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ABSTRACT 

The use of biomass as an alternate source of energy has grown in popularity. Different 

types of biomass are obtained from a variety of sources including natural forests, 

forestry plantations and agriculture residues. However, forestry residues have been 

identified as the most promising source, due to the wide variety of plant products 

including leaves, twigs, branches, merchantable stem, stumps and roots. The main 

sources of plantation forest biomass are residues from thinning, clearfell and 

conventional products such as pulpwood and sawn timber operations. These residues 

can accumulate between 4.3 to 9.4 billion tonnes annually around the world. The 

biomass availability in plantation forests has led to the development of different 

harvesting systems to help collect the products from infield to sawmill. Biomass 

harvesting has mainly been achieved through mechanised systems because of their 

high yields. However, the use of manual systems has been neglected due to technical 

limitations and financial viability. Thus, in South Africa, there is no scientific research 

looking at manual systems of collecting biomass from plantations. Because of this, 

different forestry stakeholders, including small growers and contractors using manual 

systems for biomass harvesting have limited knowledge regarding what to expect in 

terms of recoverable amounts, productivity and cost. 

This research examines the productivity of the manual biomass collection and the 

quantification of recovered and unrecovered residues after mechanised full tree (FT) 

and semi mechanised tree length (TL) harvesting operations in Pinus patula 

compartments. A total number of 8 plots with +/-200 standing trees were marked in 

each system. The diameter and height of all marked trees were measured to 

determine tree volume. Moreover, the quantification of recoverable woody biomass 

was determined, where after, a residues assessment method using plots and line 

transects was used to determine the amount of unrecovered residues. The time taken 

for each operation including motor manual processing, manual extraction, and manual 

loading was assessed to determine the productivity (hours per ha and oven dry tons). 

In the FT system, the results showed that the mean standing volume and log recovery 

was 91.5 m3/ha and 73.6 m3/ha respectively. In this system, the woody biomass 

recovered after conventional harvesting was 5.2 odt/ha. The productivity results 

revealed that motor-manual processing took 2.7 h/ha, manual extraction 9.9 h/ha and 
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manual loading 5.6 h/ha. Manual extraction was the least productive operation as it 

took 2 h/odt whilst motor manual processing and manual loading took 0.6 h/odt and 

1.1 h/odt respectively.  A breakdown of each operation’s elements showed that in (i) 

motor manual processing, crosscutting (33%) and chainsaw inspection (2%); (ii) 

manual extraction, carrying (34 %) and stacking the logs (11%); (iii) manual loading, 

handing over logs (54%) and standing (5%) accounted for the most and least times 

per operation respectively. 

For the TL system, the results revealed that the mean standing tree volume and log 

volume was 61.5 m3/ha and 50.2 m3/ha, respectively. In this system, the woody 

biomass recovered after conventional harvesting was 9.1 odt/ha. The productivity 

results revealed that motor-manual processing took 7.2 h/ha, manual extraction 23.8 

h/ha and manual loading 9.9 h/ha. Manual extraction was the least productive 

operation as it took 2.8 h/odt whilst motor manual processing and manual loading took 

0.8 h/odt and 1.1 h/odt respectively. A breakdown of each operation’s elements 

showed that in (i) motor manual processing, crosscutting (33%) and refuelling (3%); 

(ii) manual extraction, log pickup (27%) and stacking the logs (23%); (iii) manual 

loading (the breakdown components was conducted only in the FT system). 

For the unrecovered residues, the results showed that the FT system yielded 17.1 

odt/ha whilst the TL system produced 12.7 odt/ha.  The stemwood and branches were 

the largest parts remaining after harvest in both systems. The TL system had more 

woody biomass left on site while FT had less woody biomass left on site after 

harvesting. The TL harvesting system costed more in both ZAR/ha (827.9) and 

ZAR/ODT (95.9) whilst FT system costed less in both ZAR/ha (378.3) and ZAR/ODT 

(75.6). 

The quantification of woody biomass recovery, manual collection productivity and cost 

estimates provided in this research will serve as important baseline information for 

forestry companies and contractors involved in this field.  Furthermore, the accuracy 

of decision making will be improved when identifying and choosing manually oriented 

biomass harvesting systems and methods to enhance operational management and 

control. 

Key words: woody biomass recovered, unrecovered residues, productivity, FT and TL 

harvesting system 
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DEFINITION OF TERMS 

Key words and concepts used in the study are defined below to ensure that the 

interpretation and understanding of concepts in the text are clear.  

• Biomass residue: includes both the above and below-ground components 

such as leaves, twigs, branches, merchantable stem, stump, and roots (Vasco 

and Costa 2009) 

• Bioenergy: it is a form of renewable energy that is derived from living organic 

materials such as biomass, which can be used to produce transportation fuels, 

heat, electricity, and products (Hoffmann 2016) 

• Recoverable residues: woody biomass that is recovered from merchantable 

timber (Spinelli, et al. 2019) 

• Unrecovered residues: remaining residues including branches, needles and 

cones (Ghaffariyan, et al. 2017)     

• Harvesting system: are tools, equipment and machines used to harvest an 

area (Längin, et al. 2010b) 

• Harvesting method: the form in which trees are felled and extracted to the 

roadside for further processing (Längin, et al. 2010b) 
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CHAPTER 1: INTRODUCTION AND PROBLEM STATEMENT 

1.1 INTRODUCTION 

The rationale for the study is presented at the beginning of the introductory chapter, 

which also covers the description of the study problem. This is followed by a summary 

of the research objectives and the significance. The organisation of the research is 

followed by a summary of the dissertation overall structure. 

1.2 MOTIVATION FOR THE RESEARCH 

Globally, biomass contributed about 17.7% of the total energy consumption in 2017  

(World Bioenergy Association 2019). Biomass covers a broad range of different 

products which are of organic origin including forestry and agricultural residues (IEA 

2009). These products can be utilised as a source of energy for electricity generation, 

heat production, and biofuel production. About 38-45% of biomass fuel is predicted to 

originate from agricultural waste, with  the remaining supply coming from energy crops, 

forestry and residues products (Nanda 2020). Biomass fuel can be converted into 

secondary energy sources very efficiently (Preto 2011). Thus, bioenergy has emerged 

as the most widely used renewable energy source in various countries across the 

globe (McKendry 2002). These includes countries such as Brazil (39%), France (26%), 

and Denmark (22%) which have the highest biomass usage (Taylor, et al. 2015). The 

use of biomass fuel has reduced the use of fossil fuels and greenhouse gas emissions 

(GHG) improving global energy security. McKendry (2002) mentions that future 

studies will focus on identifying the suitable biomass species with high er energy 

outputs to substitute the usage of fossil fuel energy sources. To lower the cost of 

energy production, the species needed must have minimal energy inputs, 

uncontaminated material, and low nutrient requirements (IEA 2009).  

Forest plantations are mainly grown to supply raw material for primary production 

purposes (e.g., sawtimber, pulpwood, and paper) and other uses such as fuel. The 

utilisation of forest residues is directly linked to timber harvesting. Hence, the collection 

of forest residue depending on the waste or by-product availability after the primary 

roundwood product has been produced (Vasco and Costa 2009). Rockwood, et al. 

(2004) added that forest residues are not only the preferred source of forest biomass 

energy, but short rotation timber also contributes to renewable energy production. It is 

estimated that by 2050 bioenergy usage will provide 30% of the world’s energy 
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demand depending on land areas, yields, and recoverable biomass percentages (Guo, 

et al. 2015). 

The future limitations on fossil fuel supply has strengthened the importance of 

developing sustainable sources of renewable energy (FAO 2018, National Research 

Council 2010). Wood biomass is a preferred source due to the potential income 

generation, improving access to forest areas, and reducing fire hazards (FAO 2018). 

The utilisation of forestry and agriculture residues not only has the potential to 

generate energy but also to generate employment opportunities (IEA 2009). Across 

various countries and regions, the use of bioenergy is encouraged by drivers such as 

improved energy security, environmental benefits, economic development (e.g. 

employment) and population growth (FAO 2018, Klass 1998). Employment 

opportunities produced by  biomass operations will have a positive effect on economic 

activity especially in rural areas were forestry is prominent (IEA 2009).  

In South Africa the main fossil fuel dominant source of energy is coal (Kohler 2014). 

