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ABSTRACT 

 

The co-existence of C3 and C4 grass species significantly influence their spatio-temporal 

variations of biochemical cycling, productivity (i.e. biomass) and role in provision of 

ecosystem goods and services. Consequently, the discrimination of the two species is critical 

in understanding their spatial distribution and productivity. Such discrimination is 

particularly valuable for accounting for their socio-economic and environmental 

contributions, as well as decisions related to climate change mitigation. Due to the growing 

popularity of remotely sensed approaches, this study sought to discriminate the two grass 

species and determine their AGB using new generation sensors. Specifically, the potential of 

Landsat 8, Sentinel 2 and Worldview 2, with improved sensing characteristics were tested in 

achieving the above objectives.  

 

Generally, the results demonstrate the suitability of the adopted sensors in the discrimination 

and determination of C3 and C4 AGB using Discriminant Analysis and Sparse Partial Least 

Squares Regression models. Using multi-date Sentinel 2 data, the study established that 

winter period (May) was the most suitable for discriminating the two grass species. On the 

other hand, the winter fall (August) was found to be the least optimal period for the two grass 

species discrimination. The study also established that the amount of AGB for C3 and C4 

were higher in winter and summer, respectively; a variability attributed to elevation and 

rainfall. The study concludes that Sentinel 2 dataset, although had weaker performance than 

Worldview 2; it offers a valuable opportunity in understanding the C3 and C4 spatial 

distribution within a landscape; hence useful in understanding both temporal and multi-

temporal distribution of the two grass species. Successful seasonal characterization of C3 and 

C4 AGB allows for inferences on their contribution to forage availability and fire regimes; 

therefore, this contributes to the development of well-informed conservation strategies, which 

can lead to sustainable utilization of rangelands, especially in relation to the changing 

climate. 
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CHAPTERS ONE AND TWO: GENERAL OVERVIEW AND 

CONTEXTUALISATION 



 1 

1.1. Importance of grassland ecosystems 

Grasslands are an important component of the global terrestrial ecosystems. This biome 

occupies more than 30% of the global land area, contributing approximately 20% of total 

terrestrial primary productivity (Barbehenn et al., 2004; Jin et al., 2014). These ecosystems 

play a significant role in biodiversity conservation and in regulating biospheric and 

atmospheric carbon (Hill, 2013; O'Mara, 2012). Grasslands are also an important source of 

forage for livestock, which supports the livelihoods of the majority of communities and 

wildlife populations (Schmidt and Skidmore, 2001; Xu and Guo, 2015). For instance, in the 

rangelands of South Africa, which occupy more than 70% of the land area, grasslands are a 

critical foraging source for wildlife and livestock (Mansour et al., 2013), contributing 

approximately ZAR 2.88 billion to the country’s Gross Domestic Product per year (Mbatha 

and Ward, 2010). 

 

It has also been established that the photosynthetic pathway (i.e. C3 and C4) followed by 

these grass species is a crucial component of grassland ecosystems, which influence their 

functioning within an ecosystem (Barbehenn et al., 2004). For example, C4 species have a 

high carbon storage capability per unit of nitrogen, compared to the C3 species (Foody and 

Dash, 2007; Pau and Still, 2014). Although it has been generally accepted that C3 and C4 

grass species prefer certain conditions, there is also a co-existence of these species, due to the 

influence of local topographic and climatic factors (Yan and de Beurs, 2016). The co-

existence of C3 and C4 has been identified, for example, in the montane grasslands of South 

Africa (Adjorlolo et al., 2014), the Prairies of the United States (Foody and Dash, 2007) and 

temperate northern China (Guan et al., 2012). Their co-existence plays a considerable role in 

governing the spatial and temporal variations of biochemical cycling and productivity (i.e. 

biomass accumulation). The morphological, physiological and phenological variations 

between C3 and C4 grass species also influence their biophysical properties, their response to 

environmental changes and their ability to provide ecosystem goods and services (Barbehenn 

et al., 2004; Foody and Dash, 2010), which varies over space and time. 

 

Scientific evidence also shows that climate change impose significant threat to C3 and C4 

grass species, with implications on their geographical distribution, abundance and 

productivity (Xia et al., 2014). For example, there are concerns that an increase in 

atmospheric carbon dioxide (CO2) concentrations will be favourable to C3 species, and they 

are more likely to increase in distribution at the expense of C4 (Barbehenn et al., 2004). 
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These changes compromise the ability of C3 and C4 grass species to provide ecosystem 

goods and services. Therefore, monitoring these grass species becomes fundamental for 

proper management of these ecosystems, so as to ensure their sustainability. In addition, it 

enlightens the contribution of these grass species to forage, fuel load and as potential carbon 

pools, especially in the light of climate and land cover changes.  

 

So far, information on C3 and C4 grass species has traditionally been obtained by means of 

conventional field surveys (Adjorlolo et al., 2012b; Barbehenn et al., 2004). However, these 

approaches have been found to be costly, labour intensive, time consuming and restricted to 

smaller areas (Schmidt and Skidmore, 2001). This is insufficient to understand the spatial and 

temporal variability of co-existing C3 and C4 dominated grasslands, for continuous 

monitoring, as well as for development of management strategies. Alternatively, remote 

sensing data offers robust, instantaneous and efficient spatial and temporal data useful, at 

different spatial scales and geographical coverage, in a spatially explicit manner (Knox et al., 

2013; Peterson et al., 2002; Wang et al., 2013; Wang et al., 2010). The data therefore 

becomes more appropriate for characterizing and monitoring co-existing C3 and C4 grass 

species. 

 

1.2. Remote sensing of co-existing C3 and C4 grass species 

Since the emergence of remote sensing, monitoring of C3 and C4 grass species has been 

recognized (Adjorlolo et al., 2015; Liu and Cheng, 2011; Lu et al., 2009; Tieszen et al., 

1997). However, the remote sensing of C3 and C4 grass species has been associated with 

some challenges, which hinders continuous monitoring efforts. The major problem has been 

on finding appropriate datasets for optimum monitoring. For instance, the widely-used 

broadband multispectral sensors, such as the Advanced Very High Resolution Radiometer 

(AVHRR) and the Moderate Resolution Imaging Spectroradiometer (MODIS) have been 

reported to yield poor results. This has been attributed mainly to their coarse spatial 

resolution (i.e. 1 km
2
), which limits their potential to capture the spatial characterization of 

C3 and C4 biophysical properties (Peterson et al., 2002; Price et al., 2002). Moreover, their 

broad spectral settings have limited their ability to spectrally discern between C3 and C4 

species characteristics. On the other hand, the use of hyperspectral data, although it produces 

accurate results, literature shows that the acquisition cost, high data dimensionality and the 

inherent multi-collinearity makes their application a challenge in resource-constrained areas 

(Adjorlolo et al., 2012b; Mansour et al., 2012a). Hyperspectral data is also limited to small 
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geographical coverage, due to high acquisition cost. This limits any prospects for continuous 

monitoring of C3 and C4 grass species using hyperspectral datasets at large geographical 

coverage. 

 

Emerging remote sensing datasets, with advanced sensing capabilities are therefore perceived 

to provide new prospects for monitoring C3 and C4 grass species. Particularly, the 

development of new generation sensors, such as Landsat 8 Operational Land Imager (OLI), 

RapidEye, Worldview-2 and Sentinel-2 Multispectral Instrument (MSI) although not yet fully 

tested,  offer more hope for monitoring C3 and C4 grass species from local to regional scales. 

The improved spatial and spectral properties (e.g. 10 m with 13 spectral bands for Sentinel 2) 

are likely to provide a better spatial and spectral characterization of C3 and C4 grass species. 

This is also critical considering their phenological, morphological and physiological 

variations. Most importantly, the high temporal resolution (e.g. 5 days for Sentinel 2) and 

large geographical coverage (e.g. 185 km for Landsat 8 and 195 km for Sentinel 2 sensors) 

are invaluable for temporal analyses, over large geographical areas. 

 

Studies which applied new generation sensors demonstrated that they have the potential to 

characterize various species characteristics (Atzberger et al., 2015; Dube and Mutanga, 

2015a; Dudley et al., 2015; Ramoelo et al., 2014; Richter et al., 2012). For instance, the study 

by Dube and Mutanga (2015a) has highlighted the utility of the Landsat 8 sensor design, 

which improves its sensitivity to characterizing species biomass. The study by Mutanga et al. 

(2015) also reported the ability of the Worldview 2 multispectral data in predicting foliar 

grass nitrogen with high accuracy. Ramoelo et al. (2014), using Sentinel 2 observed that the 

sensor’s unique spectral configuration has high potential to monitor rangeland conditions in 

Southern Africa. These sensors are therefore more likely to be sensitive to various subtle 

properties of C3 and C4 grass species and their associated environmental conditions, thereby 

improving their accurate characterization and monitoring. It is upon this background that this 

work sought to seasonally discriminate and characterize AGB of C3 and C4 grass species in a 

spatially explicit manner, using new generation remote sensing sensors. This is perceived to 

offer a new horizon in the remote sensing of C3 and C4 grass species; a previously difficult 

task, due to lack of appropriate datasets, for large spatial monitoring, over time. 
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1.3. Study Aim and Objectives 

The primary aim of this research was to discriminate and estimate spatial and temporal 

variations of C3 and C4 grass species aboveground biomass in KwaZulu-Natal, South Africa 

using new generation multispectral remote sensing datasets. Specifically, the study aimed to: 

 

1. Evaluate the prospects of the varying spectral configurations of the new generation 

sensors for the seasonal discrimination of C3 and C4 grasses functional types, 

2. Examine the strength of the newly-launched Sentinel 2 MSI sensor in detecting and 

discriminating subtle differences between C3 and C4 grass, 

3. Determine the optimal season for discriminating the eco-physiological distinction 

between C3 and C4 grass functional types using multi-date Sentinel 2 data, 

4. Determine optimal new generation satellite for accurate C3 and C4 grass species 

aboveground biomass estimation in South Arica, 

5. Characterize the spatio-temporal variations of C3 and C4 dominated grasslands 

aboveground biomass in the Drakensberg, South Africa, and 

6. To determine remotely-sensed C3 and C4 grass species AGB variability in response to 

seasonal climate and topography. 

 

1.4. Study area 

The study site, covering an area of approximately 200 km
2
 is located in KwaZulu-Natal 

(Figure 1.1), which is one of the largest natural grassland areas in South Africa (Everson and 

Everson, 2016). The area is predominantly grassland, with patches of Afro-montane forests 

and rocky out crops. The climate varies remarkably, with wet humid summers, which extend 

from November to March and cold dry winters, from May to August (Nel, 2009). 

Temperatures are quite variable, from as low as 5°C in winter, to above 16°C in summer 

(Everson and Everson, 2016). The elevation of the area, according to the Advanced 

Spaceborne Thermal Emission and Reflection Radiometer (ASTER) digital elevation model 

(DEM) varies between 1200 and 3050 m above sea level. The area experiences regular 

snowfall and frost during the winter period, especially in higher altitude zones (Mansour et 

al., 2012b). Misty conditions, fire and herbivory are also typical across the study area, which 

influence the distribution and productivity of C3 and C4 grass species (Adjorlolo et al., 
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2014). The Drakensberg is regarded as a zone of biological transition, occurring within the 

intermediate temperate–tropical climatic conditions, characterized by patches of C3 grasses 

and C4 grasses, which are highly responsive to environmental changes, thereby 

compromising their distribution, productivity and functioning (Adjorlolo et al., 2012b). 

 
Figure 1.1: Study site location and DEM (DEM source: ASTER global DEM) 

 

1.5. Thesis outline 

Overall, this thesis focused on two key research areas of the remote sensing of C3 and C4 

grass species: single and multi-date discrimination and AGB estimation. The structure of the 

thesis is in eight chapters. The thesis/dissertation is structured as eight chapters, mostly stand 

alone papers. Consequently, repetitions in some sections may occur, since these chapters 

constitute stand-alone papers, which were or are intended to be submitted for publication to 

different journals.  
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1.5.1. Chapters 1 and 2: General Overview and Contextualisation 

The first Chapter is the general introduction to the study, as well as highlighting the main aim 

and specific objectives intended to be achieved. Chapter Two provides a review of literature 

on the progress of the remote sensing of C3 and C4 grass species AGB. The review 

highlights previous studies, sensors used, algorithms, as well as their performance, 

applicability and limitations. The review also noted prospects for C3 and C4 grass species 

AGB estimation, for improved management of these ecosystems. 

 

1.5.2. Chapters 3 – 5: C3 and C4 Grass Species Discrimination 

Chapter Three is based on a research paper focusing on the discrimination of C3 and C4 grass 

species. The study used in situ hyperspectral data to test spectral settings of new generation 

sensors, particularly, Landsat 8, Sentinel 2 and Worldview 2. These sensors have emerged 

with better spectral capabilities, than the previously-used broadband multispectral sensors. In 

this regard, they present a better opportunity for the discrimination of C3 and C4 grass 

species. Chapter Four further investigated how Landsat 8, Sentinel 2 and Worldview 2 

sensors used in Chapter three discriminate and map the spatial distribution of C3 and C4 

grass species. These sensors have different resolutions, which all influence their ability to 

detect and map C3 and C4 grasses. The study specifically examined the potential of the 

freely-available Sentinel 2, which has been recently launched in orbit, in discriminating and 

mapping C3 and C4 grasses. 

 

In Chapter Five, Sentinel 2 was used to determine the optimum period for the better 

discrimination and mapping of C3 and C4 grass species, using multi-temporal images. The 

sensor has demonstrated its potential in relation to the freely-available Landsat 8 and the 

Worldview 2 commercial sensor. This study was therefore intended to improve not only the 

discrimination and mapping of C3 and C4, but also for future prediction of their potential 

shifts, under the anticipated climate change. 

 

1.5.3. Chapters 6 and 7: C3 and C4 Grass Species Biomass Estimation  

After identifying the optimum period, the AGB estimation of these grasses was explored. 

Identifying sensors for AGB estimation was one of the challenges identified in exploring the 

progressing of C3 and C4 grass species AGB estimation. In Chapter Six, the three sensors 

were first tested to determine their ability in estimating and representing the spatial variations 

of C3 and C4 grass species AGB. This demonstrated the opportunity offered by Sentinel 2 in 
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estimating C3 and C4 grasses AGB, when compared to Landsat 8 and Worldview 2. The 

study was relevant in preparation for the estimation of spatial variations of species AGB over 

time. Chapter Seven therefore characterized AGB spatial variations over time, using Sentinel 

2 multi-temporal images.  

 

1.5.4. Chapters 8 and 9: Modelling and Synthesis 

In Chapter Eight, possible climatic and topographic factors influencing the observed AGB 

patterns within the study area were explored. This Chapter specifically examined the 

response of remotely-sensed C3 and C4 grasses AGB to seasonal climate and topography.  

Chapter Nine finally provides the synthesis of the study, by summarizing the major findings 

and conclusions. The relevant recommendations in the discrimination and AGB estimation of 

C3 and C4 grasses, using emerging remote sensing data are also presented for future studies.  
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CHAPTER TWO 
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2. Progress in the remote sensing of C3 and C4 grass species 

aboveground biomass over time and space: A review 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
This chapter is based on: 

Shoko C, Mutanga O and Dube T (2016): Progress in the remote sensing of C3 and C4 grass 

species aboveground biomass over time and space: ISPRS Photogrammetry and Remote 

Sensing, (120):13-24. 
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Abstract 

The remote sensing of grass aboveground biomass (AGB) has gained considerable attention, 

with substantial research being conducted in the past decades. Of significant importance is 

their photosynthetic pathways (C3 and C4), which epitomizes a fundamental eco-

physiological distinction of grasses functional types. With advances in technology and the 

availability of remotely sensed data at different spatial, spectral, radiometric and temporal 

resolutions, coupled with the need for detailed information on vegetation condition, the 

monitoring of C3 and C4 grasses AGB has received renewed attention, especially in the light 

of global climate change, biodiversity and, most importantly, food security. This paper 

provides a detailed survey on the progress of remote sensing application in determining C3 

and C4 grass species AGB. Importantly, the importance of species functional type is 

highlighted in conjunction with the availability and applicability of different remote sensing 

datasets, with refined resolutions, which provide an opportunity to monitor C3 and C4 

grasses AGB. While some progress has been made, this review has revealed the need for 

further remote sensing studies to model the seasonal (cyclical) variability, as well as long-

term AGB changes in C3 and C4 grasses, in the face of climate change and food security. 

Moreover, the findings of this study have shown the significance of shifting towards the 

application of advanced statistical models, to further improve C3 and C4 grasses AGB 

estimation accuracy. 

 

Keywords: climate change; food security; phenology; forage; spectral and spatial infidelity; 

sensor resolution 
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2.1. Introduction 

Grasslands are an important component of global terrestrial ecosystems, occupying over 30% 

of the land, with an estimated contribution of 20% to the total terrestrial primary productivity 

(Barbehenn et al., 2004; Jin et al., 2014). Furthermore, grasslands play a significant role in 

biodiversity conservation, in regulating biospheric and atmospheric carbon concentration and, 

most importantly, forms the backbone of the food web (Hill, 2013; O'Mara, 2012). In the 

tropics of southern Africa, grasslands are predominantly an important source of forage for 

livestock, which supports the livelihoods of the majority of communities, as well as for the 

vast wildlife populations (Schmidt and Skidmore, 2001; Xu and Guo, 2015). For instance, in 

the rangelands of South Africa, which occupy more than 70% of the land area, grasslands are 

a critical foraging source for wildlife and livestock (Mansour et al., 2013), contributing 

approximately ZAR 2.88 billion to the country’s Gross Domestic Product per year (Mbatha 

and Ward, 2010). Similarly, the Sahelian region in West Africa is characterized by an 

extensive use of rangeland pastures for livestock production (Diouf et al., 2015). 

 

However, literature shows that grassland ecosystems are vulnerable to climate change effects 

(e.g. the prevalence of drought and erratic rainfall) (Bond and Keeley, 2005; Kalwij et al., 

2014; Kemp and Michalk, 2007). These conditions compromise the Aboveground Biomass 

(AGB) of grassland ecosystems, with adverse effects on rangeland health, thereby posing 

significant challenges, not only to biodiversity conservation, but also to farmers and the 

livelihoods of communities at large. Therefore, the monitoring of grassland ecosystems 

becomes vital, to ensure their sustainability in maintaining ecosystem services. 

 

Within the grassland ecosystems, the photosynthetic pathways (C3 and C4) of grass species 

represent a unique functional type of species sharing physiological (physical and chemical 

processes e.g. carbon cycle or photosynthesis), phenological (life cycle e.g. annual or 

seasonal) and morphological (structure) properties (Díaz and Cabido, 1997; Duckworth et al., 

2000; Paruelo and Lauenroth, 1996). Typically, C3 are grasses characterized by incorporating 

carbon dioxide (CO2) into an initial three-carbon compound, whereas C4 are those grasses 

which incorporate CO2 into an initial four-carbon compound, during photosynthesis and are 

therefore, regarded as C3 and C4 grasses, respectively (Adjorlolo et al., 2012a; Foody and 

Dash, 2007). 
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In terms of their geographical distribution, C4 grasses are dominant in the warmer savannah 

areas of the tropics and the southern hemisphere (Fig.2.1 (a)) (Woodward and Lomas, 2004; 

Woodward et al., 2004). C4 grasses thus, prefer low latitude and altitude. On the other hand, 

C3 grasses predominantly occur in cool regions (Fig.2.1 (b)), particularly the high latitude 

and altitude Arctic and temperate zones of the northern hemisphere (Woodward and Lomas, 

2004; Woodward et al., 2004; Yao et al., 2011). Previous studies (Adjorlolo et al., 2014; 

Bremond et al., 2012; Yan and de Beurs, 2016) have also reported the co-existence of C3 and 

C4 grass species. The study by Yan and de Beurs (2016) have further highlighted that the 

distribution of C3 and C4 grass species at regional scale is influenced by rainfall and 

temperature variations, whereas at a local scale, topographic and edaphic variables exert more 

influence. It is well documented that C3 grass species prefer cool conditions, with higher 

moisture content and lower solar radiation, are hence, regarded as cool season grasses 

(Adjorlolo et al., 2012b; Foody and Dash, 2007). Moreover, C3 grasses are less sensitive to 

frost, have been reported to be active throughout the year and are sometimes referred to as 

annual grasses (Tieszen et al., 1997). In contrast, C4 grasses prefer lower moisture content, 

warm temperatures, and are sometimes referred to as warm season grasses (Pau and Still, 

2014; Ricotta et al., 2003; Tieszen et al., 1997). C4 grasses are highly sensitive to frost 

conditions, when compared to C3. 

 

The phenological profiles of C3 and C4 grasses also vary, which influence the availability 

and quantity of their AGB within the ecosystem (Bremond et al., 2012; Guan et al., 2012). It 

has been reported that the growth of C3 grasses begins in the early spring, reaching their peak 

in late spring and in summer they become senescent, whereas C4 grasses begin in the late 

spring and reach their peak in summer (Pau and Still, 2014; Wang et al., 2013). The different 

phenological profiles of C3 and C4 grasses have been attributed to their climatic 

requirements and any alterations to these profiles have major implications on the timing and 

accumulation of AGB (Rigge et al., 2013). Monitoring the AGB of C3 and C4 grasses 

therefore, becomes a major concern, especially considering the projected effects of climate 

change on their distribution and abundance. 
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Figure 2.1: The global distribution of relative fraction of (a) C4 and (b) C3 grass species functional 

types (Source: North American Carbon Program)  

 

The current concerns and the projected effects of global climate change on ecosystem 

functioning require the monitoring of C3 and C4 grasses AGB (Jin et al., 2014), considering 

their role in the carbon cycle. For example, C4 grass species tend to store more carbon, when 

compared to C3 (Davidson and Csillag, 2001). The study by Bremond et al. (2012) has also 

highlighted that C4 grasses respond positively, with an increase in warming, when compared 

to C3 grasses, whereas under elevated CO2 concentration, C3 species are anticipated to 

respond positively, when compared to C4 (Lee, 2011). Similarly, the projected changes in 

climatic conditions (e.g. the seasonality of rainfall), coupled with warming, are likely to 

influence the phenological profiles of C3 and C4 grasses (Thornton et al., 2014). This has 

major implications on the timing and accumulation of species AGB, thereby affecting their 

ability to provide services and maintain the integrity of the ecosystem.  

 

(a) 

(b) 
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So far, there have been different approaches for monitoring the AGB of C3 and C4 grass 

species, based on ground measurements and remote sensing (empirical and physical-based 

approaches). Ground-based measurements have been regarded as the most direct and accurate 

method of estimating AGB (Auerswald et al., 2012; Niu et al., 2008). However, ground-

based approaches are costly, time-consuming, labour-intensive and are difficult to implement 

effectively in assessing the spatial variations of AGB, especially across large areas (Adjorlolo 

et al., 2012b; Psomas et al., 2011). There is therefore, a widespread consensus that remote 

sensing approaches hold a pivotal and irreplaceable role in monitoring the AGB of C3 and C4 

grass species (Davidson and Csillag, 2003; Ustin and Gamon, 2010). 

 

Remote platforms gather remarkable information on the condition, distribution, spatial 

configuration, invasion and spread of vegetation (Tieszen et al., 1997), which is relevant to 

the monitoring of C3 and C4 grasses AGB at both local and regional scales. Furthermore, the 

ability of remote sensing to frequently offer data in a spatially distributed manner, with 

varying resolutions, provides a valuable complimentary data source and opportunity to 

monitor these grasses, when compared to the use of in situ measurements (Adjorlolo et al., 

2012a; Foody and Dash, 2007; Liu and Cheng, 2011). Since the emergency of remote 

sensing, the possibility of monitoring C3 and C4 grasses at different resolutions has been 

enlightened (Rigge et al., 2013; Tieszen et al., 1997). The advances in remote sensing 

technology, which have progressively expanded over the years, further enhance the ability to 

detect and distinguish the various morphological, physiological and phenological properties 

of C3 and C4 grass species, expanding their monitoring horizon. 

 

This paper demonstrates the progress of remote sensing applications in determining the AGB 

of C3 and C4 grass species. Firstly, the review highlights the significance of functional types 

in the remote sensing of C3 and C4 grasses, as well as its implications on AGB 

quantification. Parallel to this, the effect of species properties (e.g. leaf area index and the 

concentration of photosynthetic pigments) in the remote sensing of C3 and C4 grasses is also 

provided. The applicability of the available remote sensing sensors in determining seasonal 

and long-term variations in C3 and C4 grass species AGB is also discussed in detail. The 

potential of different algorithms for the remote sensing of grasses functional types is explored 

and future prospects in the monitoring of C3 and C4 grasses AGB is also provided. 
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2.2. The importance of the remote sensing of vegetation according to functional types 

and its implications on AGB estimation 

The use of species functional types, although it dates back to the 19
th

 century, has recently 

received renewed attention as a possible approach for monitoring vegetation conditions 

(Cousins and Lindborg, 2004; Gondard et al., 2003). Monitoring vegetation species according 

to functional type is an approach that quantifies the AGB of a group of species (e.g. grasses) 

that shares physiological, phenological and morphological properties. Compelling evidence 

has shown that functional types indicate close similarities of vegetation species in their use of 

resources and their responses (e.g. in their distribution and abundance) to environmental 

controls, such as climate variability (e.g. temperature and rainfall) or elevated CO2 (Díaz and 

Cabido, 1997; Louault et al., 2005). It also shows that the differences between species of the 

same functional type (e.g. C3 grasses) is quite negligible, when compared to those between 

functional types, such as C3 and C4 grasses (Duckworth et al., 2000; Skarpe, 1996). 

 

In addition, functional types influence variations in species AGB within an ecosystem 

(Homolová et al., 2013; Louault et al., 2005; Skarpe, 1996). Alterations in the key properties 

of species functional types (e.g. phenology) have a substantial effect on AGB and this can 

cascade across the ecosystem, with unpredictable consequences. Monitoring species AGB, 

based on functional types, is therefore indispensable, as it encompasses different species 

sharing morphological, physiological and phenological characteristics (Duckworth et al., 

2000; Gondard et al., 2003; Ivits et al., 2013), thereby providing a powerful approach, when 

compared to the use of broad vegetation biomes (e.g. grasslands) or the taxonomic approach, 

which is typically performed at species level. 

 

The use of species functional types in monitoring vegetation AGB, using field-based 

methods, remains restricted to small geographic coverage, for a specific period of time and, it 

focuses mainly on individual species (Homolová et al., 2013). Similarly, it is also impractical 

to develop models for monitoring C3 and C4 grass species at individual levels, considering 

the high demand for the large-scale monitoring of vegetation, especially in the light of the 

global effects of climate change and the provision of ecosystem services. Remote sensing 

therefore provides an invaluable means of monitoring vegetation AGB, according to their 

functional types. 
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Remote sensing offers spatially explicit data, repeated observations, covers large geographic 

areas, which cannot be achieved, when using ground-based observations (Díaz and Cabido, 

1997; Ustin and Gamon, 2010). For instance, the study by Woodward et al. (2004) reported 

the potential of the MODIS sensor in mapping the global distribution of different vegetation 

functional types. The availability of time-series satellite data and repeated observations also 

allow consistent monitoring of species cyclic patterns (i.e. phenology), which is one of the 

key concepts of species functional types. This improves the monitoring of species AGB, 

based on their asynchronous seasonality. Remote sensors have the ability to spectrally and 

spatially differentiate the species functional types (e.g. C3 and C4) from broad vegetation 

biomes, such as grasslands (Homolová et al., 2013; Ustin and Gamon, 2010). For instance, a 

body of literature has reported the ability of remote sensing to distinguish between the C3 and 

C4 grass species functional types (Foody and Dash, 2007; Peterson et al., 2002; Price et al., 

2002), which enhances the monitoring of their AGB. The ability of remote systems to detect 

the physiological and morphological characteristics of a species, which relate to AGB, also 

proves its potential in monitoring the species functional types. 

 

Advances in technology with improved image acquisition characteristics have progressively 

expanded the ability to distinguish the structure, phenology and physiology of vegetation, 

providing new insights into the concept of species functional types (Adjorlolo et al., 2014; 

2015; Ustin and Gamon, 2010). These systems have the capability to detect fine distinctions 

between species functional types, using hundreds of narrow spectral bands, ranging from the 

visible, near-infrared, to the shortwave-infrared portions of the spectrum. Thus, the 

aforementioned capabilities of remote sensing in discriminating and mapping C3 and C4 

grass functional types become relevant in determining their AGB and contribution to the 

functioning of grassland ecosystems. Remote sensing also facilitates change detection in 

AGB between C3 and C4 grass species for carbon or climate change modelling. Detailed 

information on the use of remote sensing technology to monitor the AGB of C3 and C4 grass 

species functional types is described in the following sections. 

 

2.3. Seasonal and long-term monitoring of C3 and C4 grass species AGB 

C3 and C4 grass species AGB varies spatially and temporarily, due to the influence of 

topography (e.g. soil type) and climatic conditions (e.g. temperature and rainfall). Of 

particular importance is the phenology of the C3 and C4 grass species, which determines the 

temporal variability in their AGB (Pau and Still, 2014; Ricotta et al., 2003; Wang et al., 
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2013). At different phenological phases, these grasses exhibit variations in their exchange of 

energy, water and carbon fluxes, as well as in nutrient uptake, storage and release, throughout 

the growing season, influencing the availability and amount of AGB (Adair and Burke, 2010; 

Jin et al., 2013). The timing, availability and amount of AGB is therefore sensitive to any 

alterations to the phenological profiles (e.g. the onset of green-up) of these grasses (Rigge et 

al., 2013). These unique and asynchronous phenological profiles of C3 and C4 grass species 

therefore facilitate the seasonal monitoring of their AGB using remote sensing. 

 

The seasonal monitoring of C3 and C4 grass species allows stakeholders to identify and 

predict potential variations in AGB, which is critical for effective management of forage, as 

well as for developing proper conservation strategies (Diouf et al., 2015). Moreover, Karlsen 

et al. (2008) stipulates that a shift in the phenological cycle (e.g. late green-up) of grasses is 

regarded as the foremost, immediate and observable indication of seasonal transition, due to 

environmental changes. This has immediate impacts on the timing of AGB, which affects the 

availability of forage for grazers. In this regard, the seasonal monitoring of these grasses 

AGB becomes more relevant, in the light of food security. In addition, a shift in the 

phenological cycle of C3 and C4 grasses can serve as a possible indicator of the effect of 

climate change on terrestrial ecosystems (Richardson et al., 2013). 

 

Considering the current trends and the anticipated impacts of global climate change on 

vegetation, long-term and systematic observations of C3 and C4 AGB are required, given the 

possibility that these changes are difficult to detect with short-term observations. Long-term 

observations provide a better understanding of the ecological transition of C3 and C4 

dominated grassland (Rigge et al., 2013). This is also supported by the studies of Diouf et al. 

(2015) and Eastman et al. (2013), which emphasized that any changes in vegetation AGB 

require repeated observations to be discernible. Long-term temporal coverage also increases 

the efficiency of rangeland management, by detecting areas of low AGB and the likely 

occurrence of degradation (Rigge et al., 2013), as well as assessing proper management 

practices to boost AGB (Atzberger et al., 2013). 

 

Thus far, remote sensing of C3 and C4 grass species AGB has focused on the long-term 

temporal coverage, such as annual variations, using large spatial resolution datasets (Pau and 

Still, 2014; Rigge et al., 2013; Tieszen et al., 1997). For instance, the study by Pau and Still 

(2014) determined the annual AGB of C3 and C4 grass species, using MODIS, from the year 
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2000 to 2010, covering a period of ten years, whereas Tieszen et al. (1997) and Rigge et al. 

(2013) covered a period of five (1989-1993) and seven years (2000-2008), respectively. 

Nevertheless, a few studies have attempted to determine short-term or cyclic variations in C3 

and C4 species AGB (Davidson and Csillag, 2001; ). These studies were confined to specific 

phenological phases, such as the start or end of the season. For instance, the study by 

Davidson and Csillag (2001) was limited to a two-day coverage, at the start and end of the 

season, whereas Foody and Dash (2010) focused on the period when grass growth was most 

active. In this regard, the phenological or cyclical variations of AGB in C3 and C4 grass 

species have been underestimated. This has resulted in uncertainties about the actual 

variations in the AGB of these grass species, especially considering their asynchronous 

seasonality. In addition, the use of large spatial resolution also results in the poor 

representation of AGB of these species functional types. 

 

2.4. C3 and C4 grass species properties and their influence on remote sensing 

measurements 

Although remote sensing provides a valuable tool for monitoring the AGB of grass species, 

the properties (i.e. leaf/canopy properties) of C3 and C4 grasses affect the reliable and 

accurate retrieval of spectral reflectance measurements, thereby playing a fundamental role in 

the discrimination and AGB estimation accuracy of these grasses. C3 and C4 grasses exhibit 

different properties over time and space, which influence their interaction with the incoming 

radiation (Dengler et al., 1994; Ustin and Gamon, 2010). For instance, Asner (1998) 

highlighted that the spectral signature of grass leaves within the visible and near infrared 

(NIR) portions of the electromagnetic spectrum is primarily affected by its properties (e.g. 

leaf area index and water content), as well as the concentration of photosynthetic pigments 

(e.g. chlorophyll), within these grasses (Clevers and Gitelson, 2013). 

 

In addition, it has also been discovered that leaf thickness, aggregation and orientation, 

strongly influence remote sensing measurements (Adam et al., 2010; Homolová et al., 2013). 

For instance, the study by Slaton et al. (2001) mentions that C4 grass leaves are significantly 

thinner, when compared to those of the C3 grass species. Leaves with thinner cell walls are 

generally associated with long palisade cells, which reflect more of incident radiation in the 

NIR region, than those with thick walls, which are normally associated with short, cylindrical 

mesophyll cells (Ollinger, 2011). The leaf internal properties of C3 and C4 grasses also 

influence the retrieval of reflectance and AGB estimation. C4 grass leaves are characterized 
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by more compact, spongy mesophyll cells, when compared to their C3 counterparts (Ueno et 

al., 2006). The study by Slaton et al. (2001) postulates that this enables them to spread light 

deep into the interior of the leaves. In agreement, Ustin and Gamon (2010) noted that the 

more compact mesophyll cells also strategically increase the internal scattering of light, 

thereby reducing its transmission through the leaf. C4 leaves also constitute a denser vascular 

system, with small interveinal distances, when compared to C3 leaves (Dengler et al., 1994). 

This influences leaf water content, with both direct and indirect effects on reflectance from 

water and other leaf absorption properties, which are associated with water stress and 

hydration (Ollinger, 2011). C4 grass leaves have few intercellular air spaces, which reduce 

light scattering from the air-water interface, when compared to C3 leaves, which comprise 

less compact and thinner cell structures (Ueno et al., 2006). 

 

Therefore, the spatial and temporal changes in the properties of C3 and C4 grass species (e.g. 

Leaf Area Index (LAI) and concentration of photosynthetic pigments) influence the ability of 

the remote sensing sensors to accurately estimate their AGB. Previous studies (Friedl et al., 

1994; Madugundu et al., 2008) have, for instance, reported the relationship between LAI and 

spectral vegetation indices (e.g. NDVI), as well as with AGB. The study by Friedl et al. 

(1994) reported a significant relationship between LAI and AGB and they exhibit the same 

spatial variations with elevation and the same responses to burning. In this regard, variations 

in the LAI of C3 and C4 grasses influences the variations in their AGB, as well as the ability 

of the remote sensing systems to accurately discern these variations. Recent studies have 

reported that the application of multispectral sensors under a high canopy cover (high LAI) 

results in saturation problems (Dube et al., 2015; Mutanga et al., 2012). Thus, the accurate 

estimation of C3 and C4 AGB under a high canopy cover will be achieved, using more 

advanced sensors, with strategically-positioned bands. This underscores the need to identify 

suitable remote sensing datasets, as well as variables (e.g. vegetation indices), which have the 

ability to characterize and discern C3 and C4 species characteristics for optimal AGB 

estimation. 

 

2.5. Remote sensing systems and their role in estimating the AGB of C3 and C4 grass 

species 

Remote sensing systems hold great potential for monitoring grass AGB on a local and a 

global scale, due to the availability of various satellite datasets (Price et al., 2002). Above all, 

remote sensing presents an appropriate solution to the labour-intensive, spatial coverage and 
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time challenges, which have been identified in the use of ground-based methods in estimating 

grass AGB (Psomas et al., 2011; Zhao et al., 2014). Ecological studies currently benefit from 

a variety of active and passive sensors, providing data at different resolutions, with the ability 

to extract various structural and physiological properties for determining grass AGB (Pau et 

al., 2013; Price et al., 2002; Ustin and Gamon, 2010). Moreover, remote sensors have the 

ability to detect important phenological indicators of grass species, such as the peak and 

senescence, which influence the timing and amount of AGB (Rigge et al., 2013). 

 

A range of remote sensing platforms, with different image acquisition characteristics 

(Ahamed et al., 2011; Shen et al., 2014) are currently in orbit (Table 2.1), providing an 

opportunity for the seasonal and long-term monitoring of AGB for C3 and C4 grass species. 

The emergence of broadband multispectral sensors (in this study referred to as traditional 

multispectral sensors), such as the Landsat TM/MSS/ETM+, the Advanced Very High 

Resolution Radiometer (AVHRR), the Moderate Resolution Imaging Spectroradiometer 

(MODIS), the MEdium Resolution Imaging Spectrometer (MERIS) and the Satellite Pour 

l’Observation de la Terre (SPOT), etc. (Cocks et al., 1998; Dube et al., 2014) marked a new 

beginning of the continuous and systematic monitoring of C3 and C4 grass species AGB. The 

availability of these affordable and freely-accessible sensors at large geographic coverage, 

with a high frequency for some sensors (e.g. daily for MODIS and AVHRR) and a long 

history of earth imaging (e.g. AVHRR since 1978 and since 1972, for Landsat series data), 

have facilitated the long-term monitoring on a regional and global scale (Tieszen et al., 

1997). For instance, the study by Tieszen et al. (1997) reported the potential (R
2
 = 0.52) of 

AVHRR-derived NDVI in predicting C3 and C4 grass species AGB across the Great Plains 

of North America, over a five-year period. Multispectral sensors have also been useful in 

determining C3 and C4 grass species AGB at a particular seasonal stage or phenological 

phase. The study by Foody and Dash (2010) reported the ability (R
2
 ranged from 0.46 - 0.52) 

of the MERIS sensor in estimating the variations of C3 grasses AGB, during the peak 

phenological phase. 

 

Broadband multispectral sensors also form the backbone in the development of algorithms, 

which are currently available for the estimation of C3 and C4 grasses AGB, using remote 

sensing, and further facilitate advances in the development of algorithms. Specifically, much 

of the development in spectral vegetation indices, which are currently available to determine 

the spatial and temporal variations of grass AGB, was facilitated by the availability of 
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multispectral sensors (Xie et al., 2008). For example, the widely-used Normalized Difference 

Vegetation Index (NDVI) was originally developed, using broadband channels from the 

Landsat data series. However, the use of freely-available medium-resolution sensors, such as 

Landsat (TM and MSS), has currently become a challenge, due to the fact that these satellites 

are no longer operating, whereas the ENVISAT MERIS mission became mulfunctional in 

early 2012. In the case of the Landsat ETM+, all images acquired after the 31
st
 of May 2003 

have since developed an anomaly caused by the failure of the Scan Line Corrector (SLC), 

which compensated for the forward motion of the spacecraft, so that all the scans were 

aligned parallel with each other. The malfunctioning of the sensor’s SLC has since resulted in 

approximately 22% data loss of the normal scene area (Chander et al., 2009; Dube and 

Mutanga, 2015a; Storey et al., 2005). The failure of the aforementioned medium resolution 

sensors (i.e. Landsat TM, MSS, and MERIS) to deliver real time images and the loss of data 

for the operational ETM sensor has resulted in considerable challenges in estimating C3 and 

C4 grass species AGB, especially considering their better performance, when compared to 

MODIS or AVHRR sensors. 

 

The development of hyperspectral sensors presents an advanced opportunity for the 

extraction of the important biophysical and chemical properties of vegetation (Asner et al., 

2000; Clevers et al., 2007) and it thus holds greater potential for estimating grass AGB. These 

sensors constitute hundreds of narrow and unique spectral bands, which are strategically-

positioned, increasing their ability to discriminate species spectral signatures for estimating 

species AGB (Lu et al., 2009; Mutanga et al., 2009). For example, the Airborne Visible and 

Infrared Imaging Spectrometer (AVIRIS) and Hyperion sensors deliver high resolution 

images in 224 and 220 spectral bands, respectively, at different wavelengths, ranging from 

400 to 2500 nm. The narrow spectral bands of these sensors are capable of separating grass 

species functional types, as well as across complex mixed grasslands for the accurate 

estimation of AGB, which is very difficult, when using broadband multispectral images (Xie 

et al., 2008). The development of in situ hyperspectral spectrometers also plays a significant 

role in extracting accurate vegetation reflectance at different wavelengths, which is necessary 

for the estimation of grass AGB, at plot level, or for “project-based application” (Chen et al., 

2009; Lu et al., 2009). However, the required pre-processing, high cost and limited spatial 

and temporal resolutions of hyperspectral data remain a challenge for their large-scale 

implementation or “wall-to-wall” monitoring, especially in resource-constrained regions 

(Adjorlolo et al., 2012b; Chen et al., 2009). 



 22 

 

The advent of new generation sensors (e.g. Landsat 8, Worldview 2, Sentinel-2 MultiSpectral 

Instrument (MSI), Hyperspectral Infrared Imager (HyspIRI) and RapidEye (Dube et al., 

2014; Mutanga et al., 2015; Pahlevan and Schott, 2013; Sibanda et al., 2015a), with advanced 

image acquisition characteristics, offers a new outstanding dimension for the accurate and 

timely estimation of C3 and C4 grasses AGB, especially at both local and regional scales. 

These sensors have improved resolutions, which enhance their performance in acquiring 

images, when compared to the traditional broadband multispectral sensors (i.e. MODIS, 

MERIS, etc.) (Dudley et al., 2015; Roth et al., 2015a). Most importantly, some of these 

sensors acquire data at high frequency, with a large geographic footprint (e.g. 5 days, at 290 

km for Sentinel 2 MSI), in a cost-effective manner, hence the capacity to provide for the 

cyclical variations in C3 and C4 grass species AGB at large geographic coverage. 

Particularly, the strategically-positioned bands of some sensors (e.g. Worldview 2 and 

Sentinel 2 MSI) have the ability to extract the important subtle spectral variations in the 

structural, phenological and morphological characteristics of species functional types, at a 

more refined resolution (Roy et al., 2014), currently a challenge, when using broadband 

multispectral sensors. 
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Table 2.1: Availability of sensors for C3 and C4 grasses AGB estimation 

Sensor 
Pixel 

size (m) 

Swath 

width (km) 
Bands  

Revisit 

time 

Acquisition 

Cost 

Scale of 

application 

Predictive 

Performance 

AVHRR 1100 2900 5 1 
Readily 

available 

Regional to 

global  

Low 

Hyperspectral < 1 - >100 - 
Very 

Expensive 
Plot  

High 

HyspIRI 60 600, 150  8, 213 5, 19  - 
Local to 

regional 

Not yet tested 

IKONOS 4 11 5 1-2 Expensive Local Not yet tested 

Landsat  30 185 7; 11 16 
Readily 

available 

Local to 

regional 

Moderate 

MERIS 300 1150km 15 3 
Readily 

available 
Regional 

Low 

MODIS 
500, 

1000  
2330 7 1 

Readily 

available 

Regional to 

global 

Low 

Quickbird 2.4 16 5 1-3.5 Expensive Local High 

RapidEye 5 77 5 5.5 Expensive Local 
High 

Sentinel 2 MSI 
10, 20, 

60 
290 13 5 

Readily 

available 

Local to 

regional 

Not yet tested 

SPOT  10, 20 120 4 26 
Readily 

available 

Local to 

regional 

Moderate 

SPOT VGT 1150 2250 - 1 
Readily 

available 

Regional to 

global 

Low 

Worldview 2 < 1 16.4 8 1-3.7 
Very 

Expensive 
Local 

High 

* Shaded rows represent sensors which have been used in estimating C3 and C4 grass species AGB, whereas unshaded rows 

are those sensors which have been used in AGB estimation for grasslands ecosystems, without considering species 

functional types 

 

However, with a variety of remote sensing datasets available, the affordable and freely-

accessible broadband multispectral sensors (Table 2.2), notably MODIS and AVHRR, have 

thus far been the primary data sources for the estimation of C3 and C4 grass species AGB 

(An et al., 2013; Davidson and Csillag, 2003; Foody and Dash, 2010; Pau and Still, 2014; 

Rigge et al., 2013). For instance, Pau and Still (2014) have shown the applicability of 

MODIS in determining the annual variations of C3 and C4 grasses AGB, over a ten-year 

period (2000 - 2010), whereas the study by Rigge et al. (2013) used the integrated weekly 

MODIS NDVI dataset to determine the annual variations in C3 and C4 grasses AGB. 

