biomass, grass tussocks tend to obscure the smaller 

forbs (Garrard et al. 2008, 2013). In the current study, all C4-dominated sites had high 

biomass that could feasibly increase the difficulty of detecting species and consequently 

underestimate the species richness and the cover/abundance scores of individual 

species. As there was only one observer in this study, imperfect detection is likely, 

despite the level of botanical experience of the surveyor and field training received from 
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expert grassland botanists. Ideally in future research, multiple surveyors should be used 

to increase the efficiency of the survey and improve the confidence that a site species 

list is complete.  

As an extension of this theme, the number of survey replicates should be increased in 

future surveys. The number of plots were determined in accordance with the Office of 

Environment and Heritage method for homogenous vegetation zones (Department of 

Environment Climate Change & Water 2011). However, the definition of ‘homogenous’ 

is more accurate for some grasslands than others, and the concept of vegetation zones 

can be subjective to apply. Appropriate numbers of quadrats for a vegetation survey are 

best calculated based on analysis of repeated quadrats (e.g. species accumulation 

curves), however in this case was dictated by time, budget and expert opinion. The 

number of field sites in this study was commensurate with resourcing, but given the 

diversity within each grassland type, replication could be increased in future work. 

The Braun-Blanquet method for assessing the relative cover/abundance of a species has 

been a common tool in vegetation studies for many decades (Poore 1955), not least of 

all due to its ease of use (Moore et al. 1970). However it has been criticised for its 

categorical scale that renders any sophisticated analysis or cumulative groupings 

impossible (Podani 2006). In the current study, these weaknesses were addressed by 

using a transformation of original Braun-Blanquet data. Several transformation methods 

exist (van der Maarel 1979, 2007, McNellie et al. 2017), and have been shown to result 

in good agreement with both field measures and theoretical models. While not 

implicitly stated in the assumptions of these transformations, they may be more accurate 

for large samples than the relatively small samples used in this study. In this project, a 

small difference in estimate can result in a relatively large difference in transformed 

data. For example, an original estimate of 4% cover gives a Braun-Blanquet score of 1. 

This results in a ‘transformed cover’ of 0.5%. As such, transformed values should be 

treated cautiously. 

Further, visual estimates of vegetative cover are known to be significant sources of error 

(Klimeš 2003).The use of cover classes such as Braun-Blanquet improve this source of 

error but does not eliminate it entirely (Cheal 2008). Point-transect assessments may be 

a solution to estimate cover and abundance of each species in a more objective and 
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precise manner (Prober et al. 2007, Godínez-Alvarez et al. 2009) though the benefits of 

this must be weighed against the additional effort required for data collection. 

In dynamic systems, it can be difficult to representatively allocate phenophase across a 

whole paddock. Small microclimates can yield difference in flowering or fruiting 

patterns, and the resultant attribution is subjective in some cases. It would also be 

advantageous to survey more regularly than once per month to capture rapid changes in 

abundance, cover and phenophase. 

The influence of grazing on phenophase was not incorporated into this study, however 

is important to consider under some management practices. Particularly at exotic-

dominated sites with a high density of livestock, grazing can obscure phenophase trends 

by removal or trampling of reproductive structures.

4.5 CONCLUSION

This study conducted monthly flora surveys at twelve temperate grassland sites to 

monitor species richness and phenophase change throughout the year. Native-dominated 

sites tallied a total of 152 species recorded throughout the year, while exotic-dominated 

sites recorded 115 species. 

The species that are present in any given grassland changes throughout the year as a 

function of species life history, ecological interactions, climate and grazing effects. In 

general, more species are present in the summer months, and fewer species present in 

the winter months, though plant functional group directed this pattern. Exotic species 

were most readily detected in November (late spring). Whether a grassland was exotic- 

or native-dominated influenced the seasonal patterns of different functional groups of 

plants; for example, cover of exotic forbs peaked in November at native-dominated 

sites, and in January at exotic-dominated sites. 

In addition, the proportion of species detectable in temperate grasslands changes from 

month to month. Native species are most readily detected in the summer months, with 

January having the highest proportion detected. The lowest proportion of native species 
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is found in the winter, with only around one-third of the total species being present 

during this time.  

The timing of grassland flora surveys can have a major impact on the number of species 

detected, particularly if decisions are reliant on a single survey. Even at the optimum 

survey time, less than two-thirds of native species were detected. It is clear that multiple 

surveys are required per year in order to adequately assess the complete range of native 

species in temperate grasslands. Climatic conditions must also be integrated into the 

consideration of survey timing. 

Consequently, assessments of grassland condition states are also influenced by the 

timing of survey. In this case we use the Floristic Value Score, a method that estimates 

condition by the cover and abundance of differently-valued native species. FVS varied 

through the year, particularly in native-dominated sites. This variation is mostly 

influenced by the presence of high-value forbs rather than by large changes in 

cover/abundance in any of the dominant species. Although most of the sites remained in 

the same condition class throughout the year, those that were close to threshold values 

changed classes depending on the month sampled. This inherent variation must be 

considered when interpreting long-term monitoring of grassland condition, and the 

utility of seasonal benchmarks. 

The vegetative cover of dominant species at each site changed through the year, which 

impacts phenology patterns measured from near-surface and satellite sources. The 

complexity of integrating ground-based measures of cover and phenology is particularly 

illustrated by sites that have multiple dominant species that vary in their seasonal 

patterns at the same site. For sites with one dominant species that follows predictable 

phenological stages, integration of ground-based phenology with remotely sensed 

phenology may be more straightforward. 

Overall, this study quantifies the dynamics of temperate grasslands at a floristic level, 

and highlights the importance of how seasonal changes in different plant functional 

groups can impact larger-scale estimates of land surface phenology. However, methods 

that quantify phenology—particularly vegetative phenology—at smaller time fractions 

may be necessary to enable direct comparisons with remotely sensed phenology data.
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Chapter 5: Assessing phenology of C3 and C4 grasslands 

using near-surface and satellite remote sensing coupled with 

field measurements 

5.1 INTRODUCTION

5.1.1 Different grassland functional types 

Grasslands represent one of the most dynamic and widespread biomes on earth 

(Scurlock and Hall 1998). They occupy a broad range of ecological niches and are 

dominant ecosystems in a variety of climatic conditions. However, despite their 

importance in grazing systems and their acknowledged provision of ecosystem services, 

historical and current land management practices have degraded grasslands throughout 

the world (Ceballos et al. 2010). This is particularly true for temperate grasslands, 

which are facing many threats to their sustainable future (Peart 2008). 

In Australia, 37% of the continent is classified as grasslands (Lymburner et al. 2011). 

Hummock grasslands of the arid and semi-arid interior are widespread and relatively 

undisturbed, whereas grasslands in the temperate zones are disturbed, fragmented and 

degraded. As such, the interior hummock grasslands are relatively secure, while native 

temperate grasslands represent some of the most threatened communities in the country 

(NSW Natural Resources Advisory Council 2010). These grasslands differ greatly in 

their composition, structure and functional attributes. Being able to classify grasslands 

based on these attributes is the first step in being able to direct their management, 

whether this is for an ecological or economic aim. 

There are 60 recognised native grassland communities classified in the state of New 

South Wales (NSW), obtained from a range of vegetation classification programs (NSW 

Office of Environment & Heritage 2014). In addition to this are grasslands dominated 

by non-native (exotic) pasture grasses or weeds, and a continuum of intermediate states 

with both native and exotic components. Distinguishing native from exotic grasses is 

important from an agricultural productivity perspective—such as determining stocking 
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rates—but is also essential for detecting weed incursions into pastures or conservation 

areas. 

Vegetation classification in Australia is important for land management, ecosystem 

inventory, habitat assessment, and a wide range of other purposes. Geoscience Australia 

has classified 32 land cover categories at 250 m spatial resolution, including elements 

such as trees, shrubs, crops, wetlands and grasses (Lymburner et al. 2011). Grasslands 

occupy 8 of these 32 categories. These broad classifications are based on structural and 

spectral attributes as well as phenological distinction; they separate grassland types such 

as ‘closed tussock grasses’ and ‘scattered hummock grasses’, but ultimately lack the 

fine detail required for discrimination of grassland communities required for ecological 

management. 

One of the more fundamental distinctions in vegetation function is that of C3 or C4

photosynthetic type (Still et al. 2003). The nature of C3 or C4 dominance dictates 

patterns of growth and productivity during different times of the year; C3 species are 

more productive in cooler, mesic climates, whereas C4 species have a greater advantage 

in warmer, drier regions (Wand et al. 1999, Baldocchi 2011). Differentiating C3-

dominant grasslands from C4-dominant grasslands has been a prominent theme in 

remote sensing research because of their distinct seasonal productivity patterns. This 

research has been driven by the potential impact of future climate scenarios on 

agricultural productivity (Winslow et al. 2003, Howden et al. 2008, Cullen et al. 2009, 

Pau et al. 2013). There has been debate in the scientific literature as to how C3 and C4

vegetation generally, and grasses specifically, will respond to increased CO2

concentration, increased temperatures and modified moisture regimes of a changing 

climate (Baldocchi 2011), particularly as grasses are expected to be highly responsive to 

rising CO2 levels (Sala 2001). Rising temperatures and lower available moisture are 

expected to favour C4 grasses, while higher CO2 concentrations should favour 

C3 grasses (Morgan et al. 2011). However, the interactive effects between climate 

variables are likely to be complex and dependent on thresholds; for example C3 plants 

may be favoured under certain moisture regimes and C4 grasses may be favoured under 

others (Morgan et al. 2011). Research continues to separate out the likely trends for 

different species and ecosystems around the world, but it is clear that and competitive 

advantage granted to one photosynthetic group will drive a series of unpredictable 
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ecological cascades (Poorter and Navas 2003, Körner 2006). This change in 

composition on a global scale will in turn create large-scale feedbacks to climate 

systems and ecosystem services (Richardson et al. 2013). Understanding changes in this 

composition is therefore critical for ecosystem forecasting and better modelling of 

global climate models (Potter et al. 2007).  

In Australia, most grasses in the tropical, arid and semi-arid zones utilise the C4

photosynthetic pathway. The temperate south-east of the country comprises some areas 

where C3 grasses dominate, some areas where C4 grasses dominate, and some 

grasslands where C3 and C4 grasses co-exist (Hattersley 1983). Much of the grassland 

composition depends as much on disturbance factors as climate; in fact it is suggested 

that the C4 grass Themeda triandra would dominate many undisturbed landscapes in the 

south-east if domestic stock grazing was eliminated (Wimbush and Costin 1979, 

Benson 1994). This is contrary to general opinion that C4 grasses are predominantly 

adapted to areas of low rainfall or high temperatures (Pau et al. 2013). 

5.1.2 Need for identification and monitoring of grasslands 

In temperate NSW, native grasslands occur on flat, productive land which has resulted 

in extensive habitat destruction and modification for cropping and grazing agriculture. 

Many native grassland types occupy a very small fraction of their pre-European range 

(Benson 1994, McDougall and Kirkpatrick 1994), and eight grassland communities are 

listed as ‘endangered’ or ‘critically endangered’ under State and Commonwealth 

legislation (NSW Natural Resources Advisory Council 2010). Their conservation and 

restoration has been recognised as a priority, however the need to balance conservation 

and agriculture in this region is acute. Failure to adequately protect high conservation 

value grasslands will almost certainly result in increased fragmentation and further 

degradation. Conversely, overprotection of low conservation value grasslands can 

frustrate agricultural landholders who may become disengaged with conservation 

measures. This can result in further impediments to meaningful conservation on private 

land—a critical point, given that a large proportion of remnant native grassland in 

temperate Australia is known to be on private land (NSW Natural Resources Advisory 

Council 2010). Identification of remnant areas is important to quantify the area of native 

grasslands and strategically manage them at a landscape scale. However, identifying 
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these through traditional field methods is difficult due to the time and cost of travel and 

in many cases the difficulty in obtaining access to private property. 

  

Monitoring is an important component of grassland management, particularly when 

determining the success of restoration or the consequences of degradation (Sharp et al.

2015). However, field monitoring has practical difficulties due to variability in species 

presence and vegetative cover throughout the seasons, as well as the intensity of survey 

workload that this requires (refer to Chapter 4).  

Consequently, remote sensing has been suggested as a practical approach to identify 

grassland types and condition. Efforts to separate grassland communities worldwide 

have had some success in the spectral domain (e.g. Price, Guo and Stiles 2002), but in 

temperate Australia the unique properties of grassland vegetation have generally 

confounded attempts to achieve fine-scale classification of grassland or time-series 

monitoring of condition. Specifically, this is due to their dynamic, heterogeneous nature 

(Hill 2013), habit of retaining dead material on the plant (Tremont and McIntyre 1994, 

Morgan and Lunt 1999), unique shading issues that grasslands present (Shimada et al. 

2012) and the continuum between disturbed and undisturbed condition states (Psomas 

2008).  

The use of phenological signatures—annual patterns in green vegetation change—for 

discriminating vegetation types has been successful in vegetation types globally 

(Hmimina et al. 2013), including the separation of C3 and C4 grassland types (Wang et 

al. 2013, Dye et al. 2016). This phenological approach has yet to be trialled in 

Australian temperate grasslands. The use of phenological methods to monitor 

vegetation in Australia is currently limited to the arid and semi-arid zones where 

changes in vegetation between seasons are driven by rainfall and are highly pronounced 

(Ma et al. 2013, Petus et al. 2013). Furthermore, many of the methods used for 

discrimination of vegetation functional types are based on northern hemisphere 

unimodal systems (e.g. Davidson and Csillag 2003; Wang et al. 2013) where common 

phenology metrics such as ‘start of season’ and ‘length of season’ are appropriate and 

meaningful. As has been found in semi-arid and arid parts of the country (Zhang et al.

2006, Broich et al. 2015), these approaches are not applicable to temperate Australian 

grasslands, which are more complex in their seasonal dynamics. 



210 

There are multiple challenges involved in the separation of grassland communities via 

remote sensing. Using phenological characteristics to improve the identification of 

native-dominated grasslands from exotic-dominated grasslands, and C3-dominance from 

C4-dominance is a research avenue that can improve the set of tools available for this 

challenge. 

5.1.3 Phenology: methods of data collection 

Chapter 1 introduced the potential of using land surface phenology to identify or 

separate different vegetation types. However, in Chapter 4 we learned that the ecology 

of the vegetation is critical to interpretation of land surface phenology and that 

understanding of field-scale detail is important to inform remote sensing data. As such, 

it is important that research investigating land surface phenology examines information 

that both fine-scale and broad-scale approaches can provide. 

Vegetative phenology is fundamentally associated with the biophysical properties of the 

vegetation, such as leaf area index (LAI), phytomass, chlorophyll content, and fraction 

of absorbed radiation (Lu et al. 2003). These biophysical parameters are often highly 

related to the quantity and quality of green vegetation, but are also is impacted by the 

quantity and nature of non-photosynthetic vegetation (van Leeuwen and Huete 1996, 

Nagler et al. 2000, Watson et al. 2013). Several methods are used in contemporary 

research to capture these changes in biophysical characteristics to extract phenological 

information, and are discussed in this section. 

Satellite data is now a prominent source of information on vegetation dynamics across 

the globe. Land surface phenology tools characterise the greening and browning 

patterns of vegetation types across continental scales (Broich et al. 2015). Typically, 

these tools use spectral reflectance converted to a vegetation index (VI) such as the 

Normalized Difference Vegetation Index (NDVI; Rouse et al. 1974; Tucker 1979) or 

the Enhanced Vegetation Index (EVI; Huete, Justice and Liu 1994). Different VIs 

calculated from satellite sensors have been shown to reliably estimate biophysical 

parameters for a range of vegetation types (Weiser et al. 1986, Huete et al. 2002). 

Satellite data has the advantage of being able to capture large areas consistently, and 
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provide different types of vegetation information through the use of varied spectral 

domains. However, satellite application to land surface phenology is limited by 

temporal resolution (i.e. time of satellite re-visit) and spatial resolution (i.e. size of 

pixel). The quality of satellite data is also impacted by atmospheric effects (Chuvieco 

and Huete 2009), and illumination effects (Saleska et al. 2007, Bhandari et al. 2011), 

many of which are incompletely understood. Satellite-based studies on vegetation 

phenology are extensive, with many covering grassland vegetation types (Justice and 

Hiernaux 1986, Fontana et al. 2008, Cui et al. 2012, Horion et al. 2013, Wang et al.

2013).The majority of these focus on northern hemisphere grasslands that, unlike 

Australian grasslands, have phenology strongly driven by temperature. 

Time-lapse fixed cameras or ‘phenocams’ have shown great promise in capturing 

phenological information in an increasing range of biomes (Brown et al. 2016), 

including northern hemisphere broadleaf forest (Ahrends et al. 2008, Richardson et al.

2009, Nagai et al. 2011, Mizunuma et al. 2013), Brazilian cerrado (Alberton et al.

2014), European alpine grasslands (Migliavacca et al. 2011, Julitta et al. 2014), 

Malaysian tropical forest (Nagai et al. 2016) and grasslands in Japan (Inoue et al.

2015). In Australia, Moore provides an overview of phenocam imagery captured at 

specific locations, including tropical rainforest, tropical savannah and temperate 

evergreen forest (Moore et al. 2016). 

Phenocams generally have a smaller spatial capture area than satellites and lack the 

spectral resolution of modern satellite sensors. However, they have the advantage of 

being able to capture high frequency (sub-daily) imagery, they can be positioned to 

directly monitor the vegetation of interest, atmospheric effects are rarely a concern, and 

users can visually examine imagery to explain observed patterns or anomalies in the 

data. Phenocam imagery is typically converted to a vegetation index such as Excess 

Green (Woebbecke et al. 1995) or Green Chromatic Coordinate (gcc; Gillespie, Kahle 

and Walker 1987; Sonnentag et al. 2012) through manipulation of the red, green and 

blue brightness values. Unlike satellite sensors, phenocams typically only use the 

visible part of the electromagnetic spectrum, although some have attempted to use the 

near infra-red (Nijland et al. 2014). Data generated from phenocam imagery has shown 

a good correspondence of phenophase timing with eddy-covariance towers, satellite 

imagery and field data (Richardson et al. 2007, Migliavacca et al. 2011, Nagai et al.
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2011, Mizunuma et al. 2013, Toomey et al. 2015, Moore et al. 2017), albeit with 

quantifiable time lags or restrictions to certain times of year. 

While early phenocam studies tended towards more expensive fixed cameras, advances 

in technology have led to smaller, more affordable phenocams being used. This allows 

researchers to deploy several inexpensive devices as opposed to one expensive camera. 

It also expands the number of potential locations that cameras can be placed, as the risk 

of losing a camera through vandalism becomes a lot less impactful on the overall 

project. The quality of data generated by inexpensive phenocams has been shown to be 

equivalent to that of higher cost hardware (Sonnentag et al. 2012). 

Ideally, phenological data collected using remote sensing methods such as satellite 

sensors and phenocams should be complemented with concomitant field measurements 

of the vegetation properties. In some ecosystems, such as forests, appropriate field data 

can be difficult to gather due to error in estimates (Bréda 2003) but also because of the 

difficulty in adequately sampling tree biomass. In grasslands, obtaining representative 

biomass samples or estimates of vegetative cover can be more straightforward because 

of their ground-layer canopy, though LAI is difficult to interpret when there is 

significant non-photosynthetic material (White, Asner, et al. 2000). Much of the field-

based data collection methods are based on agricultural methods for estimating 

productivity, and include canopy height, fractional cover and aboveground biomass 

harvesting. 

Field based data is essential for validating remote data, but for decades has been used as 

a method for estimating vegetative phenology as seasonal productivity for agricultural 

research in its own right (e.g. Epstein et al. 1997; Lauenroth et al. 1986; Singh and 

Yadava 1974). Canopy height has been used to assess grassland condition (Gilgen and 

Buchmann 2009) and is routinely used in the field as a proxy for estimating 

aboveground biomass (Lopez Diaz and Gonzalez Rodriguez 2003). Aboveground 

biomass is fundamental characteristic of vegetation as it directly represents productivity 

(Scurlock et al. 2002). As such, biomass measures are frequently used in conjunction 

with grassland remote sensing research (Mutanga and Skidmore 2004b, Shen et al.

2008, Psomas et al. 2011). Fractional cover relates to the proportion of ground surface 

covered by photosynthetic (‘green’) vegetation, non-photosynthetic (‘brown’) 
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vegetation and background, or bare soil. It is an important variable in the context of 

grasslands as proportional variations are reflective of community structure (Li et al.