Significant energy challenges have existed for the past 20 years, including unplanned 

power outages, power shortages, persistent underinvestment in energy infrastructure, 

energy poverty in low-income households, and high energy costs (Inglesi-Lotz and 

Pouris 2012, Pollet, et al. 2015). Pollet, et al. (2015) adds that 65% of the population 

is without power supply in Africa. Due to the global oil crisis in 1974, prices for fossil 

fuels such as coal and uranium increased, while those for power in South Africa 

remained comparatively low and constant (Kohler 2014). The relative change in 

electricity prices prompted South Africa to invest in alternative energy sources such 

as diesel and oil-fire generators. Eskom has exploited government benefits and 

interventions over the past 20 years by offering unmatched incentives such long-term 

coal purchasing contracts at fixed rates, free forward exchange cover from 

government organisations, and long-term tax exemptions (Tibane and Vermeulen 

2014).  

In the past, forest residue was recovered using manual methods. However, 

mechanical methods have dominated the biomass recovery operation where 

comminution processes occur (Cuchet, et al. 2004, Mitchell 2005). Comminution can 

be obtained by slash-bundling, grinding (Mitchell 2005) and chipping in the stand or 

by the roadside (Ghaffariyan 2010). 
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1.3 RESEARCH PROBLEM STATEMENT 

The increasing demand for forest biomass as a bioenergy resource has encouraged 

the need to increase the efficiency of biomass collection methods. The lack of 

feasibility research and uncertainty on biomass supply system costs has restricted the 

participation by state owned enterprises and private entrepreneurs (Eker, et al. 2017). 

The collection of extracting residues is dependent on harvesting operations and how 

intensively the harvesting is carried out (McEwan, et al. 2020). Eker (2011) further 

explains that mechanised biomass collection can offer higher productivity but require 

higher investments, which local entrepreneurs in developing economies cannot 

access. When employing mechanised biomass collection, the entire harvesting 

system should be mechanised. Consequently, many other developing economies may 

suffer from the implementation of a complete system reform. In these conditions, 

manual biomass collection is advised and is readily practicable. Therefore, biomass 

recovery creates employment prospects for independent forest people in 

underdeveloped rural areas. Even when manual recovery is economically feasible, it 

certainly has technological constraints (McEwan, et al. 2020). 

However, because of the uncertainty of the potential revenue, forestry companies and 

landowners appeared unwilling to establish the manual forest residue collection 

operation. (Tareen, et al. 2020). Moreover, factors such as lack of expertise, high 

investment costs and policies contributed to the slow uptake process (McEwan, et al. 

2020).  McEwan, et al. (2020) have indicated some of the harvesting machines and 

transport systems are used to collect biomass for energy generation. These systems 

include enlarge-space forwarders, compactor forwarders, bundlers and balers. 

The application of manual forest residues collection from plantation forests is 

advantageous due to environmental quality improvement (reduces greenhouse gases 

by not using fossil fuels), sustaining future energy supplies and increasing economic 

opportunities (Zhang 2003). However, there are insufficient studies focusing on the 

manual biomass collection strategies. No scientific research exists regarding the 

quantification, productivity and costs of manual biomass collection. This research 

seeks to bring a better understanding of manual forest residues collection productivity 

and recovery after harvesting with a FT and TL harvesting system. 

The following research questions can be derived from the problem statement above: 
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1. What is the amount of biomass available for extraction after mechanised full -tree 

(FT) and semi-mechanised tree length (TL) harvesting in Pinus patula stands? 

2. What is the productivity (oven dry tons per hour) and cost (R/ODT) of various 

manually orientated forest residue collection methods, after mechanised FT and 

semi mechanised TL harvesting? 

3. What are the factors affecting the productivity and costs of manually orientated 

residue collection after mechanised FT and semi mechanised TL harvesting? 

 

1.4 AIMS AND OBJECTIVES OF THE RESEARCH  

The following sections will discuss the aims, hypothesis and objectives of the research.  

1.4.1 Aims 

The research aims to quantify the woody biomass generated from a Pinus patula 

stands after mechanised FT and semi mechanised TL harvesting operations in 

Mpumalanga, South Africa. Furthermore, the research aims to determine the 

productivity and costs of the manually orientated residue collection method after the 

harvesting operation. Finally, the research will assess the FT and TL harvesting 

methods by looking at, biomass recoverability, recovery productivity and recovery 

cost, according to the research hypotheses listed below. 

1.4.2 Research hypotheses 

1. Ho: There is no significant difference in forest biomass recovery between the 

mechanised FT and semi-mechanised TL harvesting systems in Pinus patula 

stands. 

H1: There is a significant difference in the forest biomass recovery between the 

mechanised FT and semi-mechanised TL harvesting systems in Pinus patula 

stands. 

2. Ho: There is no significant difference in productivity of woody biomass collection 

between the identified mechanised FT and semi-mechanised TL harvesting 

systems in Pinus patula stands. 

H1: There is a significant difference in productivity of woody biomass collection 

between the identified mechanised FT and semi-mechanised TL harvesting 

systems in Pinus patula stands. 
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3. Ho: There is no significant difference in costs between the mechanised FT and 

semi-mechanised TL harvesting systems in Pinus patula stands. 

H1: There is no significant difference in costs between the mechanised FT and 

semi-mechanised TL harvesting systems in Pinus patula stands. 

 

1.4.3 Objectives 

The following are the research goals: 

• Quantifying Pinus patula biomass residues remaining in post FT and TL harvesting 

system operations. In particular, the study will determine the breakdown of total 

available biomass between utilisable timber, recoverable residues (woody-

biomass) and unrecovered residues (branches, twigs, needles and cones) (Figure 

1). 

• Determining the productivity and cost of manually orientated residues collection 

method after a mechanised full tree (FT) and semi-mechanised tree length (TL) 

harvesting operation. 

 

 

Figure 1: Breakdown of total standing mass 
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1.5 DATA COLLECTION  

To achieve the required objectives, quantitative research was used. Between March 

17 and March 20, 2020, a preliminary research visit selected the study locations and 

harvesting equipment. (see Chapter 4, Section 4.2 for details of pilot research). During 

the pilot study, the full tree and tree length harvesting systems that were in use in 

clear-felling operations were observed. To ensure that the selected data collection 

methods were appropriate and reliable for the study, a pilot study was carried out. 

Chapter 4 provides a comprehensive overview of the research methods. 

1.5.1 Validity 

Trees that were used in the research were marked and measured. The study required 

marking eight plots with approximately 200 trees each. Each tree in the research plot 

had its diameter and height measured and recorded. The diameters of each tree were 

measured using a tree diameter calliper at a breast height of 1.37 meters (Owen 2000). 

The heights of the trees were measured using a Vertex hypsometer. A tape measure 

was used to determine the diameter breast height of each tree measured for height. 

Each plot size area was measured by measuring the length and breadth of the plots 

in tandem with an area measuring App on a phone named the Area Measurement 

GPS Area Calculator.  

After the harvesting operation performed in both the FT and TL harvesting systems, a 

time study was carried out to determine the required time to collect the woody biomass 

from each plot. The time study was conducted separately for each activity, namely: 

motor manual processing, manual extraction and manual loading. Additionally, a 

method for assessing harvesting residues was used to determine the weight of the 

unrecovered residues and to calculate the proportions of each component, such as 

stemwood, branches, needles, twigs, and cones (Ghaffariyan and Dupuis 2021). 

Ghaffariyan, et al. (2012b) conducted a study where the unrecovered residues were 

categorised according to light, moderate and heavy density per area. About 50 sample 

points were marked to determine the proportion on each stratum. A slash calculator 

was then used to calculate the number of pre- and final-samples required for each 

stratum. A 0.68kg bucket and a handheld scale were used to weigh the unrecovered 

residues. Daily random readings were checked to ensure the portable scale readings 
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were accurate. The residues were measured in a 1 m x 1 m grid sample for each plot 

and recorded on the spreadsheet for the slash assessment.  

Developing informed decisions and production predictions becomes difficult for 

foresters, contractors, or managers in the absence of any essentially valid information 

on the manual biomass collection process. According to predictions, South Africa will 

have a shortage of both electricity and jobs in the near future. (Tibane and Vermeulen 

2014). Therefore, it is crucial to maximize all biomass recovery during harvesting 

operations in order to increase the supply of energy and improve employment 

prospects. Reduced unutilised timber waste from old plantations and log optimization 

is also necessary. 