However, these studies also noted a high probability of overlap in grass species reflectance, 

which results in uncertainties, such as the over- or under-estimation of species AGB, due to 

the coarse spatial and spectral resolutions of the sensors. In addition, the AVHRR sensor 

acquires images, using only the red and the near infrared spectral bands, at a coarse spatial 

resolution, which is not sufficient to distinguish the varying spectral signatures; hence the 

AGB of species functional types is poorly represented. 
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The medium spatial resolution Landsat, SPOT and MERIS data series have also contributed 

to the remote sensing of C3 and C4 grass species AGB (Grant et al., 2013; Peterson et al., 

2002). The use of these sensors yielded better predictive accuracy (Table 2.2), when 

compared to the use of MODIS and AVHRR. These studies reported that these sensors 

provide suitable datasets for assessing the temporal and spatial variations of grass AGB at a 

coarse temporal resolution, such as bi-weekly, monthly or at a specific phenological phase 

(e.g. the green-up phase). With the exception of a few studies (e.g. Lu et al. (2009)), the use 

of hyperspectral data in estimating the AGB of C3 and C4 grass species has thus far been 

proved to be difficult to achieve. This is supported by the fact that only a few studies have 

used these sensors, despite their high predictive accuracy in estimating AGB of species 

functional types, when compared to broadband multispectral sensors. 
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Table 2.2: The remote sensing of C3 and C4 grass species AGB 

Method Major findings reported References 

NOAA/AVHRR-based NDVI The grass AGB derived using ground-based measurements and statistical modelling were 

significantly (P = 0.037) related to NDVI derived from NOAA/AVHRR. C3 and C4 grasses 

AGB measurements were moderately correlated (R = 0.58) with those derived from 

remotely sensed data.  

Tieszen et al. (1997) 

NOAA/AVHRR-based NDVI The NDVI weekly composite data produced a reasonable agreement (R
2
 = 0. 54) with field 

based measurements. 

An et al. (2013) 

Cropscan Multispectral Radiometer-based NDVI  A high measure of association (Kendall’s τ = 0.778) and strength of fit (Cohen’s k =0.631) 

between NDVI and ground-based AGB was produced. 

Goodin and Henebry 

(1997) 

MERIS Terrestrial Chlorophyll Index (MTCI) 

 

The MTCI has a potential to explain approximately 60% of the variation in the prediction of 

C3 grasses AGB, with a better relationship (R
2 

of 0.62) from a weekly compositing period, 

compared to the use of longer time periods (e.g. two weeks, which produced an R
2 
of 0.46). 

Foody and Dash (2010) 

 

MODIS-based NDVI 

 

A moderate relationship (R
2
 = 0.58) was reported between field measured C3 AGB and 

NDVI-based estimates. However, field data produced AGB ranging between 55.4 and 69%, 

while remotely sensed data estimates ranged from 78.9 to 84.4%. The study further reported 

that a significant overlap occurred, which led to an overestimation of C3 AGB from 

remotely sensed data. 

Rigge et al. (2013) 

 

MODIS-based NDVI  Remotely-sensed estimates resulted in the underestimation of C4 grasses AGB. The study 

reported that C4 accounted for only 39% of AGB.  

Guan et al. (2012) 

Exotech Model 100BX radiometer measurements, 

based on Landsat TM bands and VIs (NDVI, 

SAVI, MSAVI2, MSR, DVI, RDVI, RVI and 

IPVI). 

C4 grasses AGB variations were best explained using NDVI, SAVI, MSAVI2, and MSR, 

producing an R
2
 of 0.64, whereas the DVI explained the least variations with an R

2
 of 0.51.  

Davidson and Csillag 

(2001) 

SPOT-based VIs (SR, NDVI, TVI, DVI, RDVI, 

MSR, NDGI and RI). 

The RDVI and TVI yielded the best overall prediction (R
2
 = 0.68), whereas the NDGI and 

the RI had the least overall predictions (R
2
 = 0.25) of AGB, but only marginally better than 

the NDVI, MSR and other indices tested. Transformation of VIs using the power function 

improves statistical predictive capabilities to an R
2
 range between 0.42 and 0.68, compared 

to untransformed indices (R
2 
ranging from 0.25 - 0.62).  

Grant et al. (2013) 
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Landsat TM 5-based NDVI There were no significant differences (MANOVA, p = 0.063) between C4 and C3 grass 

species AGB, based on NDVI. The study also reported that there were inconsistencies 

between NDVI-based estimates and field-based measurements.  

Peterson et al. (2002) 

MODIS NDVI The AGB of C3 and C4 grass species was not significantly different (p =0.07), based on 

remote sensing NDVI. The study reported that there was a significant overlap, which led to 

an overestimation of C3 AGB from remotely sensed data, compared to field measurements. 

Pau and Still (2014) 

AISA Eagle Hyperspectral sensor The band ratio method was the best approach for predicting AGB, with R
2
 values of 0.96 

and 0.69, compared to the use of the PCA, which produces the lowest R
2
 values of 0.83 and 

0.63, for the two C3 grass species, respectively. 

Lu et al. (2009) 

*SR = Simple ratio, NDVI = Normalised Difference Vegetation Index, TVI = Transformed Vegetation Index, DVI = Difference Vegetation Index, AISA = Airborne Imaging Spectroradiometer 

for Application, VI = Vegetation Indices, PCA = Principal Component Analysis, MANOVA = Multivariate Analysis of Variance 
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2.6. Available approaches for quantifying grass AGB using remote sensing 

Different algorithms are available for quantifying C3 and C4 grass species AGB, using 

satellite remote sensing data (Table 2.3). The remote sensing of AGB can be achieved using 

either physical-based or empirical models (Fang et al., 2003; Hall et al., 1997). The physical-

based approaches use radiative transfer models to estimate AGB (Darvishzadeh et al., 2008; 

Fang et al., 2003; Kimes et al., 2000). The study by Kimes et al. (2000) further reported that 

physical-based approaches use physical laws and the inversion of remote sensing data to 

derive vegetation biophysical properties. Although physical-based methods have been used, 

their application, especially for AGB estimation, has been limited. This might be attributed to 

the ill-posed nature of model inversion and the requirement of specific additional input 

variables (e.g. soil background reflectance), which complicates the successful inversion and 

estimation accuracy (Atzberger, 2004). Additional challenges include a large number of input 

parameters that must be specified, the computational load of inverting the radiative transfer 

models, and the fact that a stable and optimum inversion is not guaranteed (Houborg et al., 

2007; Kötz et al., 2004; Walthall et al., 2004). The study by Kimes et al. (2000) also reported 

that physical-based methods do not appear to be a realistic alternative for the continuous 

operational application of remote sensing data. This poses challenges for the accurate 

estimation of AGB for C3 and C4 grasses functional types. 

 

The empirical approach remains the widely-used approach for estimating AGB. Empirical 

methods involve the use of remote sensing variables (e.g. spectral bands, spectral vegetation 

indices and texture metrics) and statistical algorithms (Darvishzadeh et al., 2011; Hall et al., 

1997) to estimate AGB. The approach relates remote sensing variables to in situ grass AGB, 

which enables the identification of the most suitable variable that optimally predicts grass 

AGB (Chen et al., 2009; Clevers et al., 2007; Jin et al., 2014). Algorithms developed for the 

remote sensing of AGB have been generally identified as parametric and non-parametric 

(Verrelst et al., 2015). Parametric algorithms assume a linear relationship between AGB and 

remote sensing variables, and the most commonly used are the simple and multiple linear 

regression models (Davidson and Csillag, 2001; Foody and Dash, 2010; Grant et al., 2013; 

Rigge et al., 2013; Tieszen et al., 1997). These have produced moderate predictive accuracies 

(R
2
 ranging from 0.25 to 0.62), depending on the remote sensing dataset used to estimate C3 

and C4 grasses AGB. 
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However, although they produce satisfying predictions in estimating grass AGB, the use of 

parametric algorithms is associated with multiple challenges. Researchers have pointed out 

that parametric algorithms are insufficient to capture the complex relationships between 

remote sensing variables and AGB (Lu et al., 2014; Verrelst et al., 2015). For instance, the 

stepwise linear regression fails to correspond with known absorption bands, and parametric 

methods suffer from multi-collinearity, over-fitting and produce unstable estimates, when 

using small sample sizes and missing values (Chen et al., 2009). Conversely, the more 

advanced and flexible non-parametric machine learning algorithms present a powerful tool 

for estimating grass AGB. 

 

The more advanced machine learning algorithms enhance the predictive accuracy of grass 

AGB. These algorithms include the Partial Least Squares Regression (PLSR) (Wold et al., 

1984), Sparse PLSR (SPLSR), Random Forest (RF) (Breiman, 2001), Discriminant Analysis 

(DA), Support Vector Machines (SVM), Artificial Neural Network (ANN) and Boosted 

Regression Trees (BRT), etc. These algorithms have been reported to be robust and more 

efficient alternatives, operating in a data-driven manner and reducing dimensionality 

problems with high accuracy, when compared to parametric algorithms (Rodriguez-Galiano 

et al., 2012; Verrelst et al., 2015). Machine learning algorithms thus overcome the challenges 

associated with the use of parametric algorithms, such as multi-collinearity (Chun and Keleş, 

2010; Sibanda et al., 2015a), over-fitting, handling small sample sizes and missing values, 

among others (Barrett et al., 2014; Rogan et al., 2008). Moreover, unlike parametric 

algorithms, non-parametric machine learning approaches are independent of data distribution 

(i.e. normality) and are flexible, with large volumes of data from different sources (Barrett et 

al., 2014; Rogan et al., 2008). For example, the studies by Rogan et al. (2008) and Ramoelo 

et al. (2015b) reported that the RF explained over 84% variation of grass AGB. The study by 

Rogan et al. (2008) also regarded the RF as the most superior algorithm, which is robust to 

noise and outliers, and has the ability to handle thousands of input variables, as well as to 

estimate variable importance. 

 

However, despite their outstanding predictive performance in estimating grass species AGB, 

using remote sensing, some of these machine learning algorithms are associated with some 

limitations. For example, ANN and SVM have been reported to be too complicated, too 

difficult to automate and they require an adjustment of large number of parameters (Mas and 

Flores, 2008). In addition, ANN is regarded as a black-box model, which does not easily 
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reveal the internal mechanism of the relationship between the dependent and the selected 

independent variables (Lu et al., 2014; Mas and Flores, 2008; Verrelst et al., 2015), and if the 

parameters used are not properly optimized, AGB estimation accuracy may be poor (Mas and 

Flores, 2008). In addition, some machine learning algorithms tend to be site-specific, hence 

the models developed are not applicable to other environments (Lu et al., 2014), and in the 

case of RF, it has been reported that the algorithm tends to underestimate the high values and 

overestimate the low values of AGB. 

 

Table 2.3: Available algorithms for C3 and C4 grasses AGB estimation, using remotely 

sensed data 

Algorithm Remote sensing dataset Performance (R
2
) Reference 

Simple linear 

regression 

 

AVHRR 0.58 Tieszen et al. (1997) 

MERIS Ranged from 0.46 – 

0.62 

Foody and Dash (2010) 

MODIS 0.58 Rigge et al. (2013) 

Envisat MERIS Ranged from 0.51 – 

0.64 

Davidson and Csillag (2001) 

MODIS Ranged from 0.25 – 

0.68 

Grant et al. (2013) 

Stepwise multiple 

linear regression 

Eagle Airborne Imaging  

Spectroradiometer for 

Application (AISA) 

Ranged from 0.63 – 

0.96 

Lu et al. (2009) 

*RF WorldView-2 Ranged from 0.84 - 

0.91  

Ramoelo et al. (2015b) 

*PLSR  Hyperspectral Ranged from 0.52-0.54 Chen et al. (2009) 

*SPLSR Hyperspectral  

Sentinel 2 MSI  

Landsat 8 OLI  

0.92 

0.76 

0.65 

Sibanda et al. (2015a) 

*SVM Hyperspectral 0.683 – 0.751 Marabel and Alvarez-

Taboada (2013) 

*ANN  Landsat ETM+ 7 0.817 Xie et al. (2009) 

Algorithms with steric (*) are the more advanced which have been used in grassland AGB estimation, but have not yet been 

fully explored (based on available literature) in remote sensing of C3 and C4 grasses functional types  

 

The quantification of grass AGB can also be achieved using advanced aircraft, such as the 

Small Unmanned Aircraft System (SUAS) (Wang et al., 2014; Watts et al., 2010; Zhang and 

Kovacs, 2012). These systems have the capability to acquire high spatial and temporal 

resolution images at lower altitudes, under different weather conditions (e.g. without the 

influence of cloud cover), have the potential to acquire data from a smaller geographic area 

and upscale it to aerial photos or satellite images that cover larger geographic areas, and they 

have therefore been successfully used in grassland ecosystems, especially of the developing 

world (Rango et al., 2009; Zhang and Kovacs, 2012). Consequently, although they hold the 
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potential to monitor grasses functional types (i.e. C3 and C4), their application is limited by 

their cost.  

 

2.7. Challenges of remote sensing of C3 and C4 grass species AGB 

Despite the availability of different remote sensors with considerable potential to estimate C3 

and C4 grasses AGB, finding the correct dataset, with the optimal spectral and spatial 

resolution, remains a major challenge to the remote sensing community. Currently, C3 and 

C4 AGB estimates are required over a large geographic coverage. Similarly, these sensors 

should also be able to provide sufficient information for well-informed management and 

conservation purposes at a reasonable cost and accuracy. 

 

Thus far, the available data on C3 and C4 grass species AGB have been derived, using coarse 

spatial resolution datasets, such as MODIS and AVHRR. Despite having a global footprint, a 

high frequency, being readily available and having a longer history of operation, which are all 

necessary for seasonal and long-term monitoring, data from these sensors have a low 

prediction accuracy (see Table 2), especially in mixed grasslands, which makes it difficult to 

apply and monitor these grasses. The spatial and spectral infidelity of MODIS in estimating 

C3 and C4 grasses AGB has been recently reported (Grant et al., 2013; Rigge et al., 2013). 

For instance, the study by Rigge et al. (2013) reported that remotely sensed AGB estimates, 

using MODIS, resulted in a significant overlap between the C3 and C4 grass species, which 

led to an overestimation of C3 AGB. The spatial resolution of MODIS is less appropriate to 

adequately characterise the inherent heterogeneity in mixed grassland ecosystems. These 

sensors fail to discriminate spatial and spectral variations in mixed grasslands, hence posing 

significant challenges in the estimation of C3 and C4 grassland AGB. Low spatial resolution 

sensors also result in inconsistency, with regard to the scale of observation, between the 

ground-based sampled plots and the satellite imagery (Shen et al., 2014). This results in 

uncertainties in the estimation of AGB, although the estimates are provided over a large 

geographic coverage. 

 

Moreover, broadband sensors sample at wavelengths that are too wide to distinguish subtle, 

but important, features that are related to the physiological and biochemistry properties of 

species functional types (Ustin and Gamon, 2010). The study by Forkel et al. (2013) has 

emphasized that one of the key elements for the application of remote sensing datasets in 

determining vegetation species AGB, lies in their ability to extract species structural, 
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physiological and morphological characteristics over space and time. In this regard, the 

applicability of MODIS, AVHRR and other related multispectral sensors, with a coarser 

spatial and spectral resolution, is discredited. Currently, the failure of the SLC of the 

operational Landsat ETM+ (which result in 20% data loss) and the lack of services of other 

freely-available broadband multispectral satellites (e.g. Landsat TM, MSS and MERIS), with 

a better estimation accuracy, also affect the accurate monitoring of AGB of C3 and C4 grass 

species functional types, especially considering the current demand of vegetation information 

and their role in the carbon cycle, in the light of current and projected climate change effects. 

 

In this regard, the remote sensing community is caught in the inherent trade-offs between 

image acquisition costs, spectral and spatial resolution, geographic coverage, as well as 

optimal prediction accuracies in determining AGB variations of C3 and C4 grass species, 

using the available sensors. Studies which have been conducted using broadband 

multispectral data have shown low accuracies, when compared to high resolution datasets, for 

instance, the study by Lu et al. (2009) demonstrates this aspect. 

 

The use of vegetation indices is also one of the major concerns in estimating the temporal 

variations of C3 and C4 grasses AGB using remote sensing. Initially, the remote sensing of 

C3 and C4 grasses AGB was estimated using spectral band information and vegetation 

indices, such as the standard NDVI, derived from the NIR and red bands (Paruelo et al., 

1999; Tieszen et al., 1997). However, some studies that have been conducted in grassland 

ecosystems, have reported the limitations of NDVI in estimating grass AGB (Chen et al., 

2009; Kawamura et al., 2005), which include its poor performance in sparsely vegetated areas 

and its saturation problem in densely vegetated areas or during the peak phase  (Mutanga et 

al., 2012; Mutanga and Skidmore, 2004a). This has prompted researchers to develop and 

implement other indices, which outperform the NDVI, such as the NDVI-based indices (e.g. 

NDVI derived using red edge bands) (Mutanga et al., 2012), the Enhanced Vegetation Index 

(EVI), the Soil Adjusted Vegetation Index (SAVI) and the Modified Soil Adjusted 

Vegetation Index (MSAVI) (Davidson and Csillag, 2001; Foody and Dash, 2010; Grant et al., 

2013). For instance, the study by Grant et al. (2013) has reported the better performance of 

SAVI, EVI and MSAVI indices in estimating C3 and C4 grasses AGB, using SPOT imagery 

under sparsely vegetated areas, when compared to NDVI. The study further reported an 

increase in predictive accuracy, when using transformed vegetation indices in estimating the 

AGB of C3 and C4 grasses. The implementation of an appropriate algorithm in estimating the 
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spatial and temporal variations of C3 and C4 grasses AGB is also of particular importance. 

Different algorithms exist for estimating AGB, using remote sensing data (Table 3), and their 

performances may vary, depending on the remote sensing dataset used. The study by Lu 

(2006) has also emphasized the importance of an appropriate algorithm for identifying the 

optimal remote sensing variables to improve the AGB estimation accuracy. 

 

2.8. Progress on C3 and C4 grasses AGB estimation over the years and the future 

The influence of inter-seasonal variability in C3 and C4 grass species AGB, due to changes in 

climatic conditions, has been undermined by previous studies, using broadband multispectral 

remote sensing datasets. This underscores the need for a substantial attention to the remote 

sensing of cyclical AGB in C3 and C4 grasses, which is a fundamental step towards the 

management of these grasslands. With the current demand for vegetation information at a 

regional scale, the future of C3 and C4 grasses AGB estimation lies on the implementation of 

remote sensing datasets, with appropriate resolutions, variables, as well as algorithms, which 

improve the prediction accuracy. The advances in remote sensing datasets at more refined 

resolutions have renewed the monitoring of C3 and C4 grasses AGB. As a major forage 

supply of wildlife and livestock, with multi-functions, the remote sensing of C3 and C4 

grassland will be continuously advanced in the next millennium, as societal and ecological 

demands increase. 

 

The availability of more advanced and affordable new generation sensors, with improved 

spatial (e.g. RapidEye and Worldview-2), temporal (e.g. newly launched Sentinel-2 MSI and 

the Hyperspectral InfraRed Imager (HyspIRI)), spectral (e.g. Sentinel-2 MSI) and radiometric 

(e.g. the Landsat 8 OLI) resolutions, offers a unique opportunity for the remote sensing of 

grass species AGB, based on functional types. For instance, the upcoming HyspIRI sensor 

will deliver 14-bit imagery, using the visible and shortwave infrared imaging spectrometer, 

with 213 spectral bands between 380 and 2 500 nm, and the multispectral thermal infrared 

instrument, with eight spectral bands (Devred et al., 2013), making it more sensitive to detect 

and distinguish subtle differences in grass species reflectance, that are undetectable, using 

broadband multispectral sensors. The Landsat 8 OLI has improved radiometric resolution 

(12-bit), signal to noise ratio and a refined NIR band (Dube and Mutanga, 2015b; El-Askary 

et al., 2014; Shoko et al., 2015), which enhance its sensitivity to grass species characteristics, 

compared to its predecessors. These sensors therefore provide potential prospects for future 

studies, to improve the monitoring of C3 and C4 grass species AGB. 
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Studies that have used new generation sensors have demonstrated that they have the potential 

to characterize various species parameters. For instance, the study by Ramoelo et al. (2014) 

reported that the Sentinel-2 MSI sensor has a unique spectral configuration, which has a high 

potential to monitor the AGB of rangelands. Similarly, Dudley et al. (2015) demonstrated the 

possibility of using the HyspIRI imagery, as representing new access to high spectral 

resolution imagery for vegetation mapping and ecosystem monitoring. They reported that the 

sensor presents an opportunity to integrate the phenological effects in mapping species that 

have so far been unavailable. This was also confirmed by Roth et al. (2015a), who reported 

the applicability of the HyspIRI imagery in mapping species distribution, disturbance and 

ecosystem function on a scale much larger than ever before. The recent study by Sibanda et 

al. (2015a) has also reported the better performance (R
2
 = 0.76) of Landsat 8 OLI in 

estimating grass AGB under different management practices. In this regard, the future 

research on the monitoring of C3 and C4 grass species AGB is enlightened, and the improved 

properties associated with new generation datasets are more likely to offer the better temporal 

characterization of these grass species, for the better management of rangelands, in order to 

maintain food security, biodiversity and carbon cycling. 

 

With refined spatial and temporal resolutions, some of the new generation sensors provide 

appropriate datasets to monitor the inter-seasonal or cyclical variability in C3 and C4 species 

AGB, which is a major challenge of the multispectral datasets. For instance, the Sentinel 2 

MSI has two bands within the red edge, which can be used to derive vegetation indices for 

the estimation of C3 and C4 grasses AGB (Clevers and Gitelson, 2013). Studies which have 

used vegetation indices derived from the red edge band (Mutanga et al., 2012; Ramoelo et al., 

2015b) reported improved performance in estimating grasses AGB, when compared to the 

standard NDVI, derived from the NIR and red bands. Similarly, the high temporal resolution 

of Sentinel 2 MSI (5 days) and spatial coverage (290 km swath width) provide appropriate 

data for the large-scale monitoring of C3 and C4 cyclical AGB, especially in the light of 

environmental changes. 

 

In addition, the variations in the proportion of C3 and C4 grass species AGB at different 

phenological phases is also a possibility, for understanding the contribution of these grasses 

to food security over time. With varying temporal conditions, it is most likely that species 

AGB to support grazer populations will be different. This is supported by a study by 
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Bremond et al. (2012) in Colorado, USA, who reported that, although C3 grasses covered 

more than 50% of the area, they account for only 10% of AGB. Therefore, not only does the 

distribution, or the spatial extent of C3 and C4 grasses influence the functioning of the 

ecosystem, but also the proportion of their AGB over space and time. 

 

The use of more advanced non-parametric algorithms in estimating C3 and C4 grasses AGB 

has also been undermined, despite their higher predictive accuracy, when compared to 

parametric algorithms, even when using the broadband multispectral sensors. Advanced 

machine learning algorithms improve the use of remote sensing data to quantify grasses 

AGB. Studies which have been conducted in grassland ecosystems in general, have reported 

the potential of advanced algorithms in predicting AGB (Cho et al., 2007; Mutanga et al., 

2012; Ramoelo et al., 2015b). For instance, the study by Cho et al. (2007) reported the 

potential of the partial least squares, using hyperspectral indices, whereas Mutanga et al. 

(2012) and Ramoelo et al. (2015b) reported the strength of the random forest in the prediction 

of grasses AGB. Although these algorithms have not been specifically tested for the 

estimation of C3 and C4 grass species AGB, their reported high predictive performance in 

grassland ecosystems in general, offer great potential for C3 and C4 grasses. In the absence 

of remote sensing datasets, it is also possible to resample field spectra to upcoming or 

existing sensors’ band settings, in order to explore their potential in estimating grasses AGB 

(Sibanda et al., 2015a). Resampling of hyperspectral measurements is becoming a reliable 

alternative in testing the potential of available or upcoming sensors, especially considering 

the challenges associated with hyperspectral datasets. 

 

2.9. Conclusion 

The remote sensing of C3 and C4 grasses AGB has gained considerable attention, since the 

emergence of broadband multispectral datasets, which have enabled substantial research to be 

conducted over the past decades. Although multispectral sensors were the primary data 

sources for the estimation of C3 and C4 grass species AGB, their large pixel resolution 

imposes significant challenges in discerning subtle, but important and relevant, grass species 

parameters. Similarly, hyperspectral datasets are associated with their own challenges, 

including their small geographic coverage, their acquisition cost and pre-processing. This 

underscores a shift towards the use of affordable new generation sensors, with strategically-

positioned spectral bands, high temporal resolution and large geographic coverage, in the 

estimation of C3 and C4 grass species AGB. The development of these sensors, such as 
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Sentinel 2 MSI, provides an invaluable opportunity for the phenological monitoring of C3 

and C4 grasses AGB, which is a challenge, when using broadband multispectral sensors. The 

advances in algorithms have the potential to improve the identification of the optimal remote 

sensing variable for the accurate estimation of C3 and C4 grasses AGB. This prompt the need 

for future studies to test the applicability of new generation sensors, with advanced image 

acquisition characteristics, coupled with the use of non-parametric and robust machine 

learning algorithms, such as Discriminant Analysis, random forest, partial least squares, 

support vector machines and neural networks, for the well-informed management of 

rangelands. 

 

The review has provided detailed progress in the remote sensing of C3 and C4 grasses AGB. 

It was noted that information on the variability of C3 and C4 grass species AGB over space 

and time is still rudimentary and uncertain. A lack of appropriate sensors is one of the major 

challenges to characterize these species. Emerging new generation sensors have also been 

identified to offer better characterization of C3 and C4 grass species AGB. To have a better 

characterization of these species AGB or accounting for their productivity over space and 

time, their discrimination becomes a fundamental foundation. The next chapter therefore 

constitute an experimental survey that tested the potential of emerging sensors’ spectral 

settings in the seasonal discrimination of C3 and C4 grass species, using in situ 

hyperspectral measurements. 
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CHAPTERS THREE TO FIVE  
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C3 AND C4 GRASS SPECIES DISCRIMINATION 

 

 

View of Festuca (C3) dominated landscape, with a patch of Themeda (C4) in the study site 

(Photograph courtesy: Trylee Matongera; in May 2016).  
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3. Seasonal discrimination of C3 and C4 grasses functional types: 

An evaluation of the prospects of the varying spectral 

configurations of the new generation sensors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is based on:  

Shoko C and Mutanga O (2017a): Seasonal discrimination of C3 and C4 grasses functional 

types: An evaluation of the prospects of the varying spectral configurations of the new 

generation sensors. International Journal of Applied Earth Observations and 

Geoinformation, (62):47–55. 
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Abstract 

The present study assessed the potential of varying spectral configurations of Landsat 8 

Operational Land Imager (OLI), Sentinel 2 Multi-Spectral Instrument (MSI) and Worldview 

2 sensors in the seasonal discrimination of Festuca costata (C3) and Themeda Triandra (C4) 

grass species in the Drakensberg, South Africa. This was achieved by resampling 

hyperspectral measurements to the spectral windows corresponding to the three sensors at 

two distinct seasonal periods (summer peak and end of winter), using the Discriminant 

Analysis (DA) classification ensemble. In summer, standard bands of the Worldview 2 

produced the highest overall classification accuracy (98.61%), followed by Sentinel 2 

(97.52%), whereas the Landsat 8 spectral configuration was the least performer, using 

vegetation indices (95.83%). In winter, Sentinel 2 spectral bands produced the highest 

accuracy (96.18%) for the two species, followed by Worldview 2 (94.44%) and Landsat 8 

yielded the least (91.67%) accuracy. Results also showed that maximum separability between 

C3 and C4 grasses was in summer, while at the end of winter considerable overlaps were 

noted, especially when using the spectral settings of the Landsat 8 OLI and Sentinel 2 

shortwave infrared bands. Test of significance in species reflectance further confirmed that in 

summer, there were significant differences (P < 0.05), whereas in winter, most of the spectral 

windows of all sensors yielded insignificant differences (P ˃ 0.05) between the two species. 

In this regard, the peak summer period presents a promising opportunity for the spectral 

discrimination of C3 and C4 grass species functional types, than the end of winter, when 

using multispectral sensors. Results from this study highlight the influence of seasonality on 

discrimination and therefore provide the basis for the successful discrimination and mapping 

of C3 and C4 grass species.  

 

Keywords: spectral-separability-windows, Festuca costata, Themeda triandra, climate change, 

carbon cycle, ecosystems goods and services 
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3.1. Introduction 

C3 and C4 grasses represent a unique species functional type, which influences the function 

and provision of ecosystem goods and services. For instance, C3 and C4 grass species play an 

important role in regulating the carbon cycle, whereby C4 species store more carbon, when 

compared to their C3 counterparts (Foody and Dash, 2007; Pau and Still, 2014). C3 and C4 

grasses also play a fundamental role in maintaining biodiversity and are an important source 

of forage for livestock and wildlife populations (Mansour et al., 2012a; Niu et al., 2008; Pau 

and Still, 2014). The ability of these grass species to provide services also varies with season 

(Pau and Still, 2014; Rigge et al., 2013; Wang et al., 2013). For instance, the study by Rigge 

et al. (2013) has highlighted that the timing or availability of rainfall and temperature 

variations influence the phenology and chemical processes of C3 and C4 grasses. However, 

the current and projected environmental changes, notably temperature and rainfall variations, 

are more likely to compromise C3 and C4 grass species’ distribution, seasonal forage 

availability and timing (Díaz and Cabido, 1997; Xia et al., 2014). There is also a growing 

concern that increase in atmospheric CO2 concentrations will be favourable to C3 species, 

and they are more likely to increase in distribution and abundance at the expense of C4 

(Barbehenn et al., 2004; Bremond et al., 2012). On the other hand, other studies (Adair and 

Burke, 2010; Niu et al., 2008) have reported that increase in temperature favour C4, when 

compared to C3. Therefore, accurate and routine information is required to monitor these 

grass species functional types, especially considering the anticipated environmental change 

effects, their contribution to biodiversity conservation, biochemical cycles (e.g. carbon cycle) 

and most importantly food security. 

 

Remote sensing has proven to be a suitable means to monitor the subtle seasonal variations of 

vegetation species, according to their functional types (Roth et al., 2015b; Woodward et al., 

2004). The ability of remote sensors to spectrally distinguish species functional types, as well 

as detecting species physiological and morphological characteristics further enhances the 

seasonal discrimination for mapping and monitoring (Homolová et al., 2013; Ustin and 

Gamon, 2010). Spectral discrimination of C3 and C4 grass species, using remotely sensed 

data could provide a basis for mapping their spatial variations, with high accuracy, as well as 

a platform upon which to determine their possible shifts, especially in the face of climate 

change. Advances in sensor technology with improved image acquisition characteristics have 

progressively expanded the ability to distinguish the structure, phenology and physiology of 

vegetation, providing new insights into the seasonal monitoring of C3 and C4 species 
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functional types (Adjorlolo et al., 2014; Adjorlolo et al., 2015; Shoko et al., 2016b; Ustin and 

Gamon, 2010). Moreover, with different emerging remote sensing systems, knowledge of the 

seasonal spectral dynamics of C3 and C4 grasses provides a foundation on the relevance of 

these systems in discriminating grass species according to their functional types. 

 

Currently, in situ hyperspectral data is regarded as one of the most advanced remote sensing 

technology for vegetation discrimination at species level and its measurements have been 

successfully acquired to extract and understand species spectral profiles (Adam et al., 2010). 

The technique acquires detailed spectral data using hundreds of narrow bands, ranging from 

the visible, near-infrared, to the shortwave-infrared portions of the spectrum (Adam et al., 

2012; Adelabu et al., 2014; Liu and Cheng, 2011), which enables accurate and reliable 

seasonal spectral separability of C3 and C4 grasses. However, previous studies (Adam et al., 

2012; Adjorlolo et al., 2013; Peerbhay et al., 2015) have noted that the high expenses 

required for the acquisition of hyperspectral data, as well as the high dimensionality, inherent 

multi-collinearity associated with the data and technical difficulties concerned with the 

extraction of information and data analysis impose challenges in species discrimination. The 

study by Price et al. (2002) also reported a decrease in the discrimination accuracy when 

using hundreds of bands. This has prompted researchers to resample hyperspectral 

measurements to the spectral configuration of existing multispectral sensors to determine 

accurate species spectral signature (Adam et al., 2012; Adelabu and Dube, 2015; Sibanda et 

al., 2015b). The resampling of hyperspectral measurements has also been frequently 

performed to examine the potential and suitability of sensors’ spectral configuration or 

settings in discriminating vegetation species. The future of C3 and C4 grass species 

monitoring therefore lies on the potential of the operational and upcoming multispectral 

sensors. 

 

The new generation of multispectral sensors that have emerged, which are characterised by 

strategically-positioned spectral bands, notably the Landsat 8 Operational Land Imager 

(OLI), Sentinel 2 Multi-Spectral Instrument and Worldview 2 present a valuable opportunity 

to monitor the seasonal variations of C3 and C4 species functional types (Shoko et al., 

2016b). These sensors have improved image acquisition characteristics for detecting subtle 

spectral seasonal variations between C3 and C4 grasses, critical in their discrimination and 

monitoring. For example, the additional red edge bands (e.g. four bands for Sentinel-2 MSI 

and 1 for Worldview-2) are perceived to have the capability of expanding the detection 
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windows for the spectral separability of C3 and C4 grass species. In addition, red edge 

windows have been reported to be highly sensitive to vegetation species characteristics 

(Marshall et al., 2012; Mutanga et al., 2012; Rapinel et al., 2014), which improve their ability 

to discriminate between species. The high frequency and large swath width (e.g. 285 km of 

Sentinel 2) further enhance the cyclical monitoring of C3 and C4 species at large geographic 

scales (Stratoulias et al., 2015). The studies by Richter et al. (2012) and Immitzer et al. 

(2016) highlighted the strength of the spectral configuration of Sentinel 2 in estimating crop 

leaf area index and tree species classification, respectively. Landsat 8 OLI has also been 

reported for vegetation monitoring, particularly species biomass quantification and mapping 

(Dube and Mutanga, 2015a; El-Askary et al., 2014; Hauglin and Ørka, 2016). These studies 

have revealed the potential of the sensor spectral configuration (e.g. refined near infrared 

band) in expanding the monitoring of vegetation at large geographical coverage, in a cost 

effective manner. However, the performance of these sensors in discriminating and mapping 

C3 and C4 grass species remains unknown.  

 

Therefore, in an attempt to renew and expand the continuous monitoring of vegetation 

species according to functional types, this study assessed the potential of the Landsat 8 OLI, 

Sentinel 2 MSI and the Worldview 2 spectral configurations in discriminating between C3 

and C4 grass species at two distinct seasons, using in situ hyperspectral measurements. 

Despite the importance of spatial resolution or any other image acquisition characteristics, 

which play significant roles in species discrimination, this study held these characteristics 

constant. This was aimed to evaluate the robustness of new generation spectral configurations 

in the seasonal discrimination of C3 and C4 applications. Although the mentioned sensors are 

available for monitoring C3 and C4 spectral discrimination; the high acquisition cost of 

Worldview 2 present a major challenge to understand the seasonal spectral differences of the 

target grasses. In addition, hyperspectral data provide the most accurate and reliable measures 

of species spectra and the high dimensionality and large volumes of the data further 

emphasize the need for spectral resampling to reduce such problems. The objectives of this 

research were therefore to: (i) determine the most suitable seasonal period to spectrally 

distinguish and classify Festuca (C3) and Themeda (C4) grass species, with better accuracy, 

(ii) identify the most relevant sensor’s spectral windows in seasonal discrimination of the two 

grasses and (iii) identify the most relevant variables (among standard bands, vegetation 

indices and combined indices and standard bands) in the seasonal discrimination of the two 

species when using multispectral sensors. 
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3.2. Materials and Methods 

3.2.1. Field data collection 

The collection of hyperspectral data was conducted at two distinctive seasons; specifically 

during the peak of summer (February) and end of winter (August) in 2016. The target grasses 

were Festuca costata (C3) and Themeda triandra (C4) grass species, which predominantly 

occur in the area. In addition, a close association has been noticed between these two species 

with different photosynthetic pathways. Hyperspectral measurements were collected during 

the two periods, using an Analytical Spectral Device (ASD) FieldSpec spectrometer 

(FieldSpec®3, ASD, Inc., Boulder, CO, USA). The ASD device records canopy reflectance 

between the range of 350 and 2500 nm. The collection of spectral measurements was 

performed using a random sampling strategy after Adjorlolo et al. (2012a). The reflectance 

data for the target grasses was recorded between 1000 hr and 1400 hr, under clear conditions, 

which is regarded as the ideal period for determining vegetation spectral characteristics. 

Spectral measurements were also normalized using a standard white panel to take into 

account any changes in the atmospheric condition and irradiance of the sun (Sibanda et al., 

2015b). In each plot, 30 spectral measurements were consistently taken at nadir, for each 

grass species. A total of 120 plots were sampled for each grass resulting in 3600 spectral 

samples, for each season. 

 

3.2.2. Spectral resampling 

Prior to analysis using hyperspectral measurements, previous studies (Adjorlolo et al., 2013; 

Thenkabail et al., 2004) have emphasized the removal of some noise wavelengths in the 

spectral range of 350–390, 1350–1440, 1790–1990 and 2360–2500 nm. The data were then 

resampled to Landsat 8 OLI, Sentinel 2 MSI and Worldview 2 sensors spectral configuration 

using the spectral analysis routine in ENVI 4.7 software (ITT Visual Information Solutions, 

2009).The technique fits a Gaussian model with the Full Width at Half Maximum (FWHM) 

equal to a specified band width. The procedure involved resampling in situ data to the 

specific bandwidth interval across the 400 – 2500 nm spectrum, matching those of the 

Landsat 8, Sentinel 2 and the Worldview 2. This was done to simulate the spectral response 

function of the sensors presented in Table 3.1. Detailed information on this hyperspectral 

resampling approach used in this study is provided in Adjorlolo et al (2013). In addition, not 

all bands of the three sensors were considered for resampling and analysis in this study. For 

example, using the Landsat 8, the thermal infrared and the panchromatic bands were 
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excluded. Similarly, for the Sentinel 2, bands 1 (coastal aerosol), 9 (water vapour) and eleven 

(SWIR cirrus) were also excluded. These bands were previously reported to be inapplicable 

for vegetation monitoring (Féret et al., 2015; Immitzer et al., 2016). For the Worldview 2, all 

bands were considered for resampling and further analysis. 

 

Table 3.1: New generation sensors spectral configurations 

Sentinel 2 MSI Landsat 8 OLI Worldview 2 

Band Name Centre Width Name Range Name Range 

1 Coastal aerosol 443 20 Coastal blue 435-451 Coastal blue 400–450  

2 Blue 490 65 Blue 452-512 Blue 450–510  

3 Green 560 35 Green 533-590 Green 510–581 

4 Red 665 30 Red 636-673 Yellow 585–625  

5 Red edge 705 15 NIR 851-879 Red 630–690 

6 Red edge 740 15 SWIR1 1566-1651 Red edge 705–745 

7 Red edge 783 20 SWIR2 2107-2294 NIR1 770– 895 

8 NIR 842 115 Panchromatic 503-676 NIR 2 860–1040 

8a Red edge 865 20     

9 Water vapour 945 20 Cirrus 1363-1384   

10 SWIR-Cirrus 1375 30 TIR1 1060-1119   

11 SWIR 1375 30 TIR2 1150-1251   

12 SWIR 2190 180     

Italized bands were not used in this analysis 

 

3.3. Data Analysis 

To determine the potential of the three sensors’ spectral configuration in discriminating the 

two species functional types at two distinct seasonal periods, the Discriminant Analysis (DA) 

function embedded in Microsoft Excel 2013 was used. The data used with the DA was 

randomly split into 30% testing and 70% training sets, which is a requirement for all machine 

learning algorithms (Adelabu et al., 2014; Adjorlolo et al., 2013; Sibanda et al., 2015a). The 

training sample trains the model in discriminating between the two species, whereas the test 

sample validates the performance of the model. The DA function was used to: (i) determine 

the most suitable seasonal period to spectrally distinguish and classify Festuca and Themeda 

grass species with better accuracy, (ii) to identify the relevant sensor’s spectral configuration 

in seasonal discrimination and classification of the two grasses and (iii) identify the most 

relevant variables in the seasonal discrimination of the two species. The vegetation indices 

which were used with the resampled hyperspectral measurements are shown in Table 3. 2. 

These indices were chosen based on their performance in discriminating C3 and C4 grass 

species, which has been reported by previous studies (Adjorlolo et al., 2012a; Davidson and 

Csillag, 2001; Peterson et al., 2002; Price et al., 2002).  
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Table 3.2: Vegetation indices calculated using the resampled hyperspectral measurements 

Vegetation Index Formula Reference 

Simple ratio NIR/R Jordan (1969) 

Standard NDVI (NIR–R)/(NIR+R) Tucker (1979) 

NDVI 4 (NIR2− Y)/(NIR2+ Y) Adjorlolo et al. (2012) 

NDVI 5 (RE− CB)/( RE + CB) Adjorlolo et al. (2012) 

SAVI ((NIR2-R)*(1+L))/(NIR2+R+L) Huete (1988) 

G Chl index (NIR2/G)-1 Gitelson et al. (2003) 

EVI 2,5((NIR2-R)/(1+NIR2+6R-7,5*B)) Huete et al. (1997) 

 

3.3.1. Accuracy assessment 

The classification accuracy for the two species at different seasonal periods was assessed 

using the classification matrices generated from the DA model. The classification accuracies 

of the individual species using the different variables derived from the resampled data were 

also reported using the user’s and producer’s accuracies. The method by Pontius Jr and 

Millones (2011) was also used to assess the seasonal classification accuracies produced by 

the different sensors’ spectral configuration for the two species. The method provides 

accuracy assessment at individual classes (i.e. species level) using the errors of omission and 

commission, which in this case measure the seasonal ability of the resampled variables to 

correctly classify the target species. Commission error stems from the incorrect inclusion of 

the species in the other class or category, whereas omission error occurs when a sample of a 

particular class is excluded from the class under consideration (Zhou et al., 2014). Statistical 

significance test was also performed to determine significance difference in seasonal 

reflectance between the two species using the different sensors spectral settings. The overall 

classification accuracies derived from the three sensors spectral configurations were also 

tested for significance difference. These tests were performed using the T-test of significance 

embedded in Microsoft Excel 2013. 