2005) as well as wider-reaching factors such as nutrient dynamics, fire risk, soil erosion 

and heat exchange (Guerschman et al. 2009). Fractional cover has also been used in 

remote sensing studies (Guerschman et al. 2009, Hill et al. 2011, Hufkens et al. 2016). 

5.1.4 Phenology data collected at different scales 

Many long-term phenological records, such as leafing-out or flowering time, are from 

visual observations collected from an individual plant, or small patch of plants (Sparks 

and Carey 1995, Aono and Kazui 2008). Visual observations of phenophase have been 

used for large-scale and long-term data sets to enable the evaluation of climate change 

on phenology across continents (Menzel et al. 2006). Citizen science programs to 

monitor phenology (e.g. Betancourt et al. 2007) are currently flourishing and use a 

similar approach. However, the limitations of visual observations are well recognised: 

many observations are necessarily subjective in nature, particularly when attempting to 

estimate a set proportion of a specific phenophase (e.g. 50% of leaf expansion). 

Attempting to compare data collected across large scales is challenging due to the lack 

of standardised data collection protocols, though this is changing thanks to greater 

awareness and promotion of this issue (Moore et al. 2016) and the proactivity by some 

organisations (e.g. US National Phenology Network). Given the phenological variability 

within any given species, the question of point-source representativeness is often raised 

(Siljamo et al. 2008), particularly in urban areas that have different climatic conditions 

to the ambient environment (Fisher and Mustard 2007). The validity of point-source 

studies to be used in phenological meta-analyses is also questioned (Parmesan and Yohe 

2003). Further, the type of statistical analysis resulting from visual observations is still 

in its infancy, and more sophisticated approaches to analysis are in need of development 

(Keatley and Hudson 2010).  

The alternative approach to point-source observations is that of land surface phenology, 

a remote sensing term that captures an integrated area of vegetation rather than a single 

plant (de Beurs and Henebry 2004). Land surface phenology is being more routinely 

estimated by satellites and phenocams tracking changes in vegetation indices. While not 

explicit in its definition, land surface phenology tends to concentrate on vegetative 
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phenology rather than flowering or fruiting phenology, due to the large body of work in 

the remote sensing sciences that explores the relationship of green vegetation to spectral 

reflectance. Concentration on the vegetative component is also a practical matter: 

reproductive structures usually contribute a relatively small proportion to the overall 

vegetation signal. Pragmatically, the spectral signature of green vegetation is relatively 

consistent, whereas flowers and fruits vary significantly in colour, size and surface 

characteristics, hence their utility in an integrated land surface phenology approach is 

limited.  

As the comparison of remote sensing and field data is important, some authors have 

provided recommendations on how best to coordinate these elements (Rienke and Jones 

2006). Field data and remotely-sensed data are very different in their fundamental 

approaches and are often used in conjunction to validate one another (Zhang et al. 2006, 

Liang et al. 2011). Although scaling from ground to satellite has been deemed a success 

in some research projects (Fisher and Mustard 2007, Studer et al. 2007), several studies 

have highlighted the often weak relationship between ground and satellite observations 

(Badeck et al. 2004, Ahl et al. 2006, Soudani et al. 2012). As a result, one of the 

pressing questions in phenological research is how phenological estimates taken at 

different scales compare to one another (Friedl et al. 1994, Reed et al. 2009). This is 

particularly relevant for grasslands, where variability in spatial scales of field 

measurements can be problematic (Klimeš 2003). 
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5.1.5 Aims 

This study uses a combination of monthly field measurements and remote data sources 

to capture information on grassland land surface phenology. It aims to: 

• identify changes in biophysical characteristics that cause changes to grassland 

land surface phenology; 

• identify key phenological features of temperate grassland types, particularly C3

and C4 grasslands; 

• compare ground-based methods and remote-sensing methods of capturing 

vegetation dynamics; 

• explore the differentiation of grassland study types based on remote sensing; and 

• evaluate the utility of phenocams for capturing vegetation dynamics in a 

temperate grassland system. 

5.2 MATERIALS AND METHODS

5.2.1 Experimental design and study sites 

The twelve sites used for this study are described in detail in Chapter 4, and represent a 

range of grassland functional types found throughout the temperate region. Their 

fundamental characteristics are reproduced in Table 5.1, and their location presented as 

Figure 5.1. Three sites are represented from each functional type: grasslands dominated 

by C4 native grasses (‘C4 Native’), C3 native grasses (‘C3 Native’), C4 exotic grasses 

(‘C4 Exotic’) and C3 exotic grasses (‘C3 Exotic’). It should be noted that each grassland 

type contains minor but dynamic components of species outside the functional group. 

For example, C4 Native sites may contain a minor fraction of C3 native grasses and 

exotic species. C3 forbs occur in most grasslands but usually represent a minor fraction 

of the total vegetation cover.  
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Most sites were sampled each month from May 2014 to April 2015, however three sites 

(IN17, MPON and MPOE) did not commence until July 2014 due to access issues. 

Table 5.1. Summary of temperate grassland field sites. Full details of these sites (including 

floristic composition) are presented in Chapter 4. 

Field Site Name 
Field Site 

Code 

Grass 

Dominance 
C3/C4 Dominance 

Mullunggari Nature Reserve MGAR Native C3

Gungaderra Grassland Reserve 

(native paddock) 
GUNN Native C3

Mulloon Creek Natural Farms 

(native paddock) 
MULN Native C3

Gidleigh Travelling Stock Reserve GIDL Native C4

Turallo Nature Reserve TURA Native C4

Millpost Farm (native paddock) MPON Native C4

Mulloon Creek Natural Farms 

(exotic paddock) 
MULE Exotic C3

Gungaderra Grassland Reserve 

(exotic paddock) 
GUNE Exotic C3

Millpost Farm (exotic paddock) MPOE Exotic C3

Scottsdale Bush Heritage Reserve SCOT Exotic C4

Ingelara Farm INGE Exotic C4

Ingelara Paddock 17 IN17 Exotic C4
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 Location of grassland study sites in the South Eastern Highlands region of NSW. 

5.2.2 Satellite phenology data sources 

Satellite data was obtained from three sources: the MODIS (MODerate resolution 

Imaging Spectrometer) sensor aboard the Terra satellite, the Operational Land Imager 

(OLI) sensor aboard Landsat 8, and the Enhanced Thematic Mapper Plus (ETM+) 

sensor on Landsat 7.  

The Terra MODIS 16-day composite NDVI (MOD13Q1) at 250 m spatial resolution 

was downloaded from the NASA Land Processes Distributed Active Archive Centre 

(http://e4ftl01.cr.usgs.gov/). The data were filtered based on the quality assurance (QA) 

flags provided in the quality control (QC) layers of the product. The MOD13Q1 product 

is a 16-day maximum composite NDVI for the period May 1, 2014 to April 30, 2015. 

This product is processed for atmospheric effects and BRDF (Bidirectional Reflectance 

Distribution Function) to standardise differences due to viewing and illumination 

angles. The 16-day composite data reduces impact of cloud cover on long-term data 
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sets, though at the expense of higher temporal resolution. Due to the relatively small 

size of most grassland patches, one pixel (250 m x 250 m) was used for analysis. Pilot 

studies determined NDVI to be the most appropriate vegetation index for this vegetation 

type, as many of the limitations attributed to NDVI (e.g. saturation, soil effects) do not 

apply to temperate Australian grasslands. NDVI was calculated as per Equation 6.1, 

using the bands specified in Table 5.2. 

           (5.1) 

Landsat data was obtained from the Climate Data Record (CDR) surface reflectance 

from the Science Processing Architecture System of USGS Earth Resources 

Observation and Science (EROS) Centre (http://espa.cr.usgs.gov/). This data is also 

corrected for atmospheric effects and BRDF. Landsat 7 and 8 data is collected at a 

nominal 16-day frequency, however this is subject to effects of clouds that can reduce 

or eliminate the usability of parts of an image. As such, temporal resolution frequently 

extends beyond 16 days. To capture a similar area as MODIS data sources, a 5 x 5 grid 

of Landsat pixels was used (each 30 m x 30 m) resulting in a total area of 150 m x 

150 m. NDVI was calculated as per Equation 5.1, using the bands specified in Table 

5.2. Landsat 7 and Landsat 8 data was combined into the one NDVI time series. 

Table 5.2. Satellite sensor spectral bands used for the calculation of NDVI. 

Sensor Satellite Red (RED) Near Infrared (NIR) 

MODIS Terra Band 1 (620–670 nm) Band 2 (841–876 nm)

OLI Landsat 8 Band 4 (640–670 nm) Band 5: (850–880 nm) 

ETM+ Landsat 7 Band 3 (630–690 nm) Band 4 (770–900 nm) 

5.2.3 Time-lapse digital photography 

At each site, a Wingscapes™ time-lapse RGB camera (‘phenocam’) was installed to 

capture the changes to the vegetation at a high temporal capacity. These cameras are 

contained in a weatherproof housing and have favourably compared with more 

sophisticated phenocam systems (Sonnentag et al. 2012). The phenocam was mounted 

on a post 2.3 m above ground level and was angled approximately 15 degrees from 
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horizontal (refer to Figure 5.2). The ideal field-of-view (FOV) included the horizon in 

the picture but only a small quantity of sky, i.e. the majority of the scene was the target 

area of grassland. This FOV captured an area of between 2 and 4 hectares, with the 

precise area being dependent on the topography of the study site. Each phenocam was 

positioned to face south to reduce variability between sites and to minimise the impacts 

of sun glint on the images. 

At two sites, phenocams were mounted in nadir-viewing positions to compare the effect 

of camera angle on visual greenness indices. 

 Positioning of phenocam 2.3 m above ground level, angled approximately 

15 degrees from horizontal. 
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While the camera manufacturer claims the phenocam to be weatherproof, further 

waterproofing modifications were made, including a plastic rain shelter and the addition 

of silica gel within the camera housing to absorb moisture. Phenocams were installed 

with a supplementary solar panel, however the battery life was generally sufficient for 

the length of the study. Images were collected from the camera at monthly intervals. 

Although vandalism was considered to be a potential concern, no vandalism occurred 

throughout the study period. 

The phenocams were programmed to take one photograph at hourly intervals between 

9:00 and 15:00 Australian Eastern Standard Time. Pilot studies suggested that images 

captured outside this period were either too dark or too variable to be utilised for 

phenology purposes. No standardisation of colour was used through the use of reference 

cards as can be found in similar studies (Ahrends et al. 2008, Richardson et al. 2009, 

Sonnentag et al. 2012) due to the practical limitations of the equipment configuration: 

the card would not be in the same plane as the target; preventing the card from 

becoming contaminated through dust and rainfall was impractical; and the card could 

not be mounted from the camera without interfering with the image collection. Instead it 

was assumed that because the cameras were all from the same manufacturing batch, the 

sensors within each camera were equivalent. Therefore, any colour balance drift or 

sensor degradation would occur at the same rate. Colour balance drift has been reported 

in a study using phenocams (Ide and Oguma 2010) however this only became apparent 

after two years of use. As such, no significant colour balance drift is assumed for this 

study. 

5.2.4 Field measurements 

Field measurements were collected monthly from each study site. These measurements 

included pasture height and vegetative fractional cover using non-destructive methods, 

and aboveground biomass using destructive harvesting. 

5.2.4.1 Pasture height 

Pasture height is a measure of the growth of the dominant grass species, and has been 

strongly correlated with biomass and vegetation indices in grassland ecosystems (Lopez 
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Diaz and Gonzalez Rodriguez 2003). Monthly pasture height was collected using the 

falling plate method (Frame 1993, Rayburn and Rayburn 1998). A 100 m transect was 

established at each location and height measures taken every 5 m, resulting in 20 

measurements. The average of these height measurements was used in calculations. 

5.2.4.2 Fractional cover 

Fractional cover refers to the proportion of the ground surface covered by 

photosynthetic (‘green’) vegetation (fPV); non-photosynthetic (‘brown’) vegetation, 

(fNPV) or background material such as soil (fBG). Each component of fractional cover is 

represented as a percentage. Temperate Australian grasslands tend to retain a high 

proportion of standing litter (Tremont and McIntyre 1994), so fBG is generally quite low 

unless disturbance has removed all vegetation (e.g. fire or vegetation clearing).  

Monthly measures of fractional cover were taken using a step-toe method (NSW 

Catchment Management Authority 2005). During each measurement event, one 100 m 

transect was established across a representative part of the study site. The transect was 

traversed at 1 m intervals, and the fractional cover status at that point was noted. 

Summing the total resulted in a proportional fractional cover for each component. For 

quality control purposes, a duplicate transect was measured at least once during each 

sampling run (i.e. 1 duplicate for every 12 transects). If the duplicate was found to be 

within 10% of the original, the average of the two was applied. If the duplicate 

exceeded this threshold, a third transect was to be measured. However for all sampling 

events the duplicate was within 10% of the original, implying confidence in the 

repeatability of this method. 

5.2.4.3 Biomass harvesting 

Vegetative biomass is representative of an ecosystem’s productivity; that is, the amount 

of carbon fixed through photosynthesis (Lauenroth et al. 1986). Monitoring of 

aboveground biomass through destructive harvesting is a routine method for 

determining productivity and validating estimates made through non-direct methods. 

(Brummer et al. 1994, Lopez Diaz and Gonzalez Rodriguez 2003). 
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At each site, total biomass was harvested by clipping all vegetation within six replicates 

of 1 m2 quadrats to approximately 1 cm above ground level. The location of each 

quadrat was randomly selected at each visit, with GPS locations recorded at each time 

to ensure subsequent samples were not taken from the same place. These samples were 

stored in a plastic bag in a cool environment (a cooler in the field and a refrigerator in 

the laboratory) prior to processing to ensure that degradation of the vegetation did not 

occur. Processing was completed within 5 days of collection. 

5.2.5 Processing and analysis 

5.2.5.1 Biomass processing 

Biomass samples were subsampled at 25% (i.e. one quarter of the original sample) to 

allow timely processing of all samples and minimise chlorophyll and structural 

degradation within tissues. Vegetation was separated into four components: 

photosynthetic graminoids (‘live grass’) photosynthetic forbs (‘live forbs’), non-

photosynthetic graminoids (‘dead grass’) and non-photosynthetic forbs (‘dead forbs’). 

These components were placed in paper bags and oven-dried at 60 ºC for 72 hours. Dry 

vegetation was weighed to 3 decimal places and converted to kg/ha. 

5.2.5.2 Statistical analysis 

Data processing and analysis was conducted using the R software package (R Core 

Team 2013). Raw time-series data were suitable for comparison and analysis, however 

curves were fitted to some data using non-parametric Locally Weighted Scatterplot 

Smoothing (LOESS) to assist in visualisation of trends (Cleveland 1979). For 

comparison and correlation of different data sources, data was subset to the coarsest 

frequency (i.e. monthly). 
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5.2.6 Phenocam processing and analysis 

Viable images were processed using ImageJ image processing software. Each image 

was decomposed into nine ‘regions of interest’ (ROIs) that represented three from the 

foreground, three from the midground and three from the background of the image 

grassland component (refer to Figure 5.3).  

 Representative phenocam image showing nine regions of interest (ROIs) used for 

image analysis. ROIs are separated into background (red), midground (green) and foreground 

(yellow). 
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This study used the Green Chromatic Coordinate (gCC) as a vegetation index to monitor 

plot greenness. The gCC is presented as equation 5.2 and is the relative brightness of the 

green fraction compared to the sum of the green, red and blue fractions (Gillespie et al.

1987, Sonnentag et al. 2012). The gCC is a unitless index that pilot studies suggest 

ranges between 0.25 (no green vegetation) and 0.5 (abundant green vegetation) in 

temperate grassland systems. A variety of phenocam-based studies have preferentially 

used this index because of its dynamic response to changes in plant biophysical 

variables. The gCC also shows robustness to variations in image brightness due to sky 

conditions, time of day or shadowing (Ide and Oguma 2010, Sonnentag et al. 2012, 

Julitta et al. 2014).  

gCC =                (5.2) 

(Gillespie et al. 1987, Sonnentag et al. 2012) 

To generate the gCC for each region, images were separated into their red, green and 

blue channels, and the pixel brightness of each channel was computed. The average 

pixel brightness was generated for each ROI. 

Data summary and graphical interpretation was conducted with the R software package 

(R Core Team 2013). The gCC values were calculated for each ROI. The mean gCC was 

used for each hourly data point and was used to establish a daily time series, known as a 

phenology profile. 

During pilot studies it was noted that the magnitude of gCC was likely to be impacted by 

illumination effects and the camera angle. Appendix D illustrates the effect that time-of-

day has on gCC. Phenology profiles of foreground, midground and background ROIs are 

presented as Appendix E to compare the effect of camera angle on the gCC.  
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5.2.7 Separation of grassland functional types through phenology data 

Although many methods exist for the separation of vegetation types via phenological 

characteristics (e.g. de Beurs and Henebry 2010; Davidson and Csillag 2003; Wang 

et al. 2013), these utilise phenology metrics that are unsuitable for use in Australian 

temperate systems. As such, an alternative method was explored using the segmentation 

of mean gCC phenocam data into seasonal datasets. The variability of climate in 

temperate Australia means that greening-up periods often occur with a large temporal 

window, rather than at a predictable time of year, hence the use of seasonal statistics 

may capture these changes more reliably. 

Mean daily phenocam gCC for each site was separated into the following seasons: 

- Autumn (May 2014, March 2015, April 2015) 

- Winter (June–August 2014) 

- Spring (September–November 2014) 

- Summer (December 2014–February 2015) 

Several statistical parameters based on traditional phenological metrics were assessed. 

For each seasonal gCC dataset, the mean, maximum, minimum, amplitude and variance 

were calculated. These values were ordinally grouped to determine if separation 

between groups could be identified that corresponded to biologically explicit changes. 

In addition, principal component analysis (PCA) was performed on these groupings and 

statistics. 
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5.3 RESULTS

5.3.1 Biomass breakdown 

Monthly biomass measurement of live grass, dead grass, live forbs and dead forbs is 

presented in Figure 5.4. Live biomass (i.e. the sum of live grass and live forbs) were 

combined by grassland functional type and is presented in Figure 5.5.  

Live grass biomass varied considerably between sites and between months at the same 

site. Exotic sites tended to have the greater quantity of mean live biomass, with GUNE 

(maximum = 2,769 kg/ha), IN17 (2,870 kg/ha) and INGE (2,284 kg/ha) recording the 

highest values.  

The mean live biomass for C4 Native sites never exceeded 1000 kg/ha, and C3 Native 

sites never exceeded 500 kg/ha. C4 Exotic sites had higher live biomass during the 

summer months than the winter months. C3 Exotic sites fluctuated throughout the year 

in response to grazing pressures and seasonal drivers, particularly periods of low 

rainfall. Sites that were dominated by C4 species had low quantities of live biomass 

during the winter months to a mean minimum of 134 kg/ha, though notably this was 

still above zero. The key features of the C3 biomass pattern are an increase in September 

which reaches a peak in November (mean live biomass 1,536 kg/ha for exotic; 

586 kg/ha for native). The C4 sites commenced green-up a month later, in October, and 

reached a peak in December which was sustained through the summer (1,438 kg/ha 

exotic; 922 kg/ha native). C4 Exotic sites showed an additional peak in late summer 

(February; mean live biomass 2026 kg/ha) though this was largely driven by one site 

and the associated standard deviation is very large. 

Dead biomass (Figure 5.6) was greatest in C4-dominated sites, particularly SCOT 

(exotic; peak dead biomass of 9,240 kg/ha), GIDL (native; 4,893 kg/ha) and TURA 

(native; 6,233 kg/ha). This accumulation of dead material is driven by minimal grazing 

at these sites and little other disturbance. C4-dominated sites tended to have a higher 

biomass during the winter months but exhibited a very high variability between sites 

and replicates. C3 Native sites had a consistent quantity of dead biomass throughout the 
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year, but C3 Exotic sites were more variable. In C4-dominated sites the dead biomass 

was much greater than live biomass throughout the year. 

Live forbs and dead forbs contributed a very minor proportion of the overall biomass. 

On a site-by-site basis however, live forbs contributed a reasonable proportion of the 

total biomass on occasions where exotic forbs (e.g. Trifolium spp.) were abundant and 

grass coverage was low.  
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228 

 Mean monthly dry biomass (kg/ha; n = 6) at each location, separated into live grass, dead grass, live forbs and dead forbs (± s.d.). 
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 Mean monthly live biomass (kg/ha ± s.d.; n = 18) by functional type.  

 Monthly dead biomass (kg/ha ± s.d.; n = 18) by functional type. 