1.5.2 Reliability 

The data collection method used for this study revealed good levels of reliability in the 

findings. The methods and equipment used to collect the data have been utilised in a 

number of studies in the past, and it has been determined that the outcomes would be 

accurate if the study were to be replicated. Moreover, previous researchers applied 

similar methods and equipment in other related studies (Ghaffariyan 2013, 

Ghaffariyan, et al. 2012b). For further descriptions, Chapter 4 contains the research 

methodology and data analysis details. 

1.6 ORGANISATION OF THE RESEARCH 

• Chapter 1: Introduction and research problem. 

Provides a holistic view of the research topic and describes the background of the 

research problem. Moreover, it gives the research aims, objectives and the 

significance of the research. 

• Chapter 2: Literature review 

Provides comprehensive information related to the research topic. Generally, the 

literature focused more on explaining the value of bioenergy and the methods used to 

recover woody biomass during harvesting operations. It also offers information on 

variables influencing the efficiency of manual woody biomass collection . Moreover, 

drivers and barriers of the application on manual woody biomass collection are 

explained as they have an impact on this operation  
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• Chapter 3: Research site and harvesting systems 

Focuses on the research sites, harvesting system matrix and methods used to conduct 

the research. In addition, terrain conditions and machine specifications information are 

detailed.  

• Chapter 4: Experiment design and data analysis methodology 

Explains the tools and methods applied to perform the research. The research 

methodology is focused on the methods used for data collecting and analysis and the 

study site 

• Chapter 5: Results and discussion  

Provides detailed results obtained from the research data collected from both the 

harvesting systems operations. 

• Chapter 6: Conclusion and recommendations 

It gives an overview of the key study findings. The significance of the research findings 

for the forestry industry is examined and related to the literature review. 
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CHAPTER 2: LITERATURE REVIEW 

 2.1 INTRODUCTION 

The information that is currently available on biomass recovery and biomass 

harvesting for forests is summarised in the chapter that follows. After information on 

the South African commercial forestry industry in the first section, a description of the 

Pinus patula species and a study of the harvesting techniques and systems follow. 

Thereafter, an overview of the state of bioenergy production globally and in South 

Africa, literature pertaining to biomass quantification is provided. The discussion 

concludes with information on the variables affecting the productivity of manual 

biomass collection. 

2.1.1 Overview of commercial forestry globally 

The world's total forest area was estimated to be 4 128 million ha in 1990, but due to 

population expansion, which increased food consumption and deforestation, this 

amount declined to 3 999 million ha in 2015. (MacDicken, et al. 2016). Roundwood is 

produced in two different forests namely indigenous forests and plantations (FAO 

2018). Native forests were known to match timber demands, but this changed due to 

indigenous forests decreasing in size. It is predicted that plantation forests will make 

a significant contribution to meet future roundwood demands (Nilsson and Bull 2005). 

Roundwood supply is expected to increase by 46% in 2040, although the world 

currently has about 140 million ha planted areas for primary production purposes 

(Carle and Holmgren 2009). Irrespective of the available forests land, plantation 

forests contribute to the supply of diverse goods including timber, fibre, bioenergy, 

non-wood forest products, environmental services (rehabilitation of degraded lands, 

water, and soil protection, carbon sequestration and conservation) and social services 

(employment) (Carle and Holmgren 2009).  

Between 1996 and 2005, more than 800 million hectares of the forests areas were 

destroyed by abiotic and biotic factors (FAO 2018). In this period, countries in South 

America and the Oceania region experienced severe losses of indigenous forests at 

a rate of 7 million ha per year (MacDicken, et al. 2016). According to FAO (2018), 

these losses can be attributed to climate change, pest and diseases, and deforestation 

impact.  
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2.1.2 Overview of commercial forestry in South Africa 

In South Africa, plantation forests occupy an estimated of 1.2 million ha which is 1.2 

% of the total land mass (Figure 2) (Godsmark and Oberholzer 2019). 

 

Figure 2: Land use in South Africa (Godsmark and Oberholzer 2019) 

Although the plantation forests form a very small portion of the total land masses, 

these areas are highly productive, and growth is favourable. Plantation forestry in 

South Africa is supported by good practices of tree improvement and silviculture 

operations (Godsmark and Oberholzer 2019). These plantations are established in 

areas where rainfall exceeds 800 mm annually (Dlomo and Pitcher 2002). 

Mpumalanga province has the highest afforested area followed by KwaZulu Natal 

(Figure 3) (Godsmark and Oberholzer 2019).  

These areas comprise of pine (50.6%), eucalypts (34.4%) and wattle with other 

species making up 15% such as poplar for match manufacturing (Godsmark and 

Oberholzer 2019). 

 

Figure 3: Plantation area of planted area by province (Godsmark and Oberholzer 

2019) 
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The production of sawlogs (37,9%) is primarily under state-owned plantations whereas 

pulpwood (56,7%) plantations are privately owned (Forestry Economics Services 

2019). Private timber companies - namely Sappi and Mondi - are the largest forestry 

landowners holding 51.4%, whereas state company (SAFCOL) owns 10.7%, with 

small private companies owning  14.8% and 3.8% owned by small growers (Godsmark 

and Oberholzer 2019). Some companies are currently FSC certified to ensure 

sustainable management (Forestry Economics Services 2019). Furthermore, South 

African plantations  produce a total of 18.7 million m3 of roundwood annually (Forestry 

Economics Services 2019).  

2.2 OVERVIEW OF PINUS PATULA IN SOUTH AFRICA 

2.2.1 History 

In 1907, Pinus patula was first introduced to South Africa from Mexico (Wormald 

1975). Although other countries introduced Pinus patula early, South Africa had seed 

samples which were planted in 1877 because of its rapid growth and its seed 

accessibility from South African sources (Adams 1916, Lusweti, et al. 2011). Pinus 

patula became the preferred pine species of choice in east, central, and southern 

Africa (Wormald 1975). 

African countries had already planted 424 000 ha of Pinus patula by 1970. On a 

commercial scale, the softwood plantations in Africa represented 50% of the global  

planted area while other countries including New Zealand, India, Argentina, Brazil, and 

Colombia established approximately 14 000 ha (Wormald 1975). Wormald (1975) 

further explained that between 1971 to 1972, 23% of Pinus patula plantations were 

grown for pulpwood and 77% for sawlogs. Approximately 50% of the sawlogs 

plantations were privately owned and the other half publicly owned, however, 70% of 

the pulpwood plantations were privately owned in South Africa  (Wormald 1975). 

Today, plantation ownership is 82% private and 18% public (Godsmark and 

Oberholzer 2019).  

2.2.2 Description of Pinus patula 

Pinus patula is a slender tree, which grows up to 35–40 m in height with DBH up to 

120 cm in diameter (Lusweti, et al. 2011). Pinus patula grows at altitudes between 

1800 and 3000m above sea level in Mexico. Its grows well  in areas with high 
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precipitation ranging between 1000 to 2200 mm per year (Lusweti, et al. 2011, 

Wormald 1975). In South Africa, Pinus patula is the most commonly planted softwood 

species in the summer rainfall regions of Mpumalanga, Free State and KwaZulu Natal 

(Rolando and Little 2004). Although Pinus patula tend to  be planted on sites 

considered highly productive  (Rolando and Little 2004), it is particularly susceptible 

to a number of biotic (pests e.g. Sirex noctilio) and abiotic (chemicals) factors which 

increases  mortality rates (Mitchell, et al. 2012). 

The general biomass proportions for pines in South Africa are given as, 65% 

stemwood, 20% needles, 15% stump-root, 10% bark, 5% branchwood and 3% tops 

(Carlson and Allan 2001). Pinus patula like all other planted forest species is 

considered as a renewable source because of its ability to take up greenhouse gases 

(Praciak 2013). 

2.3 OVERVIEW OF TIMBER HARVESTING IN SOUTH AFRICA 

During the 1980s in South Africa,  harvesting operations were  primarily conducted  

using manual or semi-mechanised harvesting systems (Brink and Warkotsch 1990). 

Currently, the mechanisation of harvesting systems is  increasing in significance due 

to the growing demands of timber and fibres  (SA Forestry Online 2015). Harvesting 

system selection is dependent on economic, social and environmental conditions 

(Olivier 2009). These operations consist of timber harvesting, timber transport and 

road construction (Owen 2000). In South Africa, most timber is harvested  using 

ground-based harvesting systems (Längin and Ackerman 2007). There is a huge 

emphasis on mechanisation in the South African forestry industry (Laengin, et al. 