 

3.4. Results 

3.4.1. Grass species spectral response patterns during the two distinct seasonal periods 

Figure 3.1 shows the derived seasonal spectral response patterns of Themeda and Festuca 

grasses, using hyperspectral measurements resampled to Landsat 8, Sentinel 2 and 

Worldview 2 spectral configurations. The graph illustrates that Themeda grass species exhibit 

higher reflectance across the spectrum, when compared to the Festuca. The two grass species 

were spectrally distinct during the summer period across the spectrum of all the sensors 

spectral configuration. During winter, although there were considerable spectral separability 

for some portions of the spectrum (e.g. Sentinel 2 bands 5 to 8), it was noted that using the 
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Landsat 8 spectral configuration, notably the SWIR bands 6 and 7, the two species were 

spectrally identical. The same was observed from SWIR band 10 of Sentinel 2 and red band 5 

of Worldview 2. The visual comparison was also confirmed by the T-test of significance 

difference in reflectance between the two species at different spectral windows. In summer, 

the spectral difference between Festuca and Themeda was significant (P < 0.05), for all bands 

of the sensors spectral configuration, whereas in winter, a limited number of bands exhibited 

significant differences (P < 0.05), notably all sensors’ blue band. 
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(a) Summer 

 
(b) End of winter 

 
Figure 3.1: Seasonal spectral signatures of the two species derived from averaged resampled hyperspectral measurements 
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3.4.2. Influence of sensor variables on seasonal species discrimination 

Overall, all sensors’ spectral configurations revealed high potential in seasonal discrimination 

of the two grass species functional types, especially in summer. The Sentinel 2 MSI and 

Worldview 2 spectral configurations provided more bands which influence species 

discrimination, whereas for the Landsat 8, it was only the green and the SWIR1 bands. 

Furthermore, the Landsat 8 SWIR 1, the red edge bands of the Sentinel 2 and the Worldview 

2 yellow band were the most influential wavebands in summer, whereas in winter, the blue 

band of all the three sensors was the most influential band in discriminating the two grasses. 

It was also found that the Landsat 8 NIR, the Sentinel 2 NIR and the Worldview 2 blue bands 

were the least influential in summer, whereas in winter, the green band of all sensors was the 

least influential in discriminating between the two species. The derived vegetation indices 

have agreed that during the two distinct seasonal periods, the G Chl index, EVI and the 

standard NDVI were the most influential indices in discriminating between the two species, 

with the standard NDVI identified as the most influential variable, whereas the SAVI was the 

least. 

 

3.4.3. Seasonal classification of C3 and C4 grass species 

Figure 3.2 shows the overall classification accuracies produced using the three variables 

(standard bands, vegetation indices (VIs) and combined standard bands and indices), derived 

from the resampled data, during the peak of summer and end of winter. All sensors’ spectral 

settings produced high classification accuracies, for both grass species, although the summer 

period showed slightly higher accuracies than winter. In summer, Worldview 2 produced the 

highest overall accuracy of 98.61%, followed by the Sentinel 2 (97.52%), using standard 

bands spectral configurations. In winter, the Sentinel 2 standard bands spectral configuration 

outperformed the other sensors, with 96.18% classification accuracy, followed by Worldview 

2 (94.44%). The performance of the Sentinel 2 and Worldview 2 standard bands was also as 

good as the use of indices for the two periods. The spectral configuration of Landsat 8 

comparatively yielded the least overall classification accuracies, ranging between 90.14% and 

95.83%, with standard bands producing the lowest accuracies. In winter, lower classification 

accuracies were produced compared to summer. For example, in summer Landsat 8 produced 

overall accuracies ranging from 90.24 to 95.83% and Worldview 2 varied from 97.18 to 

98.61%, whereas in winter, Landsat 8 yielded a range between 90.18 and 91.67%, whereas 

Worldview 2 dropped to a range between 90.28 and 94.44%. 
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Figure 3.2: Overall accurracies in (a) summer and (b) winter derived using different variables 

 

Considering the performance of the different variables, the use of indices using the 

Worldview 2 and Sentinel 2 did not improve the overall classification in summer, it actually 

decreased it. However, for the Landsat 8, indices slightly improved the overall classification 

accuracy by 5.59% in summer and by 1.49% in winter, from standard bands. The use of 

combined variables using all sensors also resulted in considerable decrease in overall 

classification accuracies, during the two seasonal periods. For example, the Sentinel 2 overall 

classification dropped by 3.15% in summer and by 8.33% in winter, whereas for the 

Worldview 2, it slightly dropped (by 0.02%) in summer and by 4.16% in winter. 

 

3.4.4. Classification assessment results 

Figures 3.3(a) and (b) show the commission and omission errors encountered using standard 

bands and indices, respectively, in the seasonal classification of Festuca and Themeda grass 

species. In summer, (Figure 3.3b (i)), indices had the lowest commission and omission errors 

(ranging between 2.7% and 5.7%), than standard bands (Figure 3.3a (i), ranging between 0 

and 13.8%), whereas in winter, standard bands (Figure 3.3a (ii)) produced lower errors 

(ranging between 0 and 11.1%), compared to indices (Figure 3.3b (ii), ranging between 5.4 

and 11.4%). In summer, standard bands spectral windows of the Worldview 2 image 

produced the lowest commission and omission errors (between 2.77 and 2.85%), followed by 

Sentinel 2 (between 0 and 10.8%), whereas the Landsat 8 produced the largest errors between 

5.71 and 13.89% in classifying the two species. In winter, standard bands of the Landsat 8 

also had the highest errors (between 8.3 and 10.8%), followed by Worldview 2 (between 2.70 

and 8.57%), whereas the Sentinel 2 had the lowest (between 0 and 6.25%) errors in 

classifying the target species. 
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Figure 3.3: The classification errors using (a) standard bands and (b) indices in summer (i) 

and winter (ii) for the two grass species 

 

It was also found that Landsat 8 derived variables produced the lowest user’s and producer’s 

accuracies in summer, ranging between 86.11% (for Festuca) and 97.30% (Themeda), 

whereas the Worldview 2 produced the highest between 97.14 and 100% in classifying the 

target species. The classification of Themeda species also produced higher user’s accuracies 

(ranging between 94.29 and 97.22%) in summer, compared to Festuca (ranging between 

86.11 and 97.37%), using all sensors. There were also mixed results in the producer’s and 

user’s accuracies obtained when classifying the two species using the three sensors’ 

variables. Some accuracy for the individual species slightly improved, while others worsened, 

especially in winter. For example, the Landsat 8 standard bands produced 89.19% and 

91.43%, indices produced 94.59% and 88.57%, whereas the use of combined variables 

produced 91.89% and 88.43%, user accuracies, for Festuca and Themeda, respectively.  

 

3.5. Discussion 

The seasonal accurate and reliable spectral information of C3 and C4 grass species is 

becoming critical for species mapping with higher accuracy, for understanding their response 

to environmental changes and for well-informed management. This study aimed to assess the 

potential of the spectral configurations of Landsat 8 OLI, Sentinel 2 MSI and Worldview 2 
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sensors in the seasonal discrimination of C3 and C4 grass species functional types in the 

Drakensberg of South Africa, using in situ hyperspectral measurements. 

 

3.5.1. Species seasonal spectral response curves 

Overall, the spectral signature of Themeda grass was higher than that of Festuca, especially 

in summer, based on all sensors spectral configuration. This confirmed the previous findings 

by Adjorlolo et al. (2013), which was conducted during the peak of the summer period. This 

may be attributed to the interior leaf properties (e.g. the concentration of nitrogen) which 

influence the species interaction with incoming radiation and subsequently reflectance. For 

example, previous studies (Adjorlolo et al., 2014; Adjorlolo et al., 2015) have revealed that 

Themeda consists of significantly higher nitrogen and crude protein content, compared to 

Festuca, during the peak of the summer period. The concentration of these variables has been 

reported to influence species spectral signatures. For instance, the study by Walburg et al. 

(1982) has demonstrated the influence of nitrogen on the seasonal reflectance of corn and 

reported a positive response of reflectance with nitrogen application. 

 

It was also found that the two grass species were spectrally distinct in February across the 

spectrum of all sensors spectral configurations. Consequently, for a successful discrimination 

of these species, the period when both species are active becomes most suitable, especially 

when using multispectral sensors. This was also noted in a separate study by López-Granados 

et al. (2006), which used hyperspectral measurements to discriminate grass weeds from 

wheat. They reported that the discrimination of grass weeds is feasible before vegetation 

becomes inactive or reach their senescence stage, which makes them become spectrally 

identical. In agreement, Féret et al. (2015) and Schmidt et al. (2014) have identified the 

period of photosynthetically active as optimal for vegetation spectral discrimination, 

compared to senescence or dormancy. In contrary, at the end of winter, some portions of the 

spectrum (e.g. Landsat 8 SWIR bands), were spectrally identical. Thus at the end of the 

winter period, a limited number of spectral windows have the potential to discriminate 

between the two species, compared to the summer period. This might result in over or under-

estimation of the target species, thereby compromising the overall classification accuracy of 

the two species. The spectral signatures at the end of the winter period for both species also 

showed lower reflectance, compared to the summer period; thus both species were 

photosynthetically active in February, whereas in August they were less active. This is 

supported by the study of Everson and Everson (2016) which highlighted the high frequency 
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of frosts during the winter period within the study area, resulting in both grasses becoming 

dormant. Although the two species have been reported to have different phenological 

profiles, this study has revealed that at the end of the winter period in August, the two grasses 

are difficult to distinguish. In agreement with the findings of this study, Price et al. (2002) 

noted that during the winter period, especially where snow is frequent, both C3 and C4 grass 

species become dry thereby appearing spectrally similar. This period therefore becomes a 

challenge to distinguish these species.  

 

3.5.2. The influence of sensors spectral configuration on seasonal discrimination 

Different sensors’ spectral configuration showed different abilities in the seasonal 

discrimination of grass species functional types. The influence of the Landsat 8 SWIR 1, 

Sentinel 2 red edge four and the Worldview 2 yellow spectral bands in summer is consistent 

with the findings of previous studies which resampled hyperspectral measurements to 

different sensors (Féret et al., 2015; Marshall et al., 2012). The study by Féret et al. (2015) 

revealed that the yellow region of the Worldview 2 is an intermediate domain which is more 

sensitive to chlorophyll content, when compared to the green domain, thereby enhancing its 

ability to discriminate vegetation species. The studies of Collin and Planes (2011) and 

Robinson et al. (2016) further confirmed the potential of the yellow spectral window in the 

classification of vegetation species. They revealed that the detection windows of the yellow 

band provide critical information about the carotenoid and chlorophyll pigments of the 

species, respectively, which enhance the classification accuracy.  

 

The potential of the red edge and SWIR spectral windows, notably of the Sentinel 2, which 

are currently not present within the spectral configuration of multispectral broadband sensors, 

becomes promising in the seasonal discrimination of C3 and C4 grass species. Considerable 

studies have admitted the strength of the red edge spectral window in species discrimination 

and mapping (Rapinel et al., 2014; Robinson et al., 2016; Schmidt et al., 2014; Schuster et al., 

2012). However these studies have used commercial sensors, notably Worldview 2 and 

RapidEye; in this regard the presence of this region within the Sentinel 2 spectrum provides a 

valuable window for species discrimination in a cost-effective manner. Similarly, findings 

from this study concur with those of Ramoelo et al. (2015a) and Laurin et al. (2016) who 

reported the substantial importance of the two SWIR and the red edge 1 spectral 

configurations of the Sentinel 2 in determining grass nitrogen, as well as in discriminating 

species functional types, respectively. They further emphasized that the availability of the red 
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edge which is available in commercial satellites, such as RapidEye and Worldview 2, as well 

as the refined SWIR provide easy accessibility of refined spectral data for grasslands 

monitoring. The potential of the SWIR region, notably above 2000 nm was also reported by 

Adjorlolo (2013), as critical for classifying C3 and C4 grass species functional types. 

Similarly, Ferreira et al. (2015) has also confirmed the potential of the Worldview 3 SWIR 

spectral window in discriminating forest species, using hyperspectral measurements.  

 

This study also found that the green spectral window of all the three sensors was the least 

influential in discriminating between the two species in winter. This confirms the fact that 

during the end of winter, the species lose their vigour, with less chlorophyll content, hence 

less reflectance in the green and NIR portions (Gitelson et al., 1996; Gitelson and Merzlyak, 

1996; Marshall et al., 2012). This possibly explains why the green band was less influential in 

discriminating the two species. On the other hand, during the summer period, the green band 

was not influential; this may be attributed to the fact that although it was a period of high 

chlorophyll concentration, the band was not as sensitive as the red edge of Sentinel 2, yellow 

of the Worldview 2 and SWIR of the Landsat 8. In addition, Landsat 8 NIR, the Sentinel 2 

NIR and the Worldview 2 blue spectral bands were the least influential in summer. Similar 

findings, notably of Worldview 2 were reported by Marshall et al. (2012); the study found 

that the traditional NIR band contributed the least in discriminating buffel, an invasive C4 

grass species in Australia, during the summer season.  

 

3.5.3. Sensors performance in the seasonal classification of C3 and C4 grass species 

The Worldview 2 and Sentinel 2 produced better and comparable results during the two 

seasonal periods, whereas the Landsat 8 was the least performer. This was also reported by a 

previous study (Féret et al., 2015), the best performances were produced from either 

Worldview 2 or Sentinel 2 sensors spectral configurations. This possibly results from the 

presence of red edge windows of these sensors which enhance their discrimination ability, 

compared to Landsat 8. In this regard, this provides an insight to the potential of the Sentinel 

2 spectral windows in the discrimination and possible means for the spatial representation of 

these grass species. The sensor spectral separability windows thus provides a suitable 

alternative for the spectral discrimination of C3 and C4 grass species in a cost-effective 

manner, since Worldview 2 images are provided on a commercial basis. However, the 

performance of the Landsat 8 is much better than the findings of Féret et al. (2015). Their 

findings showed that the Landsat 8 produced overall classification accuracies between 81.1 
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and 88.6% for different vegetation types (grasslands, ferns and fields), which are lower than 

those produced in the present study in classifying grass species of different photosynthetic 

pathways. They also noticed misclassification of the vegetation species using the Landsat 8 

spectral bands; hence they recommended the use of indices or combined variables for better 

species discrimination. Furthermore, the study of Price et al. (2002), which used Landsat TM 

in discriminating C4 and C3 grass species under different management practices, during the 

winter period of the Great plains of Kansas in United States reported the poor classification 

performance, which they attributed to the dryness of the grasses during that period, making it 

difficult to distinguish them. The lower performance of the Landsat 8 OLI spectral setting 

was also reported by Sibanda et al. (2016); the sensor produced the lowest classification 

accuracies across all the grassland management practices, compared to other sensors. The 

lower performance of the Landsat 8 sensor may be primarily attributed to its much wider 

spectral settings and limited bands (Féret et al., 2015; Sibanda et al., 2016), compared to 

Sentinel 2 or Worldview 2; which all limit its potential in discriminating between the species. 

 

The use of indices did not significantly improve the overall classification accuracies for all 

the sensors, except for the Landsat 8. This might be attributed to the fact that the spectral 

separability windows of the Landsat 8 are much wider such that the species spectral 

differences are difficult to detect. The lower performance of the Landsat 8 standard bands 

was also confirmed by the assessment results at species level, where the sensor reported the 

largest commission and omission errors in classifying the two grass species. This indicated a 

spectral confusion between the two species, when using the spectral configuration of Landsat 

8, which may result in considerable over or under-classification of the target species, 

although it showed high overall classification results. Indices therefore present a better 

solution to discern such variations, when using the Landsat 8 sensor. The absence of the red 

edge spectral window within the Landsat 8 (which is present within the other sensors spectral 

range) possibly limits its potential in species discrimination.  

 

3.6. Conclusion 

The present study assessed the potential of new generation sensors, with strategically-

positioned spectral bands in discriminating between Festuca (C3) and Themeda (C4), its 

counterpart. Based on the findings of this study, it can be concluded that: 
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(a) the ability of Landsat 8 OLI, Sentinel 2 MSI and the Worldview 2 spectral 

configurations to successfully detect species spectral differences and classification 

varies with season,  

(b) the performance of standard bands spectral configuration, notably of the Sentinel 2 

and Worldview 2 was as good as that of vegetation indices in classifying the target 

grass species, 

(c) the peak of the summer season (when both species are photosynthetically active) has 

been identified as the suitable period for the successful discrimination of C3 and C4 

grass species functional types, and 

(d) the use of hyperspectral measurements still remains critical to understand the seasonal 

spectral behaviour of vegetation species with high accuracy.  

 

Overall, results from this chapter have highlighted the potential of the spectral windows of 

new generation sensors in the seasonal discrimination of C3 and C4 grass species. Most 

importantly, the experiment have highlighted that when species are active, they become more 

distinct and separable using remote sensing. However hyperspectral measurements are 

limited to plot level; there is therefore a need for further research to explore these new 

generation sensors’ fidelity in detecting and mapping the spatial distribution of the target 

species, considering their varying acquisition characteristics. The succeeding chapter 

therefore used the real images of Landsat 8, Sentinel 2 and Worldview 2 to test how the 

sensors, particularly the newly-launched Sentinel 2 can achieve the task, within a specific 

period.  
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CHAPTER FOUR  
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4. Examining the strength of the newly-launched Sentinel 2 MSI 

sensor in detecting and discriminating subtle differences between 

C3 and C4 grass species 
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Abstract 

C3 and C4 grass species discrimination has increasingly become relevant in understanding 

their response to environmental changes and to monitor their integrity in providing goods and 

services. While remotely-sensed data provide robust, cost-effective and repeatable 

monitoring tools for C3 and C4 grasses, this has been largely limited by the scarcity of 

sensors with better earth imaging characteristics. The recent launch of the advanced Sentinel 

2 MultiSpectral Instrument (MSI) presents a new prospect for discriminating C3 and C4 

grasses. The present study tested the potential of Sentinel 2, characterized by refined spatial 

resolution and more unique spectral bands in discriminating between Festuca (C3) and 

Themeda (C4) grasses. To evaluate the performance of Sentinel 2 MSI; spectral bands, 

vegetation indices and spectral bands plus indices were used. Findings from Sentinel 2 were 

compared with those derived from the widely-used Worldview 2 commercial sensor and the 

Landsat 8 Operational Land Imager (OLI). Overall classification accuracies have shown that 

Sentinel 2 bands have potential (90.36%), than indices (85.54%) and combined variables 

(88.61%). The results were comparable to Worldview 2 sensor, which produced slightly 

higher accuracies using spectral bands (95.69%), indices (86.02%) and combined variables 

(87.09%), and better than Landsat 8 OLI spectral bands (75.26%), indices (82.79%) and 

combined variables (86.02%). Sentinel 2 bands produced lower errors of commission and 

omission (between 4.76 and 14.63%), comparable to Worldview 2 (between 1.96 and 7.14%), 

than Landsat 8 (between 18.18 and 30.61%), when classifying the two species. The 

classification accuracy from Sentinel 2 also did not differ significantly (z = 1.34) from 

Worldview 2, using standard bands; it was significantly (z > 1.96) different using indices and 

combined variables, whereas when compared to Landsat 8, Sentinel 2 accuracies were 

significantly different (z > 1.96) using all variables. These results demonstrated that key 

vegetation species discrimination could be improved by the use of the freely and improved 

Sentinel 2 MSI data. 

 

Keywords: grassland ecosystems, climate change, remote sensing, spatial representation, red 

edge 
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4.1. Introduction 

C3 and C4 grasses are an important species functional type of terrestrial ecosystems 

responsible for carbon sequestration, maintaining biodiversity and as forage for wildlife and 

livestock (Bremond et al., 2012; Foody and Dash, 2007; 2010). The distribution of these 

grass species is primarily linked to climatic and topographic conditions (Bremond et al., 

2012; Woodward et al., 2004; Yan and de Beurs, 2016) and so does their ability to provide 

services. Thus, any changes in climatic conditions are most likely to alter their distribution 

and function. For example, C3 species are anticipated to move to cooler and moister south-

facing slopes or to higher altitudes areas in response to rises in temperature, whereas C4 

grasses will have an advantage of expanding (Adjorlolo et al., 2012b; Bremond et al., 2012; 

Shoko et al., 2016b). In contrast, accumulating evidence have confirmed that increase in 

carbon dioxide will favour the expansion and abundance of C3 grasses than C4 

(Chamaillé‐Jammes and Bond, 2010). Consequently, environmental changes are more likely 

to compromise C3 and C4 grasses distribution and these changes are anticipated to vary from 

place to place (Lei et al., 2016). It has also been noticed that grassland areas are facing 

considerable threats from bush encroachment and invasion by alien species (Everson and 

Everson, 2016). The discrimination and mapping of C3 and C4 grass species is therefore 

inevitable, so as to monitor their possible shifts, as a result of environmental changes. It is 

also desirable to evaluate the contribution of these grasses to the provision of services (e.g. 

forage) over time and ensure their sustainability in providing the required services. 

 

The discrimination of C3 and C4 grass species, using remote sensing has so far been 

primarily achieved, using broadband and coarse spatial resolution multispectral sensors, 

notably Advanced Very High Resolution Radiometer (AVHRR), MEdium Resolution 

Imaging Spectrometer (MERIS), Moderate Resolution Imaging Spectroradiometer (MODIS), 

(Foody and Dash, 2007; Guan et al., 2012; Liu et al., 2015; Wang et al., 2013; Wang et al., 

2010), and to a lesser extent, using Landsat TM (Guo et al., 2003; Liu et al., 2015; Price et 

al., 2002). However, studies which have used MODIS and AVHRR have noted that these 

sensors mis-represent the spatial variations of C3 and C4 grasses. Currently, the inability of 

the medium resolution MERIS and Landsat TM sensors to provide real time images further 

hampers the monitoring of C3 and C4 grass species. As the need for more detailed 

characterization of vegetation species arises and new ecological questions emerge, 

hyperspectral and commercial multispectral sensors (i.e. Worldview 1-3 and RapidEye) have 

been reported to be the most accurate sensors in monitoring C3 and C4 grass species 
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(Adjorlolo et al., 2012a; Liu and Cheng, 2011; Lu et al., 2009). Although the use of 

hyperspectral data has gained considerable attention in discriminating C3 and C4 grasses, 

their limitation in spatial coverage, high acquisition cost, challenges in data pre-processing, 

due to high volumes of data, as well as multi-collinearity problems, present major challenges 

for large scale and continuous monitoring of C3 and C4 grasses (Price et al., 2002; Shoko et 

al., 2016b). Similarly, the high acquisition cost of commercial satellites, hampers continuous 

monitoring of C3 and C4 grasses at large geographic coverage. In this regard, the monitoring 

of C3 and C4 grasses lies in the ability of emerging sensors to accurately discriminate and 

map their spatial variations.  

 

Recent advances in technology have produced innovative remote sensing sensors, creating 

new opportunities for vegetation monitoring according to functional types. The emergence of 

multispectral sensors with improved image acquisition characteristics, notably Landsat 8 OLI 

and Sentinel 2 has renewed the monitoring of C3 and C4 grasses. The provision of data by 

these sensors at large geographical coverage is becoming necessary as vegetation information 

is now required at broader scales for ecological monitoring and to enhance management 

practices. For instance, the Sentinel 2 was recently launched to enhance the monitoring of 

terrestrial and coastal ecosystems (Delegido et al., 2011; Richter et al., 2012; Stratoulias et 

al., 2015). The sensor is a polar-orbiting one that acquires super-spectral high-resolution 

images at a nadir position, covering 290 km field of view, at a high temporal resolution of 

five days (Immitzer et al., 2016; Laurin et al., 2016). The sensor thus presents an invaluable 

opportunity for monitoring C3 and C4 grass species functional types, when compared to the 

available broadband multispectral sensors. For instance, the refined spatial resolution (10 and 

20m) allows for better and more accurate spatial representation of species, which is one of the 

major challenges, that have been encountered from the use of broadband multispectral 

sensors (i.e. MODIS and AVHRR). Furthermore, the presence of four bands within the red 

edge region, centred at 705 (band 5), 740 (band 6), 783 (band 7) and 865 nm (band 8A), 

which are not present in freely-available multispectral sensors, widens the spectral windows 

for species identification and discrimination at broader scales. Red edge bands have so far 

been typically restricted to commercial satellites; hence Sentinel 2 now provides the easy 

accessibility of this key information. Previous studies (Clevers and Gitelson, 2013; Marshall 

et al., 2012; Robinson et al., 2016; Schuster et al., 2012) have also reported the red edge 

region as critical for enhancing species spectral responses and understanding vegetation 

status. For example, the study by Schuster et al. (2012) indicated that the incorporation of red 
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edge spectral bands increases the classification accuracy of vegetation species, whereas 

Marshall et al. (2012) demonstrated the potential of red edge band of the Worldview 2 sensor 

in discriminating buffel C4 grass, from other vegetation types. 

 

The aforementioned image acquisition characteristics currently make the Sentinel 2 sensor a 

prime data source for vegetation monitoring, especially in resource-constrained areas of 

Africa. In this regard, this study examined the potential of the newly-launched Sentinel 2 MSI 

sensor in discriminating Festuca, C3 and Themeda, C4 grasses. The performance of the 

sensor was also examined against that of the Landsat 8 OLI and well-known Worldview 2 

sensor. The choice of the two sensors has been motivated by their previous application and 

performance in vegetation species mapping (Mustafa et al., 2015; Rapinel et al., 2014; 

Robinson et al., 2016), biomass estimation (Dube and Mutanga, 2015a; b; Mutanga et al., 

2012) and land cover studies (El-Askary et al., 2014; Jia et al., 2014; Momeni et al., 2016). 

The slightly weak performance of previous Landsat data series (TM4, TM5 and ETM+7) in 

classifying C3 and C4 grasses (Guo et al., 2003; Lauver and Whistler, 1993; Liu et al., 2015; 

Price et al., 2002) therefore underscores the need to examine the recently-launched Landsat 8 

sensor, which has better acquisition characteristics than its predecessors. 

 

4.2. Materials and methods 

4.2.1. Field data collection 

Ground-based location points of the target grass species were collected using a sub-metre 

Trimble Global Positioning System (GPS) during summer period of February 2016. The 

collection of ground points was performed using randomly generated sampling points across 

the area. The points were randomly-generated using ARGIC 10.2. A total of 120 points were 

collected for each grass, resulting in 240 points. These points were then used to classify the 

two grass species functional types, for the study area, using the three satellite images. The 

sampled points were also used to extract grass species spectral data from the remote sensing 

images for further analysis. 

 

4.2.2. Satellite image acquisition and processing 

The Landsat 8 OLI, Sentinel 2 MSI and Worldview 2 remote sensing images were acquired 

to test their ability in discriminating between the target species. The characteristics of the 

images used for analysis are presented in Table 4.1. The area under study is covered by a 

single Landsat 8 scene with path/row of 169/80. A cloud-free image was downloaded from 
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the United States Geological Survey (USGS) website and calibrated as outlined at the website 

(http://landsat.usgs.gov/). Atmospheric correction was also performed for the Landsat 8 OLI 

image using the Fast Line-of-sight Atmospheric Analysis of Spectral Hypercube (FLAASH) 

model and ground points for geometrical correction in ENVI environment. Sentinel 2 MSI 

images are delivered orthorectified top of atmosphere reflectance in Universal Transverse 

Mercator (UTM) projection, with the World Geodetic System (WGS84), and are freely-

available for download at the Sentinels Scientific Data Hub website 

(https://scihub.copernicus.eu/). The data is acquired in 13 spectral bands, spanning from the 

visible through the near infra-red (NIR) and red edge, to the short wave infra-red (SWIR) at 

10, 20 and 60 spatial resolutions (Table 4.1). Bands acquired at 60 m (coastal aerosol band 1, 

water vapour band 9 and cirrus band 10) spatial resolution are dedicated primarily for 

detecting atmospheric features and were therefore excluded from the analysis (Drusch et al., 

2012). The atmospheric correction of the Sentinel 2 image was also performed using the 

Sen2cor atmospheric correction toolbox, an inbuilt algorithm within the Sentinel Application 

Platform (SNAP) tool version 4.0. The tool was developed primarily to work with Sentinel 

images. The Worldview 2 image was on the other hand purchased and delivered with 

orthorectified and radiometric corrections already applied by the supplier (Digital Globe, 

Longmont, Colorado, USA). These images were then used for classification of the two grass 

species using the ground truth points.  

  

Table 4.1: Sensors spectral and spatial characteristics 

Sentinel 2 MSI Landsat 8 OLI Worldview 2 

Band Centre (nm) GSD (m) Range (nm) GSD (m) Range (nm) GSD (m) 

1 443 60 435-451 30 400-450 0.5 

2 490 10 452-512 30 450-510 0.5 

3 560 10 533-590 30 510-581 0.5 

4 665 10 636-673 30 585-625 0.5 

5 705 20 851-879 30 630-690 0.5 

6 740 20 1566-1651 30 705-745 0.5 

7 783 20 2107-2294 30 770-895 0.5 

8 842 10 503-676 15 860-1040 0.5 

8a 865 20 -  -  

9 945 60 1363-1384 30 -  

10 1375 60 1060-1119 100 -  

11 1375 20 1150-1251 100 -  

12 2190 20 -  -  

*GSD: Ground sampling distance 

 

http://landsat.usgs.gov/
https://scihub.copernicus.eu/
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4.3. Data analysis 

The Discriminant analysis (DA) algorithm was used to examine the potential of the Sentinel 2 

against that of Worldview 2 and Landsat 8 OLI in discriminating between the two grass 

species. The DA has been used successfully in discriminating between C3 and C4 grass 

species (Foody and Dash, 2007; Marshall et al., 2012; Price et al., 2002; Roth et al., 2015b). 

The model discriminates between species using a linear transformation of the remote sensing 

variables by aggregating the variables into latent factors, in which their influence to species 

discrimination is determined by variable scores. The performance of the DA also produces 

confusion matrices derived in species discrimination using the remote sensing variables.  

 

The DA was performed using three sets of remote sensing variables; (i) standard bands, (ii) 

vegetation indices and (iii) combined variables, in XLSTAT, Microsoft Excel 2013. The data 

used with the DA were randomly split into 30% testing and 70% training sets, which is a 

requirement for all machine learning algorithms (Adelabu et al., 2014; Adjorlolo et al., 2013; 

Sibanda et al., 2015a). The vegetation indices which were used are presented in Table 4. 2. 

These indices were chosen considering their previous performances in C3 and C4 grass 

species discrimination as highlighted in literature (Adjorlolo et al., 2012a; Davidson and 

Csillag, 2001; Peterson et al., 2002; Price et al., 2002). The red edge-based Normalized 

Difference Vegetation Indices (NDVIs) were derived by replacing the standard red band with 

the red edge bands according to previous studies (Gitelson and Merzlyak, 1994; Kross et al., 

2015; Sharma et al., 2015). Red edge-based NDVIs 1-4 were derived using Sentinel 2 red 

edge bands, whereas 5 and 6 were derived from Worldview 2. 

 

Table 4.2: The derived vegetation indices used in the analysis 

Indices  Formula References 

Standard NDVI  

NDVI 4 

NDVI 5 

Simple ratio  

SAVI  

G Chl index  

EVI  

(NIR-R)/(NIR+R) 

(NIR2−Y)/(NIR2+Y) 

(RE−CB)/(RE+CB) 

(NIR/R) 

((NIR2-R)*(1+L))/(NIR2+R+L) 

(NIR/G)-1 

2.5*((NIR-R)/(1+NIR+6R-7.5B)) 

Tucker (1979) 

Adjorlolo et al. (2012a) 

Adjorlolo et al. (2012a) 

Jordan (1969) 

Huete (1988) 

Gitelson et al. (2003) 

Huete et al. (1997) 

Red edge-based 

NDVIs:  1 

  2 

  3

  4

  5

  6 

 

(NIR-RE1)/(NIR+RE1) 

(NIR-RE2)/(NIR+RE2) 

(NIR-RE3)/(NIR+RE3) 

(NIR-RE4)/(NIR+RE4) 

(NIR1-RE)/(NIR1+RE) 

(NIR2-RE)/(NIR2+RE) 

 

 

(Gitelson and Merzlyak (1994); Kross et 

al., 2015) 

 

Pu and Landry (2012) 

Pu and Landry (2012) 

*B, G, R, NIR, RE, represent blue, green, red, near infrared and red edge spectral bands, respectively, whereas EVI, SAVI 

and G Chl represent enhanced vegetation index, soil adjusted vegetation index and green chlorophyll, respectively 
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4.3.1. Accuracy assessment 

Accuracy assessment of the classification results produced by the DA model was performed 

using the Pontius Jr and Millones (2011) approach. This has been regarded as more accurate 

and reliable in assessing classification accuracies using remote sensing data. The approach 

was therefore used to assess the ability of the sensors, the model and the derived variables in 

classifying the target grass species to their respective classes. Errors of commission and 

omission were therefore used to report the performance of the sensors and the derived 

variables in classifying Festuca and Themeda grass species. A McNemar test was also 

performed to compare classification accuracies derived using Landsat 8 OLI, Sentinel 2 MSI 

and Worldview 2 sensors in classifying the two grasses. McNemar is a robust test that has 

been successfully used to compare classification accuracies (Adelabu et al., 2013; Manandhar 

et al., 2009; Sibanda et al., 2016). More details on the execution of the test are well 

documented (de Leeuw et al., 2006; Petropoulos et al., 2012). A McNemar test result 

(indicated by z score) above 1.96 indicates that the classification accuracies derived from the 

different sensors and associated variables are significantly different, at a confidence of 95%. 

 

4.4. Results 

4.4.1. Species spectral response profiles using different sensors 

Figure 4.2 illustrates the species spectral response curves derived from the three respective 

remote sensing images. These are averaged reflectance values extracted from the three 

images using ground points of the target grasses. Overall, Themeda shows higher reflectance, 

when compared to Festuca, using all the three sensors, at all wavelengths. Sentinel 2 also 

show separable species response curves, comparable to Worldview 2, whereas Landsat 8 

show a close spectral response between the two grasses. 
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Figure 4.1: Species spectral response using the different sensors 

 

4.4.2. Sensors classification performance  

Figure 4.2 illustrates the derived overall classification accuracies when classifying the two 

species using the three sensors’ variables. Overall, Sentinel 2 sensor outperformed the 

Landsat 8 in classifying the two grasses, and it was slightly lower, when compared to 

Worldview 2. Sentinel 2 standard bands produced high overall classification accuracy 

(90.36%), comparable to that of Worldview 2 (95.69%) and better, when compared to those 

produced using the Landsat 8 (75.26%). The use of indices and combined variables did not 

improve the classification results, when using Sentinel 2 and Worldview 2 sensors, the 

variables actually decreased the overall accuracies. For example, the use of derived indices 

decreased the overall classification of Sentinel 2 by 4.89%, whereas for Worldview 2, it 

dropped by 9.68%, from standard bands. The use of indices increased the overall 

classification accuracy of the Landsat 8 sensor by 7.527%, from standard bands. 
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Figure 4.2: Overall classification accuracies derived using the three sensors’ variables. The 

red line marks the lowest accuracy using Sentinel 2 in relation to the other sensors 

 

4.4.3. The influence of sensors spectral bands on species discrimination 

Figure 4.3 shows the influence of the spectral bands of the three sensors on discriminating 

between Festuca and Themeda grass species, using variables scores, derived from the DA 

model. Sentinel 2 sensor provides more bands which have great potential (indicated by the 

high variable scores) in discriminating between the two species. The red edge bands, notably 

centred at 705 and 740 nm, the blue (490 nm) and the SWIR (centred at 2190 nm) spectral 

bands of the Sentinel 2 were the most influential in classifying Festuca and Themeda grasses. 

Comparatively, for Worldview 2 sensor, the blue (between 450 and 510 nm) and red edge 

bands between 705 and 745 nm were also the most influential bands, whereas for the Landsat 

8, it was the red (636-673 nm) and the NIR (851-879 nm). On the contrary, the SWIR 

(centred at 1375 nm) and green (centred at 560 nm) bands of Sentinel 2 were the least 

influential in the classification of the two grasses, whereas for the Worldview 2 and Landsat 

8, the green (between 510 and 595 nm) and blue (between 452 and 512 nm) were the least 

influential, respectively. When using indices, the standard NDVI was the most influential 

index in discriminating between the two species using all the three sensors, whereas the least 

influential index varied with sensor. Using Sentinel 2, the EVI was the least influential, the 

SAVI for Worldview 2 and for Landsat 8 sensor it was the G Chlorophyll index. When 

indices and standard bands were combined, Sentinel 2 red edge band (centred at 783 nm) and 

the Landsat 8- derived standard NDVI were the most influential in discriminating between 

the two grasses, whereas using the Worldview 2 variables, it was the red edge-based NDVI, 

which is derived using the additional NIR (between 860 and 1040 nm) band. 
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Figure 4.3: Influence of sensors’ spectral bands on the discrimination of the two grasses 

 

4.4.4. Classification accuracy assessment results 

Figure 4.4 shows the commission and omission errors encountered when classifying Themeda 

and Festuca grasses using standard bands, indices and combined variables of the three remote 

sensing images. Sentinel 2 standard bands produced errors between 4.76 and 14.63%, 

between 2.38 and 21.15% using indices, whereas combined variables produced between 7.69 

and 12%. This was better than those encountered using Landsat 8, which produced errors 

between 18.18 and 30.61% using standard bands, between 9 and 26.82% using indices, as 

well as between 12 and 16.27% using combined variables. The errors encountered using 

Sentinel 2 were better close to those of the Worldview 2 sensor, which resulted in the 

minimum errors encountered, ranging between 1.96 and 7.14% using standard bands, 10.24-

17.98%, using indices and between 8.33 and 17.78%, using combined variables.  

 

 
Figure 4.4: Commission and omission errors encountered when classifying the two species 

using: (a) standard bands, (b) indices and (c) combined variables of the three sensors 

 

McNemar test results have also shown that there were statistically significant differences (z > 

1.96) in classification accuracies using the different sensors. For example, Sentinel 2 

accuracies were significantly higher than Landsat 8, when using standard bands (z = 3.87), 

indices (z = 2) and combined variables (z = 2.23). Sentinel 2 and Worldview 2-derived 

classification accuracies using standard bands were not significantly different (z = 1.34), 

whereas significant differences were found when using indices (z = 3.01) and combined 
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variables (z = 2.11). The DA model was also found to perform well in classifying the two 

species using the different remote sensing datasets. High amount of agreement was shown 

between the training and the validation samples. For example, using the Landsat 8, the 

training sample produced an overall accuracy of 75.26%, whereas the validation sample was 

70.33%. Similar findings were observed for Sentinel 2 and Worldview 2 datasets, with 

differences between training and testing samples within 5%. 

 

4.4.5. Potential of the three sensors in mapping the spatial variations of the target 

species 

Figure 4.5 shows the potential of the three sensors in mapping the spatial variations of 

Festuca and Themeda grass species. Overall, the western and southern most parts of the study 

area are largely composed of Festuca, whereas the eastern parts are dominated by Themeda, 

according to the three sensors. The visual inspection of Figure 4.5 also illustrates an 

observable improvement of the quality of the classification of the two species with Sentinel 2 

data. Sentinel 2 shows a fine representation of the target grasses, which is as good as that of 

the Worldview 2 sensor, whereas the Landsat 8 sensor provides a coarse spatial 

representation. Like the Worldview 2, Sentinel 2 managed to detect the small patches of 

Themeda, which were not detectable using the Landsat 8 sensor. 

 

 
Figure 4.5: Potential of (a) Landsat 8, (b) Sentinel 2 and (c) Worldview 2 sensors in mapping 

the spatial distribution of Festuca and Themeda grass species 

 

(a) (b) 

(c) 
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4.5. Discussion 

The prime focus of this study was to explore the feasibility of the newly-launched Sentinel 2 

MultiSpectral sensor in discriminating and mapping the spatial variations of Festuca (C3) and 

Themeda (C4) grasses in the Drakensberg of KwaZulu-Natal, South Africa. This study 

therefore investigated the potential of the unique data acquisition properties of Sentinel 2, 

notably more spectral bands, availability of red edge and refined spatial resolution, in 

discriminating between the two species. The results were compared to those derived using the 

freely-available Landsat 8 and the Worldview 2 commercial sensor. For the first time, this 

study attempted to examine the potential of the newly-launched Sentinel 2 in mapping the 

subtle spatial variations of C3 and C4 grass species. 

 

The study proved the ability of the newly-launched Sentinel 2 MSI in classifying C3 and C4 

grasses. Overall classification results obtained from the sensor were comparable to those 

obtained using the Worldview 2 and better than when using the Landsat 8 sensor. The 

performance of the Sentinel 2 in the overall classification is primarily attributed to the 

presence of more spectral bands, which provide more windows for the spectral separability of 

the two species. For example, ten (excluding aerosol, cirrus and water vapour bands) spectral 

bands were used in this analysis, with four of them within the red edge, compared to the 

Landsat 8. In addition, the relevance of Sentinel 2 spectral band width and position in 

vegetation monitoring has been documented (Aria et al., 2012; Dian et al., 2016; Pesaresi et 

al., 2016). They noted that Sentinel 2 bands are more refined, than those of the Landsat 8 or 

the available broadband sensors. 

 

Sentinel 2 also provides better spatial variations of the target species, compared to those of 

Landsat 8. For example, according to the Landsat 8 sensor, the western parts of the area 

under study are composed of the Festuca, without Themeda. In contrary, Sentinel 2 managed 

to capture and represent the small patches of Themeda grasses, within the western part, 

comparable to the performance of the high resolution Worldview 2 sensor. The combined 

contribution of more spectral bands and better spatial resolution of Sentinel 2 improves the 

capability of the sensor in detecting the spatial and spectral differences between the two 

species. The spatial resolution of the Sentinel 2 thus offers a better spatial characterization of 

C3 and C4, which has been one of the major challenges associated with the widely-used 

broadband multispectral (e.g. MODIS and AVHRR) sensors in classifying C3 and C4 grasses 
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(Shoko et al., 2016b). Consequently, Sentinel 2 provides a beneficial alternative, than the 

available broadband and low spatial resolution sensors. 

 

The 30 m Landsat 8 was not as good as Sentinel 2 in characterizing the spatial distribution of 

Festuca and Themeda grasses. The use of the Landsat 8 results in considerable over or under 

classification of the target species, as it becomes too coarse to represent the fragmentation in 

their distribution. This confirms the coarse spatial representation map produced using the 

30m Landsat 8 sensor, when compared to that derived from Sentinel 2 and Worldview 2. This 

possibly emanates from the spatial configuration (e.g. patch area) of the target species, which 

influence the ability of the sensor to capture those patches (Hauglin and Ørka, 2016; Roth et 

al., 2015b). For example, the study by Hauglin and Ørka (2016) has highlighted that small 

patches, particularly less than the spatial resolution of the sensor are more likely to be 

dissolved within the major surrounding class. On the other hand, large stands or patches of 

species have been reported to be reliably detected, than smaller patches, especially when 

using coarse or medium resolution multispectral sensors (Bradley, 2014; Fuller, 2005).  

 

Nevertheless, the 30m spatial resolution of the Landsat 8 sensor most likely provides better 

performance, than the reported previous Landsat series, MODIS or AVHRR sensors. For 

example, using the Landsat 7 ETM+ in classifying C3 and C4 grasses, the study by Liu et al. 

(2015) has reported overall classification accuracies ranging between 62.65 and 72.35%. This 

study has produced better accuracies (between 75.26 and 86.02%); also, given the 22% data 

loss of the Landsat 7 ETM, Landsat 8 provides a better alternative for large scale mapping of 

C3 and C4 grasses. The better performance of the Landsat 8 also confirms previous findings 

by Yan and de Beurs (2016) in classifying C3 and C4 grass species for the mixed grassland 

Prairies of United States. The study found overall classification accuracies between 73.21 and 

79.23%, which are comparable to the present study.  

 

Sentinel 2 spectral bands also prove their valuable potential in discriminating C3 and C4 

grasses. For instance, highest classification accuracy was obtained using standard bands, than 

when using indices or a combination of variables. The species spectral response using 

Sentinel 2 shows separable curves between the grasses, when compared to that of Landsat 8. 