230 

5.3.2 Grassland height 

Figure 5.7 shows the patterns of mean monthly height by functional group. Figure 5.8 

represents the mean monthly height for the twelve sites included in this study. Patterns 

of pasture height were extremely variable between sites. Some sites though, particularly 

native-dominated, were consistent throughout the year. C3 Native sites ranged between 

10 cm and 20 cm height, and C4 Native sites measured between 18 cm and 30 cm 

height. Exotic sites exhibited much more variation throughout the year and between 

sites. Exotic grasslands were typically taller: the maximum mean height of 60 cm was 

measured at GUNE in February 2015. However this was not always the case, with one 

C3 Exotic site (MPOE) much shorter than the others (mean maximum of 20 cm).  

Overall patterns showed C3 Exotic sites to attain maximum height in January (mean 

height of 48 cm), however inter-site variability was extremely high. C3 Native heights 

peaked in December (mean height of 12 cm). C4 Exotic sites peaked in December 

(30.5 cm) but retained that height throughout the summer. C4 Native sites had a peak 

height in February (mean maximum = 21 cm).  
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 Mean monthly pasture height (cm of falling plate height ± s.d.; n = 60), by 

grassland functional type. 

5.3.3 Fractional cover 

All sites showed distinct changes in fractional cover throughout the year, as illustrated 

by Figure 5.9, with periods of high fPV cover and periods of high fNPV cover. The 

contribution of the background substrate was negligible at all sites. As such, the fNPV

represents the inverse of the fPV.  
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 Mean monthly grassland height (cm of falling plate height; n = 20) at 12 grassland locations. 
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 Monthly fractional cover (%), presented by site. Fractional cover is separated into photosynthetic vegetation fraction (fPV), non-photosynthetic 

vegetation fraction (fNPV) and background fraction (fBG). 
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Figure 5.10 illustrates the mean fPV for each functional type. C4 Native sites demonstrate 

particularly distinctive and predictable patterns, with low fPV during the winter months, 

rapid greening in October, and a peak of 75% fPV maintained from December to 

February. After March, the fPV decreases quickly to 20%. Variation within C4 Native 

sites is low. C4 Exotic grasslands have a similar pattern, though with greater variation 

between sites; low fPV (approximately 10%) through winter, green-up starting in August 

with a steady increase to November, and a rapid rise to a peak of 75% in February. 

Similar to live biomass patterns for this group, this apparent ‘double peak’ is driven by 

different patterns within the group. C3 Native sites show a high variability throughout 

the year, with a peak of 80% fPV in October and minima in November and March 

corresponding with high temperatures and low rainfall. C3 Exotic sites show less 

variability than C3 Native sites, suggesting that they more robust to environmental 

changes. Peak fPV is in November (76%) though high fPV is maintained from September 

through January. The minimum fPV occurs in March for C3 Native and C3 Exotic groups. 

 Monthly mean photosynthetic fraction (fPV, n = 3), presented by grassland 

functional type. 
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5.3.4 Phenocams 

5.3.4.1 Evaluation of phenocam data 

Overall, the quality of the phenocam images and the reliability of the hardware were 

considered suitable for the objectives of this project. The cameras were found to be 

vulnerable to water ingress and lens fogging, particularly during the winter months. 

This required all images to undergo a comprehensive quality control procedure prior to 

processing and analysis. Issues with image quality arose when: 

• the FOV was obscured by rain, animals or objects; 

• the FOV was altered due to the camera having moved. This was usually minor 

and caused by wind or soil subsidence, though occasionally was major due to 

animals rubbing against the support post; 

• weather conditions prevented the vegetation being viewed throughout the FOV, 

specifically fog, frost or smoke; 

• unusual lighting was present; either as a result of the image being too dark (e.g. 

during thunderstorms or late in winter), where too much diffuse sky was visible 

in the image, or through excessive shadowing. 

• the camera lens was fogged from the inside. This was typical following water 

ingress, and was most apparent in early-morning images. 

Occasional hardware or power failure also resulted in data gaps in the image time series. 

Of the 29,295 potential images, a total of 23,512 images were retained for analysis. This 

represents a capture success rate of 80.2%. 

Table 5.3 shows the percentage of days for each site that had viable images used for 

analysis. Across all sites, 64.9% of days had at least one viable image.  
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Table 5.3. Phenocam data availability for each site, based on the proportion of days that had 

viable imagery.  

Site Days Recorded 
Number of days with 

viable image(s) 

Percentage of days 

with viable images 

MGAR 364 286 78.6 

GUNN 364 219 60.2 

MULN 362 217 59.9 

GIDL 360 263 73.06 

TURA 363 224 61.7 

MPON 295 225 76.3 

MULE 363 290 79.9 

GUNE 364 219 60.2 

MPOE 295 234 79.3 

SCOT 364 164 45.1 

INGE 364 201 55.2 

IN17 297 156 52.6 

TOTAL 4155 2698 64.9 

Differences in illumination condition caused by local weather conditions and time of 

day are known to impact the RGB digital numbers (Inoue et al. 2015). However, due to 

the robust nature of the gCC index to variations in illumination, the magnitude of 

differences due to time of day was found to be minor. One example phenology profile 

separating data by time of day is presented as Figure 5.11. Other sites are explored 

further in Appendix D. 
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 Comparison phenology profile of mean time-of-day gCC from site GIDL 

(C4 Native). The trend lines are LOESS fitted curves (span = 0.1) for visual comparison of the 

grouped temporal trends. Each data point is the mean value of 9 ROIs per image. 

Differences in relative angle between the camera and the target have rarely been 

explored in the phenocam literature. This has the potential to be more confounding on 

RGB digital numbers and greenness indices than illumination effects. Though only 

minor differences in relative angle were present during this study, preliminary 

assessment suggests that, like similar studies in the satellite domain, relative view angle 

does impact the magnitude of gCC. However, the timing and general trends of the curve 

remain the same. One example of this phenomenon is presented in Figure 5.12; the 

remainder of sites are explored further in Appendix E. 
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 Comparison phenology profile of foreground (black), midground (red) and 

background (blue) gCC from site GIDL (C4 Native). The trend lines are LOESS fitted curves 

(span = 0.1) for visual comparison of the grouped temporal trends. 

5.3.4.2 Phenology profiles of grassland sites 

The series Figure 5.13 to Figure 5.16 show the gCC phenology profiles for the grassland 

functional groups: C4 Native, C4 Exotic, C3 Native, and C3 Exotic. In all figures, 

individual hourly data points are presented. The sub-daily collection of gCC data results 

in fine-detail phenology profiles that capture rapid changes in greenness.  

C4 Native phenology profiles (Figure 5.13) show a relatively consistent group of 

profiles, which is comparable to biomass and fractional cover seasonal patterns. All 

sites have low gCC from May to August, with an indistinct inflection point in late 

August marking the start of a gradual greening. The sites are variable in their peak 

timing; MPON is the earliest (late October), while GIDL and TURA are in early 

December. GIDL has a more distinct peak than the other sites, but all maintain a 

relatively high gCC through January. A characteristic drop in gCC occurs in February, 

followed by a short greening period and steady gCC decrease through April. 



239 

 Annual gCC phenology profiles at C4 Native sites GIDL, MPON and TURA. Grey 

dots represent hourly data points. The blue line is a LOESS fitted curve (span = 0.1) for visual 

assistance of the temporal trends. 

C4 Exotic profiles (Figure 5.14) show some consistent signatures, but exhibit variability 

contingent on individual species compositional and structural characteristics. The gCC

values tend very low through the winter months, but each site showed a different pattern 

during spring. IN17 had a steady greening period, consistent with expectations and field 

measurements for C4 sites. The IN17 curve is less well pronounced due to the more 

oblique camera angle with a greater proportion of sky, however has a consistently high 

gCC throughout the summer, punctuated by minor greening and browning fluctuations. 

INGE displayed a sharp peak in October typical of C3 vegetation, however 

demonstrated more consistent C4 patterns through the summer. SCOT showed a delayed 

but very rapid increase in gCC, commencing in November and lagging behind biomass-

measured greening by two months. The greenness levels remained consistently high 

throughout the summer, with minor greening and browning fluctuations in response to 

environmental conditions. These summer fluctuations have identical timing in all 

C4 Exotic profiles. 
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 Annual gCC phenology profiles at C4 Exotic sites IN17, INGE and SCOT. Grey 

dots represent hourly data points. The blue line is a LOESS fitted curve (span = 0.1) for visual 

assistance of the temporal trends. 

C3 Native profiles (Figure 5.15) show consistency between the sites, with some minor 

variation reflective of differences in species composition and environmental drivers. All 

sites demonstrated a gradual decline of gCC from May through to August, though 

GUNN was more difficult to describe due to extensive data gaps during this period. All 

sites showed a characteristic ‘saw-tooth’ greening commencing in August and reaching 

a peak in late October. The gCC then abruptly decreased in November. Patterns changed 

marginally between the sites from this point; GUNN showed periods of greening and 

browning through the summer, whereas MGAR had only one small greening period. 

However, both showed a steady decline in gCC through February to a minimum in 

March. MULN had partial elements of a C4 signature in summer, with a low wide peak 

from December and reaching a minimum in late March. All C3 Native sites exhibited a 

characteristic gCC increase in April.  
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 Annual gCC phenology profiles at C3 Native sites GUNN, MGAR and MULN. 

Grey dots represent hourly data points. The blue line is a LOESS fitted curve (span = 0.1) for 

visual assistance of the temporal trends. 

C3 Exotic profiles (Figure 5.16) exhibited the most profile variation of the functional 

groups. GUNE had an almost unimodal profile, increasing in gCC from September, 

reaching a peak in November, and steadily decreasing to the baseline in January. MPOE 

had a similar profile to the C3 Native sites: commencing green-up in August and 

steadily climbing to a peak in late October, before decreasing in December. Multiple 

small increases in gCC occur until February, followed by a steady decline through 

March. MULE shows a steady decline through autumn and winter, with the greening 

period commencing late August and reaching a peak in mid-October. The sharp decline 

in November is followed by an increase and consistently high gCC through the summer. 

The greenness decreases rapidly in February and increases again in April. 
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 Annual gCC phenology profiles at C3 Exotic sites GUNE, MPOE and MULE. Grey 

dots represent hourly data points. The blue line is a LOESS fitted curve (span = 0.1) for visual 

assistance of the temporal trends. 

All sites group by function type are presented as Figure 5.17. This allows the 

comparison of all sites within the one figure and visualisation of the variation within 

functional types. 
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 Annual combined gCC phenology profiles for all sites, grouped by functional type. 

Grey dots represent hourly data points. Blue lines represent individual sites. The thick black line 

of each panel is a LOESS fitted curve (span = 0.1) for each functional type. 

5.3.5 Satellite data 

5.3.5.1 Data evaluation 

An average of 19.2 data points (range: 18–20) was available per site for MODIS data 

and an average of 17.3 data points (range: 15–19) for Landsat data. Some large gaps 

were evident in this data series; up to 126 days for Landsat data and 48 days for MODIS 

data. This was particularly apparent from January 2015 onwards, where cloudy 
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conditions were prevalent. As MODIS data was a 16-day maximum composite of daily 

data, it was more robust to the cloudy periods, hence more data was available.

5.3.5.2 NDVI temporal trends 

Overall, the coarser data collection frequency of satellite imagery results in temporal 

patterns that are more difficult to directly link to causal drivers. Nevertheless, some 

patterns from satellite data are evident that are consistent with patterns collected from 

other data sources.  

Figure 5.18 shows the temporal NDVI pattern for MODIS and Landsat data for 

C4 Native sites. Landsat and MODIS data show broadly the same trends though deviate 

substantially in magnitude at MPON and to a lesser extent at TURA. The paucity of 

Landsat data beyond January 2015 makes comparison difficult.  

The resolution of a temporal C4 Native pattern is much less clear in satellite data than in 

other data sources. GIDL and TURA site both show a consistently low NDVI below 0.5 

throughout the autumn and winter months until green up commences in 

September 2014. After a peak in October, satellite data shows a decrease in greenness 

towards late November that is not apparent in other data sources. NDVI then increases 

bimodally throughout the remainder of the summer months to a maximum of 0.62 and 

then slowly tails off towards the winter baseline. MPON however is much more 

variable throughout the data series, although the primary NDVI peaks are still evident in 

October and January. 
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 Terra MODIS ( ) and Landsat OLI/ETM+ ( ) NDVI data for 1 May 2014–

30 April 2015 at C4 Native sites. 

Satellite data for C4 Exotic sites is presented as Figure 5.19. Overall, Landsat data was 

much more consistent than MODIS data, exhibiting smooth trends where MODIS 

fluctuated. This was particularly apparent at INGE and SCOT. 

IN17 showed the most consistency between the two satellite data sources. From a 

typically low greenness during winter, NDVI started to increase in August to an 

October peak of 0.6. After a small browning period, NDVI remained relatively high 

during the summer and decreased to 0.49 by late August. Landsat data for INGE 

showed a more prominent peak on October (NDVI = 0.65), whereas MODIS data 

showed no major NDVI increase from May through November. The primary MODIS 

peak was apparent in February. Landsat data at SCOT showed low NDVI during the 

winter (NDVI < 0.3) with a long, gradual increase from late August to late December 

which contrasts with the rapid increase in gCC observed in the phenocam data. MODIS 

data at SCOT showed a much more variable signal, with the only clear peak occurring 

in October and a high NDVI being maintained throughout summer. 
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 Terra MODIS ( ) and Landsat OLI/ETM+ ( ) NDVI data for 1 May 2014–

30 April 2015 at C4 Exotic sites. 

The satellite NDVI data for C3 Native sites are presented in Figure 5.20. MODIS and 

Landsat data are extremely comparable, both in NDVI magnitude and trend. Some 

anomalies occur in Landsat data that are consistent between sites (e.g. September 20) 

for GUNN and MULN. Most of the inconsistent data points can be attributed to data 

gaps. 

MODIS data shows consistent temporal patterns at all three sites that correspond well 

with phenocam and biomass trends. NDVI decreases from May to August, with the 

primary greening up period commencing mid-August and peaking in early October 

(NDVI ~ 0.75). A rapid decrease in NDVI occurs through to November to a low of 

0.35–0.5, followed by two additional minor greening periods in February and May. 
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 Terra MODIS ( ) and Landsat OLI/ETM+ ( ) NDVI data for 1 May 2014–

30 April 2015 at C3 Native sites. 

Temporal satellite patterns for C3 Exotic sites are presented as Figure 5.21. Trends of 

Landsat and MODIS NDVI corresponded well for these sites, though deviations in 

magnitude were particularly evident at GUNE. Like other functional groups, the lack of 

Landsat data beyond December 2014 made comparisons difficult.  

In general, patterns consistent with C3 expectations were shown within the satellite data. 

All three sites showed greening commencing in July–August with a peak in October, 

and multiple additional peaks in February and April. Two of the C3 Exotic sites had 

very high NDVI values, with MPOE having a maximum NDVI of 0.8 and MULE 

peaking at 0.88. 
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 Terra MODIS ( ) and Landsat OLI/ETM+ ( ) NDVI data for 1 May 2014–

30 April 2015 at C3 Exotic sites. 

5.3.6 Relationship between remotely-sensed and biophysical variables 

Variables were identified that were expected to be related to the quantity and quality of 

green vegetation: live grass biomass, live biomass, total biomass (i.e. live and dead 

grass and forbs), fraction of photosynthetic vegetation, fraction of non-photosynthetic 

vegetation, pasture height, phenocam gCC, MODIS NDVI and Landsat NDVI. Initially, 

these variables were plotted with one another to enable qualitative comparison; 

identifying similarities and differences in the phenology profile trends throughout the 

year. An example of this graphical comparison at one site is presented in Figure 5.22; 

the remainder of sites are presented in Appendix F.
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 Multi-scale phenology for 1 May 2014—30 April 2015 at MGAR (C3 Native). 

From top to bottom panel: total live biomass ( ) and live grass biomass ( ) in kg/ha; green 

(PV) fractional cover (%); phenocam 13:00 daily gCC; Terra MODIS ( ) and Landsat 

OLI/ETM+ ( ) NDVI. 

For quantitative analysis, data points from satellite and phenocam time-series were 

selected that were closest to the field sampling dates. Pearson’s correlations were 

conducted across all sites between the identified variables. A correlation matrix was 

prepared (Figure 5.23), where coloured squares represent significant correlations 

between two variables and the numerical value represents the Pearson’s correlation 

coefficient of determination (r). Positive values indicate a positive correlation whereas 

negative values indicate a negative correlation at a threshold of p < 0.05. Only the most 

relevant relationships are discussed. 



250 

 Pearson’s correlation plot of variables across all sites that are relative to quality 

and quantity of green vegetation. Shaded values represent significant correlation at p = 0.05. 

Values are Pearson’s correlation coefficient (r). Negative values (red) indicate a negative 

correlation; positive values (blue) indicate a positive correlation. 

Across all sites, live biomass was strongly and significantly correlated with total 

biomass (r = 0.99, p < 0.001). This demonstrates that across all sites, the live biomass 

vegetation signal is dominated by the influence of grass rather than forbs. Live biomass, 

however was poorly-correlated with total biomass (r = 0.25), indicating that the 

contribution of the non-photosynthetic biomass component has a larger impact on the 

overall biomass. 

Live biomass is not strongly correlated with satellite estimates of NDVI (MODIS NDVI 

r = 0.17; Landsat NDVI r = 0.26). Phenocam gCC is more strongly correlated with live 

biomass than satellite NDVI, however the relationship is still not particularly strong 

(r = 0.41).  
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Height is poorly correlated with all remotely sensed NDVI and gCC variables 

(Phenocam gCC r = 0.13, MODIS NDVI r = 0.29, Landsat NDVI r = 0.26). It is more 

strongly correlated with biomass variables, such as total biomass (r = 0.6). 

Phenocam gCC has a stronger relationship to the fraction of photosynthetic cover 

(r = 0.7) than its relationship with any of the biomass variables (live biomass r = 0.41; 

live grass biomass r = 0.38). This suggests that phenocam data may be more appropriate 

in estimating cover rather than biomass in these systems. This same relationship 

between remote data sources and fPV is true for Landsat NDVI (r = 0.71) and MODIS 

(r = 0.73), with satellite data also having a stronger correlation to green cover than to 

live biomass. 

In terms of satellite similarity, MODIS and Landsat NDVI values are strongly and 

significantly correlated with one another (r = 0.88, p < 0.001). The correlation between 

phenocam gCC and Landsat NDVI (r = 0.69) is stronger than that between gCC and 

MODIS NDVI (r = 0.59). 

To further explore relationships between these variables at different sites, similar 

Pearson’s correlation matrices were created for each of the four functional groups 

(Figure 5.24). With a smaller sample size, the statistical power of each analysis was 

reduced, however still provides valuable input into circumstances where exceptions to 

conclusions from the overall data may apply. 
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 Pearson’s correlation grids, separated by site type: (a) C4 Native; (b) C4 Exotic, 

(c) C3 Native, (d) C3 Exotic. Shaded cells represent significant correlations at p = 0.05. Shaded 

values indicate the strength of the correlation. Values are Pearson’s correlation coefficient (r).  

Across the whole dataset, live biomass is not well correlated with total biomass. 

However while C4 Native and C4 Exotic sites do not show a significant relationship 

between live biomass and total biomass, C3 Native and C3 Exotic sites do (C3 Native 

r = 0.77; C3 Exotic r = 0.59). However the overall relationship of live biomass being 

strongly and significantly correlated with live grass biomass is true for all groups. 

Phenocam gCC values show a better correlation with Landsat NDVI than MODIS NDVI 

when examined over all sites. When separated into functional groups, this relationship 

(d) C3(c) C3

(a) C4 (b) C4
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holds true for all groups, but further shows that the gCC at C4 Native sites is the only 

group that is not significantly correlated with Landsat NDVI.  

Across all sites, gCC outperforms satellite NDVI in predicting live biomass, although 

this significant relationship is only moderately correlated (r = 0.41). However for some 

functional groups, satellite NDVI outperforms gCC in predicting live biomass: MODIS 

NDVI for C3 Native and both Landsat and MODIS NDVI for C4 Exotic. 

5.3.7 Separation of functional types by seasonal statistic 

In order to separate grassland functional types into C3 and C4 or Native and Exotic, the 

phenological time series of gCC data was segmented into seasons detailed in Section 

5.2.7. For each season, data was calculated based on the minimum, maximum, mean, 

amplitude and variance of gCC values, making a total of 20 statistical summaries.  