2010) due to factors such as  the need to increase production, improving the working 

environment, safety concerns (Lindroos, et al. 2017), reduced operational costs and 

increasing machine efficiency (Alam, et al. 2012). These systems are utilized in 

clearfell and thinning operations. Harvesting comprises of various methods namely, 

cut-to-length (CTL), tree-length (TL) and full-tree (FT) methods (Brink and Warkotsch 

1990, Längin and Ackerman 2007). Mathelele (2019) found that the CTL is the main 

harvesting method used for saw timber operations with 64%. Hardwood timber is  

harvested using CTL (41%), TL (15%) and FT (9%) methods (Laengin, et al. 2010).  

The outcomes of timber harvesting operations  are determined by the effectiveness of 

the  planning, proper machine selection, quality of operations and ergonomics 
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(Laengin, et al. 2010). The operations are characterised by new developments and 

technologically advanced machines (Alam, et al. 2012). Hence, the use of 

mechanisation in the collection, processing and transportation of biomass is gaining 

momentum particularly  for energy generating purposes (Ackerman, et al. 2013). 

Although  mechanised systems are more efficient, manual biomass collection has the 

added benefit of fewer environmental impacts(less site disturbance) and is socially 

beneficial (e.g. employment) (Eker, et al. 2017, Miller, et al. 1987). 

Harvesting methods and system used 

Timber harvesting operations are carried out through harvesting systems and 

methods. A harvesting system is a collection of equipment and machinery vehicles 

used to harvest a stand of trees (Ngulube 2013). The systems can be categorised as 

being ground, cable or aerial based according to the method of extraction  (McEwan, 

et al. 2013). Harvesting systems are established based on environmental, 

technological (safety and ergonomics) and socio-economic feasibility in relation to site 

factors (MacDonald 1999). In South Africa, systems differs from basic manual 

operations, motor-manual, semi-mechanised to fully mechanised operations (Längin 

and Ackerman 2007). Ground-based systems are preferred on accessible terrain 

because of the higher productivity and lower costs when compared to  aerial systems 

and cable yarders (McEwan, et al. 2013). Ground-based harvesting is associated with 

site disturbance, residual stand damage and unfavourable aesthetics (Long 2003). 

However, the equipment and techniques in lower machine ground pressures and 

disturbances (Krieg, et al. 2010). 

In any timber harvesting operation, various factors such as tree size (Greulich 1999), 

daily production requirements (MacDonald 1999), harvesting costs, terrain features 

and conditions (MacDonald 1999, McEwan, et al. 2013), environmental sensitivity 

(Horn, et al. 2007),  slash handling capability, availability of equipment, and skill level 

of operators will influence and limit the choice of timber harvesting system to be 

selected (Greulich 1999) .  

The selection of systems for timber harvesting and forest residues collection in 

harvesting operations is influenced by transport requirements, system costs, and 

environmental implications (Kizha and Han 2015). Biomass can be collected from 

infield either as loose branches or as comminated chips or chunks (Eker, et al. 2013, 
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Ghaffariyan, et al. 2014). Potential residues from forest harvesting includes branches, 

tops, offcuts (Han, et al. 2009) and unmerchantable stems (Das, et al. 2011). Different 

systems are available to collect and bundle loose branches such as bundlers and 

compactors. The comminution of biomass either with a mobile chipper (infield or 

roadside) or a stationary chipper at the processing plant is common practice (Eker, et 

al. 2013, Woo, et al. 2019). 

2.4 HARVESTING SYSTEMS AND METHOD USED FOR PINUS PATULA IN 

SOUTH AFRICA 

The ground-based harvesting systems practised in South Africa includes manual, 

motor-manual, semi-mechanised and fully mechanised. The harvesting methods 

include the tree length (TL), full tree (FT) and cut to length (CTL) method (Längin, et 

al. 2010a). These will be discussed in the following sections. 

2.4.1 Harvesting systems  

The harvesting system comprises of different tools and equipment applied to harvest 

a particular area (Längin, et al. 2010a). Harvesting systems are selected based on 

factors including environmental, technological and socio-economic feasibility in 

relation to the site conditions (Ngulube 2012). Various harvesting systems are used in 

South African forestry, depending on the application and market demands. 

2.4.1.1 Manual system  

Harvesting systems consist of basic technology focus on the use of manual labour and 

hand tools such as bow saws and axes to fell and optimise trees (debark, debranch 

and crosscut). The extraction process of the logs is performed by manual or by animal 

extraction (Längin, et al. 2010a). This system depends on personnel skills and requires 

higher capital input for equipment.  

2.4.1.2 Semi mechanised 

Semi-mechanised operations have been traditionally used for pine timber harvesting 

is South Africa (Eggers, et al. 2010). Semi mechanised systems consist of felling and 

processing (debranching and crosscutting) using chainsaws which is common in 

softwoods  (Längin, et al. 2010a). Extraction  is mostly conducted by cable and grapple 

skidders including agricultural tractors with winches (Längin and Ackerman 2007).  
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2.4.1.3 Mechanised harvesting 

The most current system to be implemented in South Africa is the mechanised system. 

(Eggers, et al. 2010). All the operations including felling, processing and extraction are 

conducted by fully mechanical means (Krieg, et al. 2010). In CTL, the fully mechanised 

system employs harvesters which fell, debranch and cross-cut timber into commercial 

lengths at the stump site and forwarders that extract the logs to the roadside (Längin 

and Ackerman 2007, Längin, et al. 2010a). Whereas, in multiple stem operations, feller 

bunchers fell and bunch the trees, working together with grapple skidders and 

processors (Längin, et al. 2010a). Long (2003) indicated that although mechanisation 

has gained momentum in the past 25 years due to higher production figures while 

reducing the number of injuries, it poses a risk when it comes to site impacts (e.g., 

compaction). 

2.4.2 Harvesting methods 

A harvesting method describes systems based on the form of wood transported to the 

roadside (Längin, et al. 2010a). 

2.4.2.1 Cut to length method  

The cut to length method (CTL) comprises of felling and optimising (debranch, 

crosscut and topping) trees at the stump or at the landing (McEwan, et al. 2013). The 

mechanised CTL system, which consists of a harvester and a forwarder, is considered 

the most advanced harvesting and extraction system, it continues to improve as a 

more innovative solution when implemented (Längin, et al. 2010a). This system is 

advantage because it has low traffic in the compartment due to fewer machines used. 

The machines include forwarder since they carry large payload (Gellerstedt & Dahlin, 

1999). Moreover, the logs have less soil contamination and stem breakages due to 

logs carried off the ground. The CTL method is referred to as the most environmentally 

friendly, versatile and safe method that provides end products of higher quality and 

consistency (Nurminen, et al. 2006).  

2.4.2.2 Tree length method 

The tree length method (TL) is the second most commonly used method in South 

Africa (Mathelele 2019). In the tree length methods, felling, debranching and topping 

are carried out at the stump site, where the stem is extracted to the roadside for 
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optimisation (Längin, et al. 2006, McEwan, et al. 2013, Pulkki 1997). The semi 

mechanised TL method  usually combines motor manual felling and extraction with a 

cable or grapple skidder (Längin, et al. 2010a). Although the TL method has a higher 

timber contamination with stem breakages because of logs dragged on the ground. 

The remaining tops provide  collectable residues after harvesting (Spinelli, et al. 2009).  

2.4.2.3 Full tree method 

The full tree method (FT) involves felling trees either by motor manual or mechanical 

means. All above-ground biomass (branches and tops) are extracted to the roadside 

by a grapple skidder (Eggers, et al. 2010, Längin, et al. 2010a). Therefore, large  

volumes of forest residues are accumulated at the landing area  (Krieg, et al. 2010). 

Moreover, remaining residues infield during harvesting (breakage during dragging) 

may increase the availability of forest biomass (Warkotsch 1988, Zamora-Cristales 

and Sessions 2016). The residues at the roadside can be used as material for energy 

generation and creating extra income (Pierre, et al. 2013). However, the biomass 

accumulated at the landing poses environmental challenges to the harvested stand 

such as soil exposure and the reduction of soil nutrient values (soil exposed reducing 

nutrients) (Zamora-Cristales and Sessions 2016). 