In addition, the unique red edge bands (centred at 705 and 740nm) and SWIR (centred at 

2190 nm) were the most influential in classifying the two grasses. The classification accuracy 

produced using the Sentinel 2 standard bands also did not differ significantly (z < 1.96) from 
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Worldview 2, when using standard bands, but it was significantly different (z > 1.96) from 

Landsat 8. These results confirm the reported potential of the strategically-positioned, as well 

as additional bands in enhancing the ability of the sensor in discriminating species (Immitzer 

et al., 2016; Laurin et al., 2016). Previous studies (Clevers and Gitelson, 2013; Delegido et 

al., 2011; Ramoelo et al., 2015a; Richter et al., 2012; Sibanda et al., 2016) have reported the 

potential of the unique spectral settings of the Sentinel 2 in vegetation monitoring, over those 

of the available multispectral sensors. For example, the study by Ramoelo et al. (2015a) 

reported the importance of the red-edge and SWIR bands in estimating grass nitrogen 

concentration, whereas Sibanda et al. (2016) reported its potential in discriminating grasses 

under different management practices. In agreement, the study by Adjorlolo (2013) have 

admitted the influence of the SWIR (above 2000 nm) in discriminating C3 and C4 grasses, 

whereas Laurin et al. (2016) identified the SWIR as carrying water, nitrogen and carbon 

(lignin, cellulose) content information, which all enhance its ability to separate species. Sims 

and Gamon (2002) have also noted the sensitivity of reflectance near the 705 nm portion to 

changes in the concentration of chlorophyll. This possibly enlightens why the red edge of the 

Sentinel 2 centred at 705 nm was the most influential in discriminating the two grasses. 

 

This was contrary to the performance of the Landsat 8 variables; indices produced better 

classification accuracies than standard bands, and the most influential index was the standard 

NDVI. This confirmed previous findings using Landsat TM 5 data (Price et al., 2002), where 

indices were better in discriminating among different C3 and C4 grasses than standard bands. 

Thus, when using Landsat 8 sensors, the use of vegetation indices provides a better 

classification of C3 and C4 grasses, than standard bands. Landsat 8 also agrees with the other 

sensors that the standard NDVI, derived using the standard red and NIR bands was the most 

influential in discriminating between the two species, when using vegetation indices. This 

indicated the strength of the long-established and widely-used NDVI, not only in C3 and C4 

grasses discrimination, but in different vegetation species at large. On the contrary, the 

performance of the standard NDVI was not as sensitive as the standard or original bands of 

Sentinel 2 and Worldview 2 spectral range. The original spectral bands of the Sentinel 2 and 

Worldview 2 have shown unprecedented level of performance over the use of indices in 

discriminating between Festuca and Themeda grasses. 

 

However, the discrimination of the target species in this study was limited to a specific 

period; in summer. C3 and C4 grass species functional types has different phenological 
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phases, which influence their spectral response and subsequently, species classification. In 

this regard, there is need to identify the optimal period to map these grass species to provide 

more detailed understanding of their spatial or temporal variations for successful 

management and monitoring of these ecosystems. Although the Worldview 2 provides better 

spatial variations of the target species than the other sensors, its high acquisition cost hinders 

the continuous or seasonal monitoring of these grass species, especially considering the need 

for detailed vegetation information in the face of climate change and its effect on their 

distribution and productivity. Sentinel 2 and Landsat 8 therefore present primary data sources 

suitable for large scale mapping and monitoring of C3 and C4 grasses. 

 

4.6. Conclusion 

The present study examined the potential of the newly-launched Sentinel 2 multispectral 

instrument, with that of the Landsat 8 and the Worldview 2 in discriminating and mapping 

Festuca and Themeda grasses. Based on our findings we conclude that: 

1. The newly-launched Sentinel 2 offers an invaluable primary data-source required for 

C3 and C4 species discrimination, 

2. The spatial representation of the Sentinel 2 sensor is not as good as that of the 

Worldview 2, but it is better than that of the Landsat 8 OLI, 

3. The Sentinel 2 sensor provides more bands which have the potential in discriminating 

C3 and C4 grasses, compared to Worldview 2 and the Landsat 8. 

 

This chapter have demonstrated the potential of the Sentinel 2 as an invaluable primary data 

source currently promising for monitoring of vegetation species according to functional 

types, which was previously a challenge using broadband multispectral sensors. Although 

Sentinel 2 showed ability in discriminating and mapping C3 and C4 grass species, the 

discrimination of these species is linked to their biophysical, morphological and phenological 

characteristics, which influence their interaction with radiation. It is therefore a need to 

consider classification accuracies derived using images acquired at different periods. This 

provides the optimal period to discriminate and map the target grass species, with high 

accuracy. The succeeding chapter therefore used multi-temporal Sentinel 2 images to 

determine the most optimal period for discriminating and mapping C3 and C4 grass species. 
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CHAPTER FIVE 
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5. Determining the optimal season for discriminating the eco-

physiological distinction between C3 and C4 grass functional 

types using multi-date Sentinel 2 data 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is based on: 

Shoko. C, Mutanga. O, Dube. T and Slotow. R. (2018): 5. Determining the optimal season 

for discriminating the eco-physiological distinction between C3 and C4 grass functional 

types, using multi-date Sentinel 2 data. 
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Abstract 

The ability of remote sensing systems to optimally discriminate and map C3 and C4 grass 

species varies over time. This is due to environmental changes, which influence their 

phenological, physiological and morphological characteristics. These variations determine 

their classification accuracy from remotely-sensed data. In this regard, the discrimination of 

C3 and C4 grasses is insufficient when using a single image acquired at a specific period. In 

this study, multi-date Sentinel 2A MultiSpectral Instrument (MSI) data was explored to 

determine the optimal period for discriminating and mapping the eco-physiological 

distinction between C3 and C4 grass functional types in the montane grasslands of South 

Africa. The results showed that seasonality influence species discrimination accuracy, spatial 

representation and the performance of remote sensing variables. The winter period presents a 

better temporal window for discriminating C3 and C4 target grass species, with higher overall 

classification accuracies (between 91.8 and 95.3%), than summer (between 81.4 and 90.3%). 

Lower classification errors (between 2.5 and 14.2%) were also observed when discriminating 

using winter images, as compared to those acquired in summer (between 4.7 and 22.2%). The 

two grass species were found to occupy more than 40% of the studied area. However, 

Festuca (C3) occupied the majority of the area, compared to Themeda (C4), except using an 

image acquired in November. The largest species areal coverage was also derived in March, 

whereas August produced the least coverage.  

 

Keywords: Environmental change; grass type; separability windows; phenological 

characteristics; seasonal variability 
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5.1. Introduction 

C3 and C4 grass species discrimination present a fundamental foundation towards monitoring 

their integrity, as an important component of grassland ecosystems. These grasses contribute 

immensely to forage availability (Auerswald et al., 2009; Barbehenn et al., 2004), store a 

significant amount of carbon (Davidson and Csillag, 2001; Still et al., 2003) and contribute to 

the occurrence of fire, which is an important mechanism in maintaining grasslands (Everson 

and Everson, 2016). At a global scale, C4 grasses predominantly occupy low altitudes and 

latitudes areas, whereas C3 typically occupy higher altitude and latitude areas (Woodward et 

al., 2004; Yao et al., 2011). Moreover, C4 photosynthetic pathway constitute most grass 

species of southern Africa, than C3 (Milton, 2004). There is also a co-existence of C3 and C4 

grass species, due to the influence of local topographic and climatic factors (Yan and de 

Beurs, 2016), for example, in the montane grasslands of South Africa (Adjorlolo et al., 2014), 

the Prairies of the United States (Foody and Dash, 2007) and temperate northern China (Guan 

et al., 2012). Their co-existence plays a considerable role in governing the spatial and 

temporal variations of biochemical cycling, ecological productivity (i.e. biomass 

accumulation) and plant–animal interactions. 

 

The distribution of C3 and C4 grass species is facing substantial threat from global 

environmental changes, at both local and regional scales (Liu and Cheng, 2011; Liu et al., 

2015) and these changes are anticipated to vary spatially and according to species functional 

types (Adjorlolo et al., 2012b). It is projected that elevated carbon dioxide (CO2) will be 

favourable to C3 grass species and they will increase in abundance, whereas increase in 

warming will favour C4 grass species, such that they will expand to currently cooler areas 

(Bremond et al., 2012; Moncrieff et al., 2015). Considerable uncertainties about the future 

distribution of C3 and C4 grass species also exist under a CO2-enriched and warmer 

environment, as well as under the influence of local environmental conditions 

(Chamaillé‐Jammes and Bond, 2010). These shifts in the distribution of C3 and C4 grass 

species will result in variations in the provision of a range of ecosystem services, such as 

forage and carbon storage.  

 

Although substantial strides have been made to discriminate C3 and C4 grass species 

(Adjorlolo et al., 2013; Dronova et al., 2012; Liu et al., 2015; Shoko and Mutanga, 2017a), 

these studies have been restricted to specific seasonal periods. For example, the studies by 

Dronova et al. (2012) and Shoko and Mutanga (2017a) were conducted during the summer 
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season in China and South Africa, respectively. The influence of seasonality and the potential 

of using images acquired at different periods to discriminate C3 and C4 grass species have 

not been fully explored. Results based on a specific period undermine the phenological and 

eco-physiological variations of these species, which influence their classification accuracy. In 

addition, the success of discriminating C3 and C4 grass species is quite variable during the 

growing season and this change dramatically from one wavelength to another, even within 

the same portion of the spectral range. Species photosynthetic pigments (e.g. chlorophyll) are 

also seasonally unique, with distinct interactional features with radiation, which cannot be 

captured, using single-date image of a specific period.  

 

The discrimination of C3 and C4 grass species using images acquired at different seasonal 

periods has been largely limited by the availability of free sensors with appropriate temporal, 

spatial and spectral capabilities. For example, the daily availability of the MODIS sensor has 

so far made it the primary data source for discriminating C3 and C4 grass species (Guan et 

al., 2012; Pau et al., 2013). Nevertheless, the coarse spatial resolution and broad spectral 

range have been reported to mask the spectral and temporal separability of C3 and C4 

grasses, hence are insufficient to characterize their variations (Guan et al., 2012). As the 

significance of C3 and C4 species became increasingly recognized, the remote sensing 

community prompted to use more advanced hyperspectral and commercial satellites to 

discriminate them (for example, Adjorlolo et al., 2012a). Although the use of these data 

sources provides more accurate spectral variations of C3 and C4 grasses, it is challenging to 

acquire multi-temporal data, due to their acquisition cost. The development and free 

availability of the Sentinel 2A MultiSpectral Instrument (MSI) provide much needed high 

quality and unique information for terrestrial monitoring over time (Immitzer et al., 2016; 

Shoko and Mutanga, 2017a). The sensor has emerged, overcoming the spectral, temporal and 

spatial limitations of the available multispectral systems, for better accurate and reliable 

characterization of C3 and C4 grass species. The five to nineteen-day revisit time and 13 

spectral bands, with unique red edge capture their phenological asynchronicity, whereas 

refined spatial resolution is bound to be an added advantage for mapping. The objective of 

this study was therefore to determine the most suitable period and influential bands to 

discriminate (C3) and (C4) grasses using multi-temporal Sentinel 2A images.  
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5.2. Methodological approach 

5.2.1. Field data collection 

Festuca costata (C3) and Themeda Triandra (C4) grasses were the target of the present 

study. These will be referred to as C3 and C4 grasses thereafter. The location of these grasses 

was captured in February 2016, by means of a Trimble GEO XH 6000 hand held Global 

Positioning System (GPS) at sub-metre accuracy. The GPS captures locational information 

more accurately, especially for the extraction of reflectance values from high spatial 

resolution data. The sampled points were collected based on randomly generated points in a 

GIS environment. A total of 120 points were collected for each grass species and then used to 

extract the corresponding grass spectral reflectance from the Sentinel 2 data, using the 

extraction tool in ARCGIS 10.2 environment, for further analysis. For each image, species 

reflectance was obtained by extracting the pixel (at 10 m spatial resolution) value that 

covered the point. 

 

5.2.2. Remote sensing data acquisition and pre-processing 

High resolution multispectral Sentinel 2A images are freely-available for download from the 

ESA website (https://scihub.copernicus.eu/) through the Sentinels Scientific Data Hub. Table 

5.1 provides detailed characteristics of Sentinel 2A Level 1C images that are available for 

download. For this study, a total of eight cloud-free images (Table 5.2), covering the entire 

study area were selected and downloaded. These images were delivered orthorectified and 

geometrically corrected in the Universal Transverse Mercator projection and World Geodetic 

System 84 ellipsoid. The images were acquired in top of atmosphere reflectance and then 

corrected for atmospheric effects. Atmospheric correction was performed, using the Sen2Cor 

prototype processing tool in Sentinels Application Platform (SNAP), based on the ATCOR 

algorithm (Clevers et al., 2017). Bands 1, 9 and 10, at 60 m spatial resolution were not 

included in this analysis. The spectral bands have been considered to be inapplicable in 

vegetation monitoring (Immitzer et al., 2016). All the 20 m spatial resolution spectral bands 

were also resampled to 10 m, using the nearest neighbour resampling tool in SNAP.  

 

 

 

 

 

 

https://scihub.copernicus.eu/
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Table 5.1: Sentinel 2 image data characterization 

Band name 

(-) 

Band  

# 

Central λ 

(nm) 

GSD 

(m) 

Blue 

Green 

Red 

NIR 

2 

3 

4 

8 

490 

560 

665 

842 

10 

RE 

RE 

RE 

RE 

SWIR 

SWIR 

5 

6 

7 

8a 

11 

12 

705 

740 

783 

865 

1610 

2190 

20 

Coastal aerosol 

Water vapour 

Cirrus 

1 

9 

10 

443 

945 

1380 

60 

*RE, NIR, and SWIR represent red edge, near infrared and short wave infrared spectral bands. GSD is Ground sampling 

distance. The row highlighted in grey indicates bands excluded in this study. 

 

Table 5.2: Sentinel 2 image acquisition and their characteristics 

Season Acquisition date Sun zenith angle (°) Sun azimuth angle (°) 

Summer 

 

07/02/2016 

05/03/2016 

03/11/2016 

03/12/2016 

41.57 

46.94 

24.59 

22.41 

44.02 

36.32 

60.95 

77.97 

Winter 

27/05/2016 

26/06/2016 

16/07/2016 

25/08/2016 

55.99 

58.34 

47.16 

36.49 

28.94 

29.29 

37.10 

43.65 

 

5.3. Statistical analysis 

To determine the optimal period to discriminate the two grasses, Discriminant Analysis (DA) 

model was used. The DA model discriminates between species using a linear transformation 

of remote sensing data. Its performance has been widely acknowledged in discriminating C3 

and C4 grass species (Foody and Dash, 2007; Price et al., 2002; Shoko and Mutanga, 2017a). 

Prior to analysis, the samples were randomly grouped into training (70%) and validation 

(30%). This is critical when classifying species, using machine learning models (Adelabu et 

al., 2013; Guerschman et al., 2003). The model produces confusion matrices and overall 

classification accuracies for each satellite imagery applied. Overall accuracies indicate the 

performance of each image or image acquisition period in classifying the two species. The 

derived overall accuracies were also transformed. The transformation was performed by 

centering the data, using ExcelStats transformation tool. Transformation was performed for 

comparison purposes and it provides a better understanding of how the derived overall 

accuracies varied over time. The most and least influential spectral bands for each satellite 

image were also identified, using variable scores derived from the DA model. Variables with 
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score value above the threshold (score > 1) contribute significantly (α = 0.05) to species 

discrimination, whereas those below the threshold, were considered less influential. 

 

5.3.1. Statistical test and classification accuracy assessment  

Overall classification accuracies derived using images acquired in both summer and winter 

were tested for significant differences (α = 0.05). Data was first tested for normality, using 

the Shapiro Wilk normality test (Shapiro and Wilk, 1965). Test results showed a deviation (α 

= 0.543) from the normal distribution, hence the Mann-Whitney non-parametric test (Mann 

and Whitney, 1947) was then applied. The test was also further done for the two species 

spectral reflectance data derived from the 10 Sentinel 2 bands applied in this study. The 

results are shown in Table 5.3. Accuracy assessment was determined at species level, for the 

two species, using errors of commission and omission. The two errors indicate the potential 

of each satellite image in correctly assigning the species to their respective classes, without 

misclassifications (Bork and Su, 2007; Zhou et al., 2014). Errors of commission and omission 

thus provide more details to the classification results at species level. 

 

5.4. Results 

5.4.1. Species spectral response over time 

Averaged spectral response for C3 and C4 grasses during summer (a-d) and winter (e-h) 

periods are illustrated in Figure 5.1 (a – h). Figures a-d correspond to February, March, 

November and December, whereas e-h correspond to May, June, July and August 2016. 

Overall, species spectral response varies over time. For example, in summer Sentinel 2 

satellite images showed a close similarity (overlap) between the two species, especially in the 

visible (e.g. blue, green and red) and the SWIR portions, when compared to winter results. 

Significant differences (α = 0.05) were only exhibited in the red edge and the NIR portions, 

where separable species spectral response were observed.  
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Figure 5.1: Species spectral response curves for summer: (a-d) and winter e-h. Red boxes 

show the bands with separable spectral response 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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Table 5.3: Test of significant difference results in spectral response between the two species 

Acquisition Date B G R RE RE RE NIR RE SWIR 1 SWIR 2 

07/02/2016 0.97* 0.40* 0.16* 0.31* 0.01 0.01 0.05 0.01 0.29* 0.01 

05/03/2016 0.79* 0.32* 0.55* 0.04 0.01 0.01 0.02 0.09 0.11* 0.01 

03/11/2016 0.34* 0.01 0.01 0.01 0.01 0.01 0.01 0.11* 0.44* 0.01 

03/12/2016 0.04 0.21* 0.04 0.01 0.01 0.48* 0.01 0.14* 0.04 0.08* 

27/05/2016 0.06* 0.39* 0.18* 0.02 0.02 0.01 0.74* 0.23* 0.01 0.01 

26/06/2016 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

16/07/2016 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03 

25/08/2016 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

P-values with an asteric “*” indicate no significant differences (α = 0.05) in spectral response between the two species using 

that particular band. 

 

5.4.2. Multi-temporal classification accuracies 

Figures 5.2 (a) and (b) illustrate the untransformed and transformed overall classification 

accuracies derived from the classification of C3 and C4 grass species, using Sentinel 2 data, 

over time. Overall, higher classification accuracies were derived. However, the variability in 

classification over time was observable when results were transformed. These results indicate 

that the two grass species were better discriminated during the winter period, with end of 

June as the most suitable. On the other hand, summer period showed lower classification 

accuracies, with the lowest overall accuracy produced in November. Statistical test also 

confirmed that images acquired during summer months produced significantly different (α = 

0.05) overall accuracies, for the two species than winter data. 

 

Figure 5.2: Untransformed (a) and transformed (b) overall accuracies over time 

 

5.4.3. Influence of spectral bands on discriminating C3 and C4 grass species over time 

Figure 5.3 shows the influence of the Sentinel 2 spectral bands on discriminating C3 from 

C4, expressed as their frequency over time. Red edge 1 (705 nm) was found to be the most 

(a) (b) 
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influential band in discriminating between C3 and C4 grasses, with the highest frequency of 

7, followed by NIR, with 5 and SWIR 2 with 4, whereas RE 4 (865nm) did not significantly 

(α = 0.05) contribute to species discrimination, over time. 

 

Figure 5. 3: Spectral bands frequency in discriminating C3 and C4 over time  

 

5.4.4. Classification accuracy assessment results 

Figure 5.4 shows the errors encountered when classifying C3 and C4 using images acquired 

at different periods. Overall, when classifying C3 and C4, omission errors ranged from 2.9 to 

19.5% and commission errors from 2.5 to 22.2%. It was also found that images acquired in 

winter (i.e. May, June, July and August) classified the two grasses with lower omission errors 

(2.9 - 11.6%) and commission errors (2.5 - 14.3%). On the other hand, summer Sentinel 2 

data produced higher omission errors (5.4 - 19.5%) and commission errors (4.7 - 22.2%). 

November had the highest omission (19.5%) and commission (22.2%) errors, when 

classifying C3 and C4 grasses and the lowest omission (2.9%) and commission (2.5%) errors 

were observed using June data.  

 

Figure 5.4: Errors encountered in classifying the target grasses, using multi-temporal Sentinel 

2 data. Dotted lines show the trend of species classification errors, overtime 

 

(a) (b) 
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5.4.5. Spatial distribution of C3 and C4 grass species using different images 

A sample of the distribution of the two species derived using images acquired at different 

seasonal periods is presented in Figure 5.5. These maps were produced by classifying the 

Sentinel 2 data, using the maximum likelihood classifier algorithm in ENVI 4.3 and the most 

influential bands based on DA model. The GPS points were used as training samples to 

classify the images. Images with the highest and lowest classification accuracies for the two 

distinct seasonal periods were shown. It was found that image acquisition date influenced the 

spatial representation of the two grass species. However, noticeable agreement, especially 

within the central and eastern parts was derived from the four images. 

 

 
Figure 5.5: The spatial distribution of C3 and C4 grass species across the study area using 

images acquired at different seasonal periods in 2016 

 

Figure 5.6 further explores the derived areal coverage occupied by the two grass species in 

the study, using images acquired at different seasonal periods over time. Overall Festuca 

(C3) was also found to occupy the majority of the area studied, compared to Themeda (C4), 

except using an image acquired in November. The largest species areal coverage was also 

derived in March, whereas in August, a noticeable decrease for both species was observed. 

June August 

Nov March 
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Figure 5.6: Species areal coverage derived using different image acquisition dates 
 

5.5. Discussion 

The findings of this study have demonstrated the winter period as the most favourable and 

optimal time for the classification C3 and C4 grass species. Sentinel 2 images acquired 

during the winter period had more potential to detect and correctly assign the grass species to 

their respective classes. This is an indication that during the winter period, the two grass 

species had distinct phenological, physiological and morphological contrasts, which 

enhanced their accurate discrimination by the sensor. In confirmation, it is well documented 

that C4 grass is a warm season grass, which is most active during the summer season, 

whereas in winter it becomes dormant (Dell'Acqua et al., 2013; Snyman et al., 2013). In 

contrast, C3 is typically active during the winter period, as well as thriving throughout the 

year (McGranahan et al., 2015).  

 

Although images acquired in summer produced higher overall accuracies, considerable 

misclassifications errors were encountered, for example, when using an image acquired in 

November, the beginning of summer. This was supported by high commission errors above 

20%, associated with summer images. Thus although higher overall classification were 

achieved, about 20% of the species samples were wrongly assigned to the respective classes. 

Possibly higher classification accuracy might be due to misclassifying species. Both species, 

as well as other surrounding grass species within the area become active in summer, despite 

the fact that C3 will be less active, due to unfavourable environmental conditions. This led to 

spectral confusion between the two grass species and other species (e.g. ephemeral weeds and 

forbs), which emerge during the onset of summer rains. This facilitates species spectral 

similarity, during this period, thereby compromising the classification accuracy. 

Nevertheless, considerable differences exist between C3 and C4 grasses, which enhance their 

spectral differences detectable during the summer period. For instance, the study by 
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(Adjorlolo et al., 2014; 2015), which determine quality variations of C3 and C4 grass species 

during the summer period have reported that the two species have significant different 

concentrations of nutrients. C4 grass was found to have higher content of nitrogen and crude 

proteins than C3. These variations in pigment concentrations have been reported to enhance 

C3 and C4 species discrimination (Peterson et al., 2002). Although the quality of these 

grasses was not performed in winter, when both species have reached their maturity and C4 

begins to become inactive. It is most likely that their pigments concentration will be more 

different, which might possibly contribute to the spectral variations. 

 

It was also revealed that the seasonal variations have an influence on the spectral response of 

C3 and C4 grass species. This was confirmed by the spectral response curves between the 

two species over time. Higher reflectance response from C4 in summer is mainly attributed to 

its growth. In summer C4 is very active with higher levels of pigments concentrations, which 

all contribute to higher reflectance. As the year progresses, C4 loses its vigour and within the 

Drakensberg Mountains, this is most observable during the winter fall, in August, and it 

continues to dry until the beginning of summer in November. As the grass loses its vigour, its 

reflectance lowers. On the other hand, C3 is an evergreen grass, and most active during the 

winter peak, which typically offers its most favourable conditions. However, although it 

remains green, the conditions are not favourable during the winter fall, hence it becomes less 

active. This confirms previous findings which have noted the changes in vegetation species 

spectral response to seasonal variations (Guerschman et al., 2003; Murakami et al., 2001; 

Schriever and Congalton, 1995). These researchers have emphasized the significance of 

seasonal variations, particularly in rainfall and temperature in determining vegetation status 

and spectral characteristics. They also highlighted that vegetation spectral response is quite 

variable over time and classification accuracies therefore vary. Using the red edge portions, 

which is one of the unique bands of the Sentinel 2, the curves showed separable species 

spectral responses over time. 

 

When considering the spatial representation of the two grasses across the study area, images 

acquired in summer identified more areas as being occupied by the target grasses, whereas 

those acquired in winter showed a decrease. In summer, vegetation across the study area are 

active, due to favourable climatic conditions (i.e. high rainfall and temperatures), which 

promote vegetation growth and productivity. In addition, at the beginning of summer (i.e. in 

November), as surrounding warm season grasses emerge; their spectral response will be 
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difficult to separate from that of the target grasses. This might result in misclassification, 

thereby over estimating their spatial distribution. In addition, as the target species reach their 

maturity, before they become dry or inactive, they become more distinct and separable using 

remotely-sensed data. This provides a better spatial representation of the grasses, for example 

in June. Although June is peak of winter, these effects on C4 within the study area are more 

observable at the end of winter, as temperatures begin to rise.  

 

At the end of winter (in August), the classification, especially of C4 is possibly confused with 

bare areas, as it becomes dry, as a result of dry conditions. This makes it difficult to 

distinguish it from other surrounding vegetation, especially other wilting grasses and bare 

surfaces. A similar finding was noted by Kaszta et al. (2016), using high spatial resolution 

Worldview 2 to separate different components of the African Savannah vegetation during the 

wet and dry seasons. The study found that wilting grasses were confused with bare soil. 

However, C3, which remains active in dry season exhibit distinct spectral response from dry 

grasses, improving its discrimination and mapping abilities. To improve the discrimination 

and spatial representation of C3 and C4 grass species, especially during the winter fall and 

early summer, future work might consider using Sentinel 2A derived vegetation indices or 

textural metrics.  

 

The use of Sentinel 2 multi-temporal images proves its potential in detecting the temporal 

eco-physiological variations between C3 and C4 grass species functional types, over time. 

This is in agreement with the study of Laurin et al. (2016), which tested the potential of 

Sentinel 2 in classifying species according to their functional types. The study noted that the 

sensor opens a new opportunity for vegetation monitoring, based on functional types. 

Similarly, the performance of the red edge bands in influencing species discrimination further 

confirms previous studies which have predicted that these bands are more valuable than the 

visible or NIR portions in distinguishing vegetation status over time (Immitzer et al., 2016; 

Kaszta et al., 2016; Shoko and Mutanga, 2017a). Red edge bands extract unique vegetation 

information beyond the reach of the visible or NIR bands, which have been primarily used in 

discriminating C3 and C4 grass species. Red-edge bands have the ability to capture and 

record variations pigment concentration between species, which enables their better 

discrimination. However, although they were not as good as the red edge, the visible green 

and red band were also good in discriminating between C3 and C4, especially during the 

winter fall, when C3 and C4 were more distinct. This indicates that the visible range has a 
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limited temporal window to discriminate between C3 and C4 grasses, as they can perform 

better when the difference between species is most observable or if there are clear 

distinctions.  

 

5.6. Conclusion 

The present study performed an analysis of multi-temporal Sentinel 2 images for optimal 

discrimination of C3 and C4 grass species in the montane grasslands of KwaZulu-Natal, 

South Africa. Overall, image acquisition period has been found to significantly influence the 

spectral distinction, classification accuracy and spatial representation of C3 and C4 grass 

species. Images acquired in winter, when both grasses have reached their maximum maturity 

stage of development were the most favourable to discriminate C3 and C4 grass species, 

compared to those acquired in summer. Summer images also show an over estimation and 

spatial representation of the target species and this was also supported by associated higher 

classification errors. Thus early summer and late winter present less suitable periods for 

discriminating and mapping C3 and C4 grasses. The discrimination of the target grasses was 

most attributed to the outstanding performance of the red edge, NIR and the SWIR portions 

which were consistent, over time, compared to the visible portion.  

 
This study has provided the optimal period for classifying and mapping C3 and C4 species, 

thereby providing a better spatial representation of their distribution. This is a fundamental 

basis for appropriate accounting of their productivity. Although the new generation sensors 

have shown potential in mapping the target species, their ability to characterize spatial 

variations in species AGB remains uncertain. In addition, the lack of sensors for 

characterizing species AGB was one of the key challenges identified in the remote sensing of 

C3 and C4 AGB. In this regard, the succeeding chapter sought to explore how these sensors 

estimate and spatially represent species AGB. 
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CHAPTERS SIX AND SEVEN  
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C3 AND C4 GRASSES ABOVEGROUND BIOMASS 

CHARACTERIZATION
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6. Determining optimal new generation satellite for accurate C3 

and C4 grass species aboveground biomass estimation  

 

 

(Source: https://www.oneonta.edu/faculty/baumanpr/geosat2/RS%20History%20II/RS-

History-Part-2.html) 

 

 

 

 

 

 

This chapter is based on: 

Shoko C, Mutanga O and Dube T. Determining optimal new generation satellite for accurate C3 and 

C4 grass species aboveground biomass estimation. Remote Sensing, 2018 (10)4: 564 
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Abstract 

While satellite data has proved to be a powerful tool in estimating C3 and C4 grass species 

aboveground biomass (AGB), finding an appropriate sensor that can accurately characterize 

the inherent variations remains a challenge. This limitation has hampered the remote sensing 

community from continuously and precisely monitoring their productivity. This study 

assessed the potential of Sentinel 2 MultiSpectral Instrument, Landsat 8 Operational Land 

Imager and Worldview 2 sensors, with improved earth imaging characteristics, in estimating 

C3 and C4 grasses AGB in the Cathedral Peak, South Africa. Overall, all sensors have shown 

considerable potential in estimating species AGB; with the use of different combinations of 

the derived spectral bands and vegetation indices produced better accuracies. However, 

Worldview 2 derived variables yielded better predictive accuracies, (R
2
 ranging between 0.71 

and 0.83; RMSE values between 6.92 and 9.84%), followed by Sentinel 2, with R
2
 between 

0.60 - 0.79; and RMSE between 7.66% and 14.66%. Comparatively, Landsat 8 yielded 

weaker estimates, with R
2
 ranging between 0.52 and 0.71 and high RMSE values, ranging 

between 9.07 and 19.88%. In addition, spectral bands located within the red edge (e.g. 

centred at 0.705 and 0.745µm for Sentinel 2), SWIR and NIR, as well as derived indices were 

found to be very important in predicting C3 and C4 AGB from the three sensors. The 

competence of these bands, especially of the free-available Landsat 8 and Sentinel 2 dataset 

was also confirmed from the fusion of the variables. Most importantly, the three sensors 

managed to capture and show the spatial variations in AGB for the target C3 and C4 

grassland area. This work therefore provides a new horizon and a fundamental step towards 

C3 and C4 grass productivity monitoring for carbon accounting, forage mapping and 

modelling the influence of environmental changes on their productivity. 

 

Keywords: forage, carbon pool, climate change, new generation sensors, grass productivity  
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6.1. Introduction 

C3 and C4 grass species Aboveground Biomass (AGB) indicate the productivity of grasses 

with common phenological, physiological and morphological characteristics (Jin et al., 2013; 

Tieszen et al., 1997). The accumulation and availability of C3 and C4 grasses AGB offers a 

wide range of ecosystem goods and services, as well as influence varying environmental 

processes. For instance, they are forage sources for a vast of wildlife and livestock 

populations (Polley et al., 2014), provide fuel load (Everson and Everson, 2016), maintain 

biodiversity and are potential carbon pools (Adair and Burke, 2010). C3 and C4 grass species 

are however, facing considerable threats from environmental changes and these are 

anticipated to vary significantly, according to species functional types (Adjorlolo et al., 

2012b; Bremond et al., 2012). Most importantly, as they have different environmental 

tolerances and requirements, C3 and C4 AGB will respond differently to environmental 

changes, anthropogenic pressure, management practices and invasion. Similarly, considerable 

uncertainties about the productivity of C3 and C4 grass species also exist under a carbon 

dioxide-enriched, warmer environment and the influence of local conditions 

(Chamaillé‐Jammes and Bond, 2010). Consequently, there is need to identify robust methods, 

which have the ability to spatially and temporarily characterize these grasses AGB, with 

better and reliable accuracies. This is critical to improve the monitoring of C3 and C4 grasses 

productivity, and associated response to environmental and anthropogenic pressure. 

 

Field measurements and experimental surveys have, so far, been the prominent approaches 

used to determine C3 and C4 grasses AGB for various applications (Everson and Everson, 

2016; White et al., 2012; Winslow et al., 2003). However, these approaches are labour-

intensive and very expensive, which has limited their full application, especially in the 

developing world. In addition, they lack spatial representation (Chen et al., 2009; Gao et al., 

2012; Wand et al., 1999), which is insufficient for spatial and temporal monitoring. The use 

of remotely sensed data remains the feasible method to estimate and spatially characterize C3 

and C4 grass species AGB, for large areas, in a cost effective manner (An et al., 2013; Chen 

et al., 2009). The review by Shoko et al. (2016a) has provided the much needed overview on 

the progress of remote sensing of C3 and C4 grass species AGB. The review identified 

detailed findings on the availability of sensors, their potential and limitations, as well as 

challenges and prospects for C3 and C4 grass species AGB monitoring. In summary, it was 

found that finding a cost-effective sensor, with sufficient spatial resolution, more and unique 

spectral bands, at large geographical coverage for estimating C3 and C4 grass species AGB is 
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a major challenge that has discouraged the remote sensing community to continuously 

monitor these ecosystems. For examples, previously-used sensors, such as AVHRR had a 

very limited number of bands, which limits their spectral potential in differentiating C3 and 

C4 species characteristics, whereas their coarse spatial resolution  misrepresent spatial 

variations in AGB. 

 

It was also identified that new generation sensors, such as Landsat 8, RapidEye, Worldview 2 

and Sentinel 2, with improved and unique characteristics provide an invaluable opportunity to 

detect and quantify variations in AGB across grassland composition of different 

photosynthetic types (Shoko et al., 2016a). These sensors present more advanced remotely-

sensed data to the remote sensing community, which has been caught in between image 

acquisition cost, spatial coverage (which include spatial resolution and swath width), spectral 

capabilities and accuracy, in predicting species AGB. More spectral bands constituted by 

these sensors (e.g. 13 from Sentinel 2) provide wide spectral windows to capture C3 and C4 

AGB variations. Similarly, more spectral bands with different capabilities, increases the 

sensitivity of the sensor to species phenological, physiological and morphological 

characteristics, which influence AGB. The unique red edge have been acknowledged in 

species AGB estimation, due to their sensitivity and ability in providing additional relevant 

species information (Clevers and Gitelson, 2013; Mutanga and Skidmore, 2004b). This is 

very important, especially considering the different physiological, morphological and 

phenological properties of C3 and C4 grasses and associated influence in AGB variations. 

For example, the phenological contrast between C3 and C4 has been documented. C3 grasses 

are typically cool season, most active under cool conditions and remain active throughout the 

year. C4 are warm season grasses mostly active during summer conditions and become 

dormant during winter. Similarly, the review by Adjorlolo et al. (2012b) has highlighted the 

morphological differences in leaf anatomy between C3 and C4 grasses, which influences 

their ability to scatter, reflect or transmit incoming radiation. Slaton et al. (2001), also noted 

that typically, C4 grass leaves are significantly thinner, with long palisade cells, which reflect 

more of radiation in the near infrared portion, compared to C3. On the other hand, C3 grass 

have thick walls, which are normally associated with short, cylindrical mesophyll cells. The 

review by Shoko et al. (2016a) have also reviewed the influence of these contrasts in 

estimating C3 and C4 grass species AGB. These contrasts in leaf anatomy require remote 

sensing variables which have the ability to differentiate for optimal AGB estimation. So far, 

the readily-available Sentinel 2 provides easy access of high resolution red edge bands, which 
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are currently available in commercial satellites (Shoko and Mutanga, 2017a; 2017b). These 

bands have the ability to extract subtle differences between species; their inclusion will 

enhance AGB estimation accuracy. 

 

The spatial properties of available sensors (e.g. 1 km
2
 pixel resolution of AVHRR and 

MODIS), which have been the primary data sources for estimating C3 and C4 AGB have also 

been limiting the accurate quantification and mapping of these grasses AGB. The spatial 

resolutions of the Sentinel 2 (10m) and Landsat 8 (30m) are far much better for 

characterizing C3 and C4 grass species AGB. These pixel resolutions enable better spatial 

representation of species AGB, which might be under- or over-estimated at a 1 km pixel 

resolution. Also, considering the co-existence of C3 and C4 grass species, sensor spatial 

resolution becomes a critical concern to capture AGB variations from these grasslands. In 

addition, large swath width (e.g. 185 km for Landsat 8 and 290 km for Sentinel 2) allows 

monitoring at large geographical coverage, whereas the associated high spatial resolution for 

S-2 is indispensable; hence these sensors hold much appeal for C3 and C4 grass species AGB 

estimation. This study therefore assessed the performance of new generation sensors, with 

refined earth imaging properties in estimating and mapping C3 and C4 grasses AGB 

variations in the temperate region of KwaZulu-Natal, South Africa.  

 

6.2. Methodological Approach 

6.2.1. Grass species AGB data collection 

The collection of AGB for Festuca, C3 and Themeda C4 grass species was conducted in 

February 2016, using 80 randomly generated points for each species. At each point, three 

quadrats measuring 50cm*50cm were randomly thrown within a 10 by 10 m plot. This 

quadrat has been regarded as providing representative samples for AGB prediction, especially 

in predominantly grassland areas (Price et al., 2002; Ramoelo et al., 2015c; Ren et al., 2011). 

In each quadrat, standing grass was harvested and its weight was determined in situ. The 

grass AGB samples were then transported and oven dried in grassland facilities, at the 

University of KwaZulu-Natal, to determine dry AGB which was then converted to kilograms 

per square metre (kg/m
2
). A total of 240 AGB samples for each species were used for 

analysis. AGB sample x and y locations were also captured and recorded, using a handheld 

global position system (GPS), at sub-meter accuracy.  
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6.2.2. Remote sensing data characteristics and processing for AGB estimation 

Three images were acquired each for Landsat 8, Sentinel 2 and Worldview 2 multispectral 

sensors. Landsat 8 images are delivered as raw digital numbers in Universal Transverse 

Mercator (UTM) system. The sensor acquires 12-bit images at a 16-day revisit time, using the 

visible range, NIR, SWIR and TIR, at a spatial resolution of 30m. The calibration of Landsat 

8 images was performed as highlighted at the website (http://landsat.usgs.gov/). The image 

was also corrected for atmospheric effects to derive surface reflectance, using the Fast Line-

of-sight Atmospheric Analysis of Spectral Hypercube (FLAASH) model in ENVI 

environment. Seven bands, from the Landsat 8 were used in AGB estimations and these 

correspond to coastal blue (0.435-0.451µm), blue (0.452-0.512µm), green (0.533-0.590µm), 

red (0.636-0.673µm), NIR (0.851-0.879µm) and the two SWIR (1.566-1.6512, 107-2294µm), 

which have been considered by previous studies, not only in monitoring C3 and C4 

grasslands (Price et al., 2002; Shoko and Mutanga, 2017b), but in grassland areas (Sibanda et 

al., 2015a; 2016). 

 

Sentinel 2 is an open and freely-accessible multispectral data source, acquiring 12-bit images, 

every 5-19 days, at 10 m, 20 m and 60 m spatial resolution, in 13 spectral bands. Four bands 

delivered at 10 m spatial resolution are centred at 0.49; 0.56, 0.665 and 0.842µm. The 20 m 

spatial resolution six bands are centred at 0.705; 0.74; 0.783; 0.865; 1.375 and 2.190µm, 

whereas three bands at 60 m resolution are centred at 0.443; 0.945; and 1.375µm. The 

Sentinel 2 image was provided in orthorectified top of atmosphere reflectance, with UTM 

system, associated with the World Geodetic ellipsoid 84. The atmospheric correction of the 

image was also performed using the Sen2Cor atmospheric correction toolbox, which is an 

inbuilt algorithm within the Sentinel Application Platform (SNAP) tool. The tool was 

developed primarily to work with Sentinel images. The three bands acquired at 60 m spatial 

resolution were excluded from the analysis, as they are primarily designated for atmospheric 

monitoring purposes (Drusch et al., 2012), whereas the 20 m spatial resolution bands were 

resampled to 10 m of the rest of the bands. The resampling was performed in SNAP using 

nearest neighbour resampling tool. Worldview 2 commercial image was purchased and it was 

delivered, after all the necessary corrections were performed by the supplier. The image was 

acquired at 2 m spatial resolution in 8 spectral range corresponding to coastal blue (0.4–

0.45µm), blue (0.45–0.51µm), green (0.51–0.581µm), yellow (0.585–0.625µm), red (0.63–

0.69µm), red edge (0.705–0.745µm), NIR (0.77–0.895µm) and NIR 2 (0.86–1.04µm) 

(Adjorlolo et al., 2014).  

http://landsat.usgs.gov/
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Detailed information on the remote sensing image acquisition dates and the field data 

collection of species AGB are tabulated in Table 6.1. It remains challenging to obtain three 

different remote sensing datasets, with the same acquisition date, due to their varying revisit 

time. For example, within a month, only two images are available from the Landsat 8, with a 

16-day revisit time. However, for Sentinel 2, there are high possibilities of obtaining more 

images within a month, with its high revisit frequency of 5 days. In addition, the influence of 

cloud cover also hinders the acquisition of corresponding images, especially during the 

summer period. However, although the images had different acquisition dates, they were all 

collected within the same week and seasonal period, during summer. Although more images 

are required for better vegetation classification, the intention of the study was to compare the 

performance of newly-launched Sentinel 2 and Landsat 8. In addition, different studies 

elsewhere have yielded reasonable results in assessing the performance of different sensors, 

using a single image dataset, acquired within the same season. Secondly, it remains a 

challenge to acquire more images for Worldview 2 commercial data, due to its acquisition 

cost.  

 

Table 6.1: Summary of remote sensing datasets acquired and used in this study 

Remote sensing dataset Acquisition date 

(dd/mm/yy) 

Supplier/Source 

Landsat 8 16/02/2016 
USGS GloVis 

https://glovis.usgs.gov/ 

Sentinel 2 12/02/2016 
Sentinels Scientific Data Hub archive 

https://scihub.copernicus.eu/ 

Worldview 2 16/02/2016 
Purchased from Digital Globe, Longmont, Colorado, 

USA 

 

To derive AGB maps for the target species, without other land cover or grass classes, image 

classification was performed. The classification was done using the species GPS points 

collected as training samples, whereas other land cover classes within the study area were 

masked out to show AGB variations for the target grass species only. In a separate study 

(Shoko and Mutanga, 2017a), the potential of Landsat 8, Sentinel 2 and Worldview 2 in 

discriminating the target species was done, using images acquired in summer, which were 

used to estimate AGB in this study. The detailed information for the classification procedure, 

associated variables and accuracy results are provided by Shoko and Mutanga (2017a). The 

https://glovis.usgs.gov/
https://scihub.copernicus.eu/


 99 

final output map for the two grass species was derived using the standard NDVI, which 

showed great performance, when compared to other indices that were considered in the study. 

 

6.2.3. Regression algorithm for predicting grass species AGB 

This study used the Sparse Partial Least Square Regression (SPLSR)(Chun and Keleş, 2010) 

to predict AGB variations using Landsat 8, Sentinel 2 and Worldview 2 multispectral 

datasets. SPLSR is a robust and powerful algorithm for estimating vegetation biophysical 

properties using remote sensing data. So far, its high performance in predicting grass AGB 

across different environments has been reported (Abdel-Rahman et al., 2014; Sibanda et al., 

2017; 2015b). The model builds estimation functions and associated variables using remote 

sensing datasets. The model achieves this through transformation of the remote sensing 

variables to a set of components and variables, which show their ability in estimating AGB 

(Sibanda et al., 2015a). To determine the number of components for optimal results in 

estimating species AGB, the leave-one-out cross-validation (LOOCV) approach was used. 