Despite key common features in the C3 and C4 gCC profiles, no seasonal statistic was 

able to distinguish all C4- from C3-dominated sites. The most promising combinations 

are presented in Table 5.4. The seasonal statistics of Winter variance, Spring mean, 

Spring maximum and Winter amplitude showed relatively low values for C4 sites, with 

the exception of site INGE. This site is anomalous from a C4 perspective as it contains a 

distinct spring peak more typical of C3 grassland due to a strong spring flush of annual 

exotic grasses. The sites that had the three lowest winter variances were all C4 Native 

sites. There were no ordinal groupings for C3 sites that separated native from exotic 

types. 
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Table 5.4. Most useful seasonal gCC statistics in separating C3/C4 grassland functional types. 

Shaded cells represent ordinal groupings (highest values). 

C3/C4
Native 
Status Location 

Seasonal gCC Statistic 
Winter 

variance 
Spring 
mean 

Spring 
max. 

Winter 
amplitude 

C4

Native 
GIDL 8.1E-06 0.330 0.366 0.015 

MPON 2.9E-06 0.341 0.362 0.009 
TURA 3.5E-06 0.316 0.336 0.010 

Exotic 
INGE 1.5E-04 0.341 0.405 0.034 
IN17 1.1E-05 0.323 0.336 0.015 

SCOT 2.3E-05 0.309 0.353 0.017 

C3

Native 
GUNN 2.5E-05 0.354 0.379 0.021 
MULN 1.4E-05 0.348 0.378 0.020 
MGAR 8.0E-05 0.343 0.373 0.033 

Exotic 
GUNE 2.0E-04 0.348 0.395 0.061 
MPOE 3.2E-05 0.340 0.365 0.021 
MULE 1.6E-04 0.372 0.397 0.047 

To further develop this approach, and to reduce potential impact of gCC magnitude 

between sites (refer to Appendix E), each seasonal statistic was divided by each other to 

create a seasonal statistic ratio. A total of 190 combinations resulted. Twenty-five of 

these successfully separated out one functional type (e.g. C4 Native/ C4 Exotic/ 

C3 Native/ C3 Exotic) using simple ordinal grouping, but no metric was able to 

completely split C3 from C4 nor Native from Exotic. 

Like the basic seasonal statistics, none of the examined ratios were able to successfully 

separate the six C4-domainated grasslands from the six C3-dominated grasslands. The 

most promising ratios to develop as a ‘C4 index’ were those that utilised the consistently 

low winter mean gCC, amplitude or variance to contrast with a proportionally higher 

value from spring or summer. There were 35 such combinations that grouped all C4

sites with the exception of the anomalous INGE site.  

Principal Component Analysis (PCA) was used to assist in visualising the seasonal data. 

This multivariate statistical method reduces the dimensionality of the data to 

uncorrelated principal components (or ‘dimensions’). The first two principal 

components characterise the most variation amongst the data (70%), and are used to 

display the groupings of sites in Figure 5.25 to Figure 5.27. Sites that are closely 
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clustered display low variance between one another based, whereas sites that are further 

apart display higher variation. 

The PCA plot of sites grouped by functional type is presented as Figure 5.25. The 

C4 Native sites are closely clustered, as are the C3 Native sites. However the exotic-

dominated sites are more separated, particularly C3 Exotic, suggesting that seasonal 

variation of gCC statistics (i.e. phenology profile characteristics) within this group is 

high. The seasonal statistics that contributed the highest weightings to these principal 

components were Winter mean, Winter minimum, Autumn minimum, Spring mean and 

Spring minimum. 

 PCA plot of individual study sites, separated by functional type (C4 Native, 

C4 Exotic, C3 Native, C3 Exotic). 
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Figure 5.26 illustrates the study sites grouped by C3- or C4-dominance on the two 

principal component axes. The high variation demonstrated by the C3-domainated sites 

hinders the discrimination between the groups. In contrast, the C4-dominated sites are 

closely grouped, with INGE being the furthest outlier. Table 5.4 showed INGE to be the 

most anomalous C4-dominated site for several seasonal statistics. 

 PCA plot comparing C3-dominant and C4-dominant sites, plotted on the two 

principal component axes. 

Figure 5.27 clearly illustrates the difficulty in discriminating native-dominated from 

exotic-dominated sites using seasonal gCC methods. Exotic-dominated sites displayed a 

large variance that covered the majority of the co-ordinate system. The native-dominant 

sites occurred in close proximity relative to the two principal components, but the high 

variation of exotic sites prevented useful clustering. 
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 PCA plot comparing native-dominated and exotic-dominated sites, plotted on the 

two principal component axes. 

5.4 DISCUSSION

5.4.1 The C3/C4 phenological response 

This study used field, near-surface and satellite measures to estimate vegetative 

phenology at different scales. Despite variability within method and within functional 

groups, several key phenological features were identified for C3- and C4-dominated 

grasslands. Some of these features are most prominent in the higher temporal frequency 

methods. 

C3-dominated grasslands showed a steady decline in green vegetation from May to 

August. A relatively sharp greening commenced in late August, reaching a peak in late 

October to early November as green leaf expansion was at its maximum. An abrupt 

decline in greenness followed, which is attributed to low rainfall and higher-than-
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average temperatures. An additional peak in greenness is seen in late January followed 

by a steady decline to March. Greenness again increases during April. 

In contrast, C4-dominated grasslands demonstrated a consistently low quantity of green 

vegetation from May to August. Green-up commenced in September, and tended to be 

at a slower rate than the C3 greening. Major C4 vegetation greening in October resulted 

in either a single peak in December or—more often—consistently high greenness from 

December through February with minor fluctuations. There was a slight dip in 

greenness early February that was consistent between sites but only detected in 

phenocam data, followed by a gradual return to low levels in April. Generally the 

patterns of growth were much more distinct in C4 grasslands, consistent with the 

botanical and phenological findings of Chapter 4. 

Despite attempts to select similar homogenous sites for this project, the nature of 

temperate grasslands in NSW meant that variability was inevitable. The C3 Exotic 

functional group showed the highest within-group variability. While all contained 

Phalaris as the dominant species, GUNE was ungrazed by domestic stock, and was in a 

seasonally wet position in the landscape. MPOE was moderately grazed by sheep and 

was extremely variable in composition. At times, it had a moderate native component, 

at other times a major exotic forb component, and the gCC profile more resembled a 

typical native C3 profile. MULE was a combination of similar pasture grasses (all 

within the C3 Exotic functional group) but was periodically ‘crash-grazed’ by cattle. It 

was positioned on a floodplain so would be relatively resilient to rainfall shortages. 

These subtle differences between sites, though unintentional, can actually help in 

identifying reasons for greening differences. 

Other sites demonstrated unexpected changes throughout the year. The site INGE 

contained predominantly C4 exotic grasses. However climatic conditions in winter and 

early spring resulted in a flush of C3 annual pasture grasses and forbs that is observed as 

a characteristic C3 peak in early spring and confounds attempts to group C4-dominated 

sites. The C3 Native site MULN was found to have a higher composition of C4 grasses 

in the summer than was expected, hence exhibited a higher and more consistent 

greenness between December and February compared with other C3-dominated 

locations. The main greening period of the C4 Exotic site SCOT was later and more 
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rapid than other C4-dominated sites, driven by the extremely high quantity of standing 

litter that obscured the growing leaves.  

While it is difficult to predict inter-annual compositional changes in dynamic 

grasslands, the inclusion of more study sites would result in a greater set of sites where 

‘expected’ phenology profiles occur. However, these anomalous sites also provide a 

valuable role in linking remotely sensed variables to observed species composition by 

forcing us to question the drivers that underpin this variation. 

5.4.2 Separation of grassland functional groups 

The temporal segregation between C3 and C4 grass growth patterns in some parts of the 

world have made the classification and detection of C3- and C4-dominated grasslands 

relatively simple in the remote sensing domain, including multispectral (Goodin and 

Henebry 1997, Tieszen et al. 1997, Davidson and Csillag 2003) and hyperspectral 

methods (Liu and Cheng 2011). Most of this success has occurred in northern 

hemisphere temperate systems that are temperature-limited with greening and browning 

periods that are both distinct and predictable. However, while this task is relatively 

straightforward, the need to improve methods for estimating groundcover variables has 

been identified as essential in order to improve remote sensing calibration and 

validation (Davidson and Csillag 2003).  

Separating C3 from C4 grasslands proved to be more challenging in temperate Australia, 

with a more subtle temporal separation between the two groups. According to high-

resolution phenocam data, C3-dominated grasslands started the main greening period 

only one month earlier than C4-dominated grasslands. The difference in peak timing 

was also approximately one month, hence these two functional groups do not exhibit as 

much temporal segregation as found elsewhere. In fact, this difference can easily be 

obscured when using satellite data sources that have lower temporal resolution. In 

temperate Australia, vegetation systems are influenced by both water and temperature 

and demonstrate a complex, multi-modal phenological profile. As such, traditional 

phenological metrics and separation techniques such as temporal trajectory indices 

(Goodin and Henebry 1997) cannot be applied and alternative approaches need to be 
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explored. This is not only true for Australian grasslands, but for any system where 

C3/C4 variability is not only controlled by seasonal drivers (Adjorlolo et al. 2012). 

Using gCC seasonal statistics was of limited effectiveness in isolating a specific seasonal 

statistic or a seasonal-based ratio to separate C3 from C4 types. Five out of six C4 sites 

were grouped together, with the excluded site having anomalous annual C3 grass 

species present at one time of the year. However, while anomalous in this instance, 

incursions of unusual species are typical in dynamic grasslands, and this anomaly needs 

to be accounted for in any classification method. The statistical groupings with the 

highest potential utilised the characteristic of C4-dominated sites to have proportionally 

lower variance, amplitude and value of the winter gCC component, as well as 

proportionally lower maximum and mean of spring gCC. Principal component analysis 

was able to graphically demonstrate outliers and illustrate the difficulty in 

discriminating functional types. The analysis similarly found that the winter variability 

and autumn/spring minima contributed the highest weighting to the top two principal 

components. The consistency of these characteristics should be assessed on a wider 

range of sites.  

We separated the year into seasonal windows in order to allow for the natural variability 

in phenological timing that the interaction between temperature and rainfall can present. 

Spring rains are variable in timing and quantity, and the vegetation will respond quickly 

and proportionally. As such, it is not feasible to use ‘monthly’ patterns in the profile. 

Seasonal profiles are more likely to incorporate key phenological drivers at somewhat 

consistent timeframes. In addition, missing data is not as critical; it does not restrict the 

use of seasonal data as much as, say, monthly data. A more effective approach may be 

to modify the traditional seasons to ecologically-meaningful periods—an broad 

approach that has been suggested by some botanical authorities (Entwistle 2014). 

Segmentation of the year into ‘seasons’ more appropriate for temperate Australia may 

improve the capacity to capture vegetation response in relevant temporal windows. 

Unlike other methods that estimate the proportions of C3 to C4 grass composition (e.g. 

metric threshold and temporal trajectory indices), this approach uses binary separation 

into C3- or C4-dominated grassland. Given that several of the grassland types in this 

study contained a varied mix of C3 and C4 species at different times of the year, this 
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may skew the decision rules over what may have been developed with ‘pure’ C3 and C4

grassland types. As grasslands can change species composition dynamically, a binary 

tool may not be practical to implement. An alternative approach may be to use existing 

data to develop an ‘idealised’ C4 grassland curve for a range of climatic variables, and 

determine how much measured phenology statistics deviate from that curve. The 

quantity of this deviation would indicate the proportion of C3 and C4 vegetative cover. 

This would need to be conducted at many sites over several years to ensure robustness 

in different geographical and climatic conditions. 

Evaluation of this separation method was made possible through the high temporal 

capacity of phenocam imagery. It is unlikely that the satellite data used within this 

project could provide the temporal resolution required, as several sites contained 

seasons with low numbers of data points. Newer technologies that are becoming 

available, such as the Sentinel-2 satellites with high spatial resolution and a higher 

revisit time, may be an appropriate avenue for this line of investigation (Drusch et al.

2012). The potential for these sensors to detect grassland biophysical parameters has 

already been assessed using simulated data (Sakowska et al. 2016). 

The caveat that applies to all conclusions from this study is that these findings are 

representative of only one year of data collection. Given the natural variation in south-

eastern Australia’s climate, trial of this method under additional climate variability 

should be undertaken. It is likely that during climatically different years that alternative 

metrics could be used for optimal differentiation. 

It was not possible to separate native and exotic sites within the same C3/C4 group using 

the methods in this trial. There was a tendency for C3 Exotic sites to have a higher 

maximum greenness though this was not universal. The most likely avenue for 

native/exotic separation in C4 grasslands is through the propensity of native C4-

dominated sites to have very low winter variance. This however will need to be 

confirmed with further field trials at a larger number of sites. 
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5.4.3 Phenocams: limitations and variation 

The data from this section is presented in Appendix D and E, but is discussed briefly 

here as it is of direct relevance to this chapter. It also contributes to the aim of 

evaluating the effectiveness of phenocams to monitor Australian temperate grasslands. 

5.4.3.1 Viewing angle 

The comparison of foreground, midground and background images at all sites showed a 

clear pattern of more distant targets (higher camera angle from vertical) providing an 

exaggerated gCC than at closer targets (lower camera angle from vertical). As such 

distant targets appear greener during peak greening periods but browner during 

senescent periods. This demonstrates that relative viewing angle impacts the magnitude 

of gCC, and consequently the magnitude of change throughout the year. However, where 

the foreground, midground and background capture the same vegetation type, the trend 

of the gCC and the timing of key events are equivalent. 

While only two comparisons were able to be made between nadir and oblique imagery, 

nadir images generally had a lower gCC at any given point in time. This resulted from a 

greater contribution from background material—occasionally bare soil but usually litter. 

These results should be interpreted with caution due to the inherent differences in land 

surface phenology analysis and the different target areas that are involved, i.e. the nadir 

image captures approximately 2 m2. Future studies involving Unmanned Aerial 

Vehicles (UAVs, or ‘drones’) collecting images at different heights and angles could 

provide more confirmatory data on the relationship between view angle and visual 

indices. This has historically been conducted in the spectral domain using goniometer 

studies (e.g. Coburn and Peddle 2006), but is already being trialled with UAVs 

(Grenzdorffer and Niemeyer 2011). As phenocam use in ecological applications 

continues to grow, further research into the effects of camera angle on vegetation 

indices should be conducted in a variety of different biomes with different structural 

and spectral characteristics. 
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5.4.3.2 Illumination effects 

Diurnal gCC patterns varied with time of year and site. This is likely due to different 

seasonal patterns of illumination and consequent differences in shadowing. Although 

gCC has been shown to be robust to changes in illumination, shadows are known to have 

some impact on vegetation indices (Ide and Oguma 2013).The effect of overcast versus 

sunny days was not tested, but other illumination effects were investigated (see 

Appendix D). 

Where researchers in other biomes have found that daily gCC values are too variable, 

they have used a moving window approach or a smoothing spline to further minimise 

the influence of changes in scene illumination (Migliavacca et al. 2011, Sonnentag et al.

2012). However, this does come at a cost of temporal resolution, reducing the usable 

image frequency to once every three days. Extreme effects on daily gCC data were not 

encountered here, due to manual filtering of the image archive prior to analysis. As 

such, this study opts to retain the original temporal frequency rather than applying a 

smoothing algorithm, as temperate grasslands show a much faster rate of change than 

broadleaved forests. 

5.4.3.3 General quality issues 

In the current study, the grassland subject was located relatively close to the camera, 

unlike some other studies where the target may be several hundreds of metres distant 

(e.g. Ide and Oguma 2010). As such, the images do not experience variation from 

changes in atmospheric conditions, which is known to impact phenocam performance 

(Inoue et al. 2015). Fog and bushfire smoke were apparent in some images, albeit 

rarely, and were filtered from the data. 

Substantial effort was made to manually filter images of unacceptable quality. This 

labour intensive approach is contrary to the alternative approach: retain all images 

regardless of quality and allow a smoothing filter to buffer any outliers (Bradley et al.

2007, Migliavacca et al. 2011). While a manual filtering approach has some subjectivity 

and may be impractical for projects with larger scope, it results in a defensible dataset 

that maintains its temporal integrity. An intermediate solution may be to filter, or at 
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least manually examine, any images with a vegetation index outside prescribed 

thresholds. 

The potential for camera sensors to undergo colour balance drift after several years of 

use has been identified (Ide and Oguma 2010). For a short-term study such as this, with 

cameras obtained from the same batch, it is assumed that the stability of the measured 

signal is high. However researchers should be aware that this issue does exist for 

longer-term studies. A reference panel is one method typically used to check and 

calibrate colour balance (Migliavacca et al. 2011). In some cases where reference 

panels are not appropriate, invariant alternatives such as freshly fallen snow have been 

used (Ide and Oguma 2010). In the current study, no reference panel was used due to 

the practical limitations of the equipment configuration: the card would not be in the 

same plane as the target; preventing the card from becoming contaminated through dust 

and rainfall was impractical; and the card could not be mounted from the camera 

without interfering with the image collection. Custom-made reference panels, protected 

from the elements and mounted vertically, might be a suitable option for long-term 

grassland phenocam research. 

5.4.3.4 Weather conditions and shadows  

As other researchers have suggested, the impact of shadows on phenocam images 

should be minimised (Ide and Oguma 2013, Toomey et al. 2015). In grasslands, much 

of the inter-tussock and intra-tussock space can be heavily shadowed, hence this 

requirement is difficult to implement and should be acknowledged as an inherent form 

of variability in these systems. 

Unfortunately, the positioning of the camera facing south means that some shadowing is 

inevitable on sunny days, and selecting images that only have diffuse light (i.e. no 

shadows) would remove the advantage of high temporal data collection. However given 

the robustness of gCC to shadows, this configuration is preferred to one where sun glints 

are present in the images. Three locations in this study also used trees as ‘camouflage’ 

for reducing vandalism; either mounting the phenocams directly on trees or locating 

them between saplings. It is acknowledged that the potential reduction in vandalism is a 

trade-off with more shadows impacting data quality.  
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Efforts should be taken to limit the quantity of sky in the image to less than 20% of the 

image area. The presence of the horizon within the FOV is useful for setting context, 

but a greater contribution of sky means that white balance is impacted by changes in 

atmospheric effects and sky conditions. This is particularly relevant for phenocams such 

as the Wingscapes model used in this study that do not allow manual control of white 

balance and other settings. 

5.4.3.5 Additional advantages of time-lapse imagery 

The use of phenocam imagery highlighted several advantages that may be useful to 

support vegetation studies in the future.  

In some cases, flowering phenophase was able to be clearly observed (Figure 5.28). 

This phenophase has the potential to be quantified for some species, either through 

manual means or automated image processing. The response of flowering phenology to 

climate change is frequently examined due to its importance to pollinators and 

population demographics (Hovenden 2007, Caradonna et al. 2014). However, this has 

potential only for species that have conspicuous and abundant flowers. 
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 Phenocam used to monitor flowering phenophase of Hypochaeris radicata. The 

upper image shows commencement of flowering (22 January 2015); the lower image shows 

peak flowering (30 January 2015). 

Time-lapse imagery has potential to be used to monitor and quantify grazing pressures. 

Researchers from the ACT government studying kangaroo populations on one of the 

reserves used in the current study asked to review the phenocam images to correlate 

kangaroo numbers with their own census data (D. Fletcher, pers. comm.). When using 

photographs for this purpose, users should consider how representative the FOV is for 

the overall habitat. In the case of a phenocam mounted to a large tree, kangaroos would 
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be expected to use the shade of the tree for thermoregulation in the summer, hence 

would likely be more numerous near the tree than elsewhere on the reserve. The impact 

of domestic stock grazing was also used in this study to confirm gCC trends. In the case 

of one site, the cause of an unexpected drop in gCC was confirmed by reviewing the 

imagery and identifying that stock had been accidentally released into the paddock. 

Finally, the regular frequency of image collection—in our case, every hour—led to 

photographic capture of both native wildlife and feral animals, including mammals, 

birds and reptiles. Although it is not the primary purpose of this imagery, these photos 

provide value-added information to local land management agencies or landholders that 

may foster support for similar projects and engage the broader community with 

scientific research. 

5.4.3.6 Overall evaluation of phenocams and recommendations

Phenocams provide an excellent fine temporal resolution method for assessing 

vegetation dynamics in Australian temperate grasslands, and are particularly responsive 

to fast vegetation growth following rainfall. The ideal positioning of phenocams is 

south-facing (in the southern hemisphere), with maximal coverage of the target 

vegetation. In this environment, gCC proved to be a suitable index for detecting 

vegetation dynamics. However, resultant gCC phenology profiles do not lend themselves 

to traditional phenology metrics and smoothing methods; their strength is in fine-scale 

rapid greening and browning responses.  