2.5 OVERVIEW OF BIOMASS  

Organic material derived from plants and animals is known as biomass (Houghton, et 

al. 2009). In the specific case of trees, biomass includes both the above and below-

ground components such as leaves, twigs, branches, merchantable stem, stump, and 

roots (Vasco and Costa 2009). Biomass covers a wide variety of different products 

that are used as a source of energy, either for power, heat production, and as a 

feedstock for biofuel production (Skrifvars, et al. 1996). These products include wood 

from natural forests, forestry plantations, forestry residues, and agricultural residues 

(Bain, et al. 2003). Around the world, biomass from forestry and agricultural crops may 

produce between 4.3 billion and 9.4 billion tonnes (high estimate) for energy annually 

(World Bioenergy Association 2019). The size of the forestland and the potential for 

producing other forest products like wood fuel are significant factors affecting the 

amount of biomass generated (World Bioenergy Association 2019). Plantations supply 

biomass in the form of forestry residues, damaged stands (by insects, diseases or fire) 

and deadwood (Bain, et al. 2003). 
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Forestry residues (Figure 4) are produced by operations such as thinning, clear-felling, 

and extraction of trees when conventional products such as pulpwood and sawn 

timber are optimised. When thinning operations occur, tops and branches usable for 

biomass energy are produced (Bain, et al. 2003). Standard harvesting operations 

remove 25% to 50% of the timber volume, leaving residues available as biomass for 

energy production (Bain, et al. 2003). 

 

Figure 4: Forestry residues after clear-felling operation (Elbein 2019) 

Biomass can be scarce and costly unless produced sustainably (Becker 2001). If 

biomass is recovered unsustainably, it could result in significant negative 

environmental and socio-economic impacts such as greenhouse emissions, loss of 

biodiversity, land use degradation, and low water availability. Additionally, biomass 

fuels typically do not compare favourably to fossil fuels on an economic basis since 

they are less dense, have lower energy contents, and are harder to manage (Preto 

2011). 

2.6 BIOMASS PRODUCTION FOR ENERGY 

In the next century, biomass has the potential to become the worldwide primary energy 

source. (Berndes, et al. 2003). Bioenergy is categorised into traditional biomass
 
and 

modern bioenergy, based on the efficiency and sustainability in production and use. 

Modernised bioenergy systems will play a critical role in the development of 

sustainable energy sources and sustainable economies in developed and developing 

countries (Berndes, et al. 2003).  

Due to climate change, the sustainable supply of energy has become an important 

global challenge that requires urgent intervention  (Lynd, et al. 2015). There is an 
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opportunity to expand the use of biomass to supply future energy demands in a 

sustainable manner (Lynd, et al. 2015) by using natural resources and reducing waste 

in plantations. The reliable supplies and the high cost of biomass resources are some 

of the main barriers to bioenergy developments on a global scale(McKendry 2002). In 

2005, the contribution of forestry residues and wood supply was estimated at 163 

million m3 per year. Thus, it was expected to have a negative impact on timber supply 

to the forestry industry globally (Nilsson and Bull 2005). 

The expansion of bioenergy requires high capital investment. Challenges such as  

uncertainties of biomass availability, quality, procurement costs and lack of information 

on historical performance hinders investments into the industry (McKendry 2002). 

However, various industries have been finding innovative ways to improve recovery 

and efficiency of bioenergy systems (Glance 2014). The method of energy conversion 

and the necessary energy form mostly define the type of biomass that is needed 

(Berndes, et al. 2003). Power produced from wind turbines, solar panels, geothermal 

plants, biomass, and hydropower plants is referred to as renewable energy  (Figure 5) 

(Tareen, et al. 2020). Thus, biomass is directly converted into energy by burning or 

gasification. Burning biomass fuels like wood produces power or local heating for 

residences and workplaces (Brito-Cruz, et al. 2015). 

 

Figure 5: Different forms of renewable energy sources with the consumption rate 

globally (Tareen, et al. 2020). 
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2.6.1 Traditional bioenergy 

Traditional biomass is the common energy source in various developing countries 

because is inexpensive, and does not require processing before use (Goldemberg and 

Coelho 2004). Characteristics of traditional bioenergy use is dependent  on the energy 

source either firewood, charcoal, agricultural residues or  dung for cooking, drying and 

or charcoal production (Karekezi, et al. 2004). According to Karekezi, et al. (2004), in 

Africa 73% of the population relies on bioenergy for household use, hence the rule 

states, the poorer the country, the greater the reliance on traditional biomass 

resources. Hoffmann (2016) reported that 2 million tonnes of biomass fuel is 

consumed for cooking purposes daily and 4.1 million tonnes per day are used as fuel 

globally. Traditional biomass is produced in an unsustainable manner, which results 

in deforestation on both a small-scale home level and a large-scale industrial level 

(Goldemberg and Coelho 2004, Woods, et al. 2015). 

Moreover, it has a direct negative impact on society of which, women and children are 

the most vulnerable group and suffer serious indoor air pollution impacts (Shukla 

1997). In addition, traditional bioenergy remains the major provider to energy supply 

in developing countries, where it meets most of the needs of households. Cleaner 

cooking stoves and fuels made from biomass are potential improvements in human 

health and environmental effects. These have some success (Sagar and Kartha 

2007). Although traditional bioenergy is associated with challenges, it provides vital 

energy services in the day to day lives of developing countries (Woods, et al. 2015).  

2.6.2 Modern bioenergy 

Modern bioenergy is referred to as the source of electricity as well as liquid and 

gaseous fuels (like ethanol and methanol) (Thrän 2015). The use of modern bioenergy 

has the potential of providing cleaner, more efficient energy services (heat and power 

generation) to support local developments, promote environmental protections and 

improved domestic fuel usage (Karekezi, et al. 2004). Not only will it be an energy 

supplier , but  modern bioenergy is a very important attraction for developing countries 

faced with high unemployment rates (Woods, et al. 2015).  

On the other hand, several challenges can pose a threat on implementing modern 

biomass resources including, the practice of high input mono cropping (loss of 
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biodiversity), land degradation (use of fertilizers) and increasing competition for land 

between food production and biomass resources (Goldemberg and Coelho 2004). 

Karekezi, et al. (2004) illustrates that one of the main challenges of using modern 

biomass is the competing costs and reliability when compared to conventional fossil 

fuels on both transportation and electricity supply. However, it was fully proven that 

modern large scale biomass energy systems on both economic and technical ground 

will be implemented. 

2.7 BRIEF HISTORY AND CURRENT STATUS OF BIOENERGY 

More than half of the world's use of renewable energy comes from bioenergy, which 

accounts for three-quarters of all such usage. In 2015, the usage of bioenergy made 

up 1.9% of the world's power production and 10% of all final energy consumption 

(IRENA). In 1994 bioenergy represented a large potential of the available energy 

which was under-utilised. The energy from forestry residues could provide 7% of the 

world's energy needs. The energy content of forestry residues could provide 7% of the 

world’s energy (Hall and Rosillo-Calle 1999). Hall and Rosillo-Calle (1999) claim that 

the lack of expansion was not because of the low availability of biomass but concerns 

about management, sustainability and acceptable cost.  

The potential of bioenergy to produce energy sources including electricity, gases, and 

transportation fuels has grown, while maintaining the ability to use biomass for its 

traditional use (Hall and Rosillo-Calle 1999). In 2012, bioenergy and traditional 

bioenergy  represented 10.1% and 5.7% of the total energy demand globally, 

respectively (Brito-Cruz, et al. 2015).  

High growth in modern and sustainable bioenergy is more concen trated in developed 

countries such as China, USA and Sweden (Brito-Cruz, et al. 2015). Perea-Moreno, 

et al. (2019) specified that 67.3% of the world's electricity was produced by the 

combustion of fuels in 2018 whilst Tareen, et al. (2020) stated that bioenergy provided 

10% of the world primary energy supply. Three regions including Africa, The 

Caribbean and Asia are developing  affordable and reliable sources of electricity 

generation in order to reduce climate change effects, and provide renewal techniques 

(Tareen, et al. 2020). Therefore, the renewable industries are constantly improving to 

modernise in order to increase the dependability of the current facilities. 
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In 2001, Fischer and Schrattenholzer predicted that bioenergy would play a vital role 

in the future global energy systems, but that the rapid bioenergy developments could 

exacerbate challenges rather than becoming a viable a solution, if not developed 

sustainably. According to Perea-Moreno, et al. (2019), it is expected that by 2040 

bioenergy will provide the world’s energy demand (Figure 6). 