The cross validation was done using 30% of the AGB data collected from the field. The 

optimum number of components searched for each variable set were between 1 and 10, as 

recommended by Chun and Keleş (2010). The approach produced estimation errors, using 

Root Mean Square Error of Prediction (RMSEP) associated with a certain number of 

components. The component and associated variables with the lowest estimation errors was 

then considered for further analysis and AGB estimation. The same approach was used 

successfully for example, by Sibanda et al. (2015a), Abdel-Rahman et al. (2014) and Kiala et 

al. (2017).  

 

The SPLSR was run using single species datasets separately and combined species dataset. 

The single species dataset comprised individual species AGB for Festuca and Themeda 

grasses, separately. Secondly, the model was run using pooled data, where Festuca and 

Themeda species dataset was combined. This was performed to produce integrated species 

AGB models for mapping. Before the model was run, the field-based AGB data samples were 

split into 70%, which was used to train the model, whereas the remaining 30% was used for 

validation. All the computations of the SPLSR model were run using R software. The model 

also provided the most optimal variables for estimating AGB, by means of variable scores, 

where variables with scores above 1 were regarded as the most important, while those below 

1 were less important. The SPLSR output include a model that is used for AGB calculation 

with remote sensing images within a Geographic Information System environment. In this 
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study, the AGB maps were produced using ARCGIS raster calculator function based on the 

based model derived using SPLSR. 

 

6.2.4. Remote sensing variables for estimating grass species AGB 

Three sets of variables derived from Landsat 8, Sentinel 2 and Worldview 2 sensors (Table 

6.2) were used to predict AGB, using the SPLSR model. Vegetation indices that were used to 

predict AGB for the target grasses were chosen based on their performance in estimating 

AGB for C3 and C4 grass species compositions (Rigge et al., 2013; Tieszen et al., 1997; Xie 

et al., 2009). In addition, red edge-based simple ratio and NDVI, which were previously 

reported (Ramoelo et al., 2015c) to perform well across grassland ecosystems in general were 

adopted to predict AGB variations for C3 and C4 grass species. This provides more insight 

about the potential of the unique bands in deriving different indices, which have been 

primarily developed, using the visible portion of broad-band multispectral datasets. Sensors 

data fusion was also done, where all the variables from each sensor were combined and used 

in the model. This provides a more comprehensive insight of the competence of each sensor’s 

variables across multispectral sensors in estimating C3 and C4 grass species AGB, than when 

the sensor variables are used in isolation.  

 

Table 6.2: Remote sensing variables used to predict species AGB  

Data type Details Analysis set 

Landsat 8 

Sentinel 2 

Worldview 2 

Seven spectral bands (CB, B, G, R, NIR, SWIR1, SWIR2)  

Ten spectral bands (B, G, R, RE1-3, NIR, RE4, SWIR1, SWIR2) 

Eight spectral bands (CB, B, G, Y, R, RE, NIR1, NIR 2) 

i 

Vegetation Indices (VIs) 

EVI, SAVI, StNDVI, RDVI, SR, MSR (common to all sensors), 

NDVIRE1-4, SRRE1-4 (using Sentinel 2 red edge bands), 

NDVI2 and SR2, (using Worldview 2 NIR2 and R) 

NDVIRE1, SRRE1 (using Worldview 2 NIR1 and RE) 

NDVIRE2, SRRE2 (using Worldview 2 NIR2 and RE) 

ii 

Image spectral data + VIs Combined image spectral bands and vegetation indices iii 

EVI: Enhanced vegetation index (Huete et al., 1997), SAVI: Soil adjusted vegetation index (Huete, 1988), StNDVI: standard 

NDVI (Tucker, 1979), RDVI: renormalized difference vegetation index (Roujean and Breon, 1995), SR: simple ratio 

(Jordan, 1969). 
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6.2.5. Species AGB estimation accuracy assessment 

Statistical measures of AGB estimation accuracy using the different sensors and associated 

variables were determined, as well as the model performance in estimating species AGB. 

These measures included the coefficient of determination (R
2
), root mean square error 

(RMSE) and RMSE%. The RMSE is a measure of the difference between the actual 

measured AGB values in the field and the estimated values. These are frequently used in 

prediction accuracy assessment using remote sensing data. The RMSE was calculated using 

the formula: 
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Where: Xmeasured is the measured AGB, Xpredicted is the predicted AGB and i is the predictor 

variable included (Dube and Mutanga 2015). The RMSE% was also calculated as: 
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Where n is the number of measured values; yi is the measured value; 
iy

^

 is the estimated 

values and 

y  is the mean of the measured AGB (Dube and Mutanga 2015). 

 

A better model using the different metrics was selected from each sensor based on the highest 

R
2
 and lowest RMSE. The selected model and associated variable with the highest VIP score 

for each sensor was then used to produce AGB maps for the study area in ARCGIS 10.2. 

Significant difference tests were also performed to determine if the performances of the three 

sensors in estimating C3 and C4 grass species AGB were significantly different. In addition, 

it was also tested whether the estimation accuracies of Festuca was significantly different 

from that of Themeda, using the three sensors.  

 

6.3. Results 

6.3.1. Species AGB variations measured 

Table 6.3 shows the descriptive statistics of measured Festuca and Themeda grass species 

AGB. It was found that in early February, Themeda C4 grass had higher AGB variations, 

when compared to Festuca. Measured AGB of Themeda varied from 0.6kg/m
2
 to as high as 

1.276kg/m
2
, whereas for Festuca, it varied between 0.52kg/m

2
 to 1.16kg/m

2
. 
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Table 6.3: Descriptive statistics of the measured species AGB 

Species 
 Minimum 

(kg/m
2
) 

 Maximum 

(kg/m
2
) 

Average 

(kg/m
2
) 

 Stdev. 

(kg/m
2
) 

Festuca  0.524  1.160 0.709  0.115 

Themeda  0.600  1.276 0.884  0.125 

Combined species  0.524  1.276 0.797  0.148 

*N is the number of sampled plots 

 

6.3.2. The performance of sensors’ variables in predicting species AGB 

The results in Table 6.4 provide the performance of the variables derived from the three 

sensors in estimating species AGB. Overall, all the variables showed considerable potential in 

predicting species AGB. However, Worldview 2 sensor produced the best prediction 

accuracies, with the least estimation errors (between 6.92 and 9.84%), followed by Sentinel 2 

estimates, far much better than those obtained using the Landsat 8 sensor. Spectral bands 

from all the sensors also estimated species AGB with the lowest accuracies, when compared 

to the use of indices and combined variables. There were noticeable improvements in 

estimation accuracy, from using spectral bands, to the use of combined variables, for both 

individual species and combined species datasets. This was most evident for Landsat 8 and 

Sentinel 2. For instance, Landsat 8 derived spectral bands produced an R
2
 of 0.55 (RMSE = 

17.55% of the mean) when estimating Festuca AGB. When estimating for Themeda, an R
2
 of 

0.52 was produced, with an RMSE of 19.88%. Landsat 8 bands also estimated combined 

species with an R
2
 of 0.52 and an RMSE of 18.19%. When using indices, R

2
 improved to 

0.68 for Festuca, 0.63 for Themeda and 0.65 for combined species, whereas the errors of 

estimation were reduced to 11.48%, 12.53% and 13.5% for Festuca, Themeda and combined 

species dataset, respectively.  

 

Tests of significance according to the t-test also revealed that the three sensors had significant 

differences in estimation accuracies using the different variables. Significant differences (α < 

0.05) were only observed between sensors, as well as between the variables used. However, 

although slight differences between the two species were observed, the differences were not 

significant (α < 0.05).  
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Table 6.4: Sensor AGB predictive accuracies for Festuca, Themeda and combined species 

Remote sensing 

datasets 

Festuca Themeda Combined species 

R2 RMSE 

(g/m2) 

RMSE 

(%) 

R2 RMSE 

(g/m2) 

RMSE 

(%) 

R2 RMSE 

(g/m2) 

RMSE 

(%) 

Bands 

L-8 

S-2 

WV-2 

 

0.55 

0.61 

0.73 

 

164.42 

145.85 

93.59 

 

17.55 

13.11 

  8.97 

 

0.52 

0.60 

0.71 

 

175.73 

129.59 

  97.50 

 

19.88 

14.66 

  9.22 

 

0.52 

0.61 

0.72 

 

150.63 

122.74 

  78.42 

 

18.91 

15.04 

  9.84 

Indices 

L-8 

S-2 

WV-2 

 

0.68 

0.76 

0.79 

 

101.39 

91.19 

55.44 

 

13.48 

  10.49 

  7.82 

 

0.63 

0.74 

0.77 

 

110.76 

  93.62 

  64.17 

 

12.53 

  9.46 

  7.26 

 

0.65 

0.71 

0.75 

 

107.59 

  84.80 

  64.47 

 

13.51 

10.64 

  8.09 

Combined variables 

L-8 

S-2 

WV-2 

 

0.71 

0.79 

0.83 

 

94.30 

64.16 

52.39 

 

9.07 

7.64 

7.39 

 

0.69 

0.77 

  0.8 

 

91.14 

66.83 

61.17 

 

10.31 

  7.56 

  6.92 

 

0.71 

0.74 

0.82 

 

97.63 

81.85 

64.23 

 

12.25 

10.27 

  8.06 

*These results were based on the 70% sample set 

 

Figure 6.1 shows the predictive accuracies of species AGB using optimal variables from the 

three sensors. These graphs illustrate the relationships between measured and estimated 

AGB, using combined variables, which were found to have better estimation accuracies, 

when compared to the use of spectral bands or indices. The optimal variables include Landsat 

8 NDVI, NIR and SWIR; Sentinel 2 red edge bands (centred at 0.705, 0.74 and 0.783µm) 

with derived indices, NIR and SWIR, whereas for the Worldview 2 it was NIR, red and red 

edge bands and derived indices.  

 

 

 
Figure 6.1: The relationship between measured and estimated AGB using the optimal variables of the three 

remote sensing datasets. a, b and c represent Festuca, Themeda and combined species datasets, respectively. i, ii 

and iii represent Landsat 8, Sentinel 2 and Worldview 2 datasets, respectively 

a (i) 
 a (i) 

 

a (ii) 
a (iii) 

b (i) b (ii) 
b (iii) 

c (i) c (ii) 
c (iii) 
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6.3.3. Model validation results 

Figure 6.2 provides the performance of the model in estimating species AGB using the 

independent 30% validation set. Overall the SPLSR performed well in estimating species 

AGB and the results were comparable to those produced using the 70% set. Therefore, only 

validation results for optimal variables for species pooled data was shown. 

 

Figure 6.2: Model performance in estimating species AGB. a, b and c represents Landsat 8, 

Sentinel 2 and Worldview 2 remote sensing datasets 

 

6.3.4. Sensors data fusion results in predicting C3 and C4 grass species AGB 

When all the bands and indices from the three sensors were used separately for individual 

species dataset, the maximum numbers of components were 2. Therefore a report for the 

component with the lowest RMSEP and associated variables was provided. Figure 6.3 

provides the most variables selected after fusing the three datasets, at individual species level 

and using species pooled data. Overall results indicated that the NIR, red edge and SWIR 

bands were the most important bands across sensors. When indices were used, the standard 

NDVI from Landsat 8 was found among Sentinel 2 and Worldview 2 most important indices, 

which included red edge-based indices. At individual species level, more variables were 

selected as important for estimating Festuca AGB, whereas for Themeda and pooled species 

dataset, a few variables were selected.  

 

 

 

 

 

 

(a) (b) (c) 
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Figure 6.3: The most important (a) bands and (b) indices for estimating (i) Festuca, (ii) 

Themeda and (iii) combined species across sensors  

 

6.3.5. The potential of the sensors in predicting and mapping C3 and C4 grasses AGB  

Figure 6.4 shows the spatial variations of species AGB, estimated using optimal variables of 

the three multispectral sensors and species combined dataset. The combined species dataset 

has shown that NDVI was the most influential in estimating AGB. However, the index was 

derived using different sensors’ spectral bands. For the Landsat 8, the AGB map was derived, 

using the standard NDVI, whereas for Sentinel 2, NDVI derived using red edge centred at 

0.705µm was used and the NDVI using the red edge (centred between 0.705–0.745µm) was 

also used for Worldview 2. Thus NDVI derived using different spectral bands from the three 

datasets was used for species AGB mapping across the study area. 

 

 

 

 

 

 

 

 

a (i) a (ii) a (iii) 

b (i) b (ii) b (iii) 
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Figure 6.4: AGB variations in February 2016, derived using different remote sensing datasets  

 

6.4. Discussion 

Remote sensing of C3 and C4 grass AGB has remained a challenge, due to the lack of data 

sources, which have the capabilities to spatially characterize such subtle variations. The 

different physiological, morphological and phenological properties of C3 and C4 grasses 

influence AGB variations. Previous reviews (for example, Adjorlolo et al., 2012b; Shoko et 

al., 2016a) have noted the differences in leaf anatomy between C3 and C4 grasses, which 

influence their ability to scatter, reflect or transmit incoming radiation. Although these 

variations have been documented, not all sensors have the ability to discern such variations 

and estimate species AGB with optimal accuracy. This has resulted in lack of continuous 

monitoring of their productivity. It is therefore of much importance to identify remote sensing 

datasets to quantify and map the productivity of C3 and C4 dominated grasslands across vast 

scales. Current developments in remote sensing offer new perspectives for C3 and C4 AGB 

monitoring and modelling. It is also the focus of the remote sensing community to shift 

towards the use of freely-available new generation sensors, which have emerged with better 

capabilities for improved AGB estimation and monitoring. Similarly, the continuous 

monitoring of grassland areas is also a cause for research, especially in the light of climate 

change and its effects on food security, carbon cycle and biodiversity.  

 

Landsat 8 Sentinel 2 

Worldview 2 
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6.4.1. The performance of Landsat 8, Sentinel 2 and Worldview 2 variables in 

predicting species AGB 

It can be observed that all sensors constitute variables which have the potential to estimate C3 

and C4 grass species AGB. The availability of more bands from Sentinel 2 provides more 

spectral windows which are influential, as well as enabling the computation of different 

indices which have the potential to predict C3 and C4 grasses AGB. This has been reported 

by the findings of Addabbo et al. (2016) which highlighted that the novel spectral bands of 

the Sentinel 2 allows the computation of new indices, which offer additional information for 

vegetation analysis. The lower number of bands of the Landsat 8 sensor limits the number of 

variables with potential to estimate AGB. Among the most important variables for predicting 

C3 and C4 grasses AGB were spectral bands. For example, the Landsat 8 NIR and SWIR, as 

well as the red edge of Sentinel 2 and Worldview 2 contributed to species AGB estimation. 

Thus spectral bands of the new generation sensors have the capability to contribute to the 

estimation of C3 and C4 grasses AGB. 

 

In addition, the important variables across the three sensors were mostly located within the 

NIR, red edge and the SWIR portions, as well as the corresponding indices. This was shown 

when individual sensors were tested, as well as from the fusion of the three datasets. 

However, for Landsat 8, only the NIR and derived indices and SWIR bands were competitive 

enough among Sentinel 2 and Worldview 2 variables. The potential of spectral bands of 

previously-used sensors have not been reported, as researchers were biased towards the use of 

derived indices, due to the broad spectral channels, which were perceived to be insensitive to 

species biophysical properties. However, a few studies reported the influence of NIR band in 

C3 and C4 grass species monitoring using previous Landsat data series, like the Thematic 

mapper 5 (Peterson et al., 2002). The study has highlighted significant differences in the NIR 

reflectance between C3 and C4 grass species using TM 5. In a different study, Lu et al. 

(2009) also reported the importance of NIR in estimating C3 and C4 grass species AGB using 

AISA Eagle hyperspectral imagery in Japan. The contribution of the SWIR portions in AGB 

predictions has been reported in grasslands ecosystems. The study by Chen et al. (2011) have 

reported the significance of SWIR bands in predicting AGB in the semi-arid rangelands of 

Idaho. This might also encourage future work to consider the use of SWIR-based indices, 

especially when using Sentinel 2 and Landsat 8 sensors.  
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Similarly, red edge bands and derived indices have been found to be sensitive to species 

biophysical properties, hence they boost the prediction of species AGB, when compared with 

the visible channels (Mutanga and Skidmore, 2004b; Sibanda et al., 2015a; Sibanda et al., 

2017). The contribution of NIR, SWIR and red edge in this study might be attributed to the 

varying concentration of leaf pigments (e.g. chlorophyll and water) between C3 and C4. For 

example, NIR and red edge are closely related to chlorophyll (Delegido et al., 2011; Ramoelo 

et al., 2013), whereas SWIR to water content (Laurin et al., 2016). These bands have also 

been reported to be closely related to species AGB variations (Sibanda et al., 2015b), hence 

their important contribution in AGB estimation was observed in this study. This possibly 

indicates the variability in chlorophyll or water content between C3 and C4 species during the 

summer period, as indicated by a different study.  

 

Spectral bands have low AGB predictive accuracy, when compared to the use of derived 

indices and a combination of variables. Improved prediction accuracies using indices have 

been acknowledged in estimating species AGB by previous studies (Lu et al., 2009; Schino et 

al., 2003; Sibanda et al., 2017). These variables have been perceived to be more sensitive to 

species characteristics, which improve their predictive accuracy, than individual bands. 

However, it should be noted that the performance of Landsat 8 spectral bands was weak, 

when compared to that of Sentinel 2 and Worldview 2. The slightly weaker performance of 

Landsat 8 bands in this study indicates the weaker performance of traditional bands in C3 and 

C4 dominated grasslands. In addition, Landsat 8 spectral settings lack unique bands like red 

edge, which weakens its potential to predict species AGB. On the other hand, the Sentinel 2 

and Worldview 2 sensors constitute unique and important bands, which have the ability to 

extract the varying bio-physical characteristics of C3 and C4 species, which influence AGB. 

It should also be highlighted that the performance of traditional indices based on the 

traditional bands, such as visible or NIR were less important, when compared to those indices 

that were derived using additional unique bands, such as red edge and NIR. Substantial 

studies (that include Addabbo et al., 2016; Sharma et al., 2015) have studied the competence 

of indices derived from red edge or additional NIR, with those derived from traditional bands 

in characterizing species biophysical properties. For example, the study by Addabbo et al. 

(2016) which compared Landsat 8-based NDVI (using the red and NIR) with Sentinel 2 red 

edge NDVI for characterizing different vegetation.  
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Most interestingly, the improved performance using vegetation indices and combined 

variables was most apparent for Landsat 8, than Sentinel 2 or Worldview 2. This may be 

explained by the fact that Landsat 8 constitute broad traditional bands, which are not detailed 

enough to predict AGB, hence the inclusion of more than individual bands increases its 

prediction accuracy. In confirmation, vegetation indices have been the primary variables 

which have been preferred, over the use of individual bands, to estimate AGB variations 

between C3 and C4 grasses using broadband multispectral sensors (Grant et al., 2013; Guan 

et al., 2012; Pau and Still, 2014; Peterson et al., 2002). Broadband indices have been 

identified to be more sensitive to species AGB, which cannot be sensed by individual bands, 

thereby improving the model predictive accuracy. So far, the application of Landsat data 

series in estimating C3 and C4 grasses AGB has been very limited, except for a few studies 

which reported the derived indices. For example, the study by Davidson and Csillag (2001) in 

Canada reported the potential of the standard NDVI (R
2
 = 0.64) from Landsat 5 TM-based 

Exotech Model radiometer, when compared to other indices. In a different study, in Kansas 

state of United States of America, Peterson et al. (2002) reported that although NDVI was 

influential in estimating C3 and C4 grass species AGB, the index failed to significantly 

differentiate variations in AGB between the two grass species. In this regard, mixed findings 

have been reported from previously-used Landsat datasets. 

 

6.4.2. The potential of three sensors to predict and map C3 and C4 grassland AGB 

One of the challenges faced by researchers in monitoring C3 and C4 AGB has been the 

ability of available sensors to map subtle AGB variations. This has been shown by the 

scarcity of the distributional maps of C3 and C4 AGB variations. Previously-used sensors 

were inadequate; they provided unsatisfactory predictions, because of their coarse spatial 

resolution and broad spectral channels. For example, the studies by Tieszen et al. (1997) and 

An et al. (2013) predicted C3 and C4 AGB with coefficient of determinations of 0.58 and 

0.54 using AVHRR NDVI, whereas Rigge et al. (2013) reported AGB overlaps, using 

MODIS NDVI in the Prairies of the America. Findings from this study have shown improved 

estimations using the recently emerged multispectral sensors, than has been previously 

reported. 

 

To the best of our knowledge, AGB maps for C3 and C4 grass species are rarely available. So 

far, few studies attempted to map C3 and C4 grasslands AGB using hyperspectral (Lu et al., 

2009) and climatic variables (Epstein et al., 1997). However, the use of hyperspectral images, 
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which are associated with high acquisition cost and climatic data proved unsuccessful and did 

not receive enough attention to understand the spatial variations of C3 and C4 AGB over 

large areas, especially in Africa, where climatic observation networks are very poor and 

financial resources are limited. This has limited the availability of AGB maps for C3 and C4 

grasses. This study has therefore revealed a new opportunity for estimating and mapping 

AGB in C3 and C4 dominated grasslands over large areas in a cost effective manner, 

especially for the developing world, where the acquisition of commercial satellites is 

difficult. All three sensors showed great potential in mapping the spatial variations of species 

AGB. Researchers now have opportunities to use free-available Sentinel 2 and Landsat 8 or a 

combination of these datasets in monitoring the productivity of C3 and C4 grass species for a 

variety of applications. 

 

Findings from this study also reveal the anticipated performance and potential of new 

generation sensors in mapping the AGB variations of C3 and C4 grassland areas (Shoko et 

al., 2016a). The sensors thus contain important abilities to monitor these grassland 

ecosystems, which was becoming almost impossible. Although it was not as good as the 

Worldview 2, Sentinel 2 was better than and Landsat 8. For example, Sentinel 2 predicted 

species AGB with better accuracy and showed better spatial variations, compared to Landsat 

8. Recently, the study by Addabbo et al. (2016)  reported the improved efficiency of the 

Sentinel 2, over that of Landsat 8. The study found statistical significance differences 

between the performances of the two sensors, using derived NDVI. They also reported that 

within a particular area, Sentinel 2 sampled 3015 pixels, when compared to 345 pixels from 

the Landsat 8. This confirms the magnitude of the Sentinel 2 10m spatial resolution, in 

representing spatial variability.  

 

The Worldview 2 was also confirmed to remain critical in predicting more accurately and 

mapping C3 and C4 species AGB, than Sentinel 2 and Landsat 8. Within the same area, the 

potential application of Worldview 2 in estimating and mapping C3 and C4 grass species 

canopy nitrogen, with satisfactory accuracy has also been shown (Adjorlolo et al., 2014). The 

high spatial resolution and associated unique spectral bands thus enable the sensor to capture 

the spatial variability in canopy characteristics, such as leaf area index and pigment 

concentrations, which are related to species AGB variations; this improved its prediction 

accuracy. However, the operational application of the Worldview 2 might be hindered by its 
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acquisition cost, this places Sentinel 2 and Landsat 8 as promising datasets for monitoring of 

C3 and C4 grasses AGB, especially in data scarce environments.  

 

Although reasonable predictive results were produced from this study, especially in relation 

to those accuracies reported using broad-band multispectral datasets, the performance of the 

model in predicting C3 and C4 species AGB cannot be ignored. Overall, the SPLSR 

produced good predictive results for all the sensors, using different variables. However, 

results from this study might be considered inconclusive, since these sensors have been tested 

at a specific period. Snapshot AGB maps for C3 and C4 dominated grassland are inadequate; 

because AGB for these grasses vary over time, due to the influence of species phenology and 

more importantly changing climatic conditions. Decision making and implementation of 

policies require more details of species AGB variations. In relation with the performance of 

the sensors, the ability of the sensor to predict and spatially represent species AGB might also 

be influenced by the period considered. There is therefore the need to show how these sensors 

(particularly the free-available Sentinel 2 and Landsat 8 datasets) and the SPLSR model 

perform in predicting C3 and C4 grasses AGB, as well as their consistency over time.  

 

6.5. Conclusion 

The present study has shown the feasibility of using the new generation sensors to estimate 

and determine the subtle spatial variations of C3 and C4 grasses AGB in the temperate 

regions of South Africa. The most important finding from this study was the performance of 

the freely-available Sentinel 2 and Landsat 8 sensors in predicting and mapping species AGB. 

The sensors predicted species AGB with reasonable accuracy, which might be very useful in 

monitoring the productivity of C3 and C4 grasslands, for various applications. The sensors 

provide significant data sources to enable the monitoring of C3 and C4 grass species 

productivity, across different ecosystems. 

 

For decades, the lack of appropriate remote sensing data sources compromised C3 and C4 

grasses AGB estimation, over space and time, especially for the developing world, where the 

acquisition of commercial datasets is a major limitation. Results obtained from this chapter 

showed a new horizon for characterizing C3 and C4 grass species AGB using new 

generation sensors. This is encouraging for continuous monitoring of their productivity at 

large geographical coverage. Although Sentinel 2 produced lower accuracies, when 

compared to Worldview 2, its free availability becomes invaluable for characterizing C3 and 
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C4 grasses AGB over time. The sensor also showed better performance in relation to the 

freely-available Landsat 8, hence can optimally characterize AGB over time. Therefore, the 

next chapter used Sentinel 2 to characterize the seasonal spatial variations of C3 and C4 

grasses AGB. 
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CHAPTER SEVEN 
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7. Characterizing the spatio-temporal variations of C3 and C4 

dominated grasslands aboveground biomass in the Drakensberg, 

South Africa 
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Abstract 

C3 and C4 grass species composition, with different physiological, morphological and most 

importantly phenological characteristics, influence Aboveground Biomass (AGB) and their 

ability to provide ecosystem goods and services, over space and time. For decades, the lack of 

appropriate remote sensing data sources compromised C3 and C4 grasses AGB estimation, 

over space and time. This resulted in uncertainties in understanding their potential and 

contribution to the provision of services. This study therefore examined the utility of the new 

multi-temporal Sentinel 2 to estimate and map C3 and C4 grasses AGB over time, using the 

advanced Sparse Partial Least Squares Regression (SPLSR) model. Overall results have 

shown the variability in AGB between C3 and C4 grasses, estimation accuracies and the 

performance of the SPLSR model, over time. Spectral bands information predicted species 

AGB with lowest accuracies and an improvement was observed when both spectral bands 

and vegetation indices were applied. For instance, in the month of May, spectral bands 

predicted species AGB with lowest accuracies for Festuca (R
2
 = 0.57; 31.70% of the mean), 

Themeda (R
2
 = 0.59; 24.02% of the mean) and combined species (R

2
 = 0.61; 15.64% of the 

mean); the use of spectral bands and vegetation indices yielded 0.77; (18.64%), 0.75 

(14.27%) and 0.73 (16.47%), for Festuca, Themeda and combined species, respectively. 

These results were comparable to those produced using 30% training dataset, with slight 

differences (+/- 5%), which indicated the potential of the model in estimating C3 and C4 

grasses AGB over time. There were also noticeable variations in AGB between C3 and C4 

grasses, where Themeda produced higher AGB from February to April, whereas from May to 

September, Festuca produced higher AGB. Both species also showed a decrease in AGB in 

August and September, although this was most apparent for Themeda than its counterpart. 

The red edge (at 0.705 and 0.74µm) and derived indices, NIR and SWIR 2 (2.19µm) were 

found to contribute more to grass species AGB estimation, over time. The AGB spatial 

variability maps produced in this study can be used to quantify C3 and C4 forage availability 

or accumulating fuel, over time, as well as for developing operational management strategies. 

 

Keywords 

Environmental changes, forage availability, red edge, seasonal variations, species functional 

types,  
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7.1. Introduction 

C3 and C4 grass species Aboveground Biomass (AGB) represent a fundamental indicator of 

their productivity, which directly influences the ability of these ecosystems to provide 

ecosystem goods and services. Grass species productivity provides a wide range of 

ecological, economic and environmental services. For instance, these grasses are an important 

source of forage for livestock and wildlife populations (Diouf et al., 2015; Mansour et al., 

2013), as well as a source of fuel load for fire occurrences, which is an important mechanism 

in their maintenance (Everson and Everson, 2016). Within the global carbon cycle, C4 

grasses also store a substantial amount of carbon, compared to C3 grasses (Adair and Burke, 

2010). Besides, the Intergovernmental Panel on Climate Change (IPCC) identified species 

AGB as one of the principal carbon pools of terrestrial ecosystems (Eggleston et al., 2006; 

Kumar and Mutanga, 2017; Vashum and Jayakumar, 2012). Most importantly, the 

phenological differences between C3 and C4 grass species, as determined by seasonal 

variations in climatic conditions influence their AGB over time. However, although a lot of 

studies have reported the phenological differences between C3 and C4, from a local scale, 

they tend to be more variable, due to the influence of local environmental conditions, such as 

topography. Consequently, the potential of these grasses to provide services is different and 

this may be more variable over space and time. 

 

The current and projected environmental changes also threaten the spatial and temporal 

productivity of C3 and C4 grass species, with implications on AGB timing, accumulation and 

variations (Adjorlolo et al., 2012b; Bremond et al., 2012; Joubert et al., 2017; Morris, 2017). 

Compelling evidence have also reported substantial response of C3 and C4 grasses AGB to 

carbon dioxide (CO2) fluctuations (Lee, 2011; Polley et al., 2014; White et al., 2012), water 

availability (Niu et al., 2008) and temperature changes (Auerswald et al., 2012; Still et al., 

2014). Considerable uncertainties about the response of C3 and C4 grass species also exist 

under a CO2-enriched, warmer environment and the influence of local conditions 

(Chamaillé‐Jammes and Bond, 2010). Nevertheless, environmental changes compromise 

the integrity of C3 and C4 grasses functional types and subsequently the provision of a range 

of services, such as forage and carbon storage. In this regard, the estimation of C3 and C4 

grass species AGB over time provides detailed understanding of their productivity and 

response to environmental variability over time. This becomes a fundamental step to identify 

areas of low or high productivity, for example, in the case of forage availability, or 



 117 

determines vulnerable areas to environmental changes. This is required for developing proper 

management strategies to ensure sustainable provision of ecosystem goods and services. 

 

Remote sensing remains a realistic and practical data source, for spatially explicit 

characterization of C3 and C4 grasses AGB over time and space. So far, AGB estimation for 

C3 and C4 grasses has been conducted or reported on specific seasonal period, using 

broadband multi-spectral datasets (Grant et al., 2013; Lu et al., 2009; Pau and Still, 2014). In 

a different study, Shoko et al. (2016a) conducted a detailed review on the progress of C3 and 

C4 grass species AGB estimation using remote sensing. The review found that the majority 

of studies which estimated C3 and C4 AGB were done using Moderate Resolution Imaging 

Spectroradiometer (MODIS), the Advanced Very High Resolution Radiometer (AVHRR), 

MEdium Resolution Imaging Spectrometer (MERIS) and Landsat multi-spectral datasets in 

the Prairies or Great Plains of the United States and in the temperate region of China. The 

challenges associated with using these datasets were also noted, which included lower 

estimation accuracies and spatial representation of AGB. This has been primarily attributed to 

mixed-pixel problem, due to their coarse spatial resolutions. These datasets also constitute 

limited number and strategically-positioned bands (e.g. red edge), which limit their spectral 

potential in differentiating C3 and C4 species characteristics associated with AGB variations. 

Their coarse spatial resolution (e.g. 1 km for MODIS and AVHRR) also misrepresent AGB 

spatial variations. With these challenges, other researchers (e.g. Lu et al., 2009) attempted to 

use hyperspectral datasets, with high spatial resolution and narrow spectral bands. These 

datasets have been reported to yield high predictive accuracies, compared to multispectral. 

However, their application did not receive enough attention from the research community, 

especially for AGB estimation at large geographical coverage over time. This has been due to 

their high acquisition cost; hence their application has been limited to small geographical 

coverage, especially in resource-constrained regions like Africa. The use of hyperspectral 

data sources becomes insufficient for the development of appropriate management strategies, 

especially considering the influence of climatic variations on C3 and C4 AGB over time. In 

this regard, AGB spatial and temporal variations for C3 and C4 grasses remains poorly 

documented. However, future prospects in understanding the productivity between C3 and 

C4 depend on the use of new generation freely-available sensors, such as the Sentinel 2.  

 

Currently, the readily-available Sentinel 2 is perceived to provide a major key data source for 

estimating C3 and C4 grasses AGB over time, in a cost effective manner, at large 
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geographical coverage. Although Sentinel 2 earth imaging characteristics are not as advanced 

as hyperspectral data (e.g. in terms of spatial resolution), the sensor might be considered as an 

intermediate dataset between the freely available broadband multispectral sensors and more 

advanced and commercialized hyperspectral sensors. The characteristics of Sentinel 2 

overcome the major challenges associated with the operational application of broadband and 

medium resolution satellites, such as MODIS, AVHRR, MERIS and Landsat data series, 

which have been the primary data sources for AGB estimation, across C3 and C4 grasslands. 

The sensor is equipped with state-of-the-art instrumentation, which offers high resolution 

optical images, when compared to freely-available satellites on board optical or multispectral 

sensors, such as Landsat 8 or ETM 7 (Addabbo et al., 2016). Increased and unique spectral 

bands (13) at different and refined portions of the electromagnetic spectrum of Sentinel 2 free 

of charge provide more spectral windows sensitive to species morphological, physiological 

and phenological characteristics, which influence the production of AGB. This may improve 

the estimation accuracy of C3 and C4 grass species over space and time. In addition, these 

bands are only available in commercial datasets, such as hyperspectral, hence Sentinel 2 

provide free access to the unique bands. The high revisit frequency (5-19 days), most 

importantly, captures the phenological variations of C3 and C4 grass, which influence AGB 

variations over time, as well as enabling the acquisition of cloud-free images. The 290 km 

swath-width also allows large geographic coverage, which is one of the major limitations of 

using hyperspectral data, whereas the 10 m spatial resolution captures AGB spatial variations 

at a finer scale, appropriate for mapping, especially considering the co-existence of C3 and 

C4 grass species, with varying characteristics.  

 

Sentinel 2 sensor has so far proved a great potential in estimating and mapping crop quality 

(Clevers et al., 2017; Immitzer et al., 2016), vegetation health (Addabbo et al., 2016), wood 

cover mapping (Munyati, 2017), as well as C3 and C4 grass species discrimination and 

mapping (Shoko and Mutanga, 2017a). However, its applicability in C3 and C4 grass AGB 

estimation over time is still rudimentary despite the immediate need of information on 

rangeland productivity, in the face of the changing climate. This study therefore used time-

series Sentinel 2 data to estimate and map C3 and C4 dominated grasslands AGB, in the 

Drakensberg, KwaZulu-Natal, over time. The study also aimed at determining the 

consistency of Sentinel 2 derivatives in estimating species AGB, over space and time. 

 



 119 

7.2. Materials and methods 

7.2.1. Data collection 

The AGB data was collected for Festuca, C3 and Themeda C4 grass species. The collection 

of AGB for these species was conducted in early February, May, August and November 

2016, using randomly generated points. At each point, three quadrats, measuring 50 cm by 50 

cm were used to collect grasses AGB samples within a 10 by 10 m plot. In each quadrant, 

standing grass AGB was harvested and its weight was determined in situ. The grass AGB 

samples were then transported and oven dried at the University of KwaZulu-Natal grassland 

facilities, to determine dry AGB. The dry AGB was weighed and this was converted to 

kilograms per square metre (kg/m
2
). A total of 80 plots, measured 10 by 10 m were used for 

each species, with three samples per plot. This resulted in a total of 240 AGB samples for 

each species, which were used for analysis during each acquisition period. AGB sample 

locations were also captured and recorded using a handheld global position system (GPS), 

with sub-meter accuracy. 

 

7.2.2. Remote sensing data acquisition and processing 

Sentinel 2A images are freely-available for download from the European Space Agency 

(ESA) website (https://scihub.copernicus.eu/), through the Sentinels Scientific Data Hub 

archive. Eight cloud-free Sentinel 2 MSI images (Table 7.1), covering the entire study area 

were selected and downloaded for AGB estimation over time. Sentinel 2 sensor acquires 

images using 13 spectral bands, four bands at 10m spatial resolution, featuring blue 

(0.49µm), green (0.56µm), red (0.665µm) and near-infrared (0.842µm), six bands at 20m, 

with four narrow bands in the vegetation red-edge spectral domain (0.705, 0.74, 0.783 and 

0.865µm) and two SWIR, at 1.61 and 2.19µm. Sentinel 2 spectral range also offers cirrus 

(0.443µm), water vapour (0.945µm) and aerosol (1.38µm) bands, at 60m spatial resolution, 

which have been dedicated to atmospheric monitoring. For this study, ten bands were 

therefore used, with the exception of cirrus, water vapour and aerosol bands, and all bands at 

20 m were resampled to 10 m spatial resolution using nearest neighbour resampling in 

Sentinels Application Platform (SNAP) environment. Sentinel 2 images are delivered 

orthorectified and geometrically corrected top of atmosphere reflectance in Universal 

Transverse Mercator projection and World Geodetic System (WGS) 84 ellipsoid. The images 

were therefore corrected for atmospheric effects using the Sen2Cor prototype processing tool 

in SNAP.  

 

https://scihub.copernicus.eu/
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Table 7.1: Sentinel 2 image acquisition characteristics  

Season Acquisition period Sun zenith angle (°) Sun azimuth angle (°) 

Summer 

 

07/02/2016 

05/03/2016 

03/11/2016 

03/12/2016 

41.57 

46.94 

24.59 

22.41 

44.02 

36.32 

60.95 

77.97 

Winter 

14/05/2016 

26/06/2016 

25/08/2016 

29/09/2016 

55.99 

58.34 

47.16 

36.49 

28.94 

29.29 

37.10 

43.65 

*Bolded acquisition periods are those months in which ground measurements of species AGB were collected, whereas those 

in regular format were the images that were used to predict using models developed from ground-based measurements  

 

7.2.3. Regression algorithm for predicting grass species AGB 

This study used the Sparse Partial Least Square Regression (SPLSR) to predict AGB 

variations between C3 and C4 grass species. SPLSR is one of the robust and powerful non-

parametric model with reported potential in predicting vegetation biophysical properties 

using remote sensing data (Verrelst et al., 2012). It is the more advanced version of the 

normal PLSR and the study by Abdel-Rahman et al. (2014) revealed detailed differences 

between them. Compared to its predecessor, the SPLSR performs dimensionality reduction 

and variable selection simultaneously and when it transforms the data, the SPLSR enforces 

sparsity and picks out the most suitable remote sensing variables for estimation. This enabled 

the recent studies in grass AGB estimation to shift towards its adoption. For example, SPLSR 

has been reported to perform well in predicting AGB for grasses under different management 

practices (Sibanda et al., 2017; 2015b), with reliable accuracy, using different remote sensing 

datasets, including hyperspectral and multispectral imagery. SPLSR predicts AGB using the 

remote sensing variables and ground-based measurements. The model also provides the most 

optimal variables for predicting AGB, using the variable importance projection (VIP) scores, 

which are allocated to each variable. Variables with values above the VIP threshold of the 

SPLSR (i.e. VIP > 1) are regarded as significantly important, whereas those below the 

threshold are less important in estimating AGB. The VIP scores were therefore used to 

determine the frequency of each variable. Frequency in this regard was the number of 

occurrences of each important variable, when its value was above the threshold, in estimating 

species AGB over the period of study. The model was run four times, using ground measured 

AGB values collected in February, May, August and November with three sets of variables. 

This resulted in a total of 12 runs and variable frequency was reported when using (i) spectral 

bands only, (ii) vegetation indices only and (iii) spectral bands + vegetation indices. Before 

the model was run, the field-based AGB data samples were randomly split into 70%, which 
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was used to train the model, whereas the remaining 30% was used for validation. 

Consequently, for each species 56 plots (i.e. 168 samples) were used for training, whereas 24 

(i.e. 72 samples) were used for validation. This also resulted in 336 samples for training and 

144 samples for validation, for species pooled dataset. 

 

7.2.4. Sentinel 2 variables used to predict grass species AGB 

Three sets of variables from the Sentinel 2 images were used to predict AGB using the 

SPLSR and these include: (i) image data (ii) derived vegetation indices (VIs) and (iii) a 

combination of indices and image data. All the Sentinel 2 derived variables that were used to 

predict AGB are provided in Table 7.2. VIs were chosen based on their performance in C3 

and C4 grass species compositions AGB (Rigge et al., 2013; Tieszen et al., 1997). The 

indices chosen have been frequently used since the potential of remote sensing in C3 and C4 

AGB estimation has been recognized and had shown great potential using different datasets. 

In addition, red edge-based simple ratio (SR) and normalized difference vegetation index 

(NDVI), which were previously reported (Ramoelo et al., 2015c) to perform well across 

grasslands ecosystems in general were adopted to predict AGB variations for C3 and C4 

grass species. Red-edge based indices have not yet been fully utilised in estimating C3 and 

C4 grass species AGB. Previously used sensors for estimating C3 and C4 grasses AGB does 

not constitute red edge bands, the majority of studies have used red and NIR-based NDVI and 

SR. The inclusion of red edge-based indices in this study therefore provides more insight on 

the performance of these indices derived using different spectral bands and enlightens 

prospects for future AGB monitoring of these grasses. The indices were named based on the 

red edge band used; for example, NDVIRE1 and SRRE1 indices were derived using red edge 

band 1. A total of 24 variables were used in this analysis, with 12 analyses using each 

variable set (i.e. spectral bands, indices and bands + indices), for the whole study period. 
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Table 7.2: Sentinel 2 variables that were used to predict species AGB over time 

Data type Details Analysis set 

Original image data 

Ten spectral bands 

Bands 2-8A (Blue, Green, Red, Red edge1-3, NIR, Red edge4) 

Bands 11 and 12 (Shortwave infrared bands) 

i 

Derived Vegetation 

Indices (VIs) 

EVI, SAVI, NDVI, RDVI, SR, MSR,  

red edge-based NDVI (using red edge bands 1-4), 

red edge-based SR (using red edge bands 1-4), 

ii 

Image spectral data + VIs Combined image spectral bands and vegetation indices iii 

EVI: Enhanced vegetation index (Huete et al., 1997), SAVI: Soil adjusted vegetation index (Huete, 1988), NDVI: 

normalized difference vegetation index (Tucker, 1979), RDVI: renormalized difference vegetation index (Roujean and 

Breon, 1995), SR: simple ratio (Jordan, 1969).  

 

7.2.5. Species AGB accuracy assessment 

Statistical measures of the estimation accuracy over time, using the different variables were 

determined. These measures were the coefficient of determination (R
2
) and root mean square 

error (RMSE) and %RMSE. The RMSE is a measure of the difference between the actual 

measured AGB values in the field and the estimated values by the model, whereas %RMSE is 

its deviation from the measured values expressed as a percentage. By expressing the RMSE 

as a % (within a scale between 0 and 100%) more insight is provided on the magnitude of 

deviation of AGB estimates using the different Sentinel 2 variables. These accuracy measures 

are frequently used in prediction accuracy assessment, using remote sensing data, for 

example by Dube and Mutanga (2015a) and Adam et al. (2014). From each analysis using the 

field-based measurement, a better model was identified, and the selected model and 

associated variables was then used to produce AGB map for the study area.  