It is recommended that the relative angle between the camera and the target be 

standardised across locations to enable comparison of magnitude of gCC change between 

sites. Correction of gCC ‘baseline’ (i.e. where green vegetation cover approaches zero) 

may be another method of normalising gCC data but would be contingent on the 

concomitant collection of field data and requires green cover to reach zero at some stage 

throughout the time-series. 

The presence of shadows in phenocam images should be minimised to standardise the 

diurnal gCC patterns. However it is recognised that the south-facing requirement does 

necessitate some shadowing from the camera infrastructure. It should also be 
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highlighted that seasonal changes in shadowing occur; hence the amount of shadowing 

will change throughout the year. 

Ongoing uses of phenocams and similar technology will no doubt identify further 

opportunities for this technology in ecological research. The need to standardise the 

collection and analysis of phenological imagery has been highlighted by a recent review 

(Brown et al. 2016). In addition, standardised archiving of phenocam imagery will 

enable future developments in image analysis to be retroactively applied to historical 

phenocam studies. 

5.4.4 Comparison of field and remotely sensed methods 

This study collected monthly field data on variables that were readily measured in the 

field and reasonably expected to be related to the quality and quantity of photosynthetic 

vegetation: aboveground live biomass, green fractional cover and pasture height. Near-

surface and satellite remote sensing methods for estimating greenness of vegetation 

were collected through the use of phenocam gCC and NDVI data collected by Landsat 

OLI/ETM+ (30 m spatial resolution) and Terra MODIS (250 m spatial resolution) 

satellite sensors. The relationship between these variables was analysed using linear 

correlation using the entire data set, as well as separation into individual functional 

groups. This approach is similar to that of other researchers, who have compared field 

data with remote sensing data in an attempt to understand the effects on spatial scale on 

phenological estimates (e.g. Zhang et al. 2003). 

5.4.4.1 Field measurement comparisons 

The results show that live biomass is not well correlated with total biomass, which 

results from the proportionally high contribution of standing litter in temperate 

grassland systems. However, when examined by functional type, this relationship only 

holds for C4 grassland types, as C3 grasslands typically have much less standing litter 

present throughout the year. The very strong correlation of live biomass to live grass 

across the dataset illustrates the importance of the grass component: although forbs 

comprise a large component of grassland species richness (Wimbush and Costin 1979, 
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Tremont and McIntyre 1994), they only contribute a small fraction of the overall 

vegetative biomass. 

Pasture height is significantly and strongly correlated with total biomass, more so than 

live biomass. This is consistent with expectations, because particularly at C4-dominated 

sites the dead biomass is the tallest layer for much of the year. Pasture height is poorly 

correlated with vegetative fractional cover and remotely-sensed measures of greenness. 

This suggests that while height measurements are a common field tool for quickly 

estimating biomass, they should not be used as a proxy in temperate grasslands for 

validating remote sensing methods. 

Green fractional cover is only moderately correlated with live biomass (r = 0.43) but is 

negatively correlated with total biomass. Again, this illustrates the influence that 

standing litter has in this biome: the greater the total biomass, the lower the proportion 

of green cover. This is particularly significant at C4 Exotic sites. 

5.4.4.2 Biomass and cover versus remote sensing 

Like other grassland studies (e.g. Inoue et al. 2015; Migliavacca et al. 2011; Paruelo, 

Lauenroth and Roset 2000), we found a significant relationship between phenocam 

indices and live biomass (r = 0.41, p < 0.001) and between phenocam indices and 

satellite NDVI (Landsat r = 0.69, p < 0.001). However the strength and significance of 

these relationships varied between grassland functional types. It has been highlighted in 

the past that VI estimations of fractional cover in mixed species systems should be 

regarded as approximates, given that the cover:VI relationship varies between species 

(Glenn et al. 2008). 

Live biomass was not strongly correlated with satellite NDVI (r = 0.26 and 0.17 for 

Landsat and MODIS, respectively). This is a significant finding as some grassland 

studies find a strong correlation between these variables (Migliavacca et al. 2011). This 

poorer correlation is likely due to the abundance of standing litter in many of the study 

sites. Non-photosynthetic vegetation not only obscures green vegetation, but it reflects 

more light in the red wavelengths, reducing the NDVI signal (Watson et al. 2013). Until 

the precise effect of litter is quantified in a variety of grassland types, the ability of 
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satellites to predict biophysical variables of Australian temperate grasslands may be 

limited. 

This study found live biomass to be more strongly correlated with gCC than satellite 

NDVI. This finding gives some strength to the theory that it is the NIR component 

confounding the relationship, as gCC does not incorporate NIR. An alternative 

explanation for poorer satellite NDVI performance is that the signal noise from 

atmospheric effects increases the residual error and lowers the strength of the 

relationship. There may also be instances of spatial registration error: the phenocam is 

configured to view the specific area of grassland, however the satellites may capture 

small fractions of surrounding land use types, or slightly different grassland areas that 

degrade the strength of the NDVI:biomass relationship.  

Phenocam-derived gCC is more strongly correlated with green fractional cover than live 

biomass. This suggests that phenocam data may be more appropriate in estimating 

cover rather than biomass in these systems. This echoes results from research in the 

USA (Vanamburg et al. 2006) that suggest digital camera-based estimates of grassland 

biomass are limited in usefulness. However, in alpine grasslands, Migliavacca and 

colleagues found that their Greenness Index (equivalent to gCC) was significantly 

correlated with green biomass as well as visual greenness estimates (Migliavacca et al.

2011). Clearly there are biophysical differences between the grassland types that result 

in this inconsistency. It should also be acknowledged that in our case, using gCC

magnitude as a comparison may be influenced by the issue of relative view angles 

(Appendix E). 

The relatively weak correlation between satellite and ground variables may also be due 

to data gaps in the satellite time series. We used the nearest satellite data point to the 

monthly field sample (within 30 days), which may have been several days or weeks 

after the field measurement and may represent a large change in greenness state. This 

temporal registration could be improved by better coordinating field campaigns to 

coincide with cloud-free satellite revisit dates. Particularly for Landsat, however, this 

may result in unacceptably large gaps during cloudy seasons. 
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5.4.4.3 Remote sensing method comparisons 

Although Landsat and MODIS NDVI data were highly correlated across the whole 

dataset, there was little consistency in this relationship between sites. For some sites 

(e.g. MGAR) they followed identical magnitudes and trajectories, whereas at others 

they deviated substantially (e.g. SCOT). While difficult to test statistically, it appears 

that the largest differences in NDVI magnitude between the two sensors occur at sites 

with the highest proportion of standing litter. This difference could be an artefact of the 

MODIS composite process that takes the maximum value recorded over the 16-day 

window; hence MODIS values are more likely to be greater than Landsat. The cause of 

this difference may also be that the error is within the natural variability of grassland as 

the two sensors are measuring slightly different view angles, spatial footprints and 

spectral wavebands. Other studies attempting to compare MODIS and Landsat data 

sources conclude similarly: overall, the datasets are comparable but particular regions 

exhibit discrepancies (Huete et al. 1997, Price 2003). Buheaosier and colleagues 

suggest that the MODIS NDVI value is greater than the ETM NDVI value over several 

land cover types and attribute this to the coarser spatial resolution (Buheaosier et al.

2003). 

Overall, phenocam gCC is better correlated with Landsat NDVI than MODIS NDVI. 

This may be due to the smaller Landsat footprint and highlights the importance of 

sampling equivalent size plots for different methods (Rienke and Jones 2006). Although 

phenocams are sampling an area of several hectares, proportionally more signal comes 

from the smaller area of the foreground of the image. Modification of the shape and size 

of the ROIs in the background, midground and foreground may correct for this.  

One of the weaknesses with satellite data in a phenological context is the presence of 

data gaps that result from cloud cover (Stow et al. 2004). Because this satellite data was 

collected less regularly than phenocam imagery, errors due to data gaps can have 

stronger impacts on conclusions. As an example, data gaps can cause greenness peaks 

to be missed entirely, or a rapid green-up can appear to happen more gradually if data 

near the greening commencement is absent. Of the two satellite data sets, MODIS 

seemed to be more variable than Landsat, but that may be a legacy of having more data 

points available and having a larger spatial resolution.  
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Despite the reasonable correlation between satellite and field data, ultimately the 16-day 

satellite revisit time is too coarse to quantify the changes that occur in a dynamic 

grassland system, particularly given that cloud cover impacts often extend this data 

frequency (Stow et al. 2004). Other studies have indicated that a nominal 16-day revisit 

time is insufficient to detect key phenological dates (Westergaard-Nielsen et al. 2013). 

More regular data collection from MODIS is possible (Narasimhan and Stow 2010) but 

with an increase in temporal resolution comes a trade-off with data quality and 

consistency. 

In this study, we combined data from Landsat 8 OLI and Landsat 7 ETM+ to improve 

the temporal coverage of Landsat NDVI. While Landsat ETM+ and OLI were shown to 

be quite comparable in analysis of crop biophysical variables (Li et al. 2014, Ahmadian 

et al. 2016) subtle differences are apparent, due in part to the difference in spectral band 

widths of the two sensors. In this case it can be argued that any minor differences 

between the two Landsat sensors are offset by the advantages provided by the higher 

temporal resolution. 

The commonplace use of NDVI as a primary vegetation index in phenological studies 

has been criticised (Foody and Dash 2010, Wang et al. 2010) with the suggestion that 

further effort should be invested in developing phenologically-appropriate vegetation 

indices. In this temperate grassland scenario however, NDVI was found to be valuable 

in showing appropriate responses to vegetative dynamics throughout the study period.

5.4.4.4 Method and scale comparability 

The comparability of vegetation variables measured at different scales has been 

identified as a challenge for decades (Friedl et al. 1995). While some studies have 

reported success in this regard (e.g. Fisher et al. 2006, Fisher and Mustard 2007), other 

authors caution that there are still major challenges in scaling field measures to satellites 

(Huete et al. 2002, Soudani et al. 2012). Often, it is the fundamental relationships 

between the measured variables that are key to understanding the limitations of scaling. 

For comparative studies, it is essential to establish field sites that are appropriate to 
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compare with remote sensing methods. This study used many of the methods 

recommended by one research group (Rienke and Jones 2006), including: 

• utilising homogenous area of vegetation; 

• selecting plots away from boundaries of other vegetation types to minimise 

spectral mixing; 

• contemporaneous data collection; 

• ensuring a suitable distance to the edge of the vegetation patch; and 

• designing a plot size appropriate to pixel size. 

As phenocams are a recent innovation, there are relatively few studies that compare 

phenocam estimates of phenology variables to ground or satellite scales.  

An early assessment of comparing leaf area index in grasslands using digital 

photographs and ground estimates concluded that the contribution of non-

photosynthetic vegetation and background soil in the image reduced the accuracy of the 

camera, and that further calibration techniques would be required to resolve these issues 

(Przeszlowska et al. 2006). More recently in a temperate hardwood forest in the north-

eastern USA, Keenan and colleagues found that spring and autumn transition dates are 

well captured by phenocams, though LAI and leaf physiology lag behind projected 

greenness (Keenan, Darby, et al. 2014). A visual comparison of phenology was made in 

a Swiss mixed beech forest, finding that leaf emergence matched closely between visual 

estimates and green levels (Ahrends et al. 2008). 

The earliest phenocams were often found in conjunction with eddy-covariance towers, 

hence several studies compare the gross primary productivity (GPP) with phenocam 

vegetation indices. A strong relationship was found between phenocam-estimated 

greenness indices and GPP in an alpine grassland (Migliavacca et al. 2011); this study 

also strongly linked phenocam greenness and common spectral vegetation indices such 

as NDVI. Similar success was found in an eddy-covariance flux tower study in an 

Australian tropical savannah (Moore et al. 2017), which used phenocams monitoring 

both understory and overstory vegetation to differentiate the tree and grass contribution 

to overall productivity. In an arctic wetland, modelled GPP from flux data significantly 
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correlated with several greenness indices in multiple locations (Westergaard-Nielsen et 

al. 2013). This study also found a significant correlation between gCC and NDVI from 

the high-resolution WorldView-2 satellite.  

Hufkens and colleagues note that estimates of phenology indices from a logistic model 

and MODIS vegetation indices show ‘significant agreement’, but estimation of timing 

metrics varies by approximately two weeks (Hufkens et al. 2012). Their findings 

caution that issues of scale and representation strongly influence the relationship 

between near surface and satellite remote sensing measures of phenology. A phenocam-

based study in a Japanese grassland reported the strongest correlation between 

phenocam greenness and biomass measures (Inoue et al. 2015). This experiment 

focused on a small area (20 m x 20 m) of relatively homogenous grassland, and it is 

unlikely that such strong relationships would hold across a larger, more heterogeneous 

scale. 

In the current study, linear correlation was used to compare the different methods. This 

analytical technique has been suggested by some authors to be overly simplistic, 

particularly when conducted on scaled variables (Keatley and Hudson 2010). This is 

certainly true; in the current study the correlation coefficient tells only a small part of 

how one variable compares to another, and qualitative differences between methods are 

necessary to provide further insights. However, linear correlation represents a 

quantitative starting point for investigating possible sources of variation between scales. 

Once hypotheses are made on preliminary trends, more sophisticated analytical 

techniques may be used to examine these further. 

Scale transferability remains a major challenge despite decades of research in this field 

(Eisfelder et al. 2016). A fundamental difficulty in comparison studies is that there is 

often no single point of truth. This study compared alternative methods of measuring 

similar vegetation response. However, it is essential to acknowledge that each method 

provides slightly different information (Hufkens et al. 2012) but also different 

uncertainties and errors (Hill et al. 2006). In phenology studies, as in agricultural 

studies, plant biomass is often considered the standard. However vegetation sampling is 

subject to its own sources of uncertainty (Brummer et al. 1994). Productivity studies are 

replete with comparison studies of their own: investigating the effect of harvesting 



275 

frequency, dead material, and herbivory on how biomass and productivity can be 

accurately measured (Singh et al. 1975, Long et al. 1989, Scurlock et al. 2002). If this 

single point of truth cannot be known, then research needs to focus on understanding 

the drivers behind what is being measured, rather than determining which method is 

‘more correct’. 

5.4.5 Sources of uncertainty and divergence in field measurements 

The methods used within this project were developed in consultation with grassland 

field experts, conservation managers and agricultural practitioners to maximise the 

practical application of the findings. The methods were also designed to optimise data 

collection given the resources that were available. Pilot studies were conducted to 

ensure that, for example, biomass could be collected and processed in a timely fashion 

to ensure no tissue degradation. Grassland sites were selected for consistency and 

monitored for up to six months prior to project commencement to ensure the species 

composition was relatively consistent. However during the course of the field 

campaign, several areas of uncertainty were identified that relate to the variability of 

natural systems. While these do not reduce the applicability of the findings, they 

provide an opportunity for future studies to improve upon these methods. 

The C4 Native grasslands show the most consistent pattern within the functional groups. 

This group has the most homogenous grass cover, dominated by one climax species, 

Themeda triandra, and sites have comparable levels of grazing and other external 

disturbances. However all other functional groups demonstrated unwanted variability 

mostly due to unexpected species groups becoming common at different times of the 

year. Section 5.4.1 provides specific details of these changes. These ‘unwanted’ species 

are difficult to control in natural dynamic systems. Exotic pasture grasses are ubiquitous 

in low numbers in native pastures (Moore and Perry 1970), but can flourish if 

conditions are optimal. Subtle seasonal changes in grazing or environmental conditions 

can tip the thresholds, making certain microclimates more suitable for different species. 

This makes grasslands a challenge for classification—where species groups can be 

abundant one year, and rare the next (Vivian and Baines 2014). This can blur the 

boundaries between experimental units, in the case of the current study, grassland 

functional type. 
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Forbs were identified as contributing minimally to the overall biomass of grasslands, 

but may contribute proportionally more to measures of fractional cover and vegetation 

indices. Forbs may be under-represented in biomass assessment because common 

prostrate herbs (e.g. Trifolium spp., Hypochaeris radicata) are not as readily collected; 

most of their biomass occurs below the 1 cm harvesting threshold. When high numbers 

of these forbs occur, there may be a poorer correlation between biomass and remotely 

sensed indices. The canopy architecture and leaf morphology of these planophile forbs 

intercept and reflect more light than erectophile grasses (Jackson and Pinter 1986) and 

have a low proportion of dead vegetation. As such they have the potential to contribute 

proportionally higher to vegetation indices which may diverge from biomass data. 

It was apparent during the collection process that the measured pasture height was 

unlikely to strongly correlate with live biomass. Particularly in the spring and summer, 

a large number of flowering spikes resulted in the falling plate ‘hanging up’ on seed 

heads above the grass leaves and giving an inflated height value. This was particularly 

true for sites dominated by Phalaris aquatica and Themeda triandra which have tall 

inflorescences that are retained on the plant for many months after flowering has 

occurred. This observation is supported by the height data: the timing of maximum 

height did not correspond with the timing of maximum biomass, as would be expected. 

The flowering spikes can also change the relationship between photosynthetic and non-

photosynthetic vegetation as they mature and dry. For C4 grasslands, the maturation of 

flower spikes resulted in a peak in dead biomass which is not shown in the fractional 

cover data. This is also likely responsible for a decrease in gCC that occurs at this time, 

as the phenocam oblique viewing angle is more sensitive to the tall, dense seed heads. 

However such trends are not observed in the fractional cover data or satellite NDVI, 

methods that use observations that are closer to nadir. 

Issues with uncertainty can also result directly from grazing. On several occasions, the 

vegetation was trampled by domestic stock during grazing. This changes the 

architecture of the vegetation canopy, which in turn impacts the spectral reflectance 

properties and satellite vegetation indices (Mutanga et al. 2005). As the phenocam gCC
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is more responsive to changes in cover than biomass, this may represent a divergence in 

responses between near-surface and satellite methods. 

The assessment of fractional cover introduced an element of subjectivity. The 

attribution of a leaf as either photosynthetic or non-photosynthetic does not account for 

the range of states dictated by physiology, chlorophyll content and other pigments. It 

requires the observer to select a colour threshold, above which is determined 

‘photosynthetic’ and below which is determined ‘non-photosynthetic’. For studies with 

multiple observers, additional subjectivity will result. Objective measures of canopy 

chlorophyll content are necessary to quantify the contribution of chlorophyll change to 

overall cover estimates. This may include colour charts (Hamill and Camlin 1984), 

chlorophyll meters (Víg et al. 2012), or chemical analysis. 

Throughout this chapter, and indeed throughout this thesis, significant attention has 

been given to the impact that standing litter has on vegetation indices and phenology 

estimates. One key feature that has yet to be discussed occurs in sites with high volumes 

of standing dead litter. From the perspective of phenocams, satellites and cover 

estimates, the growth of new green leaves takes longer to emerge through the standing 

litter than a site with no litter. This is demonstrated by the data: live biomass data is 

recorded even when the VI curve is at its lowest and green cover data shows 0% fPV. 

Particularly in the case of phenocams, the oblique angles of the cameras further 

suppress this. Hence the timing of greening estimated from phenocams is likely to be 

delayed where high quantities of litter are present. 

5.4.6 Study limitations 

The effects of grazing were noted throughout the study but were not controlled. Grazing 

reduces biomass and has been shown to decrease VI measures (Wylie et al. 2002, Yang 

and Guo 2011). Our sites show a variety of grazing pressures from known grazers—

notably domestic stock and conspicuous native grazing animals (kangaroos)—but also 

will have grazing effects from other herbivores (e.g. rabbits, invertebrates). As such, 

grazing is a difficult variable to control on a large scale. However, phenocam gCC shows 

that, within the same functional group, sites with constant grazing pressures have 

phenology curves consistent in shape with less heavily grazed sites. This is illustrated 
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for C3 Native sites: GUNN and MGAR are heavily grazed but MULN is lightly grazed, 

yet the phenological profiles do not diverge. Similar responses occur for C4 Native 

sites: GIDL and TURA (ungrazed) show similar phenological response to MPON 

(moderately grazed). In each case, the more heavily grazed site has a consistently lower 

biomass. However it is feasible that while grazing removes biomass, it has little 

influence on fractional cover. Since we have shown gCC to be more closely correlated 

with cover than biomass in these temperate grasslands, grazing may have less of an 

effect on gCC than it does on other indices.  