 

Figure 6: Bioenergy for electricity generation worldwide (Tareen, et al. 2020). 

By 2020, 20% of energy will be produced from renewable sources, including 

bioenergy, according to the European Union (EU). In 2010, biomass accounted for 

over 64% of Europe's renewable energy sources, although only accounting for 8.2% 

of the EU's 27 member states' total energy consumption (Woo, et al. 2019). 

In South Africa, the primary energy resource is coal. The world's electrical production 

uses 36% of the entire amount of fuel consumed as coal (Tibane and Vermeulen 

2014). The Department of Energy identified alternative sources to promote the use of 

renewable energy in South Africa. The White Paper on Renewable Energy had 

targeted 10 000 Gigawatts hours (GWh) of energy to be produced from biomass by 

2013. However, the lack of improvement and implementation of renewable energy 

sources has hindered bioenergy production (Tibane and Vermeulen 2014). In 2016, 

renewable electricity contributed 3.1% of the total electricity production in South Africa. 

Only 0.1% was produced from biomass sources with  wind and solar collectively 

representing  2.7% of the electricity production (World Bioenergy Association 2019).  
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2.8 CHARACTERICTICS OF BIOMASS PRODUCTION 

The method of conversion and the form in which the energy is needed define the kind 

of biomass to use for energy production (McKendry 2002). The chemical and physical 

properties of biomass are influenced by the value of the biomass (Preto 2011). These 

characteristics include high production of dry matter per ha, low energy input, low 

costs, low contamination, and low nutrient requirements. One important factor is 

identifying suitable biomass species, which can produce high energy outputs and 

substitute conventional fossil fuels (Kauriinoja and Huuhtanen 2010).  

Biomass material properties differ depending on the type of biomass, such as 

harvesting residues (wood, bark, and residues) (Table 1). The following properties are 

crucial to be taken into consideration (Kauriinoja and Huuhtanen 2010): 

• Moisture content 

• Calorific value 

• Proportions of fixed carbon and volatiles 

• Ash/residue content 

• Alkali metal content 

• Cellulose/lignin ratio 

• Carbohydrate/sugar content 

• Lipid/fat content 

• Protein content  

• PH 

 

While the first and last features are of primary significance for wet biomass conversion 

processes, the first five properties are of interest for dry biomass conversion 

processes. 
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Table 1: Average properties of wood, bark and leaves (Pierre, et al. 2013) 

 

2.9 DRIVERS AND CHALLENGES OF BIOENERGY IN SOUTH AFRICA 

South Africa is currently experiencing a major problem in electricity generation on a 

national scale. Eskom, the entrusted company to supply electricity, has over the years 

been predominantly generating power through burning coal (Arndt, et al. 2019). 

2.9.1 Challenges of bioenergy in South Africa  

Bioenergy is connected and related to emissions into the environment through their 

development processes as conventional fuels. Trees absorb carbon dioxide that is 

emitted into the environment reducing greenhouse gases.  

Tareen, et al. (2020) compiled a list of challenges South Africa is experiencing 

regarding the expansion of bioenergy: 

• Policymaking (ownership models, operation risk management, cost analysis of 

resources and cash flow) 

• Production-based incentives (protection against political risk, reduce import  

duties on the facility, guaranteed purchase of all available renewable the  

 energy) 

• Lack of access to the local renewable resource 

• Marketing (categories different zones to ensure biomass availability) 

• Access to finance (monetary incentive, mandatory use of renewable projects in 

the public, trade effectiveness, competitive tariffs) (Arndt, et al. 2019) 
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2.9.2 Drivers of bioenergy  

The vision and long-term objectives of the renewable energy roadmap must be 

developed, and a crucial step is to determine the drivers for establishing bioenergy 

technologies. The factors and their respective relevance for implementing bioenergy 

differ significantly among nations (Tareen, et al. 2020). In South Africa, there are three 

main groups of bioenergy drivers (Landolina and Maltsoglou 2017): 

• Economic development and employment (create jobs, increase energy 

access) 

• Energy security (diversify energy supply mix) 

• Reduction of pollution and greenhouse gas emissions (improve air quality and 

mitigate environmental pollution). 

The collection of forest residues has represented the most common strategy to match 

the new market demands for renewable energy generation (Spinelli, et al. 2019). 

Biomass components are obtained from lower value or non-merchantable stand 

components (Ghaffariyan, et al. 2012a, Ghaffariyan, et al. 2017, Spinelli, et al. 2019, 

Tolosana, et al. 2014). According to Wolf, et al. (2014), several positive factors on 

residue recovery includes: 

• Increasing revenue 

• Increase accessibility for site preparation 

• Reduce the risk of insect and fire outbreaks 

 

2.10 BIOMASS RECOVERY AND QUANTIFICATION 

This section provides an existing literature on biomass recovery and quantification as 

well as the derivation of productivity.  

2.10.1 Biomass quantification 

Quantification of biomass is essential for process optimisation (Giebner, et al. 2015). 

The systems for collecting and processing of logging residues are based on 

information on quantity and quality. Biomass can be established using direct or indirect 

sampling methods (Karpachev, et al. 2017). In direct method, the actual residues in 

the quadrants are measured, weighed, or estimated. The foundation of indirect method 

is the development of a relationship between the tree weight and the parameters, such 
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as the height and diameter of the trunk, that are then measured (Bonham 2013). 

Geographic information systems (GIS), remote sensing, and yield growth models are 

preferred for biomass estimation at the state and national levels (Karpachev, et al. 

2017). The use of remote sensing is important because of the continuous and 

repetitive digital data input from the same area with different spatial resolutions. The 

system covers a  large area, reducing  time and financial costs (Woo, et al. 2019). 

The types of vegetation, observer abilities, sample size requirements, time and 

budgetary constraints, as well as other factors, define the most effective approach to 

calculate biomass in an inventory or monitoring program (Ghaffariyan 2013, 

Ghaffariyan, et al. 2017). Forest residues are parts of felled trees which usually remain 

on the forest site when conventional harvesting occurs (Ghaffariyan 2013, 

Ghaffariyan, et al. 2017). The rate of removal varies among forests depending on the 

end product and  cost effectiveness of harvesting (Eker and Spinelli 2018). One of the 

main principles of sustainable forest management is to maintain  ecosystem services 

in the forest biomes (Kizha and Han 2015). An estimation of the potential forest 

residues available is important when planning the biomass supply chain, assessing 

financial viability, calculating potential revenue, and determining the possible energy 

production (Woo, et al. 2019).  

Residues can remain infield or broadcasted on the site for soil fertilisation and the  

protection of biodiversity  (Ranius, et al. 2018). Biomass recovery is determined by the 

type of forests operations (clear-fell or thinning), and the profitability of removing the 

biomass (Ghaffariyan, et al. 2011). The quantification of the available harvesting 

residues are  influenced by the annual roundwood production  rate, rate of felling 

extraction, and percentage of residues that are already used (Hoyne and Thomas 

2001).  

2.10.2 Biomass extraction (manual and mechanised) 

The collection of forestry residues from sustainable forest operations are recoverable 

as a source of biomass fuel for renewable energy generation (Eker, et al. 2017, 

Ghaffariyan 2013). Conventional harvesting focuses on extracting timber efficiently 

and cost-effectively (Eker, et al. 2017, Ghaffariyan 2013, Laengin, et al. 2010). 

However, residues are considered a by-product (Zamora-Cristales and Sessions 

2016) of commercial roundwood production (Ackerman, et al. 2013). Forest residues 
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are produced through harvesting operations such as reduction thinning, salvage 

logging, and pre-commercial thinning. About 75% of harvestable residues are from 

clear-fell operations and 45% from thinning operations  (Baker, et al. 2010). Biomass 

extraction, processing, and transportation are major challenges which can directly 

affect the economic viability of residue utilisation operations (Spinelli, et al. 2019). 