 

7.2.6. Species AGB spatial predictions over time 

Four AGB models were developed (two for summer and two for winter), which correspond 

with the field measured data. These models were used to produce AGB maps for the study 

area during the field data acquisition period, as well as for the subsequent months in which 

AGB measurements were not available. For instance, the model developed and associated 

VIP variable using AGB measurements collected in February 2016 was used to estimate 

AGB variations for March 2016. In addition, the predicted AGB maps were also used to 

extract species AGB, using the GPS points. The extracted AGB values were then used to 

derive descriptive statistics of the target grass species, over time.  
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7.3. Results 

7.3.1. Measured species AGB over time 

Figure 7.1 shows summary statistics, which include the maximum, minimum and average of 

the measured dry AGB for the two species, in kg/m
2
, over time. The measured AGB shows 

temporal variations between the two grasses. For Festuca grass, the highest AGB was 

recorded in May, whereas for Themeda, the highest AGB was measured in November 

 

Figure 7.1: Maximum, minimum and average species AGB, based on field dataset 

 

7.3.2. Performance of Sentinel 2 derived variables in predicting grasses AGB over time 

Table 7.3 provides the statistical measures of accuracies for estimating Festuca, Themeda and 

combined species dataset AGB, using spectral bands, indices and spectral bands plus indices 

in February, May, August and November 2016. Overall, Sentinel 2 derived variables yielded 

reasonable accuracies and this was quite variable over time. Spectral bands predicted species 

AGB with lower accuracies and this increase when indices and a combination of spectral 

bands were used. For instance, in May, spectral bands predicted species AGB with lower 

accuracies for Festuca (R
2
 = 0.57; 31.70% of the mean), Themeda (R

2
 = 0.59; 24.02% of the 

mean) and combined species (R
2
 = 0.61; 15.64% of the mean). Indices improved the 

prediction accuracies for Festuca (R
2
 = 0.70; 22.05% of the mean), Themeda (R

2
 = 0.69; 

16.51% of the mean) and combined species (R
2
 = 0.70; 23.15% of the mean). Comparably, 

spectral bands + indices yielded the highest accuracies for Festuca (R
2
 = 0.77; 18.64% of the 

mean), Themeda (R
2
 = 0.75; 14.27% of the mean) and combined species (R

2
 = 0.73; 16.47% 
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of the mean). Similar pattern in the improvement of prediction accuracies from using spectral 

bands to the combination of bands and indices was found in February, August and November.   

 

Results also clearly show that the performance of predictive variables varied with seasonal 

period. For instance, lowest prediction accuracies were found in May using spectral bands for 

Festuca (R
2
 = 0.57; 31.70% of the mean), Themeda (R

2
 = 0.59; 24.08% of the mean) and 

combined species (R
2
 = 0.57; 28.11% of the mean). The highest predictive accuracies were 

found in August, for Festuca (R
2
 = 0.85; 7.64% of the mean), Themeda (R

2
 = 0.86; 7.56% of 

the mean) and combined species (R
2
 = 0.84; 9.27% of the mean).  

 

Table 7.3: Predictive accuracies using Sentinel 2 variables for estimating species AGB, over 

time 

Variables/Period Festuca Themeda Combined species 

R
2
 RMSE 

(g/m
2
) 

RMSE 

(%) 

R
2
 RMSE 

(g/m
2
) 

RMSE 

(%) 

R
2
 RMSE 

(g/m
2
) 

RMSE 

(%) 

Bands 

February 

May 

August 

November 

 

0.61 

0.57 

0.66 

0.62 

 

145.85 

346.68 

132.80 

225.27 

 

13.11 

31.70 

12.29 

21.80   

 

0.60 

0.59 

0.67 

0.62 

 

129.59 

352.13  

102.11 

251.62   

 

14.66 

24.08 

20.75  

20.29  

 

0.61 

0.57 

0.69 

0.63 

 

100.74 

320.62  

231.66 

364.39 

 

15.64 

28.11 

23.42 

26.26 

Indices 

February 

May 

August 

November 

 

0.76 

0.70 

0.78 

0.73 

 

  91.19 

299.95 

108.53 

185.98 

 

10.49 

22.05 

11.89 

18.99 

 

0.74 

0.69 

0.78 

0.76 

 

  99.62 

246.95 

  96.36 

223.60 

 

15.11 

16.51 

15.86 

15.35 

 

0.73 

0.70 

0.77 

0.71 

 

96.80 

267.71 

192.23 

313.72 

 

10.64 

23.15 

15.78 

19.63 

Bands + Indices 

February 

May 

August 

November 

 

0.82 

0.77 

0.85 

0.79 

 

  74.16 

244.38 

  99.98 

166.14 

 

  9.84 

18.64 

  7.64 

16.07 

 

0.78 

0.75 

0.86 

0.81 

 

  66.83 

178.86 

  89.10 

201.36 

 

  9.46 

14.27 

  7.56 

12.89 

 

0.74 

0.73 

0.84 

0.76 

 

  81.85 

221.05 

135.20 

247.83 

 

10.59 

16.47 

  9.27 

12.06 

 

Table 7.4 highlights the model performance using the 30% independent set, for individual 

species and pooled species dataset, based on variables, which only produced the best AGB 

estimation accuracies over time. Overall results indicate the potential of the SPLSR model in 

estimation accuracy, explaining above 70% of C3 and C4 species AGB variations over time. 

The model also produced highest estimation errors in May, compared to other periods. The 

results were also comparable to those produced using the 70% training dataset, with slight 

differences (+/- 5%) between them. For example, in February according to the 70% dataset, 

Festuca AGB was estimated with R
2
 of 0.82 (9.84% of the mean); this was 0.79, with a 

RMSE of 13.32%. The performance of the model also varied over time using species 

individual species dataset, as well as for pooled data. For example, using AGB data acquired 
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in May, which had the highest measured values, the model showed lower estimation 

accuracies, compared to other periods. In May, Festuca AGB was estimated with an R
2
 of 

0.71, which was 20.22% deviation, whereas for Themeda, it was 0.70 with a RMSE of 

21.02%. On the other hand, in February, Festuca AGB was estimated with an R
2
 of 0.82 

(9.84% of the mean), whereas Themeda was estimated with 0.78 (9.46% of the mean).  

 

Table 7.4: Model validation results, using combined Sentinel 2 derivatives 

Period Festuca Themeda Combined species 

R
2
 RMSE 

(g/m
2
) 

RMSE 

(%) 

R
2
 RMSE 

(g/m
2
) 

RMSE 

(%) 

R
2
 RMSE 

(g/m
2
) 

RMSE 

(%) 

February 

May 

August 

November 

0.79 

0.71 

0.80 

0.74 

81.21 

255.25 

105.61 

176.11 

13.32 

20.22 

11.64 

19.07 

0.76 

0.70 

0.79 

0.77 

73.22 

186.43 

97.76 

211.69 

11.01 

21.02 

9.81 

15.06 

0.73 

0.70 

0.77 

0.71 

86.15 

226.44 

144.31 

255.66 

13.59 

18.47 

11.27 

15.73 

 

7.3.3. The importance of Sentinel 2 variables in species AGB estimation over time 

The importance of Sentinel 2 variables in estimating species AGB, over time is graphically 

presented in Figure 7.2. The Figure shows the frequencies of each variable, using each 

variable set, for all the species dataset, over time. The use of spectral bands has shown that 

NIR (0.842µm) had the highest frequency, followed by RE 2 (0.74µm), whereas the visible 

blue had the lowest frequency. NDVIRE1 showed the highest frequency, followed by the 

standard NDVI, whereas RE4-derived NDVI had the lowest frequency, when indices were 

used. The combined use of bands + indices showed that RE 1 (0.705µm), RE 2 and the NIR 

had significantly the highest frequencies in their contribution in estimating AGB over time, 

whereas the simple ration derived using red edge 3 had the lowest frequency.  
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Figure 7.2: The frequency of Sentinel 2 variables in estimating species AGB, over time. Error 

bars show significant differences in variable frequency 

 

7.3.4. Temporal variations in AGB using Sentinel 2 data 

Figure 7.3 shows the derived AGB variations between the two species over time. The 

presented results are averaged AGB values, extracted using species GPS points. Overall, the 

two grass species showed variations in AGB over time. During the summer months of 

February, March, November and December 2016, higher AGB estimates were found for 

Themeda (C4), than Festuca (C3). There was however a shift in AGB variations between the 

two species, where higher estimates were found for Festuca, than Themeda, from May to 

September. Both species also showed a marked decrease in AGB, especially in August and 

September.  

 
Figure 7.3: Average species AGB variations over time (2016) 

 

7.3.5. The variability in AGB over time 

Figure 7.4 illustrates the estimated variability in AGB over time for the study area during 

2016, using Sentinel 2. Overall, AGB variations within the area exhibited temporal and 

spatial fluctuations and the sensor managed to capture these variations. Higher AGB were 

estimated in February, March, May, November and December, whereas during the midyear, 

low AGB estimates were produced. The beginning of winter (May) had the highest AGB, 

compared to other months, whereas lowest estimates were after the winter fall (September). 
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Figure 7.4: The spatial and temporal variability of C3 and C4 grass species AGB over time  
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7.4. Discussion 

7.4.1. The frequency of Sentinel 2 variables in estimating species AGB over time 

Sentinel 2 variables have shown great potential in predicting C3 and C4 grasses AGB 

variations, over time. Among the most important variables in estimating species AGB were 

the red edge centred at 705 and 740 nm, derived indices, the NIR and SWIR spectral bands. 

For instance, the NIR band showed the highest frequency in its importance in estimating 

AGB and was also competitive among indices, when indices + bands were used. In 

accordance with results from this study, compelling studies (Mutanga and Skidmore, 2004b; 

Ramoelo and Cho, 2014; Sharma et al., 2015) have reported the importance of red edge bands 

and derived indices in estimating AGB. It has been established that red edge variables are 

sensitive to species canopy AGB and chlorophyll concentration, when compared to other 

portions of the electromagnetic spectrum (Mutanga and Skidmore, 2004b). This improves the 

competence of red edge bands and derived indices in estimating species AGB, over time. 

However, not all the Sentinel 2 red edge and derived indices were found to be important in 

species AGB prediction in this study. For example, red edge centred at 865nm (band 8A) and 

derived indices have shown consistently poor importance in estimating species AGB, over 

time, with lower frequencies. The contribution of the SWIR may be attributed to its 

sensitivity to species water content, and this is variable between the two species, especially 

when Themeda (C4) becomes dormant, particularly in August. In consistence, Numata et al. 

(2008) revealed a significant correlation between grass AGB and water content, and 

suggested that the use of water related wavelength, improve AGB estimation accuracy. The 

study by Chen et al. (2011) also reported the importance of SWIR bands in estimating species 

AGB in the semi-arid rangelands of Idaho, using SPOT 5. In this regard, researchers might 

advocate for the development and use of Sentinel 2 SWIR-based indices in estimating C3 and 

C4 grass species AGB over time. The importance of NIR, as indicated by the highest 

frequency highlights its consistent, as well as its competence among indices in AGB 

estimation, over time. Previous studies (Lu et al., 2009; Price et al., 2002) also found NIR to 

be a very important spectral portion in C3 and C4 grasslands monitoring. 

 

On the other hand, the visible portion had the lowest frequencies in estimating species AGB 

over time. This shows that the visible bands are inconsistent and have limited potential in 

estimating C3 and C4 grass species AGB over time. The limited potential of visible bands in 

estimating AGB has been previously attributed to their sensitivity, for example, the review by 
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(Lu, 2006). These bands were reported to be less sensitive to species biophysical 

characteristics and AGB variations; hence they become insignificant and less competitive.  

 

7.4.2. Species AGB prediction accuracies 

The use of indices showed a marked increase in species AGB prediction accuracy over time, 

when compared to the use of individual bands. Indices have been reported to have better 

AGB prediction accuracies, when compared to the use of spectral bands (Sibanda et al., 

2015a; 2017). This is due to the combination of different bands which improve their 

sensitivity, thereby boosting AGB prediction accuracy, when compared to individual bands 

which have limited sensitivity capacity. In confirmation, across C3 and C4 grasslands, studies 

which estimated AGB used vegetation indices, particularly NDVI (An et al., 2013; Rigge et 

al., 2013; Tieszen et al., 1997). The broadband nature of the used sensors discouraged the use 

of spectral bands, which have been perceived to be insensitive to species biophysical 

properties, hence have low ability in estimating AGB. Thus Sentinel 2 extends the 

availability of variables for estimating C3 and C4 grasses AGB, which were previously 

limited to traditional indices.  

 

Species AGB prediction accuracies was quite variable over time. For example, species AGB 

was predicted with relatively lower accuracies in May and November, than in February and 

August. This is a clear indication of the influence of seasonality on species AGB estimation 

accuracies, which might be associated with the amount of AGB available. In this study, lower 

AGB prediction accuracies in May are likely attributed to species phenology. Species 

phenology determines the accumulation of AGB and the subsequent estimation accuracy, 

using remote sensing data. This was also confirmed by the validation dataset, where the 

model showed lowest estimation accuracies in May. In May, Themeda had reached its peak, 

whereas Festuca was at its peak stage of growth, both species therefore had high density 

AGB. Field-based AGB measurements also confirmed that May had the highest AGB for 

both species. High AGB during peak stage of species phenology causes saturation problem 

and this might have challenged the estimation accuracy. Saturation due to high AGB at 

maximum productivity is one of the major problems associated with multispectral sensors in 

estimating species AGB. However, in February and November, although both species were 

active, they have not yet reached their peak, which implies limited saturation problem and 

therefore better accuracies, than in May. The influence of phenology and AGB variations on 

estimation accuracy was also noted by Ramoelo and Cho (2014) in north east South Africa, 



 130 

using Worldview 2 dataset. The study reported slightly higher prediction accuracies in July, 

which was characterized by lower AGB, when compared to March, which had higher species 

AGB. Similarly, the influence of high density AGB lowering estimation accuracy was also 

explored by Mutanga et al. (2012), using Worldview 2 dataset and random forest model. 

 

Although the use of Sentinel 2 derived indices provided better estimation accuracies using 

data acquired during the study period, this study urges caution when estimating Themeda 

AGB during the winter fall, as the species and other C4 species starts to lose their vigour. 

Some of the indices used like NDVI are related to vegetation greenness and have been 

reported to have limited potential during low vegetation cover (for example, Butterfield and 

Malmström, 2009). In this regard, during February, May and November 2016, when both 

species were active, indices related to greenness remained applicable, despite saturation 

problems in May. However, in August, when C4 becomes less active, loses its greenness and 

there is less vegetation cover, soil reflectance interferes with species signal in Themeda 

dominated areas. Possibly, the use of other indices besides NDVI or the use of SWIR-based 

indices in estimating C4 AGB during low productivity stages is recommended.  

 

7.4.3. Spatial variations in AGB over time 

This study managed to depict the spatial variations of C3 and C4 dominated grassland AGB 

in KwaZulu-Natal, using Sentinel 2 multi-temporal dataset. The study confirms the potential 

of the Sentinel 2 sensor in estimating and mapping C3 and C4 AGB over time. This 

performance is the combined contribution of its spectral range, which constitute more and 

unique bands, as well as its 10 m spatial resolution. These characteristics are sensitive to C3 

and C4 species physiological, morphological and phenological properties which improve the 

AGB prediction and variations. At a finer spatial resolution, subtle differences in AGB for 

different species are also better captured, with limited mixed pixel problem (Lu, 2006).  

 

It was found that AGB across the study area exhibited spatial and temporal variations. This 

shows the influence of various factors governing AGB variations for C3 and C4 grass species 

across the area. The source of differences in AGB over time is contributed by the variations 

in species composition, growth, as well as climatic influence. For instance, reflecting on the 

distributional pattern of the grass species under study, the AGB variation maps are closely 

associated with the recognized distribution pattern of the target grass species (Figure 7.1) or 

species composition and associated biophysical properties over time. In the present study 
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area, Themeda is predominantly within the central, north east and eastern parts of the study 

area, which showed higher AGB during the summer months, when the species is most active 

and productive. In winter Themeda dries, due to harsh unfavourable conditions. This was also 

noticed especially in August, during field data collection. Festuca on the other hand has been 

reported to be active for most parts of the year, which promotes AGB availability, and during 

the field data collection the grass remained active, although it will not be as active as during 

early winter. In agreement, the study by Rigge et al. (2013) reported the effect of grass 

composition within a landscape on the spatio and temporal patterns of AGB. 

 

The spatial distribution of AGB also coincided with the characteristics of the study area. For 

example, the far north east and eastern parts include communal areas, characterized by 

livestock grazing, as well as human disturbances, whereas the majority of the area is under 

conservation. Similarly, the communal area has more of Themeda, a high palatable grass that 

is favourable to livestock (Coughenour et al., 1985; Danckwerts et al., 1983), when compared 

to Festuca. Themeda is also recognized as an important source of fodder, fibre for paper, 

thatching and basketry. Consequently, this contributes to the loss of Themeda within the 

communal area, thereby lowering its AGB. The area under conservation showed consistently 

higher AGB during most time of the year. This is due to limited grazing and human 

disturbances, as well as the predominance of Festuca grass, which has been reported to be 

green for most part of the year. Festuca has also been identified as unpalatable and therefore 

unfavourable to grazers, compared to Themeda. This reduces grazing pressure in Festuca 

dominated landscapes. However, although it is not comparable to communal area, the 

conserved area also provide forage to a few small ungulate wildlife grazers (Joubert et al., 

2017).  

 

AGB variations also highlighted inter and intra-annual variability in climatic conditions, such 

as the reported seasonal rainfall and temperature, influencing species the timing and amount 

of AGB accumulation. Although it was quiet variable across the study area, higher AGB was 

estimated during the summer months, whereas lower AGB was observed during winter 

months, particularly winter fall (August and September). Higher AGB may be primarily 

caused by the prevailing of favourable climatic factors, which boost species AGB production 

and accumulation. For instance, Morris et al. (2016) and Nel (2009) reported that the area 

receives summer rainfall, from November to March. This facilitates species growth and AGB 
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production, during this period. This is most apparent for Themeda, which is most active in 

summer. In contrast, August and September showed a marked decrease in AGB across the 

area under study. This period is typically end of winter, associated with no rainfall (Everson 

et al., 1988), which limit plant growth, thereby lowering AGB production and accumulation 

for most parts of the area. This also indicates that the winter fall, present unfavourable 

conditions for AGB accumulation across the study area. A very limited number of studies 

have reported the AGB variations of C3 and C4 grass species within the area (Everson and 

Everson, 2016; Everson et al., 1985; 1988). These studies have reported high AGB during the 

summer months, compared to winter, using ground measurements. The influence of climate 

variability on C3 and C4 grasses AGB has been reported, for example, by the study done by 

Winslow et al. (2003) which reported significant response of C3 and C4 grass species AGB 

to water variability.  

 

7.5. Conclusion 

Findings presented in this study demonstrated the spatial productivity of C3 and C4 grass 

species over time. This is crucial in determining the potential of C3 and C4 dominated 

grasslands as forage sources, their carrying capacity and in predicting the effects of global 

change on their productivity. The study also demonstrated the potential and strength of using 

the readily available Sentinel 2 data as an invaluable source of C3 and C4 grasses AGB 

information, for the proper and well-informed management at large areas. This is critical, 

especially in sub-Saharan Africa, where high-resolution remote sensing data availability 

remains a challenge for monitoring vegetation productivity and its response to environmental 

changes, over time. Results also demonstrated that SPLSR is a useful and a robust model for 

estimating C3 and C4 grass species AGB over time.  

 

The results from this chapter have highlighted the spatial and temporal variations of C3 and 

C3 grasses AGB, using Sentinel 2 dataset. These results are valuable in determining the 

contribution of these species as forage sources, fuel load and potential carbon pools over 

time. With anticipated climate change effects on the productivity of species functional types, 

it becomes critical to identify the environmental conditions that influence the productivity of 

these grass species, as well as how these species AGB respond over time. Environmental 

conditions control species biophysical processes and consequently determine their growth 

rates and productivity. Furthermore, the availability of multi-temporal Sentinel 2 and its 

potential in estimating C3 and C4 AGB allow the ability to examine the variability in species 
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AGB. Therefore, the succeeding chapter explored the response of C3 and C4 grass species 

AGB to seasonal climate and topography. 
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8. Remotely-sensed C3 and C4 grass species aboveground biomass 

variability in response to seasonal climate and topography 

 

A view of the study area (Photographed by Terence Mushore; November 2016) 
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Abstract 

Environmental conditions influence the productivity of C3 and C4 grass species. These 

conditions regulate biophysical processes, which determine plant growth and aboveground 

biomass (AGB). However, the anticipated climate change effects on species functional type 

are threatening the productivity of C3 and C4 grasses AGB. This emphasized the need to 

monitor the AGB for well-informed management strategies. Emerging new generation 

sensors present an opportunity to characterize C3 and C4 AGB variations over time. Their 

improved spatial, temporal and spectral capabilities enable multi-temporal analyses of 

dynamic phenomena in a spatially explicit manner. This has been difficult to achieve using 

conventional methods and available sensors. The present study therefore investigated the 

response of remotely-sensed derived C3 and C4 grasses AGB to seasonal climate and 

topography. Overall, the influence of seasonal climate and topography on species AGB was 

quite variable. For example, a marked increase in C4 AGB (e.g. in February and March) was 

associated with an increase in rainfall, whereas dry months were associated with a decrease in 

AGB. This was also supported by the highest significant positive relationship (R
2 

= 0.82, P < 

0.005) found between C4 AGB and rainfall. Spatial and temporal response of AGB variations 

were also evidenced across the study area. However, some areas showed unstable responses, 

whereas others showed stability, despite climatic changes over time. During the winter fall in 

August, AGB significantly responded to climatic conditions for most parts of the study area. 

For example, AGB significantly decreased from averages of 2.592 kg/m
2
 and 1.101 kg/m

2
 in 

May, to 0.718 kg/m
2
 and 0.469 kg/m

2
 in August, for C3 and C4 grasses, respectively. August 

and September produced the lowest AGB across the study area. This coincided with lowest 

rainfall, rise in temperatures and radiation. Elevation was the most influential topographic 

variable to determine species AGB, with the highest significant positive relationship (R
2 

= 

0.84) with C3 and highest negative (R
2
 = -0.77) with C4. Findings from this study thus 

provide a key step in identifying vulnerable areas in C3 and C4 dominated ecosystems, for 

management purposes in light of climate changes. The results further demonstrated the 

potential of using multi-temporal Sentinel 2 for time series analyses of C3 and C4 AGB and 

their response to seasonal climate. 

Key words: climatic effect, radiation, productivity, rainfall, temporal variability,  
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8.1. Introduction 

C3 and C4 grass species aboveground biomass (AGB) directly reflects their level of 

productivity, structure and functioning. Globally, C4 grasses have been identified to account 

for 20 – 25% overall terrestrial productivity (Still et al., 2014) and covers large areas in 

Africa and Australia, when compared to C3. These grasslands also operate as agro-

ecosystems, providing forage for variable populations of livestock (Woodward et al., 2004), 

which support millions of people, especially in Africa. C4 grasses have also been reported to 

have better palatability, highly suitable for animal production (Snyman et al., 2013), 

compared to C3. C3 and C4 also facilitate nutrient cycling and carbon sequestration. For 

example, C4 grasses store a substantial amount of carbon, than C3 grasses (Adair and Burke, 

2010) and the Intergovernmental Panel on Climate Change (IPCC) has emphasized species 

AGB as one of the principal carbon pools of terrestrial ecosystems (Eggleston et al., 2006; 

Vashum and Jayakumar, 2012). C3 and C4 AGB also determines the occurrence and intensity 

of fire regimes (Everson et al., 1985) in the management of grassland ecosystems. Most 

importantly, the seasonal variations in climatic conditions influence C3 and C4 grasses AGB 

over time, thereby influencing their ability to provide ecosystem goods and services. 

 

Climate and topography influence the spatial and temporal variability in C3 and C4 grasses 

AGB (Auerswald et al., 2012; Lee, 2011). These factors have been identified to regulate 

species biophysical processes and phenological response (Epstein et al., 1997; Ricotta et al., 

2003; Saleem et al., 2009). At different phenological phases, these grasses exhibit variations 

in their exchange of energy, water and carbon fluxes, as well as in nutrient uptake, storage 

and release, throughout the growing season, influencing the productivity of AGB (Adair and 

Burke, 2010; Jin et al., 2013). The variability in AGB is therefore sensitive to any alterations 

of the phenological profiles of these grasses to climatic changes over time. The projected 

effects of climate change have also been anticipated to influence the productivity of C3 and 

C4 grass species, with significant implications on their AGB variability. For example, an 

increase in warming has been predicted to favour C4 grasses, such that they will improve in 

productivity, compared to C3 (Bremond et al., 2012). Climatic changes will therefore, cause 

significant challenges to the provision of ecosystem goods and services by C3 and C4 

grasses. For example, declines in grazing capacity, with significant implications on livestock 

production and human livelihoods. This emphasized the need to monitor C3 and C4 AGB, to 

have a better understanding of their state and functioning over time. 
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Conventional methods have so far been the main sources of characterizing C3 and C4 grass 

species AGB (Auerswald et al., 2012; Epstein et al., 1997; Polley et al., 2014; Taylor et al., 

2014). However, these studies were conducted at small geographical coverage (i.e. plot 

level), at a limited temporal scale. This has been mainly attributed to the high costs, time and 

labour associated with the use of these methods. Consequently, results obtained lack spatial 

and temporal aspects of species AGB; hence are insufficient for monitoring or understanding 

the dynamics of C3 and C4 AGB. This resulted in uncertainties in understanding the 

contribution of these species and the effects of climate change. This approach also hinders 

any prospects to predict the future of C3 and C4 grasses productivity, as well as formulating 

conclusive management strategies in a spatially explicit context. 

 

Remote sensing provides critical data source for estimating, mapping and monitoring of grass 

species AGB (Lu, 2005; Zhao et al., 2014). The intrinsic spatial nature of remotely-sensed 

data allows spatial representation of species AGB, which could not be achieved using 

conventional methods. In addition, the spectral capability of remote sensing technology is 

also crucial in extracting species morphological and phenological characteristics, which 

influence their AGB variations. Most importantly, emerging sensors offer outstanding 

opportunities to monitor C3 and C4 grasses AGB (Shoko et al., 2016). For example, the high 

temporal resolution of emerging sensors (e.g. Sentinel 2 at 5 days) allows multi-temporal 

analysis of dynamic phenomena like species AGB in a spatially explicit manner. Its large 

geographical coverage, with a swath-width of 195 km at a refined spatial resolution (e.g. 10 

m) offers data for large scale monitoring of AGB variations, at a finer spatial resolution. This 

is also suitable to identify areas in C3 and C4 grasslands, which are most vulnerable to 

climatic anomalies, under different climate change scenarios. Sentinel 2 is also the first 

optical sensor of its kind to provide more bands within the red edge domain, noted for 

extracting key information on vegetation biophysical characteristics (Bruzzone et al., 2017). 

This represents a substantial improvement, especially with respect to the past, thereby 

opening a wide range of innovative possibilities of multi-temporal analysis. The present study 

thus aimed at characterizing remotely sensed derived C3 and C4 grasses AGB. Specifically, 

the study intended to explore the response of C3 and C4 AGB to seasonal climate and 

topography. 
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8.2. Materials and Methods 

8.2.1 Grass species AGB data 

The present study assessed the response of C3 and C4 grass species. AGB samples were 

collected at different seasonal periods, which included summer and winter distinctive 

seasons. The summer period was represented by data collected in early February and early 

November, whereas for the winter period, it was early May and end of August 2016. AGB 

data was collected based on randomly generated points. During each AGB data collection, 

three quadrats, measuring 50 cm by 50 cm at each random point were used to collect samples, 

and these quadrats were demarcated within 100 m
2
 (i.e. 10 * 10 m) plot. The standing green 

grass was clipped and weighed in situ; using a weighing scale and this was recorded as fresh 

AGB in kg/m
2
. The collected AGB samples were also oven dried at the University of 

KwaZulu-Natal grassland facilities, to derive dry AGB and this was expressed as kg/m
2
. A 

total of 240 AGB samples for each species were used for analysis during each field visit. 

AGB sampled locations were also captured using a Trimble GEO XH 6000 hand held global 

position system (GPS). 

 

8.2.2. Climatic and Topographic variables 

The climatic and topographic variables that were used in this study are provided in Table 8.1. 

For climatic variability over time, rainfall, temperature and radiation were used. Rainfall data 

was delivered as daily point values recorded at eight stations, sufficient for the Cathedral 

Peak catchment. For analysis purposes, the daily rainfall was aggregated to monthly totals 

and was also interpolated to obtain its spatial variability across the study area. This was 

performed using ordinary Kriging interpolation method in ArcGIS 10.2. Temperature 

recordings were available from a station within the study area and this data was insufficient 

for analysis; however, the data was used to show the general pattern of temperature variations 

within the study area. A digital elevation model (DEM) from the Advanced Spaceborne 

Thermal Emission and Reflection Radiometer (ASTER) at a spatial resolution of 30 m was 

also used to derive topographical variables for the study area. The DEM was pre-processed to 

remove imperfections associated with the product and have a better spatial representation of 

topography. This was done in ARCGIS using the spatial analysist extension tool. The 

topographical derivatives used included elevation, aspect, slope and total wetness index 

(TWI). Elevation, aspect and slope indicate the surface terrain and these were derived using 

the surface extension spatial analyst tool. The TWI is a hydrological index that determines 

the variability in soil water conditions and was derived using the hydrological spatial analyst 



 141 

tool in ArcGIS 10.2. Solar radiation recordings were also not available; due to lack of routine 

observations, hence it was modelled from DEM using radiation modelling tool in ArcGIS 

10.2. The use of radiation modelled from DEM has been widely accepted as a reliable data 

source in ecological modelling (Dube and Mutanga, 2016; Kumar et al., 1997; Ruiz‐Arias et 

al., 2009). All derived maps were also standardized to the same resolution using nearest 

neighbour resampling technique in a GIS environment, to ensure their compatibility and 

consistency.  

 

Table 8.1: Climatic and topographical variables that were used in this study 

Variable Definition Source 

Aspect Slope direction measured in degrees (°) or compass direction clockwise 

from North (0) to North (360) 

ASTER DEM 

Elevation Height above sea level, in meters (m) ASTER DEM 

Radiation Insolation received from the sun, in Watts Hours per square meter (WH/m
2
) ASTER DEM 

Rainfall Monthly total, in millimeters (mm). SAEON, SAWS 

Slope Elevation steepness, in degrees (°) from 0 (flat) to 90 (steep) ASTER DEM 

Temperature Maximum, minimum and average, in degrees Celsius (°C). SAEON, SAWS 

TWI Wetness condition, which determines the spatial variability of soil water (-) ASTER DEM 

*DEM: digital elevation model, SAEON: South African Earth Observation Network, SAWS: South African Weather Services, TWI: total 
wetness index, ASTER: Advanced Spaceborne Thermal Emission and Reflection Radiometer 

 

8.2.3. Remotely sensed derived AGB over space and time 

Remotely-sensed estimates of C3 and C4 grasses AGB over time were derived using the 

recently available Sentinel 2 multi-temporal images in a different study. This was achieved 

using derived variables, which were identified to optimally estimate species AGB, using the 

Sparse Partial Least Squares regression (SPLSR) model and ground-based measurements. 

The model is one of the robust and powerful with reported potential in estimating species 

AGB, using remote sensing variables (Abdel-Rahman et al., 2014; Sibanda et al., 2017). 

SPLSR predicts AGB and provides variable importance projection (VIP) scores, which 

indicates the potential of each variable in AGB estimation. Variables with the highest scores 

were then used to produce AGB maps for the study area. 

 

8.2.4. Statistical Analysis 

SPLSR was further used to relate seasonal climatic and topographic variables to C3 and C4 

AGB using ground-based measurements collected in February, May, August and November 

2016. Statistical tests were also performed to determine the significance of the derived 
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relationships between ground-based AGB and the seasonal climatic and topographic 

variables. The tests were done using one-way Analysis of Variance (ANOVA) at 95% 

confidence interval.  

 

8.3. Results 

8.3.1. Descriptive statistics of data collected 

Table 8.2 provides the descriptive statistics of AGB, climatic and topographic variations 

between C3 and C4 grasses. It was found that species AGB varied from a minimum of 0.244 

in August (for Themeda, C4), to a maximum of 3.912 kg/m
2
 in May (for Festuca, C3). The 

climatic conditions and topography associated with AGB collected also varied.  
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Table 8.2: Descriptive statistics of the data collected and extracted 

Acquisition 

Month 
Variables Species Min Max Avg. Stdev 

February 

AGB 
C3 

C4 

0.524 

0.600 

1.160 

1.276 

0.709 

0.984 

0.115 

0.125 

Aspect 
C3 

C4 

0.0 (N) 

0.0 (N) 

358.0 (N) 

359.1 (N) 

194.78 (S) 

267.7 (W) 

137.9  

99.2 

Elevation 
C3 

C4 

1375.0 

1296.0 

1462.0 

1428.0 

1397.5 

1302.8 

49.1 

21.7 

Radiation 
C3 

C4 

282.20 

289.80 

303.18 

304.35 

297.95 

298.80 

37.6 

37.3 

Rainfall 
C3 

C4 

122.5 

121.0 

129.5 

131.4 

124.3 

125.3 

2.2 

3.7 

Slope 
C3 

C4 

2.4 

0.8 

29.7 

20.9 

17.2 

8.7 

10.6 

4.8 

Temperature - 12.8 23.5 18.5 - 

TWI 
C3 

C4 

4.47 

4.26 

12.99 

9.39 

7.69 

6.38 

2.92 

1.29 

May 

AGB 
C3 

C4 

0.460 

0.412 

3.912 

2.592 

1.253 

1.101 

0.719 

0.418 

Aspect 
C3 

C4 

0.0 (N)  

0.0 (N) 

358.0 (N) 

359.1 (N) 

194.78 (S) 

267.7 (W) 

 136.4 

102.9 

Elevation 
C3 

C4 

1375.0 

1328.0 

1462.0 

1440.0 

1398.7 

1302.1 

50.5 

19.0 

Radiation 
C3 

C4 

114.83 

116.57 

172.25 

165.41 

143.86 

140.72 

13.65 

13.63 

Rainfall 
C3 

C4 

14.1 

13.5 

17.2 

16.0 

16.1 

15.0 

1.0 

0.9 

Slope 
C3 

C4 

2.4 

0.8 

29.7 

21.9 

15.3 

8.9 

9.6 

4.9 

Temperature - 10.1 20.3 12.6 - 

TWI 
C3 

C4 

4.47 

4.26 

12.99 

9.39 

7.69 

6.38 

2.92 

1.29 

August 

AGB 
C3 

C4 

0.376 

0.244 

1.072 

0.668 

0.718 

0.469 

0.306 

0.182 

Aspect 
C3 

C4 

0.0 (N) 

0.0 (N) 

358.0 (N) 

359.1 (N) 

194.78 (S) 

267.7 (W) 

136.4  

102.9 

Elevation 
C3 

C4 

1375 

1328.0 

1462.0 

1440 

1398.7 

1302.1 

50.5 

19.0 

Radiation 
C3 

C4 

122.83 

124.60 

179.85 

173.33 

152.03 

148.91 

13.65 

13.64 

Rainfall 
C3 

C4 

55.8 

58.8 

71.8 

71.4 

61.0 

65.9 

5.2 

5.9 

Slope 
C3 

C4 

2.4 

0.8 

29.7 

20.9 

18.6 

8.9 

9.6 

4.9 

Temperature - 8.5 20.3 12.9 - 

TWI 
C3 

C4 

4.47 

4.26 

12.99 

9.39 

7.69 

6.38 

2.92 

1.29 

November 

AGB 
C3 

C4 

0.226 

0.352 

1.784 

3.208 

0.855 

1.163 

0.355 

0.607 

Aspect 
C3 

C4 

0.0 (N) 

0.0 (N) 

358.0 (N) 

359.1 (N) 

194.78 (S) 

267.7 (W) 

136.4  

102.9 

Elevation 
C3 

C4 

1375.0 

1328.0 

1462.0 

1440.0 

1398.7 

1302.1 

50.5 

18.9 

Radiation 
C3 

C4 

273.58 

284.31 

298.57 

299.50 

293.84 

294.65 

3.63 

3.40 

Rainfall 
C3 

C4 

71.5 

70.6 

86.0 

78.9 

75.4 

74.6 

10.3 

3.3 

Slope 
C3 

C4 

2.4 

0.9 

29.7 

20.9 

21.3 

8.9 

10.1 

4.9 

Temperature - 9.7 24 16 - 

TWI 
C3 

C4 

4.47 

4.26 

12.99 

9.39 

7.69 

6.38 

2.92 

1.29 
*Max: maximum, Min: minimum, Avg: average and Stdev: standard deviation. TWI: total wetness index. Aspect is also indicated in terms 
of directions, which are represented by N: North; W: West and S: South facing slopes.  
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8.3.2. Remotely sensed AGB variability over space and time 

Figure 8.1 illustrates the estimated variability in AGB for the study area, using Sentinel 2 

remote sensing dataset. Overall, the area produced noticeable spatial variations in C3 and C4 

grass species AGB over time. However, much of AGB was produced during the summer 

months, where the majority of the area showed high AGB. Lower AGB variations were also 

noted, especially during the winter fall in August and September, where most of the study 

area showed a decrease in AGB. It was also found that May had the highest AGB 

accumulation across the area, whereas the lowest was produced in September. AGB changes 

across the study area were also found to be variable, where some areas experienced notable 

changes over time, while others remained almost stable, despite seasonal changes. For 

example, the central and eastern parts show notable changes in AGB over time, when 

compared to the southern tip and the south-western most parts of the study area.  
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Figure 8.1: The variability in AGB over time. Areas bounded in red were unstable in AGB, 

whereas those in black remain stable 

 

8.3.3. Climatic factors variability over time 

Figure 8.2 shows the temporal variability in monthly rainfall, temperature and solar radiation 

descriptive statistics of the study area in 2016. The graphs illustrate the general pattern in 

February March 

May June 

August September 

November December 
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climatic conditions under which AGB estimations for C3 and C4 grass species were derived 

using Sentinel 2. The variables include monthly total rainfall, maximum, minimum and 

average temperature, as well as monthly averaged solar radiation. Overall, climatic conditions 

across the study area showed a temporal variability. Lowest total rainfall (6.8mm) was 

recorded in July, whereas January received the highest amount (263.9mm). It was also found 

that maximum temperature (26°C) was recorded in December, whereas July experienced the 

lowest (6°C). In terms of solar radiation, the highest (185 KwH/m
2
) was received in January, 

whereas the lowest (32.6 KwH/m
2
) was received in June.  

 

 
Figure 8.2: The general (a) rainfall, (b) temperature and (c) radiation variability of the study 

area, over time  

 

Figure 8.3 (a and b) further displays the spatial variability in the modelled solar radiation and 

rainfall received across the study area in 2016. It was found that high rainfall (a) was received 

at the southern tip, compared to most parts of the area. The southern, western and eastern 

parts also received more radiation, compared to the central and north eastern parts. 

(a) (b)  

(c)  
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Figure 8.3: Spatial variability in annual average radiation and total rainfall received in 2016 

 

8.3.4. Spatial variability of topography 

Figure 8.4 shows the derived spatial variability of topography in terms of elevation, slope, 

aspect and TWI, within which C3 and C4 grass species AGB was explored. The elevation of 

the area (Figure 5a) was found to be quite variable, ranging between 1225, in the central and 

north eastern parts and 3034 m above sea level, in the western and southern parts. Similarly, 

slope (Figure 5b) varies from 0 to 70.4°, with high slopes for most parts of the area, except 

for the central and north eastern parts. The aspect (Figure 5c) of the area was found to be 

heterogeneous, constituting slopes facing different directions, whereas the TWI (Figure 5d) 

indicate that the majority of the area has low soil water potential, except for the central and 

north eastern parts. 

 

 
Figure 8.4: Topographical variability showing (a) elevation, (b) slope, (c) aspect and (d) TWI 

 

(a) (b) 

(d) 

(a) (b) 

(c) 
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8.3.5. The response of remotely sensed species AGB to climate variability over time 

Figure 8.5 shows the response of estimated C3 and C4 grass species AGB to monthly (a) total 

rainfall, (b) average temperature and (c) average radiation, over time. The findings revealed 

that seasonal climatic factors had a significant influence on C3 and C4 AGB over time. For 

example, a marked increase in AGB (e.g. in February and March) was noted with an increase 

in total rainfall (Figure 6 (a)), whereas dry months were associated with a decrease in AGB. It 

was also found that during the summer months (February, March, November and December), 

species AGB showed a gradual increase with an increase in radiation. Between April and 

June, peak species AGB was reached; however, this period indicated a sharp decrease in 

radiation. 

 

Figure 8.5: The response of individual species AGB to (a) rainfall, (b) temperature and (c) 

radiation over time 

 

Figure 8.6 also zoomed in to highlighted areas (indicated in Figure 8.1) which show the 

spatial variations of AGB over time. These results were derived to show how the estimated 

AGB responded to rainfall and radiation variations over time. Generally, the unstable areas 

were mostly dominated by C4 (Themeda), whereas the stable tip was dominated by C3 

(Festuca), although species co-existence occurs. In C3-dominated area, it was found that high 

radiation was associated with lower species AGB, for example in March (Figure 8.6 a (i)). 

High fluctuations in AGB were also observed for C3, despite rainfall and radiation changes 

(a) (b) 

(c) 
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over time. On the other hand, C4 (Figure 8.6 (b) showed sharp or immediate response (either 

decreasing or increasing) to rainfall (ii) and radiation (i) variations, especially in November 

and December. 

 

 
Figure 8.6: The response of (a) Festuca and (b) Themeda AGB to (i) radiation and (ii) rainfall 

variations over time  

 

Tables 8.3 and 8.4 also illustrate the correlation between species AGB with climatic and 

topographical variables. Overall, C4 AGB showed better positive correlations with rainfall 

and radiation, than C3 AGB. C4 AGB also had the highest significant positive association 

with rainfall (R
2
 = 0.82; P < 0.05). However, C3 AGB showed the highest significant positive 

correlation with elevation (R
2
 = 0.84; P < 0.05). Positive correlations between C3 AGB and 

topographical variables were also shown, whereas for C4 AGB, mixed findings were found. 

For example, C4 was negatively correlated with elevation and slope, while responded 

positively to aspect and TWI. It was also found that elevation had the highest positive 

correlation with C3 AGB and highest negative correlation with C4.  

 

 

 

 

 

 

b(i) b(ii) 

a(ii) a(i) 
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Table 8.3: Correlation between species AGB and climatic factors over time  

 Festuca (C3) AGB Themeda (C4) AGB 

Climatic Variables Feb May Aug Nov Feb May Aug Nov 

Radiation 0.44 0.49 0.42 0.54 0.63 0.54 0.46 0.79 

Rainfall 0.57 0.52 0.31 0.59 0.79 0.61 0.70 0.82 

 

Table 8.4: Correlation between C3 and C4 AGB and topography 

Topographical Variables Festuca (C3) AGB Themeda (C4) AGB 

Aspect 0.55 0.64 

Elevation 0.84 -0.80 

Slope 0.78 -0.77 

TWI 0.74 0.69 

*TWI: total wetness index 

 

8.4. Discussion 

Results from this study have revealed the spatial and temporal AGB variations as derived 

using multi-temporal Sentinel 2 remote sensing images. These findings indicate the potential 

of using freely-available emerging sensors for monitoring the dynamics of C3 and C4 AGB 

over time. This has been a limitation in monitoring C3 and C4 grass species, especially 

considering the anticipated climate change effects on their productivity. The spatial 

representation of AGB over time has shown that AGB distribution across the study area was 

varied. For example, summer months produced high AGB for most parts of the study area 

until May, whereas a decrease in AGB was noted from June until September, which showed 

the lowest AGB variations. The spatial and temporal variations observed in this study 

indicated not only the influence of seasonal climatic, but also that of spatial heterogeneity in 

terms of topography. Topographical derivative maps have shown that the area is 

predominantly high elevated, with steep slopes of varying aspects, facing all the different 

campus directions. These variations influence, for example, the intensity of radiation 

received, soil moisture and temperature. These topographical influence on species growth and 

AGB productivity have also been identified, for example by Måren et al. (2015). 