Data gaps in phenocam data have the potential to obscure trends if they are of 

significant duration (Hmimina et al. 2013). The main gaps in the phenocam data were 

as a result of lens fogging (particularly during cooler months), and technical failure due 

to moisture incursion. This was particularly prevalent in the early stages of the study 

before additional waterproofing was conducted. Efforts to eliminate data gaps in future 

phenocam studies will be rewarded with greater statistical power. More sophisticated 

phenocams (as described in Sonnentag et al. 2012) may assist in this endeavour, but 

come with the trade-off of greater cost and power requirements. 

In the grasslands that were studied, and the conditions that occurred during the study 

period, the background soil contribution to the total cover was negligible. This is typical 

in Australian temperate grasslands—particularly native communities—as they retain 

dead material on the plant which covers any exposed soil (Morgan and Lunt 1999). 

However, in some situations, such as in drought, the background soil may contribute a 

significant proportion of fractional cover. The impact of this should be incorporated in 

studies where significant bare soil is likely to be present. 

One factor that was not incorporated into this study was collecting phenological 

attributes that are comparable between scales (Rienke and Jones 2006). Unlike similar 

studies that have compared radiometric properties of vegetation at field versus remote 

scales (Westergaard-Nielsen et al. 2013, Inoue et al. 2015), the current study aimed to 

use commonly measured field biophysical parameters as the basis for ground-scale 

comparison. However, adding a field level spectral assessment would increase the 

ability to compare scales for estimating phenology (Garrity et al. 2011, Hmimina et al.
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2013). Given the resources required for field spectral campaigns, this would need to be 

in the scope of a more focused research project. 

The number of field biomass replicates represents another opportunity for improvement. 

While six 1 m2 quadrats for sampling biomass seemed adequate based on homogeneous 

vegetation cover—and indeed was at the limit of what could be sampled and processed 

with available resources—further sampling would certainly have reduced the variability 

around the mean values (Brummer et al. 1994). Field sampling is known to have limited 

spatial applicability (White, Asner, et al. 2000) hence it is important to maximise 

samples where resources allow. 

The most important limitation of this study is that conclusions have been drawn from 

only one year of monitoring. Given the inter-annual variability of south-eastern 

Australia’s climate, several more years of monitoring would be worthwhile in 

confirming these trends. Several stakeholders from the project understand the value of 

this and have committed to continuing monitoring phenology variables to improve their 

understanding of how their vegetation changes from season-to-season and year-to-year.  

5.4.7 Assessment of phenocams for monitoring temperate grasslands 

This research found that the sub-daily image capture available through phenocams 

allows for the detection of fine-resolution changes in greenness that other methods 

could not match. Some researchers in other biomes incorporate moving-window 

averages to smooth fluctuations and remove error. However in Australian temperate 

systems these fluctuations indicate rapid responses to rainfall and temperature, and add 

enormous value in interpreting the dynamics of grassland vegetation. Although a 

smoothing line has been used in many of the figures within this thesis to interpolate data 

gaps and visually guide the reader, at times it is of insufficient resolution to discriminate 

these fine-scale changes. 

The temporal scale collected by phenocams allow for the discrimination of phenology 

metrics at a time scale that is suitable to detect dynamic change. Changes in phenology 

due to climate trends typically report differences in scales of days per decade (Parmesan 

and Yohe 2003, Badeck et al. 2004, Graham et al. 2009). In many cases, satellite data 
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collected coarser than daily frequency will render changes under a certain threshold 

undetectable. Collecting data at daily frequency also has the capacity to resolve very 

subtle trends driven by community composition and environmental drivers that are not 

possible to resolve using other means. 

The findings of this study suggest that the gCC is a suitable vegetation index for 

capturing the dynamics of temperate grasslands. Like other studies (Sonnentag et al.

2012), this index was found to be invariant to changes in illumination, particularly 

where the camera field-of-view was appropriately positioned (i.e. with minimal sky in 

the frame). Overall the gCC proved a consistent and repeatable index that matched visual 

interpretation. 

Phenocams currently lack the spectral resolution shown by many satellites, and cannot 

match the large spatial coverage that satellite sensors capture easily. Nevertheless, 

technology in this field is advancing quickly, and will no doubt accelerate more as 

further research utilises these advantages. Phenocams have enormous potential as tools 

to support ecological monitoring, but should continue to be trialled in all biomes to 

develop image capture and analysis methods that can incorporate the enormous 

variation in global vegetation properties. As the knowledge in this field develops, there 

is a growing need to quantify illumination and camera angle effects on RBG indices, 

and to promote the standardisation of methodology to enable cross-continental 

phenological comparisons (Brown et al. 2016). 

There may be an opportunity for large scale phenocam deployment outside the 

ecological sphere. It is clear from this research that phenocams could provide a distinct 

advantage to the agricultural industry, in determining appropriate times for pasture 

stocking, mowing or other management actions. On a larger scale, a network of 

phenocams could be established to quantify or forecast pasture yields or report on 

drought impacts—items that are always of relevance to Australian agriculture. As other 

phenocam networks have shown, this would require the development of novel methods 

to store, classify and analyse phenological information (Richardson et al. 2007, 

Nasahara and Nagai 2015). These is also significant scope for advances in statistical 

methods to characterise and analyse time-series imagery (Gray and Song 2013).  



281 

5.5 CONCLUSION

Australian temperate grasslands represent a continuum from highly productive exotic 

pastures to fragmented native grasslands. The need to identify and manage different 

grassland types is essential from an agricultural perspective to maximise grazing 

productivity under uncertain future climates. It is no less critical from a conservation 

perspective to identify the location of high conservation value native grasslands and 

monitor the recovery or degradation of these ecosystems. Remote sensing offers the 

capability to conduct this using land surface phenology of different grassland types, but 

an understanding of the biophysical and ecological principles underpinning phenology 

drivers is essential. 

C3 grasslands showed moderate greenness in autumn and winter, rapidly increasing to a 

peak greenness in October, and fluctuating greenness throughout the summer. They 

responded quickly to high temperatures and low rainfall during summer periods. 

C4 grasslands exhibited very low green levels in the winter, began steadily greening 

from September to a December peak and maintained relatively high values until 

autumn. C4 grassland phenology was influenced by the large quantities of standing litter 

that most sites contained. 

Correlations between phenocam greenness, biomass estimates and satellite vegetation 

indices were significant across the data set and fall within the range of agreement found 

in similar cross-scalar studies. However, the use of additional field variables elicited 

further information, given that each data source provides a slightly varied contribution 

to land surface phenology. The significance and strength of these relationships was 

found to differ between grassland functional types. Imperfect correlations between 

measured variables occur due to different structural, spatial and spectral differences in 

the variables being measured. Differences in the remote-sensing response are 

exacerbated by differences in viewing angle: oblique viewing angles will be more 

affected by erectophile vegetation than nadir angles. The opposite effect is true for the 

emergence of broadleaved (planophile) forbs in spring: they may not be detected by 

oblique-viewing phenocams, but satellite remote sensing will be more responsive.  
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In Australian temperate grassland systems, remote sensing systems (satellite NDVI and 

phenocam gCC) are more effective at estimating vegetation cover than biomass.  

Across all sites, satellites and phenocam are similar at predicting green cover. However, 

high frequency phenocam data elicits more immediate greening and browning events. 

Scaling measures between field and satellite level is dependent on understanding the 

variables being measured. As no variable represents a single point of truth, 

acknowledging that each measurement technique provides different information about 

the vegetation, but also represents different sources of error, is essential. 

Differentiation of C3-dominant grasslands from C4-dominant grasslands is less 

straightforward than northern hemisphere biomes, as the dynamic nature of Australian 

temperate grassland renders standard methods inapplicable. This study attempted 

classification through seasonal segmentation of phenocam gCC data, a method which 

takes advantage of the consistently low gCC that C4 grasslands exhibit during winter 

senescence and contrasts it with higher gCC parameters at other times of year. This 

resulted in incomplete classification due to anomalous species mixes in certain 

functional groups. Further assessment of this method should be undertaken on a greater 

number of grasslands—preferably C4-dominant, C3-dominant, and mixed C3/C4—to 

assess the applicability of this method.  

There are multiple challenges involved in the separation of grassland communities via 

remote sensing. Using phenological characteristics to improve the identification of 

native-dominated grasslands from exotic-dominated grasslands, and C3-dominance from 

C4-dominance is a research avenue that can improve the set of tools available for this 

challenge. Phenocams offer the advantage of high temporal capacity, which is necessary 

for highly dynamic systems.  

Evaluation of the use of phenocams to monitor temperate grassland dynamics 

concluded that they are acceptable for capturing dynamic changes in greening and 

browning trends. However, standardisation of relative camera angle is essential for 

comparison between locations. They also provide value-added services such as 

monitoring of grazing densities, flowering phenology and providing records of wildlife 

and feral animals 
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Chapter 6: Synthesis and future research 

Each chapter of this thesis presents the conclusions for that body of work. This section 

does not aim to reproduce that, but rather to synthesise the findings of multiple projects 

into major themes that also incorporate opportunities for future research.  

6.1 PHENOCAMS: CURRENT SUCCESSES AND FUTURE OPPORTUNITIES

In a short space of time, phenocams have moved from being a novel addition in 

ecological research to forming a major component of monitoring and research projects. 

As part of the current study, phenocams were used for the first time to quantify changes 

between experimental grassland treatments (Chapter 3). They were also used in the 

more conventional manner of quantifying vegetative phenology in observational 

research, and comparing the results to other methods of phenology estimation 

(Chapter 5). In both cases, the sub-daily temporal collection frequency combined with 

the robust gCC vegetation index provided an excellent representation of vegetation 

dynamics. These patterns clearly coincided with known timing of rainfall, harvesting or 

disturbance and demonstrate confidence that phenocams provide accurate assessments 

of grassland dynamics at both the small scales of the experimental treatments and the 

large scales of the field research. This aligns with the conclusions of other researchers 

who have emphasised similar benefits of using phenocams (Sonnentag et al. 2012, Ide 

and Oguma 2013, Keenan, Darby, et al. 2014, Brown et al. 2016, Moore et al. 2016). 

Based on the success of this study, phenocams are likely to be used more commonly in 

controlled experiments and increase their standing in ecological monitoring projects. 

From a technical perspective, phenocams demonstrated some weaknesses. The frequent 

loss of images through lens fogging or water ingress is undesirable in a method that 

cites high temporal capacity as a benefit. While there are more expensive phenocams 

available that would address these issues, budget constraints would reduce the number 

of experimental replicates and the power of any analysis. It would be more cost-

effective to engineer waterproofing methods prior to camera deployment, and to 

maintain cameras regularly. Incorporation of a reference object to standardise colour 

measurements is an important addition to phenocam project, particularly when using 
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cameras that have limited manual control. However, the benefits of phenocams far 

outweighed the shortcomings. 

Despite the success of phenocams in this domain, there is more research to be 

conducted as phenocams continue to be integrated into ecological studies. Chapter 5 

and Appendix E provide an assessment of how camera angles impact the magnitude of 

visual indices. There is the potential to quantify view angle assessment more accurately 

using UAVs (e.g. multicopters) that can acquire imagery at multiple angles near-

contemporaneously. Similarly, drone-based technology has potential to develop the 

effect of spatial scale on RGB and spectral indices. There is also scope for improving 

the accuracy of phenocam measurements through further investigation of illumination 

effects and shadowing.  

The results from Chapter 3 suggest that valuable application exists in the agricultural 

sector for tracking pasture quality over time and conducting phenological forecasting. 

However, for this to be viable, further research is needed to confirm empirical 

relationships between RGB vegetation indices and vegetative productivity. 

It seems likely that as the use of phenocams becomes widespread, technology will 

develop to provide researchers with new opportunities. To enable consistent global 

phenology comparisons, the primary challenge for researchers will be to design 

systematic methods for conducting, installing and archiving phenocam data in an 

environment of constantly-improving technology. 

6.2 THE PRESENT AND FUTURE OF AUSTRALIAN TEMPERATE GRASSLANDS

Temperate grasslands continue to be under threat, both within Australia and around the 

world (Henwood 2010, Williams and Morgan 2015). Since this project commenced, 

three additional temperate grassland communities have been added to Australia’s listing 

of Critically Endangered Ecological Communities. While there have been advances in 

restoration techniques and laudable rates of community engagement in grassland 

conservation, the need to be able to identify and monitor temperate grasslands at a 

landscape scale remains key to the long-term sustainability of these communities. 

Likewise, from a grazing perspective, regional monitoring is important to maintain food 
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security and stability of the grazing sector in the context of a changing climate. Remote 

sensing still remains the most appropriate avenue to meet this challenge, but it is likely 

that the ‘solution’ is multi-faceted and best approached by advancement in several 

remote sensing techniques. This research highlights the potential of phenology as one 

such approach, but improvements in hyperspectral sensing, chlorophyll fluorescence, 

and other time-series based methods may provide other approaches.  

The phenology of Australian temperate grassland systems is more complex than the 

well-studied northern hemisphere systems. Temperature, rainfall, ecology and land 

management have all been shown in this study to have an impact on land surface 

phenology. This complexity should be acknowledged by future researchers in this field; 

an a priori understanding that experimental settings may change as the grasslands 

themselves do. Experimental research that aims to control grazing or other land 

management may provide further information in this arena. 

The requirements for successful grassland restoration are still not fully understood 

(Lunt and Morgan 1999). However effective methods for monitoring the success of 

restoration projects and experimental trials are essential to improve our knowledge. 

Monitoring projects must heed the requirement for floral surveys to be conducted at 

several times per year such that a full species census can be undertaken. Likewise, 

condition assessments must be cognisant of how seasonality can impact condition 

scores—particularly in grasslands that are close to condition thresholds.  

Monitoring of species diversity is currently in the domain of botanical experts but may 

have its future in remote sensing technologies. The remote detection of individual 

species seems aspirational but is not beyond reach of current technology; indeed it has 

been possible for many years where the target species is conspicuous (e.g. Dehaan et al.

2007). Chapter 5 shows that the phenocams used in the current study, although boasting 

only a modest pixel resolution, can be used to detect the flowering of conspicuous 

species. Phenocams have also demonstrated the potential to identify regions of an image 

that demonstrate different phenology signatures. Like approaches in other grassland 

biomes (Julitta et al. 2014), pixel-level phenology metrics may be generated to present a 

surrogate for diversity: the higher the phenological variability, the higher the species 
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diversity. Remote technologies may not be able to identify all species as humans can 

currently do, but some of these applications are worth experimental development. 

The use of phenocams and remote sensing will be key in future grassland monitoring as 

automated methods become standardised and more commonplace. Phenocams are 

already being used in broad-scale monitoring networks to track changes in vegetative 

cover, often used as a surrogate for condition (Hufkens et al. 2016). Phenocams are also 

being integrated in citizen science projects for phenology monitoring (Kosmala et al.

2016). Commercial applications for mobile devices have been developed that 

incorporate RGB greenness indices to estimate vegetative condition. 

The role of ecological interactions between grassland species is a complex one that was 

not addressed in the controlled experiment of Chapter 2. As well as incorporating 

additional species, controlled experiments should incorporate mixtures of species to 

assist in developing spectral mixed models. This will assist in the disentangling of this 

issue in the field, where multiple species present a factor that is extremely difficult to 

control. The development of species-specific hyperspectral indices could be 

incorporated with PV/NPV mixture models to quantify the contribution of key grass 

species in a mixed system. Specialised indices are particularly required for non-

photosynthetic vegetation, which was poorly characterised using the indices tested in 

these studies. 

6.3 C3 AND C4 VEGETATION

The response of C3 and C4 vegetation to climatic changes in coming decades will be 

critical to ecological interactions, agricultural production and refinement of global 

climate models. This thesis examined empirical differences between phenology of some 

C3 and C4 species in the laboratory (Chapter 2) and how this translated into remotely-

sensed phenology of known field sites (Chapter 5). From the laboratory perspective, 

future studies should assess phenological variability from a range of C3 and C4 species, 

and use more sophisticated treatments (e.g. higher temperatures, controlled watering 

regimes) to assess within-species variation. Field studies should focus on quantification 

of C3/C4 contribution to overall productivity. Ideally, this would include the integration 

of controlled and field experiments: planting areas of ‘pure’ C3 and C4 species mixes, 
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and comparing with mixed C3/C4 grasslands in the same region. In order to allow 

satellite remote sensing, this would have to be conducted at a larger spatial scale than 

any current research in Australia. The growing sector of native grassland restoration 

may help facilitate suitable research areas in the future. 

Understanding the C3/C4 response under increased temperatures, enriched CO2 and 

modified rainfall is still incomplete. Field studies of dynamic vegetation types present 

logistical and experimental difficulties, as researchers are dealing with a ‘moving target’ 

that can change unexpectedly throughout the course of an experiment. Significant 

investment is required into this field of research to enable the development of 

meaningful and realistic climate change adaptation strategies. 

6.4 REMOTE SENSING OF PHENOLOGY: TEMPORAL AND SPATIAL SCALES 

Observable changes in monthly grassland flora species and phenophase highlight that 

data collection must be frequent to accurately capture grassland dynamics. Satellite 

collection frequencies are often sub-optimal due to cloud cover resulting in extended 

data gaps. As satellites with different capabilities are launched, there is the opportunity 

to improve some temporal, spatial and spectral factors. However, while visual and near 

infrared bands of the spectrum continue to be most prominently used, cloud impacts 

will thwart efforts to improve and maintain consistent data collection. 

The current research into multi-scale land surface phenology shows that measurements 

taken at different scales will fundamentally measure different parameters. They provide 

different sources of information and likewise have different sources of error. The 

relationship between the spatial scales differs as species composition and vegetation 

dynamics change, resulting in a practical challenge for researchers. As others have 

suggested (Rienke and Jones 2006), collection of comparable data contemporaneously 

is the best approach to achieve meaningful comparison.  

The multi-scale comparisons in this study used relatively straightforward statistics as a 

first step in investigating these relationships in Australian temperate grasslands. 

Development of more robust statistical methods has been identified as a necessary step 
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for advancement of phenology (Keatley and Hudson 2010, Gray and Song 2013), and 

will be pivotal to maintaining analytical rigour as the phenology field grows.  

6.5 VALIDATION OF GRASSLAND REMOTE SENSING 

It is broadly acknowledged that the integration of field validation is important in remote 

sensing studies. One of the lessons learned throughout this research is that dynamic 

systems such as grassland must also be validated dynamically; that is, conducted at 

several times throughout the year. Relationships between variables change depending 

on the season, and this needs to be considered throughout the experimental process. 

Chapter 4 demonstrated that grassland composition changes throughout the year, so 

multiple validation periods are required to capture this. Without rigorous validation, 

critical information to explain phenological variation of future studies may be lost. 

The validation component of any project should be embedded into the study design to 

ensure that the timing, measurements and areas are all consistent with the remote 

component. As standing litter has been found to be an important factor in grassland 

remote sensing and phenological variation, validation efforts should incorporate some 

assessment of this variable, rather than focus on photosynthetic vegetation only. 

Remote sensing studies have an implied paradigm that increased greenness equates to 

an improvement in condition. The findings of Chapter 3; that the post-drought increase 

in gCC are due to an increase in herbaceous weeds, aligns with findings that increases in 

greenness do not necessarily correspond with increases in vegetation condition 

(Herrmann and Tappan 2013, Karnieli et al. 2013). Under more variable climates, weed 

invasions are likely to be more common (Scott et al. 2014) and ecological trophic 

cascades likely to be more pronounced (Suttle et al. 2007). Future remote sensing 

studies have to be cognisant of that element: validation should be conducted 

accordingly and anomalous results treated with a degree of caution.  

6.6 EXTENSIONS OF CURRENT RESEARCH AND ASPIRATIONAL STUDIES

Each of the four research projects within this thesis represents an initial investigation 

into these research questions. Given the climatic variability in temperate Australia, the 
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key limitation of these findings is that they were derived from relatively short periods of 

data collection. An extension of this study is important to determine if these results are 

consistent under different climatic conditions.  

The use of long-term satellite data sets is now becoming more feasible due to the 

substantial efforts of some organisations to make these consistent and publicly 

accessible. A logical next step is to investigate the long-term phenological trends of 

known grassland sites. For retrospective studies, the selection of sites that have 

historical records of vegetation (e.g. agricultural research stations, farms with good 

records, national parks, etc.) is critical to allow an element of historical validation. 

There is also opportunity to expand this work into the spatial domain by developing 

phenologically-based mapping products for temperate grasslands at an appropriately 

small scale. 

The research within this thesis has improved our understanding of non-conventional 

phenology, which is a known knowledge gap in the phenology field (Adjorlolo et al.