Zamora-Cristales and Sessions (2016) state that residues can typically be used to 

produce sustainable energy if desired. During the harvesting process, a significant 

amount of residue that does not reach the landing, which could increase the availability 

of forest biomass. Thus, collection costs, which are a function of the distance from 

infield to landing method used, have an impact on the amount of recoverable residues 

(Zamora-Cristales and Sessions 2016), terrain conditions, collection methods, and 

system productivity  (Webb, et al. 2008).  Webb, et al. (2008) emphasised that the 

further the distance collection, the higher the biomass cost will be. Thus, equipment 

balancing is important to avoid affecting the productivity of the whole collection 

operation  (Webb, et al. 2008).  

Forest residues can be harvested with timber in a two-pass (non-integrated) or a one-

pass, integrated system (Ackerman, et al. 2013). In the one-pass system, round wood 

and residues are harvested simultaneously and forwarded to the primary landing at 

the same time (Ackerman, et al. 2013, Miller, et al. 1987). This system is considered   

the most cost-effective biomass collection method when using equipment such as 

feller-bunchers and skidders (Miller, et al. 1987). This is due to slash accumulating at 

the landing sites (Webb, et al. 2008), as they harvest  all products in a single operation 

(Stokes, et al. 1985) while avoiding the addition of other machines (Miller, et al. 1987). 

The one-pass system simplifies the residue collection process, but the residues 

usually have a higher moisture content. Thus, biomass is often broadcasted back to 

the site in order to clear space (Ackerman, et al. 2013). However, a two-pass approach 

is preferable due to factors such as the importance of drying biomass in the forest 

(Webb, et al. 2008). 

The two-pass system recovers roundwood and biomass separately (Figure 7) (Stokes, 

et al. 1985). The biomass is piled next to the landing sites for later collection when the 

timber is extracted. Miller, et al. (1987) reported that this system is less popular and 

has not proven to be as cost-effective as the one-pass system. Although the two-pass 
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system can place the operators at a disadvantage, it provides opportunities for smaller, 

specialized biomass harvesting contractors to operate if timber harvesting contractors 

do not utilise the biomass (Miller, et al. 1987). Furthermore, it allows residues to dry 

before collection and  ensures a better distribution of the remaining residues 

(Ackerman, et al. 2013). 

 

Figure 7: A loaded forwarder traveling to the landing with residues  (Zamora-Cristales 

and Sessions 2016). 

 Ranius, et al. (2018) mentions that whenever residues are broadcasted infield, soil 

productivity increases. Forest residues remain in the ground and then supply the soil 

with vital nutrients. These systems will not eliminate nutrients but will certainly reduce 

it (Ranius, et al. 2018). The collection of forest residues from poor sites should be 

avoided in all cases because this would aggravate the availability of the nutrients 

(Ghaffariyan 2010). 

2.10.3 Different methods used for biomass quantification 

In order to predict the biomass supply and possible revenue production, practical 

biomass planning requires a quantitative estimate of the amount of collecting residue 

that is accessible(Wells, et al. 2016). In biomass pre-feasibility research, a number of 

collecting residue quantification techniques have been investigated and deployed 

(Carrasco-Diaz, et al. 2019). The following methods have been used with various kinds 

of forests (Lu 2006, Shi and Liu 2017): 

• Allometric equation 

• Mean biomass density 
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• Biomass expansion factor  

• Geostatistics  

• Remote sensing 

 

2.10.4 Advantages and disadvantages of methods used for biomass 

quantification 

The advantage and disadvantage of biomass quantification (Table 2). 

Table 2: Advantages and disadvantages of biomass quantification methods (Shi and 

Liu 2017). 

Method Disadvantages Advantages Improvement practices 

Allometric equation Varying f requently with 

species, terrain, 

temperature, and rainfall. 

Less sampling trees 

 

Can be reused by 

others and make 

comparable. 

Incorporating these 

factors into allometric 

coef f icients; combine 

with LIDAR 

Mean biomass density Easily leading to an 

overestimation 

It produces biomass 

estimates without 

having to make 

volume estimates 

Randomly set more 

plots 

Biomass expansion 

factor 

Varying f requently with 

species, terrain, 

temperature, and rainfall 

Biomass factors are 

easier to use than 

biomass equations 

Incorporating these into 

conversion factor 

Remote sensing 

 

 

Geostatistics 

Saturation and 

ref lectance of  surface 

features 

 

More f ield data 

More accurate and 

less time consuming 

 

 

More accurate and 

less time consuming 

Higher spatiotemporal 

resolution, advanced 

algorithm and 

technology 

Constructing the 

biomass database 
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2.11 FACTORS INFLUENCING BIOMASS RECOVERY 

Ghaffariyan (2013) showed that the quantity of residues on sites after commercial 

timber recovery depends on various parameters pertaining to the harvesting method. 

There is very little information available regarding the impact of each harvesting 

method with regards to the amount of remaining residues infield (Ghaffariyan, et al. 

2017). Although there are a lot of residues type, it is difficult to predict their nature, 

quantity, and quality before each harvesting process. The year-round accessibility of 

forest sites, weather, the availability of preprocessing technologies, haulage 

contracting methods, and plant distance are among the aspects that are not well 

known (Woo, et al. 2019), which should promote further study. 
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CHAPTER 3: RESEARCH SITES AND HARVESTING SYSTEM 

3.1 INTRODUCTION 

This chapter provides a comprehensive breakdown involving the research sites and 

descriptions of the harvesting methods. The research was based on two harvesting 

systems namely fully mechanised and semi mechanised in Pinus patula. 

3.2 LOCATION 

This section provides a description of the research sites (the plantation and 

compartments). 

3.2.1 Description of the research site plantation area 

The study was conducted at the Sappi (South African Pulp and Paper Industries 

limited) plantations situated in the Ngodwana area of Mpumalanga, South Africa 

(Figure 8). Ngodwana is located along the N4 national road in the Elands Valley, 50 

km from Mbombela, the capital of Mpumalanga province. Sappi is a producer of paper, 

paper packaging, dissolving pulp, and growing commercial timber. Sappi forests have 

access to 534 000 ha of plantations, of which 394 000 ha are owned and 

approximately 140 000 ha are contracted supply (Sappi 2019). The study trial areas 

were laid out in Pinus patula plantations in Helvetia and Houtboschoek. 

 

Figure 8: Study location indicated on map in Mpumalanga, South Africa. 
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3.2.2 Description of research compartments 

Two identified harvesting systems namely, semi-mechanised tree-length (TL) and fully 

mechanised full-tree (FT) were observed. Both harvesting systems worked on different 

sites (Table 3) (gentle to level slope conditions) but with the same species (Pinus 

patula). The two compartments were namely C35a (25°32’18.558” S; 30°22’4524” E) 

and E32 (25°28’32.485” S; 30°34’45.502” E). The field work was carried out from the 

7th of October to the 14th of November 2020 for the FT system and the 30th of 

November to the 18th of December 2020 for the TL system. Fifty-one research days 

were spent in both the compartments collecting data. The total research area of the 

plots was 2.23ha. 

Table 3: Study site information 

Compartments  C35a E32 

Systems FT TL 

Species planted  P. patula P. patula 

Area (ha)  50.75 25.71 

Date planted  2004 1998 

Planting espacement  3 x 2 2.9 x 2 

Age (years)  17.2 22.2 

Average DBH (cm)  24.7 20.1 

Average height (m)  24.9 21.9 

Average tree volume 

(tons) 
0.75 0.33 

Trees per hectare 832 1342 

Tons/ha (p=wbt) 325 294 

Total compartment tons 

(p=wbt) 
16493 7570 

 

3.3 TERRAIN CONDITIONS 

The terrain condition information was evaluated using the South African National 

Terrain Classification System (Erasmus 1994) of the research sites. The terrain 

conditions (ground conditions, slope, and ground roughness) (Table 4) for both 
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compartments were different, hence the high variability in the data. In compartment 

C35a, the terrain research site was on a gentle slope (11% to <21%), while 

compartment E32 was on a moderate (20% to <30%) to steep slope 1 (30% to < 35%) 

with a smooth surface and good ground condition (Table 5). The slope was enough to 

be considered a potential factor affecting the productivity. 

Table 4: South African National Terrain Classification categories  (Erasmus 1994). 