 

Although significant spatial changes in AGB were observed, over time, it was noted that 

those changes were not uniform across the study area. Instead, some areas experienced rapid 

changes, whereas others remained almost stable, despite changes in climatic conditions. This 

possibly occurred because of the climatic and topographical heterogeneity of the area, which 

exert difference influence on C3 and C4 grasses AGB over time. However, in August and 

September, the majority of the study area showed a marked decrease in AGB. This is an 
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indication that the period, which is winter fall, did not offer favourable conditions for both 

species AGB. For example, C3 grasses are active under cooler climatic conditions, 

particularly during winter. Possibly, during winter fall, rise in temperatures expectedly 

impacted negatively to C3 AGB. Studies (Adjorlolo et al., 2012; Auerswald et al., 2012) have 

also indicated that C3 grasses require higher moisture content, and this is not sufficient 

during the dry period of August and September, hence they become less active. Similarly, it 

is expected that rise in temperatures associated with dry conditions reduces the rate of activity 

of C4 negatively, impacting its AGB. C4 grasses prefer warm environments, with sufficient 

rainfall, hence as conditions becomes dry in August and September, their productivity is 

constrained and AGB is decreased. Possibly, the activity of C3 and C4 grasses and AGB 

production significantly decreases if the conditions are above their optimal or below their 

optimal requirements. For instance, August and September marked the end of winter, which 

is preferred by C3 and it does not fall within the summer period, which is favourable to C4.  

 

It was also found that climatic factors considered in this study (i.e. rainfall, temperature and 

radiation) influence species AGB over time. This was also confirmed, for example, by 

positive correlation between rainfall and ground-based species AGB. C4 AGB had the 

highest correlation with rainfall, where high AGB values were observed with an increase in 

rainfall during the summer months. The same trend was also observed during dry winter 

months associated with lowest rainfall, where C4 AGB showed a sharp decrease. These 

trends can be considered intuitively sound. Rainfall within the study area is received during 

the summer period which coincided with the growth of summer or warm season C4 grasses, 

thereby influencing their AGB variations. In addition, the response of selected areas, 

predominated by C4 grass has indicated a close association between AGB and rainfall pattern 

over time. In agreement, it has been long established that summer rainfall typically benefits 

the growth of C4 grasses, thereby increasing their relative contribution to AGB accumulation 

(Carmel and Kadmon, 1999). This observation also concurs with previous studies (Epstein et 

al., 1997; Måren et al., 2015; Polley et al., 2014) which have indicated that rainfall boost the 

growth and AGB accumulation of C4 grasses. For example, the studies done during the 

summer period in United States by Epstein et al. (1997) found that mean annual rainfall 

explained 81% of C4 AGB in the great plains, whereas Polley et al. (2014) reported that C4 

AGB increased significantly with an increase in rainfall in Texas. For C3 grass species, 

although a positive correlation was found with rainfall, its AGB remained high in winter, 

despite a noted decrease in rainfall. Similarly, the selected area predominated by C3, that 
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showed almost stable response in AGB over time has indicated the same trend. It is likely 

that C3 AGB remained high in winter due to cool conditions, associated with winter period. 

In agreement with this notion, the results highlighted that June had the lowest average 

temperature and this corresponded with the highest estimated C3 AGB. As temperatures 

drop, cool conditions occur, which favour C3 grasses; hence their AGB remained stable 

despite a decrease in rainfall. 

 

The influence of solar radiation was also detected on C3 and C4 AGB over time. C4 AGB 

responded positively with radiation variations over time; this was most apparent during the 

summer months, like February, March, November and December. C4 grass species have been 

identified to require high solar radiation (Adjorlolo et al., 2012), a condition that promotes 

their AGB production. Solar radiation is the primary source of energy that regulates physical, 

chemical and biological processes (e.g. photosynthesis and evapotranspiration) of terrestrial 

ecosystems (Dubayah and Rich, 1995; Ruiz‐Arias et al., 2009). Consequently, it determines 

species growth rate and productivity of AGB. For C3 AGB, highest AGB was associated with 

low radiation, for instance, in winter (May and June). This is because C3 grass species prefer 

low radiation (Adjorlolo et al., 2012), which is received during the winter period. 

 

Topography also influenced species AGB; however, this was variable between C3 and C4 

species in this study. For instance, elevation had the highest positive correlation with C3 

AGB. C3 AGB production favours conditions at high elevated and steep slopes, as well as 

with high potential of soil moisture. The influence of elevation on C3 AGB might be 

attributed to the fact that the study area forms part of the Drakensburg mountain range, which 

promote cool conditions favourable to the growth and AGB accumulation of C3, hence 

changes in elevation significantly result in AGB changes. In agreement, it is well accepted 

that high elevated areas are typically cool and C3 species generally favour cool conditions 

(Adjorlolo et al., 2012; Yan and de Beurs, 2016). Yan and de Beurs (2016) found the 

importance of elevation in the distribution and abundance of C3 grasses at three varying 

temporal scale, using random forest algorithm. For C4 species, high elevated and steep areas 

promote cool conditions, which do not favour their growth and AGB production. This 

explained why C4 AGB was negatively correlated with elevation and slope in this study. 

TWI was positively correlated with both C3 and C4 AGB. The index determines the spatial 

variability in soil moisture conditions (Wilson et al., 2016), which boost vegetation cover, 

growth and productivity; this possibly explains it had a positive association with species 
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AGB in this study. In this study, C3 AGB was positively associated with TWI most likely at 

low elevation areas. At low elevated areas, AGB for C3 will be enhanced by soil moisture, 

which has been identified as one of the favourable conditions for C3 grass species (Adjorlolo 

et al., 2012). For C4 grass species, wetness has been found to be very important under 

favourable warming and radiation conditions (Sage and Kubien, 2003). 

 

Aspect was also found to positively influence C3 and C4 AGB in this study. Aspect 

determines radiation or light received at a particular location. North oriented slopes generally 

receives maximum radiation, followed by northeast and northwest slopes, whereas south 

facing slopes receives the lowest radiation, followed by southeast and southwest slopes. In 

association with this notion, the general variations in aspect and radiation has been detailed 

by Kumar et al. (1997). They indicated that in the southern hemisphere including South 

Africa, north facing slopes typically receives more radiation, whereas south facing receives 

the lowest radiation and they are typically cool and in shadow. In this regard, the positive 

association of aspect with C4 AGB was found on north oriented slopes, which receives more 

radiation. On the other hand, the association of aspect with C3 AGB is most likely on 

southwest slopes. Possibly, although C3 grasses prefer cool conditions with low radiation, 

few exceptions may exist, where their AGB is associated with high aspect. This might be the 

availability or contribution of other variables (e.g. moisture and elevation), which might be 

considered as most important for the productivity of these grasses. Although the study 

showed the influence of climatic variables and topography on the productivity of C3 and C4 

grass species, the influence of CO2 should not be ignored, future studies might consider 

exploring its influence. 

 

8.5. Conclusion 

This study examined the response of C3 and C4 grass species AGB to seasonal climate over 

time and topography, within the montane grasslands of South Africa. From the findings, it 

can be concluded that topographical and climatic variations exert considerable influence on 

C3 and C4 grasses AGB. C3 AGB variations were significantly influenced by elevation, 

whereas for C4, it was mainly rainfall variability. It was also noted that the changes in AGB 

over time were not uniform across the study area. Some areas experienced rapid changes, 

whereas others remained almost stable, despite changes in climatic conditions over time. This 

indicates the spatial and temporal heterogeneity of C3 and C4 dominated areas, which exert 
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varying changes to AGB and ecosystem goods and services over time. However, additional 

research is required to quantify how AGB varies at different temperature variations at a finer 

scale. The study area lacked enough temperature data (i.e. it lacked spatial representation) for 

modelling in this study, which has been identified as one of the key climatic variables that 

influence the distribution of C3 and C4 grasses, hence it plays considerable role in their AGB 

response over time. 
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9. Synthesis 
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9.1. Introduction 

C3 and C4 grass species offer a wide range of ecosystem services and goods, as well as 

influencing the functioning of these ecosystems at large. The co-existence of C3 and C4 grass 

species, due to local climate and topograpny also plays a considerable role in governing their 

biophysical processes, growth and productivity. This further implicates their ability to 

provide goods and services over space and time. The discrimination of these grass species 

therefore offer valuable information to understand their distribution and model their possible 

shift in the face of climate change effects. Their AGB is also an indicator of their 

productivity; hence characterizing it helps to understand their contribution to forage 

availability, veld fires and as potential carbon pools. 

 

The use of ground-based methods offer the most accurate and reliable data source for 

characterizing C3 and C4 grass species and therefore remains the most applicable in 

understanding their distribution and AGB variations. However, this approach is spatially 

limited, strenuous and costly; consequently, its application becomes difficult for continuous 

monitoring over large geographical extent. Furthermore, it becomes difficult to apply the 

approach on a seasonal basis, due to challenges associated with its application. Remote 

sensing therefore offers an opportunity for the discrimination and AGB characterization of 

C3 and C4 grass species in a spatially explicit manner. Remote sensing overcomes the 

challenges associated with the use of ground-based methods.  

 

Previous studies which attempted to discriminate or estimate C3 and C4 grass species AGB 

relied on broadband sensors. However, although these datasets were used, they were 

associated with poor results and uncertainties. This has been primarily attributed to their 

coarse spatial resolution and broadband spectral nature, with limited number of bands. Their 

operational use therefore became limited, especially in co-existing C3 and C4 dominated 

grasslands. Other researchers also attempted to use hyperspectral datasets, which were 

reported to produce high accuracies in C3 and C4 grass species discrimination and AGB 

estimation. However, high cost associated with the use of these datasets hinders their 

application, especially for large geographical coverage and time series analyses. In addition, 

high dimensionality problems associated with hyperspectral data also limits its wide 

application. Consequently, although remote sensing offers an invaluable means to 

discriminate and estimate AGB variations of these species, finding appropriate sensors, 

which have the potential to spectrally distinguish and spatially characterize these grasses, was 
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the major challenge. This further hinders the possibility of time series analyses or continuous 

monitoring of these grass species, thereby resulting in uncertainties in their contribution to 

the provision of ecosystem goods and services, as well as their response to climate change.  

 

The rise of new generation of multispectral sensors offers an indispenasble opportunity for 

the characterization of C3 and C4 grass species. These sensors have improved earth imaging 

characteristics, compared to the broadband sensors. The provision of data by these sensors at 

large geographical coverage, refined spatial resolution, more and unique spectral bands at 

high temporal frequency is considered a great improvement for the remote sensing of C3 and 

C4 grass species. These sensors overcome challenges associted with previously-used sensors; 

hence provide hope for monitoring of C3 and C4 grass species. In this regard, this study 

focused on the seasonal discrimination and characterization of AGB for C3 and C4 grass 

species, using new generation sensors. To achieve this task, the following objectives were 

considered:  

 

1. Evaluate the prospects of the varying spectral configurations of the new generation 

sensors for the seasonal discrimination of C3 and C4 grasses functional types, 

2. Examine the strength of the newly-launched Sentinel 2 MSI sensor in detecting and 

discriminating subtle differences between C3 and C4 grass, 

3. Determine the optimal season for discriminating the eco-physiological distinction 

between C3 and C4 grass functional types using multi-date Sentinel 2 data, 

4. Determine optimal new generation satellite derived metrics for accurate C3 and C4 

grass species aboveground biomass estimation in a protected temperate eco-region, 

5. Characterize the spatio-temporal variations of C3 and C4 dominated grasslands 

aboveground biomass in the Drakensberg, South Africa, and 

6. To determine remotely-sensed C3 and C4 grass species AGB variability response to 

climatic factors and topography. 

 

9.2. Seasonal discrimination of C3 and C4 grasses functional types: An evaluation of the 

prospects of the varying spectral configurations of the new generation sensors 

Sensors spectral settings influnce their ability to detect or characterize the physiological, 

morphological and phenological characteristics of C3 and C4 species. This is very critical in 

mapping the spatial distribution of C3 and C4 grass species and their biophysical properties. 

One of the major limitation of the previously used sensors in discriminating C3 and C4 grass 
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species was their limited number of bands and their broad-band settings. This resulted in 

lower classification accuracies, associated with over and under-representation of species, 

thereby limiting their application for species discrimination. Thefore, it was apparent to test 

the spectral prospects offered by the new generation sensors. This was achieved by 

conducting an experimental survey, using in situ hyperspectral measurements, which collect 

species spectra, using narrow band spectral settings that have the ability to extract and 

discriminate the finest details between species. The data used was collected in February 

(summer) and August (end of winter) 2016 and resampled to the spectral configurations of 

Landsat 8, Sentinel 2 and Worldview 2 sensors. The resampled data was also used to derive 

indices, that were tested for C3 and C4 grass species discrimination.  

 

Overall results have shown the utility of hyperspectral data in exploring the applicability of 

different sensors’ spectral settings for extracting species bio-physical properties. The spectral 

settings of new generation sensors were found to offer a potential for spectral discrimination 

of C3 and C4 grass species at selected different seasonal periods. High overall classification 

accuracies were produced during both periods. Data collected in February produced better 

discrimination than August data. Simulated Sentinel 2 spectral settings were also competent, 

especially when compared to Landsat 8. The G Chl index, EVI and the standard NDVI were 

the most influential indices in discriminating between the two species, with the standard 

NDVI identified as the most influential variable. This indicated the relevance and reliability 

of the long-serving NDVI in discriminating C3 and C4 grass species. However, although 

hyperspectral produced high overall accuracies, the applicability of the data is limited to plot 

level; it lacks the spatial aspect for C3 and C4 species mapping. Moreover, although February 

seems to provide the optimal discrimination window period, this data lacked the temporal 

variability. There is therefore a likelihood of inconclusive findings regarding the most 

suitable period for mapping the two species. There is a need to test the same objective using 

data collected across a couple of months per season (i.e. at most four months) to validate the 

above observation. 

 

9.3. Examining the strength of the newly-launched Sentinel 2 MSI sensor in detecting 

and discriminating subtle differences between C3 and C4 grass 

The significance of this study was to evaluate the performance of Sentinel 2, its spectral 

bands, derived indices and a combination of variables in discriminating and mapping C3 and 

C4 grasses. The new sensor has emerged with improved spatial resolution, more and unique 
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spectral bands at large geographical coverage, compared to the previously-used sensors; this 

marks a great improvement for a better spatial representation of C3 and C4 grass species. 

Results obtained from using Sentinel 2 were therefore compared with those derived from the 

Worldview 2 commercial sensor and the Landsat 8. Sentinel 2-based results were comparable 

to Worldview 2, which produced slightly higher accuracies and far much better than those 

associated with Landsat 8. The classification accuracies using Sentinel 2 did not differ 

significantly (z = 1.34) from Worldview 2, when using standard bands; however, it was 

significantly (z > 1.96) different using indices and combined variables. When compared to 

Landsat 8, Sentinel 2 accuracies were significantly different (z > 1.96) using all variables. 

This paved a way for the applicability of Sentinel 2 in C3 and C4 grass species discrimination 

and mapping. 

 

9.4. Determining the optimal season for discriminating the eco-physiological distinction 

between C3 and C4 grass functional types using multi-date Sentinel 2 data 

Although Sentinel 2 provided the most appropriate data source for C3 and C4 grass species 

discrimination and mapping, the performance of the sensor is determined by image 

acquisition period. This is attributed to seasonal variations, which influence species 

phenological, physiological and morphological characteristics. Consequently, the use of 

single images acquired within a specific period (e.g. summer) becomes inconclusive. In this 

regard, this study was intended to optimise the discrimination of C3 and C4 grass species 

using Sentinel 2 multi-temporal images.  

 

The results have revealed that the winter period presents a better temporal window for 

discriminating and mapping C3 and C4 target grass species, with higher overall classification 

accuracies, than summer. Lower classification errors (between 2.5 and 14.2%) were also 

observed, when discriminating using winter images. During the winter period, particularly in 

May and June, both species had reached their peak, with maximum productivity. Therefore, 

they become more distinct in morphology and biophysical characteristics, which facilitated 

their discrimination using remote sensing. Although high overall classification accuracies 

were produced in summer, these results were associated with high errors (between 4.7 and 

22.2%). The winter fall, particularly in August was the least period to discriminate and map 

species. During this period, there is less biochemical activity with less AGB coverage. This 

resulted in soil background interference, thereby compromising the discrimination, especially 

of Themeda C4 grass. This study also managed to show that the majority of the area studied 
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was occupied by Festuca (C3), when compared to Themeda (C4). Sentinel 2 derived species 

spectral curves have also revealed variations in the separability potential among the different 

spectral portions. For example, a close similarity (overlap) between the two species in the 

visible (e.g. blue, green and red) portion was observed, whereas the NIR and red edge 

portions showed separable spectral response. However, during early winter, separable species 

spectral curves were derived. 

 

It is however, important to note that unlike the resampled hyperspectral data collected in 

February (summer) and August (end of winter), the use of multi-temporal Sentinel 2 images 

in winter (May, June, July and August) and summer (November, December, February and 

March) showed that May was the most suitable period for discriminating the two grass 

species and August remained the least period for species discrimination. It can be concluded 

that the use of hyperspectral data collected for two months was not enough for species 

discrimination as it does not capture the most possible variations in species physiological and 

morphological characteristics (Section 9.2). This was achieved by using Sentinel 2 images 

acquired at different months. 

 

9.5. Determining optimal new generation satellite for accurate C3 and C4 grass species 

aboveground biomass estimation  

The characteristics of new generation sensors are promising for monitoring of C3 and C4 

grass species AGB. For example, these sensors have better spatial resolution (e.g. 30m for 

Landsat 8 and 10 m for Sentinel 2), which provide the spatial variability in species AGB at a 

much finer resolution than previously offered by sensors like MODIS, AVHRR and MERIS. 

These sensors, particularly MODIS and AVHRR offer remotely-sensed data at 1 km spatial 

resolution and have been the primary data sources for C3 and C4 grass species 

characterization. This study therefore tested the competence of Sentinel 2, against the freely 

available Landsat 8 and Worldview 2 commercial sensor. The potential of these sensors’ 

variables were performed as isolated datasets in estimating C3 and C4 grass species AGB. 

Sensors data fusion was also done, where all the variables from each sensor were combined 

and used in the model to predict species AGB. Data fusion from the three sensors showed the 

most important bands or indices across multispectral sensors. It also showed a more 

comprehensive insight of the competence of each sensor’s variables in estimating C3 and C4 

grass species AGB, than when the sensor variables are used in isolation.  
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Findings from this study have indicated that Landsat 8, Sentinel 2 and Worldview 2 sensors 

can estimate and map the spatial variability of C3 and C4 AGB. Although the sensors show 

variations in spatial representation of AGB across the study area, some agreements were 

observed. In addition, their variables managed to estimate C3 and C4 grass species AGB with 

high accuracy especially in relation to those reported using broadband multi-spectral sensors. 

Specifically, the availability of more bands from Sentinel 2 offer additional information for 

vegetation analysis. More bands allowed the computation of new indices, which have the 

potential to predict C3 and C4 grasses AGB. On the other hand, the lower number of Landsat 

8 bands limited the number of variables with potential to estimate species AGB. Overall, 

among the most important variables for predicting C3 and C4 grasses AGB were the Landsat 

8 NIR and SWIR, the red edge of Sentinel 2 and Worldview 2.  

 

9.6. Characterizing the spatio-temporal variations of C3 and C4 dominated grasslands 

aboveground biomass in the Drakensberg, South Africa 

C3 and C4 grass species AGB indicate their productivity and ability to provide a wide range 

of ecosystem goods and services. The productivity of C3 and C4 grass species is variable 

over space and time. This is primarily due to the influence of climate, which regulates their 

phenology and AGB production. Although Landsat 8 variables, particularly NIR and SWIR 

were competitive against Sentinel 2, its 30 m spatial resolution, limits its operation for spatial 

representation of species AGB. In addition, its lower temporal frequency is also a challenge 

under the influence of cloud cover especially during summer. This limits its potential for 

temporal characterization of species AGB. Sentinel 2 therefore provides a key data source to 

determine C3 and C4 grass species AGB over time. This study therefore used the new multi-

temporal Sentinel 2 to estimate and map C3 and C4 grasses AGB over time. 

 

Findings have indicated the spatial variability in C3 and C4 species AGB, over time. Overall, 

high AGB across the area was noted during the summer months of February, March, 

November and December. This period coincided with the photosynthetically active stage of 

Themeda (C4), thereby facilitating AGB accumulation. This also explains why C4 produced 

higher AGB than Festuca (C3) during the summer months. On the other hand, C3 produced 

higher AGB from May to September. C3 prefers cool conditions and these occur in winter, 

which extends from May to August in the study site. This promoted C3 biological activity 

and AGB accumulation. May had the highest AGB; this period coincided with the peak stage 

of C3, whereas for C4, it had reached its maximum. This contributed to high AGB for most 
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parts of the study area. The lowest AGB was also estimated during the winter fall in August 

and September, where most parts of the area showed a decrease in AGB. In addition, both 

species showed a decrease in AGB during this period although this was most apparent for C4 

than its counterpart. This period coincided with the senescence stage of C4 grass, which is 

characterized by photosynthetic or biological inactivity. For Festuca, although it remained 

active, the conditions during the winter fall were not conducive enough for maximum AGB; 

this contributed to lower AGB across the area.  

 

Considering the performance of Sentinel 2 variables over time, spectral bands predicted 

species AGB with lowest accuracies and an improvement was observed when both spectral 

bands and vegetation indices were applied. For instance, in May, spectral bands predicted 

species AGB with lowest accuracies for Festuca (R
2
 = 0.57; 31.70% of the mean), Themeda 

(R
2
 = 0.59; 24.02% of the mean) and combined species (R

2
 = 0.61; 15.64% of the mean). The 

use of spectral bands and vegetation indices improved the prediction accuracies for Festuca 

(0.77; 18.64%), Themeda (0.75; 14.27%) and combined species dataset (0.73; 16.47%).  

Similarly, the estimation accuracy was variable over time. However, it was noticed that 

during the period of maximum AGB productivity in May, estimation accuracies were lower 

as compared to, for example, February, when species AGB was slightly lower. This indicated 

the influence of species phenology on estimation accuracy using remote sensing data. The red 

edge (at 0.705 and 0.74µm) and derived indices, NIR and SWIR 2 (2.19µm) of the Sentinel 2 

contributed more to grass species AGB estimation, over time. 

 

9.7. Remotely-sensed C3 and C4 grass species AGB variability in response to seasonal 

climate and topography 

Climate and topography influence the productivity of C3 and C4 grass species. These 

conditions regulate biophysical processes, which determine species growth and the 

production of AGB. This study therefore explored the response of C3 and C4 grass species to 

seasonal climate and topography. 

 

Spatial and temporal response of AGB variations were observed across the study area. For 

instance, AGB decreased from averages of 2.592 and 1.101 kg/m
2
 in May, to 0.718 and 0.469 

kg/m
2
 in August, for C3 and C4 grasses, respectively. In addition, most parts of the study area 

also showed high AGB in May, whereas a significant decrease was noted in August and 

September. Although spatial and temporal changes occurred, the responses of species AGB 
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over time were not uniform across the study area; some areas showed unstable response, 

whereas others showed stability in AGB, despite climatic changes over time. The observed 

changes in AGB was found to be influnced by rainfall, radiation and temperature. For 

example, a marked increase in C4 AGB (e.g. during summer months) was associated with an 

increase in rainfall, whereas low AGB (e.g. in August and September) were associated with 

dry months. Elevation was also the most influential topographical variable, with highest 

significant positive correlation (R
2
 = 0.84) with C3 and highest negative (R

2
 = -0.77) with C4 

AGB. 

 

9.8. Conclusion 

C3 and C4 are an important component of grass species functional types, which influences 

their distribution, productivity, as well as their functioning within an ecosystem. The present 

study was therefore conducted to discriminate C3 and C4 grass species and characterize their 

AGB over time using remote sensing data. The study was also intended to optimise the 

discrimination and AGB characterization of C3 and C4 dominated grasslands. This has been 

stimulated by the need for information, which is increasingly becoming more relevant 

considering their roles in carbon accounting, forage supply and fire regimes, especially with 

the anticipated influence of climate change. Similarly, the emergency of new generation 

sensors, with improved earth imaging characteristics than previous-used sensors provides 

prospects for monitoring grass species according to functional types. Based on findings from 

this study, it can be concluded that: 

 Sentinel 2 provides a key data source for landscape scale monitoring of co-existing 

C3 and C4 grass species functional types, 

 The discrimination of C3 and C4 grass species was found to be most optimum in May 

and June, when both species reach their peak, 

 When C3 and C4 grass species are at their early stages or inactive stages, their 

discrimination and mapping using remote sensing is compromised by surrounding 

vegetation and soil background reflectance, 

 The winter fall, particularly in August was found to provide unfavourable climatic 

conditions for the productivity of C3 and C4 grass species, similarly, the same period 

was found to be least optimal for their discrimination, 
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 Seasonal climate and topography were also found to significantly influence C3 and 

C4 grass species AGB over time and space; however this was not uniform across the 

study site, and 

 The advanced SPLSR and the DA algorithms have shown promising results for C3 

and C4 grass species discrimination and AGB estimation, using different datasets and 

over time. 

Overall results obtained from this study have demonstrated a new opportunity to monitor the 

spatial distribution and AGB variations of C3 and C4 grass species functional types, using the 

new Copernicus Sentinel 2 dataset. Most importantly, the study covered the seasonal aspect 

in discrimination and AGB estimation of these species; which was previously difficult to 

achieve. This study therefore marks a great improvement in discriminating, mapping and 

determining the productivity of C3 and C4 grass species functional types, over space and 

time. The findings provide new knowledge for optimal mapping of C3 and C4 grasses 

functional types and the basis for monitoring their potential shift in distribution and 

productivity. Furthermore, the seasonal characterization of C3 and C4 AGB allows for 

inferences on their contribution to forage availability and fire regimes over time; this thus 

contributes to the development of well-informed conservation strategies, which can lead to 

sustainable utilization of rangelands, especially in relation to the changing climate. 

9.9. Recommendations 

Overall, the present study provides valuable insight for the conservation, as well as optimal 

and sustainable utilization of rangelands according to species functional types. The study also 

demonstrated the potential of Sentinel 2 dataset in the discrimination and AGB estimation of 

C3 and C4 grass species over space and time. However, future studies need to take the 

following into consideration: 

 It would be relevant for future work to consider the different Sentinel 2 derivatives in 

discriminating and AGB estimation of C3 and C4 grass species during winter fall, 

which has been characterized by the lowest AGB and least temporal window for the 

discrimination of C3 and C4 grasses,  

 The study utilized climate data collected during the period under study (i.e. 2016); it 

also remains to be evaluated whether this was the typical climatic conditions, which 

influenced species AGB or there was a deviation. This will help in establishing the 

magnitude of extreme events (e.g. drought or floods) on C3 and C4 species 

productivity. 



 166 

References 

Abdel-Rahman, E.M., Mutanga, O., Odindi, J., Adam, E., Odindo, A., Ismail, R. (2014) A 

comparison of partial least squares (PLS) and sparse PLS regressions for predicting 

yield of Swiss chard grown under different irrigation water sources using hyperspectral 

data. Computers and Electronics in Agriculture 106, 11-19. 

Adair, E.C., Burke, I.C. (2010) Plant phenology and life span influence soil pool dynamics: 

Bromus tectorum invasion of perennial C3–C4 grass communities. Plant and soil 335, 

255-269. 

Adam, E., Mutanga, O., Abdel-Rahman, E.M., Ismail, R. (2014) Estimating standing biomass 

in papyrus (Cyperus papyrus L.) swamp: exploratory of in situ hyperspectral indices 

and random forest regression. International Journal of Remote Sensing 35, 693-714. 

Adam, E., Mutanga, O., Rugege, D. (2010) Multispectral and hyperspectral remote sensing 

for identification and mapping of wetland vegetation: a review. Wetlands Ecology and 

Management 18, 281-296. 

Adam, E., Mutanga, O., Rugege, D., Ismail, R. (2012) Discriminating the papyrus vegetation 

(Cyperus papyrus L.) and its co-existent species using random forest and hyperspectral 

data resampled to HYMAP. International Journal of Remote Sensing 33, 552-569. 

Addabbo, P., Focareta, M., Marcuccio, S., Votto, C., Ullo, S.L. (2016) Contribution of 

Sentinel-2 data for applications in vegetation monitoring. Acta IMEKO 5. 

Adelabu, S., Dube, T. (2015) Employing ground and satellite-based QuickBird data and 

random forest to discriminate five tree species in a Southern African Woodland. 

Geocarto International 30, 457-471. 

Adelabu, S., Mutanga, O., Adam, E., Cho, M.A. (2013) Exploiting machine learning 

algorithms for tree species classification in a semiarid woodland using RapidEye 

image. Journal of Applied Remote Sensing 7, 073480-073480. 

Adelabu, S., Mutanga, O., Adam, E., Sebego, R. (2014) Spectral discrimination of insect 

defoliation levels in mopane woodland using hyperspectral data. Selected Topics in 

Applied Earth Observations and Remote Sensing, IEEE Journal of 7, 177-186. 

Adjorlolo, C. (2013) Remote sensing of the distribution and quality of subtropical C3 and C4 

grasses Discipline of Geography, Pietermaritzburg, South Africa. 

Adjorlolo, C., Cho, M.A., Mutanga, O., Ismail, R. (2012a) Optimizing spectral resolutions for 

the classification of C3 and C4 grass species, using wavelengths of known absorption 

features. Journal of Applied Remote Sensing 6, 063560-063561-063560-063515. 

Adjorlolo, C., Mutanga, O., Cho, M. (2014) Estimation of canopy nitrogen concentration 

across C3 and C4 grasslands using WorldView-2 multispectral data. Selected Topics in 

Applied Earth Observations and Remote Sensing, IEEE Journal of Applied Earth 

Observations and Remote Sensing 7, 4385-4392. 

Adjorlolo, C., Mutanga, O., Cho, M.A. (2015) Predicting C3 and C4 grass nutrient variability 

using in situ canopy reflectance and partial least squares regression. International 

Journal of Remote Sensing 36, 1743-1761. 

Adjorlolo, C., Mutanga, O., Cho, M.A., Ismail, R. (2012b) Challenges and opportunities in 

the use of remote sensing for C3 and C4 grass species discrimination and mapping. 

African Journal of Range & Forage Science 29, 47-61. 

Adjorlolo, C., Mutanga, O., Cho, M.A., Ismail, R. (2013) Spectral resampling based on user-

defined inter-band correlation filter: C 3 and C 4 grass species classification. 

International Journal of Applied Earth Observation and Geoinformation 21, 535-544. 

Ahamed, T., Tian, L., Zhang, Y., Ting, K.C. (2011) A review of remote sensing methods for 

biomass feedstock production. Biomass and Bioenergy 35, 2455-2469. 



 167 

An, N., Price, K.P., Blair, J.M. (2013) Estimating above-ground net primary productivity of 

the tallgrass prairie ecosystem of the Central Great Plains using AVHRR NDVI. 

International Journal of Remote Sensing 34, 3717-3735. 

Aria, S.H., Gorte, B., Menenti, M. (2012) Evaluation of Sentinel-2 bands over the spectrum. 

Asner, G.P. (1998) Biophysical and Biochemical Sources of Variability in Canopy 

Reflectance. Remote sensing of Environment 64, 234-253. 

Asner, G.P., Wessman, C.A., Bateson, C.A., Privette, J.L. (2000) Impact of Tissue, Canopy, 

and Landscape Factors on the Hyperspectral Reflectance Variability of Arid 

Ecosystems. Remote sensing of Environment 74, 69-84. 

Atzberger, C. (2004) Object-based retrieval of biophysical canopy variables using artificial 

neural nets and radiative transfer models. Remote sensing of Environment 93, 53-67. 

Atzberger, C., Darvishzadeh, R., Immitzer, M., Schlerf, M., Skidmore, A., le Maire, G. 

(2015) Comparative analysis of different retrieval methods for mapping grassland leaf 

area index using airborne imaging spectroscopy. International Journal of Applied Earth 

Observation and Geoinformation. 

Atzberger, C., Klisch, A., Mattiuzzi, M., Vuolo, F. (2013) Phenological metrics derived over 

the european continent from NDVI3G data and MODIS time series. Remote Sensing 6, 

257-284. 

Auerswald, K., Wittmer, M., M¨annel, T., Bai, Y., Sch¨aufele, R., Schnyder, H. (2009) Large 

regional-scale variation in C3/C4 distribution pattern of Inner Mongolia steppe is 

revealed by grazer wool carbon isotope composition. Biogeosciences 6, 795–805. 

Auerswald, K., Wittmer, M.H.O.M., Bai, Y., Yang, H., Taube, F., Susenbeth, A., Schnyder, 

H. (2012) C4 abundance in an Inner Mongolia grassland system is driven by 

temperature–moisture interaction, not grazing pressure. Basic and Applied Ecology 13, 

67-75. 

Barbehenn, R.V., Chen, Z., Karowe, D.N., Spickard, A. (2004) C3 grasses have higher 

nutritional quality than C4 grasses under ambient and elevated atmospheric CO2. 

Global Change Biology 10, 1565-1575. 

Barrett, B., Nitze, I., Green, S., Cawkwell, F. (2014) Assessment of multi-temporal, multi-

sensor radar and ancillary spatial data for grasslands monitoring in Ireland using 

machine learning approaches. Remote sensing of Environment 152, 109-124. 

Bond, W.J., Keeley, J.E. (2005) Fire as a global ‘herbivore’: the ecology and evolution of 

flammable ecosystems. Trends in ecology & evolution 20, 387-394. 

Bork, E.W., Su, J.G. (2007) Integrating LIDAR data and multispectral imagery for enhanced 

classification of rangeland vegetation: A meta analysis. Remote sensing of Environment 

111, 11-24. 

Bradley, B.A. (2014) Remote detection of invasive plants: a review of spectral, textural and 

phenological approaches. Biological Invasions 16, 1411-1425. 

Breiman, L. (2001) Random forests. Machine learning 45, 5-32. 

Bremond, L., Boom, A., Favier, C. (2012) Neotropical C3/C4 grass distributions–present, 

past and future. Global Change Biology 18, 2324-2334. 

Bruzzone, L., Bovolo, F., Paris, C., Solano-Correa, Y.T., Zanetti, M., Fernández-Prieto, D. 

(2017) Analysis of multitemporal Sentinel-2 images in the framework of the ESA 

Scientific Exploitation of Operational Missions, 2017 9th International Workshop on 

the Analysis of Multitemporal Remote Sensing Images (MultiTemp),  

Butterfield, H., Malmström, C. (2009) The effects of phenology on indirect measures of 

aboveground biomass in annual grasses. International Journal of Remote Sensing 30, 

3133-3146. 

Carmel, Y., Kadmon, R. (1999) Effects of grazing and topography on long-term vegetation 

changes in a Mediterranean ecosystem in Israel. Plant Ecology 145, 243-254. 



 168 

Chamaillé‐Jammes, S., Bond, W.J. (2010) Will global change improve grazing quality of 

grasslands? A call for a deeper understanding of the effects of shifts from C4 to C3 

grasses for large herbivores. Oikos 119, 1857-1861. 

Chander, G., Markham, B.L., Helder, D.L. (2009) Summary of current radiometric 

calibration coefficients for Landsat MSS, TM, ETM+, and EO-1 ALI sensors. Remote 

sensing of Environment 113, 893-903. 

Chen, F., Weber, K.T., Gokhale, B. (2011) Herbaceous Biomass Estimation from SPOT 5 

Imagery in Semiarid Rangelands of Idaho. GIScience & Remote Sensing 48, 195-209. 

Chen, J., Gu, S., Shen, M., Tang, Y., Matsushita, B. (2009) Estimating aboveground biomass 

of grassland having a high canopy cover: an exploratory analysis of in situ 

hyperspectral data. International Journal of Remote Sensing 30, 6497-6517. 

Cho, M.A., Skidmore, A., Corsi, F., Van Wieren, S.E., Sobhan, I. (2007) Estimation of green 

grass/herb biomass from airborne hyperspectral imagery using spectral indices and 

partial least squares regression. International Journal of Applied Earth Observation and 

Geoinformation 9, 414-424. 

Chun, H., Keleş, S. (2010) Sparse partial least squares regression for simultaneous dimension 

reduction and variable selection. Journal of the Royal Statistical Society: Series B 

(Statistical Methodology) 72, 3-25. 

Clevers, J., Van der Heijden, G., Verzakov, S., Schaepman, M. (2007) Estimating grassland 

biomass using SVM band shaving of hyperspectral data. Photogrammetric Engineering 

& Remote Sensing 73, 1141-1148. 

Clevers, J.G., Kooistra, L., van den Brande, M.M. (2017) Using Sentinel-2 Data for 

Retrieving LAI and Leaf and Canopy Chlorophyll Content of a Potato Crop. Remote 

Sensing 9, 405. 

Clevers, J.G.P.W., Gitelson, A.A. (2013) Remote estimation of crop and grass chlorophyll 

and nitrogen content using red-edge bands on Sentinel-2 and -3. International Journal 

of Applied Earth Observation and Geoinformation 23, 344-351. 

Cocks, T., Jenssen, R., Stewart, A., Wilson, I., Shields, T. (1998) The HyMapTM airborne 

hyperspectral sensor: The system, calibration and performance. Versailles: European 

Assoc Remote Sensing Laboratories. 

Collin, A., Planes, S. (2011) What is the value added of 4 bands within the submetric remote 

sensing of tropical coastscape? Quickbird-2 vs WorldView-2, Geoscience and Remote 

Sensing Symposium (IGARSS), 2011 IEEE International,  

Coughenour, M., McNaughton, S., Wallace, L. (1985) Responses of an African graminoid 

(Themeda triandra Forsk.) to frequent defoliation, nitrogen, and water: a limit of 

adaptation to herbivory. Oecologia 68, 105-110. 

Cousins, S.A.O., Lindborg, R. (2004) Assessing changes in plant distribution patterns—

indicator species versus plant functional types. Ecological Indicators 4, 17-27. 

Danckwerts, J., Aucamp, A., Barnard, H. (1983) Herbaceous species preference by cattle in 

the False Thornveld of the eastern Cape. Proceedings of the Annual Congresses of the 

Grassland Society of Southern Africa 18, 89-94. 

Darvishzadeh, R., Atzberger, C., Skidmore, A., Schlerf, M. (2011) Mapping grassland leaf 

area index with airborne hyperspectral imagery: A comparison study of statistical 

approaches and inversion of radiative transfer models. ISPRS Journal of 

Photogrammetry and Remote Sensing 66, 894-906. 

Darvishzadeh, R., Skidmore, A., Schlerf, M., Atzberger, C. (2008) Inversion of a radiative 

transfer model for estimating vegetation LAI and chlorophyll in a heterogeneous 

grassland. Remote sensing of Environment 112, 2592-2604. 



 169 

Davidson, A., Csillag, F. (2001) The influence of vegetation index and spatial resolution on a 

two-date remote sensing-derived relation to C4 species coverage. Remote sensing of 

Environment 75, 138-151. 

Davidson, A., Csillag, F. (2003) A comparison of three approaches for predicting C4 species 

cover of northern mixed grass prairie. Remote sensing of Environment 86, 70-82. 

de Leeuw, J., Jia, H., Yang, L., Liu, X., Schmidt, K., Skidmore, A. (2006) Comparing 

accuracy assessments to infer superiority of image classification methods. International 

Journal of Remote Sensing 27, 223-232. 

Delegido, J., Verrelst, J., Alonso, L., Moreno, J. (2011) Evaluation of sentinel-2 red-edge 

bands for empirical estimation of green LAI and chlorophyll content. Sensors 11, 7063-

7081. 

Dell'Acqua, M., Gomarasca, S., Porro, A., Bocchi, S. (2013) A tropical grass resource for 

pasture improvement and landscape management: Themeda triandra Forssk. Grass and 

Forage Science 68, 205-215. 

Dengler, N.G., Dengler, R.E., Donnelly, P.M., Hattersley, P.W. (1994) Quantitative leaf 

anatomy of C3 and C4 grasses (Poaceae): bundle sheath and mesophyll surface area 

relationships. Annals of botany 73, 241-255. 

Devred, E., Turpie, K., Moses, W., Klemas, V., Moisan, T., Babin, M., Toro-Farmer, G., 

Forget, M.-H., Jo, Y.-H. (2013) Future Retrievals of Water Column Bio-Optical 

Properties using the Hyperspectral Infrared Imager (HyspIRI). Remote Sensing 5, 6812. 

Dian, Y., Le, Y., Fang, S., Xu, Y., Yao, C., Liu, G. (2016) Influence of Spectral Bandwidth 

and Position on Chlorophyll Content Retrieval at Leaf and Canopy Levels. Journal of 

the Indian Society of Remote Sensing 44, 583-593. 

Díaz, S., Cabido, M. (1997) Plant functional types and ecosystem function in relation to 

global change. Journal of Vegetation Science, 463-474. 

Diouf, A., Brandt, M., Verger, A., Jarroudi, M., Djaby, B., Fensholt, R., Ndione, J., Tychon, 

B. (2015) Fodder Biomass Monitoring in Sahelian Rangelands Using Phenological 

Metrics from FAPAR Time Series. Remote Sensing 7, 9122. 

Dronova, I., Gong, P., Clinton, N.E., Wang, L., Fu, W., Qi, S., Liu, Y. (2012) Landscape 

analysis of wetland plant functional types: The effects of image segmentation scale, 

vegetation classes and classification methods. Remote sensing of Environment 127, 

357-369. 

Drusch, M., Del Bello, U., Carlier, S., Colin, O., Fernandez, V., Gascon, F., Hoersch, B., 

Isola, C., Laberinti, P., Martimort, P. (2012) Sentinel-2: ESA's optical high-resolution 

mission for GMES operational services. Remote sensing of Environment 120, 25-36. 

Dubayah, R., Rich, P.M. (1995) Topographic solar radiation models for GIS. International 

Journal of Geographical Information Systems 9, 405-419. 

Dube, T., Mutanga, O. (2015a) Evaluating the utility of the medium-spatial resolution 

Landsat 8 multispectral sensor in quantifying aboveground biomass in uMgeni 

catchment, South Africa. ISPRS Journal of Photogrammetry and Remote Sensing 101, 

36-46. 

Dube, T., Mutanga, O. (2015b) Investigating the robustness of the new Landsat-8 Operational 

Land Imager derived texture metrics in estimating plantation forest aboveground 

biomass in resource constrained areas. ISPRS Journal of Photogrammetry and Remote 

Sensing 108, 12-32. 

Dube, T., Mutanga, O. (2016) The impact of integrating WorldView-2 sensor and 

environmental variables in estimating plantation forest species aboveground biomass 

and carbon stocks in uMgeni Catchment, South Africa. ISPRS Journal of 

Photogrammetry and Remote Sensing 119, 415-425. 



 170 

Dube, T., Mutanga, O., Abdel-Rahman, E.M., Ismail, R., Slotow, R. (2015) Predicting 

Eucalyptus spp. stand volume in Zululand, South Africa: an analysis using a stochastic 

gradient boosting regression ensemble with multi-source data sets. International 

Journal of Remote Sensing 36, 3751-3772. 

Dube, T., Mutanga, O., Adam, E., Ismail, R. (2014) Intra-and-Inter Species Biomass 

Prediction in a Plantation Forest: Testing the Utility of High Spatial Resolution 

Spaceborne Multispectral RapidEye Sensor and Advanced Machine Learning 

Algorithms. Sensors (Basel, Switzerland) 14, 15348-15370. 

Duckworth, J.C., Kent, M., Ramsay, P.M. (2000) Plant functional types: an alternative to 

taxonomic plant community description in biogeography? Progress in Physical 

Geography 24, 515-542. 

Dudley, K.L., Dennison, P.E., Roth, K.L., Roberts, D.A., Coates, A.R. (2015) A multi-

temporal spectral library approach for mapping vegetation species across spatial and 

temporal phenological gradients. Remote sensing of Environment. 

Eastman, J.R., Sangermano, F., Machado, E.A., Rogan, J., Anyamba, A. (2013) Global trends 

in seasonality of normalized difference vegetation index (NDVI), 1982–2011. Remote 

Sensing 5, 4799-4818. 

Eggleston, S., Buendia, L., Miwa, K., Nagara, T., Tanabe, K., (2006) IPCC guidelines for 

national greenhouse gas inventories. Volume 4-Agriculture, forestry and other land use. 

IGES, Japan. 

El-Askary, H., Abd El-Mawla, S., Li, J., El-Hattab, M., El-Raey, M. (2014) Change detection 

of coral reef habitat using Landsat-5 TM, Landsat 7 ETM+ and Landsat 8 OLI data in 

the Red Sea (Hurghada, Egypt). International Journal of Remote Sensing 35, 2327-

2346. 