2012). Further research into the phenology of different biomes is critical to accurately 

classify phenology at a global scale. Studies of phenology in Australia have been 

highlighted as a key limitation; hence our knowledge of Australian phenology can only 

improve with additional research in Australian biomes.  

An aspirational research project to integrate the elements within this thesis would need 

to be both long-term and large scale. An appropriate facility would include the 

development of ‘experimental grassland fields’: plots of several hectares comprising 

sown native and exotic grasslands to be used for concomitant satellite, phenocam, 

spectroradiometer and ecological studies. Subsections of these fields could be used for 

large-scale climate manipulation experiments, incorporating rainfall, temperate and 

carbon enrichment factors. Results from these semi-natural plots are more readily 

compared with nearby native and exotic grasslands to better understand how the 

dynamics of natural grasslands responds to change. At the same time, fundamental 

investigations into scale, viewing geometry and image illumination would be 

undertaken with multi-angle phenocams and drone-mounted sensors. Ideally the whole 

facility would be covered with a small network of very high resolution phenocams such 

as those proposed by Brown and colleagues (2011). Critically, such a facility would 
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need to be transdisciplinary and collaborative, including researchers from a variety of 

fields (e.g. plant physiology, engineering, agricultural scientists) to develop applicable 

and practical solutions to grassland management issues, and convey these to the wider 

community. 

Climate change presents an increased factor of uncertainty for the future of temperate 

grasslands, whether from the perspective of ecology and conservation, or from the 

perspective of economic growth and food security. The primary challenge for future 

researchers is to develop novel and innovative approaches to tackle the complex and 

uncertain future that Australian temperate grasslands—and other Australian 

ecosystems—are likely to face in coming decades. As the DRI-grass project and similar 

research continues to provide novel insights into the impacts of climate change, the 

importance of such research facilities may be realised. The advancement of our 

understanding depends on support for research in this country: an appetite for strategic 

investment in relevant scientific research is necessary to foster our knowledge of 

climate change impacts and the development of useful adaptation strategies.  
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Appendix A PEARSON’S CORRELATION TABLE OF VEGETATION INDICES 

 
This appendix presents a Pearson’s correlation table (Table A.1) of the vegetation 

indices and cover estimates that were used for the research described in Chapter 2. 

These relationships can also be applied to other chapters throughout this thesis where 

comparison is made between cover, camera-based indices and spectral indices. 

Abbreviations used in this table include: 
 
 

Fractional cover: 

PV (photosynthetic vegetation) 

NPV (non-photosynthetic vegetation) 
 
 

Camera-based indices: 

RGB (red-green-blue) 

GCC (Green Chromatic Coordinate) 

ExG (Excess Green) 

 

Spectral Indices: 

AVHRR (Advanced Very High Resolution Radiometer) 

MODIS (MODerate resolution Imaging Spectroradiometer) 

NDVI (Normalized Difference Vegetation Index) 

EVI (Enhanced Vegetation Index) 

SARVI (Soil and Atmosphere Resistant Vegetation Index) 

CAI (Cellulose Absorption Index) 

PRI (Photochemical Reflectance Index) 



 
 
 
 
 
 

Table A.1 Pearson’s correlation coefficient (r) of fractional cover estimates, RBG indices and spectral indices described in Chapter 2. Fractional cover was 

estimated using camera-based quantification of pixel colour. RGB indices were generated from integrated colour of digital images. Spectral indices were 

generated from an ASD spectroradiometer and include narrow-band indices used in hyperspectral studies and spectroradiometer simulations of common 

satellite-based VIs using the appropriate spectral bands. Relationships are significantly correlated at p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***). 
 

 PV % 
Cover 

NPV % 
Cover 

Camera 
GCC 

Camera 
ExG 

Camera 
Green:Red 

 
ASD GCC 

AVHRR 
NDVI 

Landsat 
TM NDVI 

MODIS 
NDVI 

Narrow- 
band 
NDVI 

MODIS 
Simple 
Rat io 

Narrow-band 
Simple Rat io 

MODIS 
EVI 

MODIS 
SARVI 

NDVI 
705 

MODIS 
CAI 

 
 
Fractional Cover 

 
PV % Cover 

 
 
 
 
-0.36*** 

  
 

NPV % Cover 

 
 
 
 

RGBIndices 

 
Camera GCC 

 
0.88***  -0.26*** 

 
 
0.90***  -0.27*** 

 
 
0.86***  -0.47*** 

 
 
0.86***  -0.53*** 

 
 
 
 
0.97*** 

 
 
0.78***    0.83*** 

 
 
0.78***    0.79*** 0.76*** 

 
 

Camera ExG 

 
Camera Green:Red 

 
ASD GCC 

 
 
 
 
 
 
 
 
 
 
 
 
 
Spectral Indices 

 
AVHRR NDVI 

 
0.75***  -0.17*** 

 
 
0.84***  -0.20*** 

 
 
0.81***  -0.19*** 

 
 
0.83***  -0.25*** 

 
 
0.81***  -0.26*** 

 
 
0.84***  -0.32*** 

 
 
0.61*** 0.07 

 
 
0.56*** 0.06 

 
 
0.85***  -0.19*** 

-0.68*** 0.62*** 

0.53***  -0.68*** 

 
0.76***    0.75*** 0.52*** 0.65*** 

 
 
0.82***    0.83*** 0.62*** 0.76*** 

 
 
0.80***    0.80*** 0.59*** 0.72*** 

 
 
0.81***    0.81*** 0.61*** 0.77*** 

 
 
0.83***    0.82*** 0.63*** 0.76*** 

 
 
0.85***    0.85*** 0.68*** 0.83*** 

 
 
0.65***    0.65*** 0.44*** 0.47*** 

 
 
0.61***    0.61*** 0.41*** 0.43*** 

 
 
0.83***    0.84*** 0.65*** 0.74*** 

-0.59***  -0.60*** -0.59***     -0.82*** 

0.38***  0.41*** 0.58*** 0.76*** 

 
 
 
 
0.98*** 

 
 
0.99***    1.00*** 

 
 
0.98***    0.99***    0.99*** 

 
 
0.95***    0.96***    0.96***     0.96*** 

 
 
0.91***    0.94***    0.93***    0.95***      0.99*** 

 
 
0.75***    0.75***    0.75***    0.74***     0.74*** 0.71*** 

 
 
0.69***    0.69***    0.70***    0.68***     0.69*** 0.67*** 0.99*** 

 
 
0.97***    0.99***    0.99***    0.98***     0.96*** 0.94*** 0.77***    0.71*** 

 
 
-0.59***   -0.65***   -0.62***  -0.68***    -0.64*** -0.68*** -0.21***   -0.17***  -0.62*** 

 
 
0.18***   0.28***   0.25***    0.32***    0.30*** 0.38*** 0.09* 0.09*     0.27***   -0.65*** 

 
Landsat TM NDVI 

 
MODIS NDVI 

 
Narrow-band NDVI 

 
MODIS Simple Rat io 

 
Narrow-band Simple Rat io 

 
MODIS EVI 

 
MODIS SARVI 

 
NDVI 705 

 
MODIS CAI 

 
PRI 
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Appendix B ADDITIONAL TIME SEGMENTATION FROM DRI-GRASS 

PHENOCAM DATA 
 
 

This appendix contains supplementary data to Chapter 3. Refer to Chapter 3 for details 

regarding methods used to generate this data. 

 
Because phenocam data is taken at sub-daily frequency, the data can be split into 

segments of various lengths to compare different variables. In the main section of this 

chapter, we compare treatments by total data series, by season and by drought periods, 

as these results had the most relevant findings to the study. However, other meaningful 

groups were also considered and are presented here for completeness. 

 

Segmentation by Mode 
 
 

 

Figure B.1 Phenology profile of mean ambient treatment, separated into modes (discrete periods 

of greening/browning). The horizontal dashed line represents the mean soil gCC value. 

 
 Mode 1: 6 April 2014–29 May 2014 

 Mode 2: 30 May 2014–15 August 2014 

 Mode 3: 16 August 2014–10 October 2014 

 Mode 4: 11 October 2014–22 November 2014 

 Mode 5: 23 November 2014–7 April 2015 
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Figure B.2 Mean igCC (± 1 s.d.) by treatment for Mode 1 (6 April 2014–29 May 2014). Means 

with the same letter are not significantly different between each treatment (Dunn’s post-hoc test 

p < 0.05). 

 

 
Figure B.3 Mean igCC (± 1 s.d.) by treatment for Mode 2 (30 May 2014–15 August 2014). 

Means with the same letter are not significantly different between each treatment (Dunn’s post- 

hoc test p < 0.05). 
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Figure B.4 Mean igCC  (± 1 s.d.) by treatment for Mode 3 (16 August 2014–10 October 2014). 
 
 

 

Figure B.5 Mean igCC (± 1 s.d.) by treatment for Mode 4 (11 October 2014– 

22 November 2014). 
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Figure B.6 Mean igCC (± 1 s.d.) by treatment for Mode 5 (23 November 2014–7 April 2015). 

Means with the same letter are not significantly different between each treatment (Dunn’s post- 

hoc test p < 0.05). 

 
 
 
 
 
 
 

Segmentation by harvest period 
 

A destructive harvesting study was conducted orthogonal to this phenocam study. 

Harvesting occurred twice to capture growth from April 2014 to September 2014— 

autumn to early spring—and October 2014 to April 2015—spring to autumn (Figure 

B.7). The difference between treatments for the two harvest periods is illustrated in 

Figure B.8 and Figure B.9. 
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Figure B.7 Phenology profile of mean ambient treatment, separated into harvest periods. The 

horizontal dashed line represents the mean soil gCC value. 

 
 Harvest 1: 7 April 2014–4 October 2014 

 Harvest 2: 5 October 2014–27 March 2015 
 

 
Figure B.8 Mean igCC (± 1 s.d.) by treatment for Harvest 1 (7 April 2014–4 October 2014; 180 

days). Means with the same letter are not significantly different between each treatment (Dunn’s 

post-hoc test p < 0.05). 
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Figure B.9 Mean igCC (± 1 s.d.) by treatment for Harvest 2 (5 October 2014–27 March 2015; 

173 days). Means with the same letter are not significantly different between each treatment 

(Dunn’s post-hoc test p < 0.05). 
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Appendix C VASCULAR PLANT SPECIES LIST FOR ALL SITES 
 

Table C.1 List of vascular plant species detected at each site during monthly monitoring over a one year period. Native status refers to either native (N) or 

exotic (E). Growth form refers to either graminoid (G) or forb (F). Plant names follow the Royal Botanic Gardens PlantNET database. 
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Pteridophyta Pteridopsida PTERIDACEAE Cheilanthes austrotenuifolia N F          X   
     
Magnoliophyta Liliospida ASPHODELACEAE Bulbine bulbosa N F      X   X    
  COLCHICACEAE Wurmbea dioica N F X  X    X      
  CYPERACEAE Carex inversa N G   X          
  Carex sp. U G        X     
  Carex sp. 2 U G   X X         
  Carex sp. 3 N G     X        
  Cyperus eragrostis E G        X   X  
  Lepidosperma sp. U G   X          
  Schoenus apogon N G      X       
  HYPOXIDACEAE Hypoxis hygrometrica N F     X X       
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  JUNCACEAE Juncus acutus E G  X X X X X  X X    
  Juncus articulatus E G   X  X   X     
  Juncus bufonius E G          X X  
  Juncus filicaulis N G X  X X X X       
  Luzula densiflora N G   X X  X       
  LOMANDRACEAE Lomandra filiformis N F X  X X X X    X  X 

  Lomandra sp. N G      X       
  ORCHIDACEAE Diuris monticola N F    X X X       
  Diuris sp. N F     X        
  Microtis unifolia N F X    X X       
  POACEAE Aira cupaniana E G X X X X X X       
  Aira sp. E G     X        
  Aristida ramosa N G   X          
  Austrostipa bigeniculata N G X  X  X        
  Austrostipa scabra N G X X         X X 

  Austrostipa sp. N G         X    
  Avena barbata E G X X X  X      X X 

  Bothriochloa macra N G X  X X         
  Briza maxima E G  X  X         
  Briza minor E G   X X X X       
  Bromus hordeaceus E G X X X X X    X X X X 
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  Chloris truncata N G   X      X    
  Cynodon dactylon N G         X    
  Dactylis glomerata E G     X  X  X    
  Dichelachne crinita N G   X X X X       
  Dichelachne sp. N G     X        
  Eleusine tristachya E G  X       X  X  
  Elymus scaber N G X X X X X X   X X   
  Enneapogon nigricans N G      X       
  Eragrostis brownii N G   X  X    X    
  Eragrostis curvula E G   X      X X X X 

  Festuca arundinacea E G   X    X  X    
  Holcus lanatus E G X  X    X X X    
  Hordeum leporinum E G  X       X  X X 

  Lolium perenne E G   X     X X  X  
  Microlaena stipoides N G  X X      X    
  Nassella neesiana E G X            
  Nassella trichomata E G X X X  X    X X X X 

  Panicum effusum N G X  X X X X       
  Paspalum dilatatum E G   X     X     
  Phalaris aquatica E G X X X X X X X X X X X X 

  Poa labillardierei N G X  X X  X    X X  



347  

 

 
 
 

NATIVE GROWTH 
DIVISION CLASS FAMILY SCIENTIFIC NAME STATUS FORM 

SITE 

M
G

A
R

 

G
U

N
N

 

M
U

L
N

 

G
ID

L 

T
U

R
A

 

M
PO

N
 

M
U

L
E 

G
U

N
E 

M
PO

E
 

SC
O

T 

IN
G

E 

IN
17

 

  Poa sieberiana N G     X        
  Rytidosperma caespitosum N G X X X X X X  X X X X X 

  Rytidosperma carphoides N G X    X        
  Rytidosperma laeve N G X  X X X        
  Rytidosperma pallidum N G   X          
  Rytidosperma racemosum N G X  X          
  Rytidosperma tenuius N G     X        
  Sorghum leiocladum N G     X        
  Themeda triandra N G X  X X X X       
  Unknown (Poaceae) U G  X      X     
  Unknown graminoid (IN1714) U G            X 

  Unknown graminoid (MGAR10) U G X            
  Unknown graminoid (MULN31) U G   X          
  Vulpia myuros E G X X X X  X   X  X X 

  
 Magnoliopsida ANTHERICACEAE Arthropodium milleflorum N F X  X X X X       
  Dichopogon fimbriatus N F        X     
  Thysanotus tuberosus N F      X       
  Tricoryne elatior N F X   X X   X     
  APIACEAE Eryngium ovinum N F    X X        
  Hydrocotyle laxiflora N F   X X X X   X    
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  Oreomyrrhis eriopoda N F   X          
  ASTERACEAE Arctotheca calendula E F  X           
  Calocephalus citreus N F    X X        
  Carthamus lanatus E F X X    X    X X X 

  Chondrilla juncea E F X X        X X X 

  Chrysocephalum apiculatum N F X X X X X X      X 

  Chrysocephalum semipapposum N F          X   
  Cichorium intybus E F       X      
  Cirsium vulgare E F X  X X X X   X X X X 

  Conyza bonariensis E F   X   X    X X X 

  Conyza sp. E F   X   X       
  Conyza sumatrensis E F X  X X X     X X X 

  Coronidium scorpioides N F   X          
  Craspedia variabilis N F      X       
  Crepis capillaris E F      X       
  Cymbonotus lawsonianus N F X  X X X X    X  X 

  Euchiton japonicus N F X  X        X  
  Euchiton sphaericus N F  X X X  X     X X 

  Gamochaeta coarctata E F            X 

  Gamochaeta purpurea E F           X X 

  Hieracium pilosella E F          X   
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  Hypochaeris radicata E F X X X X X X X X X X X X 

  Lactuca serriola E F  X X   X    X X X 

  Lapsana communis E F   X   X    X X X 

  Leptorhynchos squamatus N F   X X X X       
  Microseris lanceolata N F      X       
  Onopordum acanthium subsp. 

acanthium 
 

E 
 

F 
  

X 
 

X 
      

X 
 

X 
 

X 
 

X 

  Senecio jacobaea E F  X       X    
  Senecio madagascariensis E F          X X X 

  Senecio quadridentatus N F  X X       X   
  Solenogyne dominii N F X  X  X X       
  Sonchus asper E F   X  X    X X X  
  Sonchus oleraceus E F X X X  X     X  X 

  Taraxacum sp. E F X     X X      
  Tolpis barbata E F   X   X    X X X 

  Tragopogon dubius E F X  X  X     X X X 

  Triptilodiscus pygmaeus N F      X    X   
  Vittadinia cuneata N F X X X  X       X 

  Vittadinia muelleri N F X  X  X X    X   
  BORAGINACEAE Cynoglossum suaveolens N F  X           
  Echium plantagineum E F X X X X      X X X 
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  Echium vulgare E F  X X       X X X 

  BRASSICACEAE Capsella bursa-pastoris E F X X        X X X 

  Lepidium campestre E F            X 

  Sisymbrium officinale E F       X    X X 

  CAMPANULACEAE Wahlenbergia communis N F X X X X X X    X X X 

  Wahlenbergia gracilis N F   X   X    X   
  Wahlenbergia sp. N F            X 

  CARYOPHYLLACEAE Cerastium glomeratum E F   X   X       
  Petrorhagia nanteuilii E F   X   X    X X X 

  CHENOPODIACEAE Chenopodium album E F         X    
  Dysphania pumilio N F         X  X  
  CLUSIACEAE Hypericum gramineum N F   X X X X       
  Hypericum perforatum E F X X  X X X  X  X  X 

  CONVOLVULACEAE Convolvulus angustissimus N F X X X X X X    X X X 

  Dichondra repens N F   X         X 

  DROSERACEAE Drosera peltata N F    X X X       
  EUPHORBIACEAE Euphorbia maculata E F   X          
  FABACEAE Cullen tenax N F X     X       
  Desmodium varians N F     X        
  Glycine clandestina N F     X     X   
  Medicago polymorpha E F       X      
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  Medicago sativa E F       X      
  Trifolium arvense E F X  X X X X    X X X 

  Trifolium dubium E F X  X X X X    X X  
  Trifolium repens E F  X X  X  X  X X X X 

  Trifolium sp. E F  X     X   X   
  Trifolium subterraneum E F X X X X     X  X  
  Trifolium vesiculosum E F       X    X  
  Vicia sativa subsp. nigra E F   X          
  Vicia villosa E F   X          
  GENTIANACEAE Centaurium erythraea E F X  X X X X  X  X  X 

  GERANIACEAE Erodium botrys E F       X  X  X X 

  Erodium crinitum N F X X          X 

  Geranium dissectum E F    X         
  Geranium molle E F   X      X    
  Geranium solanderi N F   X   X   X    
  GOODENIACEAE Goodenia pinnatifida N F    X X        
  Velleia paradoxa N F   X X  X       
  HALORAGACEAE Gonocarpus tetragynus N F    X X X       
  Haloragis heterophylla N F X  X X X X  X     
  LAMIACEAE Salvia verbenaca E F X    X      X X 

  LYTHRACEAE Lythrum hyssopifolia N F        X     
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  MYRSINACEAE Lysimachia arvensis E F   X       X   
  ONAGRACEAE Epilobium billardierianum N F X  X  X X  X  X   
  Epilobium ciliatum E F          X   
  OROBANCHACEAE Parentucellia latifolia E F   X   X       
  OXALIDACEAE Oxalis perennans N F X X X X X X    X   
  Oxalis sp. U F  X       X X X X 

  PLANTAGINACEAE Linaria pelisseriana E F             
  Plantago gaudichaudii N F    X X        
  Plantago lanceolata E F X X X X X  X X  X X X 

  Plantago major E F   X          
  Plantago varia N F X  X X X X       
  Veronica sp. E F   X   X       
  POLYGONACEAE Acetosella vulgaris E F X X X X X X   X X X X 

  Rumex brownii N F X X X X X X  X X X X X 

  Rumex crispus E F       X X     
  Rumex dumosus N F    X X        
  RANUNCULACEAE Ranunculus lappaceus N F      X       
  ROSACEAE Acaena ovina N F X  X X X X   X X X X 

  Sanguisorba minor E F  X         X  
  RUBIACEAE Asperula conferta N F X  X X X X       
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  Galium aparine E F          X   
  

SCROPHULARIACEAE 

Verbascum thapsus subsp. 

thapsus 
 

E 
 

F 
 

X 
         

X 
 

X 
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  Verbascum virgatum E F X            
  SOLANACEAE Solanum nigrum E F  X           
  STACKHOUSIACEAE Stackhousia monogyna N F    X X        
  THYMELAEACEAE Pimelea curviflora N F   X X X X       
  VERBENACEAE Verbena sp. E F          X   
  UNKNOWN Unknown exotic forb (IN1715) E F            X 

  Unknown exotic forb (MULE1) E F       X      
  Unknown exotic forb (MULE2) E F       X      
  Unknown forb (GIDL15) U F    X         
  Unknown forb (IN176) U F            X 

  Unknown forb (MPOE3) E F         X    
  Unknown forb (MULN21) U F   X          
  Unknown forb (MULN36) E F   X          
  Unknown sp. (MPON17) U F      X       
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Appendix D EFFECT OF TIME-OF-DAY ON PHENOCAM GCC PATTERNS 

 
This appendix presents data on the effect of illumination as a result of time-of-day sun 

angle on the magnitude and patterns of phenocam gCC. This is presented at each of the 

12 study sites, details of which can be found in Chapter 4. Refer to Chapter 5, Section 

5.2.3 for details on how the cameras were installed, and Section 5.2.6 for details on how 

images were analysed. 

 

Figure D.1 to Figure D.12 present comparison phenology profiles of each site, where 

each coloured trend line represents gCC at different times of day between 9:00 and 15:00 

Australian Eastern Standard Time. The trend lines are LOESS fitted curves (span = 0.1) 

for visual comparison of the grouped temporal trends. Each data point is the mean value 

of 9 ROIs per image. 

 

Differences in gCC were generally invariant with time of day. Some sites (e.g. INGE, 

MGAR, GUNN) showed near identical phenology profile shapes and magnitude for 

each hourly dataset throughout the monitoring period. A few sites (GUNE, IN17, 

TURA) had minor deviation in gCC magnitude; these were most apparent during periods 

of highest greenness. 

 

Where there is minor discrepancy in the shape of the trend lines, data at 15:00 tends to 

be have the highest gCC. Frequently this is only for a few months of the year, but this 

trend is not seasonally consistent within plots. Data points at 14:00 show the next 

highest gCC. Conversely, 9:00 tended to have the lowest gCC. The 9:00 data deviated a 

little from the others, however this is likely to be due to the lower numbers of 9:00 data 

points. Data from 9:00 had the highest number of images removed as part of the quality 

control process. The shape of the trend line is vulnerable to data gaps, hence the 

likelihood of more variation at 9:00. 

 

Although the time-of-day differences were slight, 11:00 to 13:00 showed the least 

variability. While using all available data is preferred, if only one data point is used per 

day, it is suggested that be consistent through time, and within the 11:00 to 13:00 range. 
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Figure D.1 Comparison phenology profile of mean time-of-day gCC from site GIDL 

(C4 Native). 

 

 
Figure D.2 Comparison phenology profile of mean time-of-day gCC from site TURA 

(C4 Native). 
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Figure D.3 Comparison phenology profile of mean time-of-day gCC from site MPON 

(C4 Native). 

 

 
Figure D.4 Comparison phenology profile of mean time-of-day gCC  from site IN17 (C4 Exotic). 



357  

 

 
 

Figure D.5 Comparison phenology profile of mean time-of-day gCC  from site INGE (C4 Exotic). 
 
 

 

Figure D.6 Comparison phenology profile of mean time-of-day gCC from site SCOT 

(C4 Exotic). 
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Figure D.7 Comparison phenology profile of mean time-of-day gCC from site MGAR 

(C3 Native). 

 

 
Figure D.8 Comparison phenology profile of mean time-of-day gCC from site GUNN 

(C3 Native). 
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Figure D.9 Comparison phenology profile of mean time-of-day gCC from site MULN 

(C3 Native). 

 

 
Figure D.10 Comparison phenology profile of mean time-of-day gCC from site MULE 

(C3 Exotic). 
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Figure D.11 Comparison phenology profile of mean time-of-day gCC from site MPOE 

(C3 Exotic). 

 

 
Figure D.12 Comparison phenology profile of mean time-of-day gCC from site GUNE 
(C3 Exotic). 
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Appendix E EFFECT OF CAMERA ANGLE ON GCC MAGNITUDE 

 
This appendix presents data on the effect of phenocam camera angle on the magnitude 

of gCC of each of the 12 study sites. Chapter 4 provides details of each site. Refer to 

Chapter 5, Section 5.2.3 for details on how the cameras were installed, and Section 

5.2.6 for details on how different camera angles were analysed. 
 
 

Figure E.1 to Figure E.14 present phenology profiles of each site, where different 

coloured data points and trend lines represent different camera angles. Figure E.2 (site 

GIDL) and Figure E.9 (site GUNN) show a comparison of nadir camera gCC against the 

mean gCC for each site’s oblique camera. All other figures compare the gCC at different 

regions of the camera’s field-of-view (foreground, midground and background), 

representing relative camera angle. The trend lines are LOESS fitted curves (span = 0.1, 

except where indicated) for visual comparison of the grouped temporal trends. 



362  

 

 
 

Figure E.1 Comparison phenology profile of foreground, midground and background gCC from 

site GIDL (C4 Native). 

 

 
Figure E.2 Comparison phenology profile of oblique mean gCC and nadir mean gCC from site 

GIDL (C4 Native), with a LOESS span of 0.05. 
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Figure E.3 Comparison phenology profile of foreground, midground and background gCC from 

site TURA (C4 Native). 

 

 
Figure E.4 Comparison phenology profile of foreground, midground and background gCC from 

site MPON (C4 Native). 
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Figure E.5 Comparison phenology profile of foreground, midground and background gCC from 

site IN17 (C4 Exotic). 

 

 
Figure E.6 Comparison phenology profile of foreground, midground and background gCC from 

site INGE (C4 Exotic). 
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Figure E.7 Comparison phenology profile of foreground, midground and background gCC from 

site SCOT (C4 Exotic). 

 

 
Figure E.8 Comparison phenology profile of foreground, midground and background gCC from 

site GUNN (C3 Native). 
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Figure E.9 Comparison phenology profile of oblique mean gCC and nadir mean gCC from site 

GUNN (C3 Native), with a LOESS span of 0.05. 

 

 
Figure E.10 Comparison phenology profile of foreground, midground and background gCC from 

site MGAR (C3 Native). 
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Figure E.11 Comparison phenology profile of foreground, midground and background gCC from 

site MULN (C3 Native). 

 

 
Figure E.12 Comparison phenology profile of foreground, midground and background gCC from 

site MULE (C3 Exotic). 
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Figure E.13 Comparison phenology profile of foreground, midground and background gCC from 

site MPOE (C3 Exotic). 

 

 
Figure E.14 Comparison phenology profile of foreground, midground and background gCC from 

site GUNE (C4 Native). 
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The comparison phenology profiles demonstrate that the further the distance from the 

camera (or, the closer the relative angle to horizontal), the more exaggerated the gCC 

response (i.e. greener during growth periods, browner during senescence periods). The 

background data points also showed higher variability than foreground data points, with 

more instances of high and low gCC outliers. This may suggest that the background of 

the image is more subject to atmospheric effects such as fog or haze. This trend does 

not apply at all sites, and depends on the aspect of the field site and the orientation of 

the phenocam. For example, the site MULN slopes away from the phenocam, resulting 

in a smaller difference in relative angle between the three regions and corresponding 

smaller difference in gCC. The largest apparent difference between the three image 

regions is consistently on the flattest landscapes (e.g. GIDL, GUNE, TURA). 

Regardless, the data shows that the magnitude of gCC changes with camera angle. 
 
 

The trends and timing of gCC dynamics align regardless of camera angle. For the 

majority of sites, the commencement of greening, peak times of GCC and overall 

phenology profile shape match extremely closely. At sites where one region shows an 

anomalous phenology profile to the others (e.g. MULE, IN17), this indicates regions of 

the image where land surface phenology is different. In this case, it represented different 

species composition, but could also be used to identify different microclimates, soil 

types or regions of disturbance. 

 

For the two comparisons between nadir and oblique imagery, nadir gCC generally 

follows the same trends of the oblique, despite representing very different scales. The 

nadir camera captured 2 m2, whereas the oblique camera captures 20,000–40,000 m2. In 

one example (GUNN), the magnitude of gCC was less for the nadir image than the 

oblique for the entire period. However, in the other (GIDL), a similar trend was 

observed to the foreground/midground/background phenology profiles: nadir showed a 

higher gCC during green periods and a lower gCC during less green periods. 
 

Fundamentally, this shows that relative camera angle has an effect on the magnitude of 

gCC, therefore inter-site comparisons of gCC magnitude should not be made unless 

camera angles are standardised. 
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Appendix F COMPARISONS OF FIELD, NEAR-SURFACE AND SATELLITE 

PHENOLOGY 

 
The figures in this appendix represent a graphical comparison of the methods used to 

represent vegetative phenology at different spatial and temporal scales. This is intended 

to assist the reader in viewing similarities and differences between the methods. As each 

method provides subtly different information about vegetation dynamics, these 

complement each other to explain the actual and apparent vegetative phenology at each 

location. 

 

The methods used to derive each time-series dataset are presented in Chapter 5, Section 

5.2. Each dataset represents changes in the quantity and quality of green vegetation 

from twelve grassland locations. Details of the field sites are included in Chapter 4. To 

account for the variation between functional groups, the y-axis varies between figures. 
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Figure F.1 Multi-scale phenology from 1 May 2014 to 30 April 2015 at GIDL (C4 Native). 

From top to bottom panel: total live biomass ( ) and live grass biomass ( ) in kg/ha; green 

(PV) fractional cover (%); phenocam 13:00 daily gCC; Terra MODIS ( ) and Landsat 

OLI/ETM+ ( ) NDVI. 
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Figure F.2 Multi-scale phenology from 1 May 2014 to 30 April 2015 at TURA (C4 Native). 

From top to bottom panel: total live biomass ( ) and live grass biomass ( ) in kg/ha; green 

(PV) fractional cover (%); phenocam 13:00 daily gCC; Terra MODIS ( ) and Landsat 

OLI/ETM+ ( ) NDVI. 



373  

 
 
 
 
 
 
 
 
 

 
 

Figure F.3 Multi-scale phenology from 1 May 2014 to 30 April 2015 at MPON (C4 Native). 

From top to bottom panel: total live biomass ( ) and live grass biomass ( ) in kg/ha; green 

(PV) fractional cover (%); phenocam 13:00 daily gCC; Terra MODIS ( ) and Landsat 

OLI/ETM+ ( ) NDVI. 
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Figure F.4 Multi-scale phenology from 1 May 2014 to 30 April 2015 at IN17 (C4 Exotic). From 

top to bottom panel: total live biomass ( ) and live grass biomass ( ) in kg/ha; green (PV) 

fractional cover (%); phenocam 13:00 daily gCC; Terra MODIS ( ) and Landsat OLI/ETM+ ( ) 

NDVI. 
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Figure F.5 Multi-scale phenology from 1 May 2014 to 30 April 2015 at INGE (C4 Exotic). 

From top to bottom panel: total live biomass ( ) and live grass biomass ( ) in kg/ha; green 

(PV) fractional cover (%); phenocam 13:00 daily gCC; Terra MODIS ( ) and Landsat 

OLI/ETM+ ( ) NDVI. 
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Figure F.6 Multi-scale phenology from 1 May 2014 to 30 April 2015 at SCOT (C4 Exotic). 

From top to bottom panel: total live biomass ( ) and live grass biomass ( ) in kg/ha; green 

(PV) fractional cover (%); phenocam 13:00 daily gCC; Terra MODIS ( ) and Landsat 

OLI/ETM+ ( ) NDVI. 
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Figure F.7 Multi-scale phenology from 1 May 2014 to 30 April 2015 at GUNN (C3 Native). 

From top to bottom panel: total live biomass ( ) and live grass biomass ( ) in kg/ha; green 

(PV) fractional cover (%); phenocam 13:00 daily gCC; Terra MODIS ( ) and Landsat 

OLI/ETM+ ( ) NDVI. 
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Figure F.8 Multi-scale phenology from 1 May 2014 to 30 April 2015 at MGAR (C3 Native). 

From top to bottom panel: total live biomass ( ) and live grass biomass ( ) in kg/ha; green 

(PV) fractional cover (%); phenocam 13:00 daily gCC; Terra MODIS ( ) and Landsat 

OLI/ETM+ ( ) NDVI. 
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Figure F.9 Multi-scale phenology from 1 May 2014 to 30 April 2015 at MULN (C3 Native). 

From top to bottom panel: total live biomass ( ) and live grass biomass ( ) in kg/ha; green 

(PV) fractional cover (%); phenocam 13:00 daily gCC; Terra MODIS ( ) and Landsat 

OLI/ETM+ ( ) NDVI. 
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Figure F.10 Multi-scale phenology from 1 May 2014 to 30 April 2015 at GUNE (C3 Exotic). 

From top to bottom panel: total live biomass ( ) and live grass biomass ( ) in kg/ha; green 

(PV) fractional cover (%); phenocam 13:00 daily gCC; Terra MODIS ( ) and Landsat 

OLI/ETM+ ( ) NDVI. 
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Figure F.11 Multi-scale phenology from 1 May 2014 to 30 April 2015 at MPOE (C3 Exotic). 

From top to bottom panel: total live biomass ( ) and live grass biomass ( ) in kg/ha; green 

(PV) fractional cover (%); phenocam 13:00 daily gCC; Terra MODIS ( ) and Landsat 

OLI/ETM+ ( ) NDVI. 
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Figure F.12 Multi-scale phenology from 1 May 2014 to 30 April 2015 at MULE (C3 Exotic). 

From top to bottom panel: total live biomass ( ) and live grass biomass ( ) in kg/ha; green 

(PV) fractional cover (%); phenocam 13:00 daily gCC; Terra MODIS ( ) and Landsat 

OLI/ETM+ ( ) NDVI. 


	Title Page
	Certificate of Original Authorship
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	Abbreviations
	Abstract
	Chapter 1: Introduction
	1.1 Terminology
	1.2 Grasslands: Characteristics, Uses and Threats
	1.3 Australian Temperate Grasslands
	1.3.1 Characteristics of Australian temperate grasslands
	1.3.2 Temperate grasslands for food production
	1.3.3 Temperate grasslands for native biodiversity
	1.3.4 Challenges in managing temperate grasslands

	1.4 Remote Sensing of Vegetation
	1.4.1 Vegetation spectral signatures
	1.4.2 Vegetation indices
	1.4.3 Challenges to remote sensing of Australian temperate grassland

	1.5 Phenology: Definition, History and Current Relevance
	1.5.1 Conventional methods for estimating phenology
	1.5.2 Contemporary and novel methods for studying phenology
	1.5.3 Phenology research in Australia

	1.6 Conceptual Models of Grassland Phenology
	1.7 Thesis Aims and Research Questions
	1.8 Thesis Structure

	Chapter 2: The effect of species composition and fractional cover on spectrally-derived phenology in Australian grasslands
	2.1 Introduction
	2.1.1 Remote sensing and temperate grassland management
	2.1.2 Land surface phenology and vegetation dynamics
	2.1.3 Aims

	2.2 Methods
	2.2.1 Canopy reflectance spectra
	2.2.2 Leaf-level reflectance spectra
	2.2.3 Spectral indices
	2.2.4 Chlorophyll content
	2.2.5 Spectral processing and analysis

	2.3 Results
	2.3.1 Fractional cover and vegetation indices
	2.3.2 Differences in phenology by species
	2.3.3 Differences in phenology by plant density
	2.3.4 Differences in phenology due to treatment
	2.3.5 Removal and addition of litter
	2.3.6 Chlorophyll content

	2.4 Discussion
	2.4.1 Phenological differences between species
	2.4.2 Phenological differences between density treatments
	2.4.3 Phenological differences between treatments
	2.4.4 Effect of litter on vegetation index
	2.4.5 Chlorophyll content
	2.4.6 Application to natural systems
	2.4.7 Future work and recommendations

	2.5 Conclusion

	Chapter 3: The effect of rainfall regime on the phenology and productivity of Australian temperate pasture
	3.1 Introduction
	3.1.1 Grazing agriculture in temperate Australia
	3.1.2 Climate: perspectives in temperate south-eastern Australia
	3.1.3 The future climate of south-eastern Australia
	3.1.4 Anticipated impacts to pasture production in southern Australia
	3.1.5 Grassland response to rainfall: global lessons
	3.1.6 Near-surface phenology as a monitoring tool
	3.1.7 Aims

	3.2 Materials and Methods
	3.2.1 Study site and climatic variables
	3.2.2 Experimental design
	3.2.3 Phenology observation with repeat digital photography
	3.2.4 Image processing and analysis
	3.2.5 Phenophase observations

	3.3 Results
	3.3.1 General phenocam observations
	3.3.2 Growth response to rainfall/soil moisture
	3.3.3 Qualitative comparisons: annual phenology profiles
	3.3.4 Total and seasonal differences in productivity
	3.3.5 Phenophase differences between treatments

	3.4 Discussion
	3.4.1 Effects of change in rainfall quantity
	3.4.2 Effects of change in rainfall frequency
	3.4.3 Effects of drought events
	3.4.4 Observed changes in species composition and phenophases
	3.4.5 Assessment of phenocam utility
	3.4.6 Limitations and recommendation for future research

	3.5 Conclusion

	Chapter 4: Seasonal changes in temperate grassland species dynamics and phenophase: a floristic study
	4.1 Introduction
	4.1.1 Monitoring changes in grassland species richness
	4.1.2 Monitoring changes in grassland condition
	4.1.3 Grassland phenology
	4.1.4 Land surface phenology of grasslands
	4.1.5 Aims

	4.2 Materials and Methods
	4.2.1 Study region
	4.2.2 Study Sites
	4.2.3 Floristic surveys
	4.2.4 Grassland condition assessment
	4.2.5 Phenophase of dominant species

	4.3 Results
	4.3.1 Annual species richness
	4.3.2 Seasonal changes in species richness
	4.3.3 Seasonal changes by functional group: richness, detection frequency and cover
	4.3.4 Seasonal changes in grassland condition
	4.3.5 Tracking cover and phenophase of dominant species

	4.4 Discussion
	4.4.1 Temperate grassland species richness
	4.4.2 Grassland condition monitoring
	4.4.3 Cover and phenophase change
	4.4.4 Implications for land surface phenology
	4.4.5 Study limitations

	4.5 Conclusion

	Chapter 5: Assessing phenology of C₃ and C₄ grasslands using near-surface and satellite remote sensing coupled with field measurements
	5.1 Introduction
	5.1.1 Different grassland functional types
	5.1.2 Need for identification and monitoring of grasslands
	5.1.3 Phenology: methods of data collection
	5.1.4 Phenology data collected at different scales
	5.1.5 Aims

	5.2 Materials and Methods
	5.2.1 Experimental design and study sites
	5.2.2 Satellite phenology data sources
	5.2.3 Time-lapse digital photography
	5.2.4 Field measurements
	5.2.5 Processing and analysis
	5.2.6 Phenocam processing and analysis
	5.2.7 Separation of grassland functional types through phenology data

	5.3 Results
	5.3.1 Biomass breakdown
	5.3.2 Grassland height
	5.3.3 Fractional cover
	5.3.4 Phenocams
	5.3.5 Satellite data
	5.3.6 Relationship between remotely-sensed and biophysical variables
	5.3.7 Separation of functional types by seasonal statistic

	5.4 Discussion
	5.4.1 The C₃/C₄ phenological response
	5.4.2 Separation of grassland functional groups
	5.4.3 Phenocams: limitations and variation
	5.4.4 Comparison of field and remotely sensed methods
	5.4.5 Sources of uncertainty and divergence in field measurements
	5.4.6 Study limitations
	5.4.7 Assessment of phenocams for monitoring temperate grasslands

	5.5 Conclusion

	Chapter 6: Synthesis and future research
	6.1 Phenocams: Current Successes and Future Opportunities
	6.2 The Present and Future of Australian Temperate Grasslands
	6.3 C₃ and C₄ Vegetation
	6.4 Remote Sensing of Phenology: Temporal and Spatial Scales
	6.5 Validation of Grassland Remote Sensing
	6.6 Extensions of Current Research and Aspirational Studies

	Chapter 7: References
	Appendices
	Appendix A Pearson’s Correlation Table of Vegetation Indices
	Appendix B Additional time segmentation from DRI-Grass phenocam data
	Appendix C Vascular plant species list for all sites
	Appendix D Effect of time-of-day on phenocam GCC patterns
	Appendix E Effect of camera angle on gcc magnitude
	Appendix F Comparisons of field, near-surface and satellite phenology