Epstein, H., Lauenroth, W., Burke, I., Coffin, D. (1997) Productivity patterns of C3 and C4 

functional types in the US Great Plains. Ecology 78, 722-731. 

Everson, C.S., Everson, T. (2016) The long-term effects of fire regime on primary production 

of montane grasslands in South Africa. African Journal of Range & Forage Science 33, 

33-41. 

Everson, C.S., Everson, T.M., Tainton, N.M. (1985) The dynamics of Themeda Triandra 

tillers in relation to burning in the natal Drakensberg. Journal of the Grassland Society 

of Southern Africa 2, 18-25. 

Everson, T.M., Everson, C., Dicks, H., Poulter, A. (1988) Curing rates in the grass sward of 

the Highland Sourveld in the Natal Drakensberg. South African Forestry Journal 145, 

1-8. 

Fang, H., Liang, S., Kuusk, A. (2003) Retrieving leaf area index using a genetic algorithm 

with a canopy radiative transfer model. Remote sensing of Environment 85, 257-270. 

Féret, J.-B., Corbane, C., Alleaume, S. (2015) Detecting the phenology and discriminating 

mediterranean natural habitats with multispectral sensors—an analysis based on 

multiseasonal field spectra. IEEE Journal of Selected Topics in Applied Earth 

Observations and Remote Sensing 8, 2294-2305. 

Ferreira, M., Zortea, M., Zanotta, D., Féret, J., Shimabukuro, Y., Souza Filho, C. (2015) On 

the Use of Shortwave Infrared for Tree Species Discrimination in Tropical 

Semideciduous Forest. The International Archives of Photogrammetry, Remote Sensing 

and Spatial Information Sciences 40, 473. 

Foody, G.M., Dash, J. (2007) Discriminating and mapping the C3 and C4 composition of 

grasslands in the northern Great Plains, USA. Ecological Informatics 2, 89-93. 

Foody, G.M., Dash, J. (2010) Estimating the relative abundance of C3 and C4 grasses in the 

Great Plains from multi-temporal MTCI data: issues of compositing period and spatial 

generalizability. International Journal of Remote Sensing 31, 351-362. 



 171 

Forkel, M., Carvalhais, N., Verbesselt, J., Mahecha, M.D., Neigh, C.S., Reichstein, M. (2013) 

Trend change detection in NDVI time series: Effects of inter-annual variability and 

methodology. Remote Sensing 5, 2113-2144. 

Friedl, M., Schimel, D., Michaelsen, J., Davis, F., Walker, H. (1994) Estimating grassland 

biomass and leaf area index using ground and satellite data. International Journal of 

Remote Sensing 15, 1401-1420. 

Fuller, D. (2005) Remote detection of invasive Melaleuca trees (Melaleuca quinquenervia) in 

South Florida with multispectral IKONOS imagery. International Journal of Remote 

Sensing 26, 1057-1063. 

Gao, J.-X., Chen, Y.-M., Lü, S.-H., Feng, C.-Y., Chang, X.-L., Ye, S.-X., Liu, J.-D. (2012) A 

ground spectral model for estimating biomass at the peak of the growing season in 

Hulunbeier grassland, Inner Mongolia, China. International Journal of Remote Sensing 

33, 4029-4043. 

Gitelson, A., Merzlyak, M.N. (1994) Spectral reflectance changes associated with autumn 

senescence of Aesculus hippocastanum L. and Acer platanoides L. leaves. Spectral 

features and relation to chlorophyll estimation. Journal of Plant Physiology 143, 286-

292. 

Gitelson, A.A., Gritz, Y., Merzlyak, M.N. (2003) Relationships between leaf chlorophyll 

content and spectral reflectance and algorithms for non-destructive chlorophyll 

assessment in higher plant leaves. Journal of Plant Physiology 160, 271-282. 

Gitelson, A.A., Kaufman, Y.J., Merzlyak, M.N. (1996) Use of a green channel in remote 

sensing of global vegetation from EOS-MODIS. Remote sensing of Environment 58, 

289-298. 

Gitelson, A.A., Merzlyak, M.N. (1996) Signature Analysis of Leaf Reflectance Spectra: 

Algorithm Development for Remote Sensing of Chlorophyll. Journal of Plant 

Physiology 148, 494-500. 

Gondard, H., Jauffret, S., Aronson, J., Lavorel, S. (2003) Plant functional types: a promising 

tool for management and restoration of degraded lands. Applied Vegetation Science 6, 

223-234. 

Goodin, D.G., Henebry, G.M. (1997) A technique for monitoring ecological disturbance in 

tallgrass prairie using seasonal NDVI trajectories and a discriminant function mixture 

model. Remote sensing of Environment 61, 270-278. 

Grant, K.M., Johnson, D.L., Hildebrand, D.V., Peddle, D.R. (2013) Quantifying biomass 

production on rangeland in southern Alberta using SPOT imagery. Canadian Journal of 

Remote Sensing 38, 695-708. 

Guan, L., Liu, L., Peng, D., Hu, Y., Jiao, Q., Liu, L. (2012) Monitoring the distribution of C3 

and C4 grasses in a temperate grassland in northern China using moderate resolution 

imaging spectroradiometer normalized difference vegetation index trajectories. Journal 

of Applied Remote Sensing 6, 063535-063531-063535-063513. 

Guerschman, J., Paruelo, J., Bella, C.D., Giallorenzi, M., Pacin, F. (2003) Land cover 

classification in the Argentine Pampas using multi-temporal Landsat TM data. 

International Journal of Remote Sensing 24, 3381-3402. 

Guo, X., Price, K.P., Stiles, J. (2003) Grasslands discriminant analysis using Landsat TM 

single and multitemporal data. Photogrammetric Engineering & Remote Sensing 69, 

1255-1262. 

Hall, F.G., Knapp, D.E., Huemmrich, K.F. (1997) Physically based classification and satellite 

mapping of biophysical characteristics in the southern boreal forest. Journal of 

Geophysical Research: Atmospheres 102, 29567-29580. 



 172 

Hauglin, M., Ørka, H.O. (2016) Discriminating between Native Norway Spruce and Invasive 

Sitka Spruce—A Comparison of Multitemporal Landsat 8 Imagery, Aerial Images and 

Airborne Laser Scanner Data. Remote Sensing 8, 363. 

Hill, M.J. (2013) Vegetation index suites as indicators of vegetation state in grassland and 

savanna: An analysis with simulated SENTINEL 2 data for a North American transect. 

Remote sensing of Environment 137, 94-111. 

Homolová, L., Malenovský, Z., Clevers, J.G.P.W., García-Santos, G., Schaepman, M.E. 

(2013) Review of optical-based remote sensing for plant trait mapping. Ecological 

Complexity 15, 1-16. 

Houborg, R., Soegaard, H., Boegh, E. (2007) Combining vegetation index and model 

inversion methods for the extraction of key vegetation biophysical parameters using 

Terra and Aqua MODIS reflectance data. Remote sensing of Environment 106, 39-58. 

Huete, A., Liu, H., Batchily, K.v., Van Leeuwen, W. (1997) A comparison of vegetation 

indices over a global set of TM images for EOS-MODIS. Remote sensing of 

Environment 59, 440-451. 

Huete, A.R. (1988) A soil-adjusted vegetation index (SAVI). Remote sensing of Environment 

25, 295-309. 

Immitzer, M., Vuolo, F., Atzberger, C. (2016) First experience with sentinel-2 data for crop 

and tree species classifications in Central Europe. Remote Sensing 8, 166. 

Ivits, E., Cherlet, M., Horion, S., Fensholt, R. (2013) Global biogeographical pattern of 

ecosystem functional types derived from earth observation data. Remote Sensing 5, 

3305-3330. 

Jia, K., Wei, X., Gu, X., Yao, Y., Xie, X., Li, B. (2014) Land cover classification using 

Landsat 8 operational land imager data in Beijing, China. Geocarto International 29, 

941-951. 

Jin, C., Xiao, X., Merbold, L., Arneth, A., Veenendaal, E., Kutsch, W.L. (2013) Phenology 

and gross primary production of two dominant savanna woodland ecosystems in 

Southern Africa. Remote sensing of Environment 135, 189-201. 

Jin, Y., Yang, X., Qiu, J., Li, J., Gao, T., Wu, Q., Zhao, F., Ma, H., Yu, H., Xu, B. (2014) 

Remote sensing-based biomass estimation and its spatio-temporal variations in 

temperate grassland, Northern China. Remote Sensing 6, 1496-1513. 

Jordan, C.F. (1969) Derivation of Leaf-Area Index from Quality of Light on the Forest Floor. 

Ecology 50, 663-666. 

Joubert, L., Pryke, J.S., Samways, M.J. (2017) Moderate grazing sustains plant diversity in 

Afromontane grassland. Applied Vegetation Science. 

Kalwij, J.M., Steyn, C., le Roux, P.C. (2014) Repeated monitoring as an effective early 

detection means: first records of naturalised Solidago gigantea Aiton (Asteraceae) in 

southern Africa. South African Journal of Botany 93, 204-206. 

Karlsen, S.R., Tolvanen, A., Kubin, E., Poikolainen, J., Høgda, K.A., Johansen, B., Danks, 

F.S., Aspholm, P., Wielgolaski, F.E., Makarova, O. (2008) MODIS-NDVI-based 

mapping of the length of the growing season in northern Fennoscandia. International 

Journal of Applied Earth Observation and Geoinformation 10, 253-266. 

Kaszta, Ż., Van De Kerchove, R., Ramoelo, A., Cho, M., Madonsela, S., Mathieu, R., Wolff, 

E. (2016) Seasonal Separation of African Savanna Components Using Worldview-2 

Imagery: A Comparison of Pixel- and Object-Based Approaches and Selected 

Classification Algorithms. Remote Sensing 8, 763. 

Kawamura, K., Akiyama, T., Yokota, H.o., Tsutsumi, M., Yasuda, T., Watanabe, O., Wang, 

S. (2005) Comparing MODIS vegetation indices with AVHRR NDVI for monitoring 

the forage quantity and quality in Inner Mongolia grassland, China. Grassland Science 

51, 33-40. 



 173 

Kemp, D., Michalk, D. (2007) Towards sustainable grassland and livestock management. The 

Journal of Agricultural Science 145, 543-564. 

Kiala, Z., Odindi, J., Mutanga, O. (2017) Potential of interval partial least square regression 

in estimating leaf area index. South African Journal of Science 113, 1-9. 

Kimes, D., Knyazikhin, Y., Privette, J., Abuelgasim, A., Gao, F. (2000) Inversion methods 

for physically‐based models. Remote Sensing Reviews 18, 381-439. 

Knox, N.M., Skidmore, A.K., van der Werff, H.M.A., Groen, T.A., de Boer, W.F., Prins, 

H.H.T., Kohi, E., Peel, M. (2013) Differentiation of plant age in grasses using remote 

sensing. International Journal of Applied Earth Observation and Geoinformation 24, 

54-62. 

Kötz, B., Schaepman, M., Morsdorf, F., Bowyer, P., Itten, K., Allgöwer, B. (2004) Radiative 

transfer modeling within a heterogeneous canopy for estimation of forest fire fuel 

properties. Remote sensing of Environment 92, 332-344. 

Kross, A., McNairn, H., Lapen, D., Sunohara, M., Champagne, C. (2015) Assessment of 

RapidEye vegetation indices for estimation of leaf area index and biomass in corn and 

soybean crops. International Journal of Applied Earth Observation and 

Geoinformation 34, 235-248. 

Kumar, L., Mutanga, O. (2017) Remote Sensing of Above-Ground Biomass. Remote Sensing 

9, 935. 

Kumar, L., Skidmore, A.K., Knowles, E. (1997) Modelling topographic variation in solar 

radiation in a GIS environment. International Journal of Geographical Information 

Science 11, 475-497. 

Laurin, G.V., Puletti, N., Hawthorne, W., Liesenberg, V., Corona, P., Papale, D., Chen, Q., 

Valentini, R. (2016) Discrimination of tropical forest types, dominant species, and 

mapping of functional guilds by hyperspectral and simulated multispectral Sentinel-2 

data. Remote sensing of Environment 176, 163-176. 

Lauver, C.L., Whistler, J. (1993) A hierarchical classification of Landsat TM imagery to 

identify natural grassland areas and rare species habitat. Photogrammetric engineering 

and remote sensing 59, 627-634. 

Lee, J.-S. (2011) Combined effect of elevated CO2 and temperature on the growth and 

phenology of two annual C3 and C4 weedy species. Agriculture, Ecosystems & 

Environment 140, 484-491. 

Lei, T., Pang, Z., Wang, X., Li, L., Fu, J., Kan, G., Zhang, X., Ding, L., Li, J., Huang, S. 

(2016) Drought and Carbon Cycling of Grassland Ecosystems under Global Change: A 

Review. Water 8, 460. 

Liu, L., Cheng, Z. (2011) Mapping C3 and C4 plant functional types using separated solar-

induced chlorophyll fluorescence from hyperspectral data. International Journal of 

Remote Sensing 32, 9171-9183. 

Liu, X., Bo, Y., Zhang, J., He, Y. (2015) Classification of C3 and C4 Vegetation Types Using 

MODIS and ETM+ Blended High Spatio-Temporal Resolution Data. Remote Sensing 

7, 15244-15268. 

López-Granados, F., Jurado-Expósito, M., Peña-Barragán, J.M., García-Torres, L. (2006) 

Using remote sensing for identification of late-season grass weed patches in wheat. 

Weed Science 54, 346-353. 

Louault, F., Pillar, V., Aufrere, J., Garnier, E., Soussana, J.F. (2005) Plant traits and 

functional types in response to reduced disturbance in a semi‐natural grassland. Journal 

of Vegetation Science 16, 151-160. 

Lu, D. (2005) Aboveground biomass estimation using Landsat TM data in the Brazilian 

Amazon. International Journal of Remote Sensing 26, 2509-2525. 



 174 

Lu, D. (2006) The potential and challenge of remote sensing‐based biomass estimation. 

International Journal of Remote Sensing 27, 1297-1328. 

Lu, D., Chen, Q., Wang, G., Liu, L., Li, G., Moran, E. (2014) A survey of remote sensing-

based aboveground biomass estimation methods in forest ecosystems. International 

Journal of Digital Earth, 1-43. 

Lu, S., Shimizu, Y., Ishii, J., Funakoshi, S., Washitani, I., Omasa, K. (2009) Estimation of 

abundance and distribution of two moist tall grasses in the Watarase wetland, Japan, 

using hyperspectral imagery. ISPRS Journal of Photogrammetry and Remote Sensing 

64, 674-682. 

Madugundu, R., Nizalapur, V., Jha, C.S. (2008) Estimation of LAI and above-ground 

biomass in deciduous forests: Western Ghats of Karnataka, India. International Journal 

of Applied Earth Observation and Geoinformation 10, 211-219. 

Manandhar, R., Odeh, I.O., Ancev, T. (2009) Improving the accuracy of land use and land 

cover classification of Landsat data using post-classification enhancement. Remote 

Sensing 1, 330-344. 

Mann, H.B., Whitney, D.R. (1947) On a test of whether one of two random variables is 

stochastically larger than the other. The annals of mathematical statistics, 50-60. 

Mansour, K., Everson, T., Mutanga, O. (2013) Evaluation of potential indicators for payment 

of environmental services on the impact of rehabilitation of degraded rangeland sites. 

African Journal of Agricultural 8, 1290-1299. 

Mansour, K., Mutanga, O., Everson, T. (2012a) Remote sensing based indicators of 

vegetation species for assessing rangeland degradation: Opportunities and challenges. 

Afr. J. Agric. Res 7, 3261-3270. 

Mansour, K., Mutanga, O., Everson, T., Adam, E. (2012b) Discriminating indicator grass 

species for rangeland degradation assessment using hyperspectral data resampled to 

AISA Eagle resolution. ISPRS Journal of Photogrammetry and Remote Sensing 70, 56-

65. 

Marabel, M., Alvarez-Taboada, F. (2013) Spectroscopic determination of aboveground 

biomass in grasslands using spectral transformations, support vector machine and 

partial least squares regression. Sensors 13, 10027-10051. 

Måren, I.E., Karki, S., Prajapati, C., Yadav, R.K., Shrestha, B.B. (2015) Facing north or 

south: Does slope aspect impact forest stand characteristics and soil properties in a 

semiarid trans-Himalayan valley? Journal of Arid Environments 121, 112-123. 

Marshall, V., Lewis, M., Ostendorf, B. (2012) Do Additional Bands (Coastal, Nir-2, Red-

Edge and Yellow) in WorldView-2 Multispectral Imagery Improve Discrimination of 

an Invasive Tussock, Buffel Grass (Cenchrus Ciliaris). Proceedings of the International 

Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences 39, 

B8. 

Mas, J., Flores, J. (2008) The application of artificial neural networks to the analysis of 

remotely sensed data. International Journal of Remote Sensing 29, 617-663. 

Mbatha, K.R., Ward, D. (2010) The effects of grazing, fire, nitrogen and water availability on 

nutritional quality of grass in semi-arid savanna, South Africa. Journal of Arid 

Environments 74, 1294-1301. 

McGranahan, D., Burgdorf, R., Kirkman, K. (2015) Epichloae infection in a native South 

African grass, Festuca costata Nees. Plant Biology 17, 914-921. 

Milton, S.J. (2004) Grasses as invasive alien plants in South Africa: working for water. South 

African Journal of Science 100, 69-75. 

Momeni, R., Aplin, P., Boyd, D.S. (2016) Mapping Complex Urban Land Cover from 

Spaceborne Imagery: The Influence of Spatial Resolution, Spectral Band Set and 

Classification Approach. Remote Sensing 8, 88. 



 175 

Moncrieff, G.R., Scheiter, S., Slingsby, J.A., Higgins, S.I. (2015) Understanding global 

change impacts on South African biomes using Dynamic Vegetation Models. South 

African Journal of Botany 101, 16-23. 

Morris, C. (2017) Historical vegetation–environment patterns for assessing the impact of 

climatic change in the mountains of Lesotho. African Journal of Range & Forage 

Science 34, 45-51. 

Morris, F., Toucher, M.W., Clulow, A., Kusangaya, S., Morris, C., Bulcock, H. (2016) 

Improving the understanding of rainfall distribution and characterisation in the 

Cathedral Peak catchments using a geo-statistical technique. Water SA 42, 684-693. 

Munyati, C. (2017) The potential for integrating Sentinel 2 MSI with SPOT 5 HRG and 

Landsat 8 OLI imagery for monitoring semi-arid savannah woody cover. International 

Journal of Remote Sensing 38, 4888-4913. 

Murakami, T., Ogawa, S., Ishitsuka, N., Kumagai, K., Saito, G. (2001) Crop discrimination 

with multitemporal SPOT/HRV data in the Saga Plains, Japan. International Journal of 

Remote Sensing 22, 1335-1348. 

Mustafa, Y., Habeeb, H., Stein, A., Sulaiman, F. (2015) Identification and Mapping of Tree 

Species in Urban Areas Using WORLDVIEW-2 Imagery. ISPRS Annals of the 

Photogrammetry, Remote Sensing and Spatial Information Sciences 2, 175. 

Mutanga, O., Adam, E., Adjorlolo, C., Abdel-Rahman, E.M. (2015) Evaluating the 

robustness of models developed from field spectral data in predicting African grass 

foliar nitrogen concentration using WorldView-2 image as an independent test dataset. 

International Journal of Applied Earth Observation and Geoinformation 34, 178-187. 

Mutanga, O., Adam, E., Cho, M.A. (2012) High density biomass estimation for wetland 

vegetation using WorldView-2 imagery and random forest regression algorithm. 

International Journal of Applied Earth Observation and Geoinformation 18, 399-406. 

Mutanga, O., Skidmore, A.K. (2004a) Integrating imaging spectroscopy and neural networks 

to map grass quality in the Kruger National Park, South Africa. Remote sensing of 

Environment 90, 104-115. 

Mutanga, O., Skidmore, A.K. (2004b) Narrow band vegetation indices overcome the 

saturation problem in biomass estimation. International Journal of Remote Sensing 25, 

3999-4014. 

Mutanga, O., Van Aardt, J., Kumar, L. (2009) Imaging spectroscopy (hyperspectral remote 

sensing) in southern Africa: an overview. South African Journal of Science 105, 193-

198. 

Nel, W. (2009) Rainfall trends in the KwaZulu‐Natal Drakensberg region of South Africa 

during the twentieth century. International Journal of Climatology 29, 1634-1641. 

Niu, S., Liu, W., Wan, S. (2008) Different growth responses of C3 and C4 grasses to seasonal 

water and nitrogen regimes and competition in a pot experiment. Journal of 

experimental botany 59, 1431-1439. 

Numata, I., Roberts, D.A., Chadwick, O.A., Schimel, J.P., Galvão, L.S., Soares, J.V. (2008) 

Evaluation of hyperspectral data for pasture estimate in the Brazilian Amazon using 

field and imaging spectrometers. Remote sensing of Environment 112, 1569-1583. 

O'Mara, F.P. (2012) The role of grasslands in food security and climate change. Annals of 

botany, mcs209. 

Ollinger, S. (2011) Sources of variability in canopy reflectance and the convergent properties 

of plants. New Phytologist 189, 375-394. 

Pahlevan, N., Schott, J.R. (2013) Leveraging EO-1 to evaluate capability of new generation 

of Landsat sensors for coastal/inland water studies. Selected Topics in Applied Earth 

Observations and Remote Sensing, IEEE Journal of 6, 360-374. 



 176 

Paruelo, J.M., Lauenroth, W.K. (1996) Relative Abundance of Plant Functional Types in 

Grasslands and Shrublands of North America. Ecological applications 6, 1212-1224. 

Paruelo, J.M., Lauenroth, W.K., Burke, I.C., Sala, O.E. (1999) Grassland Precipitation-Use 

Efficiency Varies Across a Resource Gradient. Ecosystems 2, 64-68. 

Pau, S., Edwards, E.J., Still, C.J. (2013) Improving our understanding of environmental 

controls on the distribution of C3 and C4 grasses. Global Change Biology 19, 184-196. 

Pau, S., Still, C.J. (2014) Phenology and Productivity of C3 and C4Grasslands in Hawaii. 

PLoS ONE 9, e107396. 

Peerbhay, K.Y., Mutanga, O., Ismail, R. (2015) Random forests unsupervised classification: 

The detection and mapping of solanum mauritianum infestations in plantation forestry 

using hyperspectral data. IEEE Journal of Selected Topics in Applied Earth 

Observations and Remote Sensing 8, 3107-3122.  

Pei, T., Qin, C.-Z., Zhu, A.-X., Yang, L., Luo, M., Li, B., Zhou, C. (2010) Mapping soil 

organic matter using the topographic wetness index: a comparative study based on 

different flow-direction algorithms and kriging methods. Ecological Indicators 10, 610-

619. 

Pesaresi, M., Corbane, C., Julea, A., Florczyk, A.J., Syrris, V., Soille, P. (2016) Assessment 

of the added-value of sentinel-2 for detecting built-up areas. Remote Sensing 8, 299. 

Peterson, D., Price, K., Martinko, E. (2002) Discriminating between cool season and warm 

season grassland cover types in northeastern Kansas. International Journal of Remote 

Sensing 23, 5015-5030. 

Petropoulos, G.P., Kalaitzidis, C., Vadrevu, K.P. (2012) Support vector machines and object-

based classification for obtaining land-use/cover cartography from Hyperion 

hyperspectral imagery. Computers & Geosciences 41, 99-107. 

Polley, H.W., Derner, J.D., Jackson, R.B., Wilsey, B.J., Fay, P.A. (2014) Impacts of climate 

change drivers on C4 grassland productivity: scaling driver effects through the plant 

community. Journal of experimental botany, eru009. 

Pontius Jr, R.G., Millones, M. (2011) Death to Kappa: birth of quantity disagreement and 

allocation disagreement for accuracy assessment. International Journal of Remote 

Sensing 32, 4407-4429. 

Price, K.P., Guo, X., Stiles, J.M. (2002) Optimal Landsat TM band combinations and 

vegetation indices for discrimination of six grassland types in eastern Kansas. 

International Journal of Remote Sensing 23, 5031-5042. 

Psomas, A., Kneubühler, M., Huber, S., Itten, K., Zimmermann, N. (2011) Hyperspectral 

remote sensing for estimating aboveground biomass and for exploring species richness 

patterns of grassland habitats. International Journal of Remote Sensing 32, 9007-9031. 

Pu, R., Landry, S. (2012) A comparative analysis of high spatial resolution IKONOS and 

WorldView-2 imagery for mapping urban tree species. Remote sensing of Environment 

124, 516-533. 

Ramoelo, A., Cho, M., Mathieu, R., Skidmore, A.K. (2014) The potential of Sentinel-2 

spectral configuration to assess rangeland quality,  

Ramoelo, A., Cho, M., Mathieu, R., Skidmore, A.K. (2015a) Potential of Sentinel-2 spectral 

configuration to assess rangeland quality. Journal of Applied Remote Sensing 9, 

094096-094096. 

Ramoelo, A., Cho, M.A. (2014) Dry season biomass estimation as an indicator of rangeland 

quantity using multi-scale remote sensing data. 

Ramoelo, A., Cho, M.A., Mathieu, R., Madonsela, S., van de Kerchove, R., Kaszta, Z., 

Wolff, E. (2015b) Monitoring grass nutrients and biomass as indicators of rangeland 

quality and quantity using random forest modelling and WorldView-2 data. 

International Journal of Applied Earth Observation and Geoinformation. 



 177 

Ramoelo, A., Cho, M.A., Mathieu, R., Madonsela, S., Van De Kerchove, R., Kaszta, Z., 

Wolff, E. (2015c) Monitoring grass nutrients and biomass as indicators of rangeland 

quality and quantity using random forest modelling and WorldView-2 data. 

International Journal of Applied Earth Observation and Geoinformation 43, 43-54. 

Ramoelo, A., Skidmore, A., Cho, M.A., Mathieu, R., Heitkönig, I., Dudeni-Tlhone, N., 

Schlerf, M., Prins, H. (2013) Non-linear partial least square regression increases the 

estimation accuracy of grass nitrogen and phosphorus using in situ hyperspectral and 

environmental data. ISPRS Journal of Photogrammetry and Remote Sensing 82, 27-40. 

Rango, A., Laliberte, A., Herrick, J.E., Winters, C., Havstad, K., Steele, C., Browning, D. 

(2009) Unmanned aerial vehicle-based remote sensing for rangeland assessment, 

monitoring, and management. Journal of Applied Remote Sensing 3, 033542-033542-

033515. 

Rapinel, S., Clément, B., Magnanon, S., Sellin, V., Hubert-Moy, L. (2014) Identification and 

mapping of natural vegetation on a coastal site using a Worldview-2 satellite image. 

Journal of environmental management 144, 236-246. 

Ren, H., Zhou, G., Zhang, X. (2011) Estimation of green aboveground biomass of desert 

steppe in Inner Mongolia based on red-edge reflectance curve area method. Biosystems 

Engineering 109, 385-395. 

Richardson, A.D., Keenan, T.F., Migliavacca, M., Ryu, Y., Sonnentag, O., Toomey, M. 

(2013) Climate change, phenology, and phenological control of vegetation feedbacks to 

the climate system. Agricultural and Forest Meteorology 169, 156-173. 

Richter, K., Hank, T.B., Vuolo, F., Mauser, W., D’Urso, G. (2012) Optimal exploitation of 

the Sentinel-2 spectral capabilities for crop leaf area index mapping. Remote Sensing 4, 

561-582. 

Ricotta, C., Reed, B., Tieszen, L. (2003) The role of C3 and C4 grasses to interannual 

variability in remotely sensed ecosystem performance over the US Great Plains. 

International Journal of Remote Sensing 24, 4421-4431. 

Rigge, M., Smart, A., Wylie, B., Gilmanov, T., Johnson, P. (2013) Linking phenology and 

biomass productivity in South Dakota mixed-grass prairie. Rangeland Ecology & 

Management 66, 579-587. 

Robinson, T.P., Wardell-Johnson, G.W., Pracilio, G., Brown, C., Corner, R., van Klinken, 

R.D. (2016) Testing the discrimination and detection limits of WorldView-2 imagery 

on a challenging invasive plant target. International Journal of Applied Earth 

Observation and Geoinformation 44, 23-30. 

Rodriguez-Galiano, V.F., Ghimire, B., Rogan, J., Chica-Olmo, M., Rigol-Sanchez, J.P. 

(2012) An assessment of the effectiveness of a random forest classifier for land-cover 

classification. ISPRS Journal of Photogrammetry and Remote Sensing 67, 93-104. 

Rogan, J., Franklin, J., Stow, D., Miller, J., Woodcock, C., Roberts, D. (2008) Mapping land-

cover modifications over large areas: A comparison of machine learning algorithms. 

Remote sensing of Environment 112, 2272-2283. 

Roth, K.L., Roberts, D.A., Dennison, P.E., Alonzo, M., Peterson, S.H., Beland, M. (2015a) 

Differentiating plant species within and across diverse ecosystems with imaging 

spectroscopy. Remote sensing of Environment. 

Roth, K.L., Roberts, D.A., Dennison, P.E., Peterson, S.H., Alonzo, M. (2015b) The impact of 

spatial resolution on the classification of plant species and functional types within 

imaging spectrometer data. Remote sensing of Environment 171, 45-57. 

Roujean, J.-L., Breon, F.-M. (1995) Estimating PAR absorbed by vegetation from 

bidirectional reflectance measurements. Remote sensing of Environment 51, 375-384. 



 178 

Roy, D.P., Wulder, M., Loveland, T., Woodcock, C., Allen, R., Anderson, M., Helder, D., 

Irons, J., Johnson, D., Kennedy, R. (2014) Landsat-8: Science and product vision for 

terrestrial global change research. Remote sensing of Environment 145, 154-172. 

Ruiz‐Arias, J.A., Tovar‐Pescador, J., Pozo‐Vázquez, D., Alsamamra, H. (2009) A 

comparative analysis of DEM‐based models to estimate the solar radiation in 

mountainous terrain. International Journal of Geographical Information Science 23, 

1049-1076. 

Sage, R.F, Kubien, D.S. (2007) The temperature response of C3 and C4 photosynthesis. 

Plant, Cell and Environment, 30: 1086-1106. 

Saleem, A., Hassan, F., Manaf, A., Ahmedani, M. (2009) Germination of Themeda triandra 

(Kangaroo grass) as affected by different environmental conditions and storage periods. 

African Journal of Biotechnology 8. 

Schino, G., Borfecchia, F., De Cecco, L., Dibari, C., Iannetta, M., Martini, S., Pedrotti, F. 

(2003) Satellite estimate of grass biomass in a mountainous range in central Italy. 

Agroforestry Systems 59, 157-162. 

Schmidt, K.S., Skidmore, A.K. (2001) Exploring spectral discrimination of grass species in 

African rangelands. International Journal of Remote Sensing 22, 3421-3434. 

Schmidt, T., Schuster, C., Kleinschmit, B., Förster, M. (2014) Evaluating an Intra-Annual 

Time Series for Grassland Classification—How Many Acquisitions and What Seasonal 

Origin Are Optimal? IEEE Journal of Selected Topics in Applied Earth Observations 

and Remote Sensing 7, 3428-3439. 

Schriever, J.R., Congalton, R.G. (1995) Evaluating seasonal variability as an aid to cover-

type mapping from Landsat Thematic Mapper data in the Northeast. Photogrammetric 

engineering and remote sensing 61, 321-327. 

Schuster, C., Förster, M., Kleinschmit, B. (2012) Testing the red edge channel for improving 

land-use classifications based on high-resolution multi-spectral satellite data. 

International Journal of Remote Sensing 33, 5583-5599. 

Seutloali, K.E., Dube, T., Mutanga, O. (2017) Assessing and mapping the severity of soil 

erosion using the 30-m Landsat multispectral satellite data in the former South African 

homelands of Transkei. Physics and Chemistry of the Earth, Parts A/B/C 100, 296-304. 

Shapiro, S.S., Wilk, M.B. (1965) An analysis of variance test for normality (complete 

samples). Biometrika 52, 591-611. 

Sharma, L.K., Bu, H., Denton, A., Franzen, D.W. (2015) Active-Optical Sensors Using Red 

NDVI Compared to Red Edge NDVI for Prediction of Corn Grain Yield in North 

Dakota, USA. Sensors 15, 27832-27853. 

Shen, L., Li, Z., Guo, X. (2014) Remote Sensing of Leaf Area Index (LAI) and a 

Spatiotemporally Parameterized Model for Mixed Grasslands. International Journal of 

Applied 4. 

Shoko, C., Clark, D., Mengistu, M., Dube, T., Bulcock, H. (2015) Effect of spatial resolution 

on remote sensing estimation of total evaporation in the uMngeni catchment, South 

Africa. Journal of Applied Remote Sensing 9, 095997-095997. 

Shoko, C., Mutanga, O. (2017a) Examining the strength of the newly-launched Sentinel 2 

MSI sensor in detecting and discriminating subtle differences between C3 and C4 grass 

species. ISPRS Journal of Photogrammetry and Remote Sensing 129, 32-40. 

Shoko, C., Mutanga, O. (2017b) Seasonal discrimination of C3 and C4 grasses functional 

types: An evaluation of the prospects of varying spectral configurations of new 

generation sensors. International Journal of Applied Earth Observation and 

Geoinformation 62, 47-55. 



 179 

Shoko, C., Mutanga, O., Dube, T. (2016a) Progress in the remote sensing of C3 and C4 grass 

species aboveground biomass over time and space. ISPRS Journal of Photogrammetry 

and Remote Sensing 120, 13-24. 

Shoko, C., Mutanga, O., Dube, T. (2016b) Progress in the remote sensing of C3 and C4 grass 

species aboveground biomass over time and space. ISPRS Journal of Photogrammetry 

and Remote Sensing 120, 13-24. 

Sibanda, M., Mutanga, O., Rouget, M. (2015a) Examining the potential of Sentinel-2 MSI 

spectral resolution in quantifying above ground biomass across different fertilizer 

treatments. ISPRS Journal of Photogrammetry and Remote Sensing 110, 55-65. 

Sibanda, M., Mutanga, O., Rouget, M. (2016) Discriminating Rangeland Management 

Practices Using Simulated HyspIRI, Landsat 8 OLI, Sentinel 2 MSI, and VENµS 

Spectral Data. IEEE Journal of Selected Topics in Applied Earth Observations and 

Remote Sensing. 

Sibanda, M., Mutanga, O., Rouget, M., Kumar, L. (2017) Estimating Biomass of Native 

Grass Grown under Complex Management Treatments Using WorldView-3 Spectral 

Derivatives. Remote Sensing 9, 55. 

Sibanda, M., Mutanga, O., Rouget, M., Odindi, J. (2015b) Exploring the potential of in situ 

hyperspectral data and multivariate techniques in discriminating different fertilizer 

treatments in grasslands. Journal of Applied Remote Sensing 9, 096033-096033. 

Sims, D.A., Gamon, J.A. (2002) Relationships between leaf pigment content and spectral 

reflectance across a wide range of species, leaf structures and developmental stages. 

Remote sensing of Environment 81, 337-354. 

Skarpe, C. (1996) Plant functional types and climate in a southern African savanna. Journal 

of Vegetation Science 7, 397-404. 

Slaton, M.R., Hunt, E.R., Smith, W.K. (2001) Estimating near-infrared leaf reflectance from 

leaf structural characteristics. American Journal of Botany 88, 278-284. 

Snyman, H.A., Ingram, L.J., Kirkman, K.P. (2013) Themeda triandra: a keystone grass 

species. African Journal of Range & Forage Science 30, 99-125. 

Still, C.J., Berry, J.A., Ribas-Carbo, M., Helliker, B.R. (2003) The contribution of C3 and C4 

plants to the carbon cycle of a tallgrass prairie: an isotopic approach. Oecologia 136, 

347-359. 

Still, C.J., Pau, S., Edwards, E.J. (2014) Land surface skin temperature captures thermal 

environments of C3 and C4 grasses. Global ecology and biogeography 23, 286-296. 

Storey, J., Scaramuzza, P., Schmidt, G., Barsi, J., (2005) LANDSAT 7 SCAN LINE 

CORRECTOR-OFF GAP-FILLED PRODUCT DEVELOPMENT. 

Stratoulias, D., Balzter, H., Sykioti, O., Zlinszky, A., Tóth, V.R. (2015) Evaluating Sentinel-2 

for Lakeshore Habitat Mapping Based on Airborne Hyperspectral Data. Sensors (Basel, 

Switzerland) 15, 22956-22969. 

Taylor, S.H., Ripley, B.S., Martin, T., De-Wet, L.A., Woodward, F.I., Osborne, C.P. (2014) 

Physiological advantages of C4 grasses in the field: a comparative experiment 

demonstrating the importance of drought. Glob Chang Biol 20, 1992-2003. 

Thenkabail, P.S., Enclona, E.A., Ashton, M.S., Van Der Meer, B. (2004) Accuracy 

assessments of hyperspectral waveband performance for vegetation analysis 

applications. Remote sensing of Environment 91, 354-376. 

Thornton, P.K., Ericksen, P.J., Herrero, M., Challinor, A.J. (2014) Climate variability and 

vulnerability to climate change: a review. Global Change Biology 20, 3313-3328. 

Tieszen, L.L., Reed, B.C., Bliss, N.B., Wylie, B.K., DeJong, D.D. (1997) NDVI, C3 and C4 

production, and distributions in Great Plains grassland land cover classes. Ecological 

applications 7, 59-78. 



 180 

Tucker, C.J. (1979) Red and photographic infrared linear combinations for monitoring 

vegetation. Remote sensing of Environment 8, 127-150. 

Ueno, O., Kawano, Y., Wakayama, M., Takeda, T. (2006) Leaf vascular systems in C3 and 

C4 grasses: a two-dimensional analysis. Annals of botany 97, 611-621. 

Ustin, S.L., Gamon, J.A. (2010) Remote sensing of plant functional types. New Phytologist 

186, 795-816. 

Vashum, K.T., Jayakumar, S. (2012) Methods to estimate above-ground biomass and carbon 

stock in natural forests-a review. J. Ecosyst. Ecogr 2, 1-7. 

Verrelst, J., Camps-Valls, G., Muñoz-Marí, J., Rivera, J.P., Veroustraete, F., Clevers, J.G., 

Moreno, J. (2015) Optical remote sensing and the retrieval of terrestrial vegetation bio-

geophysical properties–A review. ISPRS Journal of Photogrammetry and Remote 

Sensing 108, 273-290. 

Verrelst, J., Muñoz, J., Alonso, L., Delegido, J., Rivera, J.P., Camps-Valls, G., Moreno, J. 

(2012) Machine learning regression algorithms for biophysical parameter retrieval: 

Opportunities for Sentinel-2 and-3. Remote sensing of Environment 118, 127-139. 

Walburg, G., Bauer, M.E., Daughtry, C., Housley, T. (1982) Effects of nitrogen nutrition on 

the growth, yield, and reflectance characteristics of corn canopies. Agronomy Journal 

74, 677-683. 

Walthall, C., Dulaney, W., Anderson, M., Norman, J., Fang, H., Liang, S. (2004) A 

comparison of empirical and neural network approaches for estimating corn and 

soybean leaf area index from Landsat ETM+ imagery. Remote sensing of Environment 

92, 465-474. 

Wand, S.J.E., Midgley, G.F., Jones, M.H., Curtis, P.S. (1999) Responses of wild C4 and C3 

grass (Poaceae) species to elevated atmospheric CO2 concentration: a meta-analytic 

test of current theories and perceptions. Global Change Biology 5, 723-741. 

Wang, C., Hunt, E.R., Zhang, L., Guo, H. (2013) Phenology-assisted classification of C 3 and 

C 4 grasses in the US Great Plains and their climate dependency with MODIS time 

series. Remote sensing of Environment 138, 90-101. 

Wang, C., Jamison, B.E., Spicci, A.A. (2010) Trajectory-based warm season grassland 

mapping in Missouri prairies with multi-temporal ASTER imagery. Remote sensing of 

Environment 114, 531-539. 

Wang, C., Price, K.P., van der Merwe, D., An, N., Wang, H. (2014) Modeling above-ground 

biomass in tallgrass prairie using ultra-high spatial resolution sUAS imagery. 

Photogrammetric Engineering & Remote Sensing 80, 1151-1159. 

Watts, A.C., Perry, J.H., Smith, S.E., Burgess, M.A., Wilkinson, B.E., Szantoi, Z., Ifju, P.G., 

Percival, H.F. (2010) Small unmanned aircraft systems for low‐altitude aerial surveys. 

The Journal of Wildlife Management 74, 1614-1619. 

White, K., Langley, J., Cahoon, D., Megonigal, J.P. (2012) C3 and C4 biomass allocation 

responses to elevated CO2 and nitrogen: contrasting resource capture strategies. 

Estuaries and Coasts 35, 1028-1035. 

Wilson, N.R., Norman, L.M., Villarreal, M., Gass, L., Tiller, R., Salywon, A. (2016) 

Comparison of remote sensing indices for monitoring of desert cienegas. Arid Land 

Research and Management 30, 460-478. 

Winslow, J.C., Hunt, E.R., Piper, S.C. (2003) The influence of seasonal water availability on 

global C 3 versus C 4 grassland biomass and its implications for climate change 

research. Ecological Modelling 163, 153-173. 

Wold, S., Ruhe, A., Wold, H., W. J. Dunn, I. (1984) The Collinearity Problem in Linear 

Regression. The Partial Least Squares (PLS) Approach to Generalized Inverses. SIAM 

Journal on Scientific and Statistical Computing 5, 735-743. 



 181 

Woodward, F., Lomas, M. (2004) Vegetation dynamics–simulating responses to climatic 

change. Biological reviews 79, 643-670. 

Woodward, F., Lomas, M., Kelly, C. (2004) Global climate and the distribution of plant 

biomes. Philosophical Transactions of the Royal Society of London B: Biological 

Sciences 359, 1465-1476. 

Xia, J., Liu, S., Liang, S., Chen, Y., Xu, W., Yuan, W. (2014) Spatio-temporal patterns and 

climate variables controlling of biomass carbon stock of global grassland ecosystems 

from 1982 to 2006. Remote Sensing 6, 1783-1802. 

Xie, Y., Sha, Z., Yu, M. (2008) Remote sensing imagery in vegetation mapping: a review. 

Journal of Plant Ecology 1, 9-23. 

Xie, Y., Sha, Z., Yu, M., Bai, Y., Zhang, L. (2009) A comparison of two models with 

Landsat data for estimating above ground grassland biomass in Inner Mongolia, China. 

Ecological Modelling 220, 1810-1818. 

Xu, D., Guo, X. (2015) Some Insights on Grassland Health Assessment Based on Remote 

Sensing. Sensors 15, 3070-3089. 

Yan, D., de Beurs, K.M. (2016) Mapping the distributions of C3 and C4 grasses in the mixed-

grass prairies of southwest Oklahoma using the Random Forest classification algorithm. 

International Journal of Applied Earth Observation and Geoinformation 47, 125-138. 

Yao, Z., Wu, H., Liang, M., Shi, X. (2011) Spatial and temporal variations in C 3 and C 4 

plant abundance over the Chinese Loess Plateau since the last glacial maximum. 

Journal of Arid Environments 75, 881-889. 

Zhang, C., Kovacs, J.M. (2012) The application of small unmanned aerial systems for 

precision agriculture: a review. Precision agriculture 13, 693-712. 

Zhao, F., Xu, B., Yang, X., Jin, Y., Li, J., Xia, L., Chen, S., Ma, H. (2014) Remote Sensing 

Estimates of Grassland Aboveground Biomass Based on MODIS Net Primary 

Productivity (NPP): A Case Study in the Xilingol Grassland of Northern China. Remote 

Sensing 6, 5368-5386. 

Zhou, P., Huang, J., Pontius, R.G., Hong, H. (2014) Land classification and change intensity 

analysis in a coastal watershed of southeast China. Sensors 14, 11640-11658. 

 