Ground Conditions Ground Roughness Slope (%) 

1= Very Good 1= Smooth 1= Level (< 11) 

2= Good 2= Slightly uneven 2= Gentle (11 to <21) 

3= Moderate 3= Uneven 3= Moderate (20 to <30) 

4= Poor 4= Rough 4= Steep 1 (30 to <35) 

5= Very Poor 5= Very Rough 5= Steep 2 (35 to <40) 

 6= Steep 3 (40 to <50) 

7= Very steep (>/= 50)  

 

Table 5: Study compartment terrain conditions 

Compartments Ground Conditions Ground 

Roughness 

Slope (%) Aspect 

C35a Good -Very Good Smooth Gentle (11 to < 21) 

to level (< 11) 

South East 

E32 Good Smooth Moderate (20 to < 

30) to steep 1 (30 

< 35) 

South East  

 

3.4 HARVESTING SYSTEMS 

This section provides a detailed description of the harvesting systems used in the 

research. Two harvesting method comprising of harvesting systems were used in a 

clear-felled operation in P patula compartments. In the context of this research and in 

the remainder of the dissertation, the harvesting system associated with the tree length 

harvesting method which comprised of a chainsaw for felling, cable skidder for 
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extraction, chainsaw for processing and logger for bunching, sorting and stacking will 

be referred to as the tree length system. The harvesting system associated with the 

full tree harvesting method which comprised of a feller buncher for felling, grapple 

skidder for extraction and roadside processor for processing will be referred to as the 

full tree system. The machines and equipment utilised for harvesting and extracting 

was operated by two contractors namely Imphisi Harvesting Contractors (semi-

mechanised TL system) and Imishini Contracting Services (fully mechanised CTL 

system). The loading operation from the roadside to the depot was performed by a 

different contractor. The log assortments were counted, tagged and sold at the landing 

(Table 6). Once at the roadside, the client would collect the logs to their respective 

mills. The log assortments were optimised to meet the Sappi Ngodwana specifications. 

Table 6: Products produced and their dimensions. 

Products Client Diameter (cm) Length (m) 

Min Max Min Max 

New sprint (NP) Sappi (Ngodwana mill) 12 38 2.25 2.40 

Chemical pulp (CP) Sappi (Ngodwana mill) 11 5 1.8 2.40 

 

3.4.1 General overview of semi mechanised tree length system 

The semi-mechanised tree length system comprised of a chainsaw for felling and 

processing (debranching and topping), and a cable skidder for extraction (Figure 9). 

Other chainsaws were available at the landing to optimise tree lengths according to 

the specifications of the markets. After optimisation, a three-wheeled logger would 

stack logs into separate piles for each client, thereafter removing debris along the 

roadside.  
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Figure 9: Tree length harvesting system matrix. 

1) Husqvarna 61 chainsaw  

The Husqvarna 61 chainsaw was used infield for felling, debranching and topping, 

whilst another chainsaw was used at the landing for optimisation (Figure 10). Log 

scalers were used to mark the logs into various assortments at the landing. Thereafter, 

a chainsaw operator would follow behind the log scaler and crosscut the logs 

according to the marked specifications. This operator was also responsible for quality 

control of the logs. Quality control involved removing excess branches that would have 

been missed infield and fibre tear-offs on the logs. 
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Figure 10: Husqvarna chainsaw 61 

Below are detailed chainsaw specifications (Table 7). The weight of the machine does 

not include fuel, bar and chain. 

Table 7: Husqvarna chainsaw specifications (Husqvarna 2018) 

Chainsaw Specif ications 

Saw chain (cm) 38 

Displacement (cm3) 61.5 

Power output (kW) 2.9 

Weight (excluding cutting equipment kg) 6.2  

Recommended guide bar length (cm) 28 in 

 

2) Extraction: John Deere 648 H  

A John Deere 648H cable skidder was used to extract trees from the compartment to 

the landing (Figure 11). The Cable skidder specifications are provided in Table 8. 



36 
 

 

Figure 11: Cable skidder John Deree 648H 

Table 8: Cable skidder specifications (Deere 2021a) 

Cable skidder Specifications 

Make John Deere  

Model  648H 

Aspiration Turbocharged, air to air intercooled 

Engine type  6.8 L (415 cu.in.) 

Power  128 kw (172p) 

Winch control   Mechanical 

Slope operation, maximum angle  45% 

Machine hours  25548 

 

3) Pre-bunching and stacking: Bell 225A three-wheeled logger  

A Bell 225A three-wheeled logger (Figure 12) performed several tasks including 

bunching trees, removing residues at the roadside, sorting and stacking logs. These 

included pre-bunching stems infield and sorting stems at the roadside for ease of 

optimisation and crosscutting. Other tasks involved were sorting and stacking of log 

assortments according to dimensions and client specifications and removing residues 

from the roadside back to infield. 
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Figure 12: A three wheeled logger bunching, sorting, stacking and clearing residues 

 

3.4.2 General overview of fully mechanised full tree system 

The fully mechanised FT system comprised of three machines: a feller buncher to fell 

and bunch the trees. A grapple skidder to extract the tree bunches to the roadside and 

a processor to debranch and crosscut the trees into commercial assortments (Figure 

13). 

 

Figure 13: Full tree harvesting system matrix 
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1) Felling: John Deere 859m feller buncher  

The John Deere 859m tracked wheel feller buncher was used to fell and accumulate 

multiple trees before laying them down in bunches (Figure 14). The specifications of 

the feller buncher are presented in Table 9. 

 

Figure 14: A feller buncher John Deere 859m 

Table 9: Feller buncher specifications (Deere 2021b) 

Feller buncher Specifications 

Make John Deere  

Model  859M  

Weight  36 060kg 

Engine type  John Deree Power Tech PSS 9.0L 

Power @ 2000rpm  213 kw (286hp) 

Number on cylinders   6 

Track chain  215.9 mm (8.5 in) 

Year of  manufacture  2018 

Machine hours  3488  

 

2) Extraction: CAT 525 C grapple skidder  

A dual arch grapple skidder was used to extract the trees prepared by the feller 

buncher from infield to the roadside (Figure 15). The specifications of the grapple 

skidder are presented in Table 10. 
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Figure 15: CAT 525 C grapple skidder 

 

Table 10: Grapple skidder specifications (RitchieSpecs 2018) 

Grapple Skidder  Specifications 

Make  CAT 

Model  525C  

Operating weight  17 711kg 

Engine type  Cat C7 ACERT 

Number of  cylinders 6 

Gross power  146 Kw 

Gross torque 896Nm at 1.400rpm 

Grapple Boom  Dual Arch 

Max grapple capacity  1.16m2 

Fuel tank standard  315 Litres  

Machine hours  14676 

 

3) Processing and optimising: CAT 320D  processor  

The CAT 320D tracked processor performed the tasked of debranching and cross 

cutting (Figure 16). The specifications of the processor are presented in Table 11. 
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Figure 16: CAT 320D roadside processor used for processing trees on roadside 

 

Table 11: Excavator processor specifications (CAT 2015) 

Processor Specifications 

Carrier band CAT 

Carrier  320D series 2 

Operating weight  27 330kg  

Engine type  Cat C7.1 ACERT 

Cylinders  4 

Engine net power  118kW 

Undercarriage length  0.8m 

Machine hours  14 774 

 

3.4.3 Equipment operators 

All the operators were trained by an accredited and experienced training provider for 

mechanised harvesting machines and equipment. Their work skills and techniques 

were acceptable. The Imphisi Harvesting Contractors (semi-mechanised TL system) 

operators were working for nine hours (shift length) from Monday to Saturday. The 
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Imishini Contracting Services operators worked eight hours (shift length) a day from 

Monday to Sunday. See Table 12 for details regarding the experience of the operators. 

Table 12: Experience of the operators 

 Operator  Contractor name Experience as operator (years) 

Chainsaw operators Imphisi Harvesting Contractors 15,13,10 

Cable skidder operator Imphisi Harvesting Contractors 9 

Logger operator Imphisi Harvesting Contractors 12 

Feller buncher operator Imishini Contracting Services 6 

Grapple skidder operator Imishini Contracting Services 22 

Processor operator Imishini Contracting Services 4 
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CHAPTER 4: RESEARCH AND DATA ANALYSIS METHODOLOGY 

4.1 INTRODUCTION 

This chapter describes the general research methodology (material and methods), as 

well as the pilot study information used to test the data collection methods The 

research methods section includes the description of instruments used for taking 

measurements, data collection techniques and data capturing processes. 

Furthermore, in-depth, procedures used for the analysis of sample trees, quantifying 

tree biomass components and statistical analysis are also discussed. 

4.2 PILOT RESEARCH 

A pilot research study was performed before the actual research occurred. Pilot 

research is a preliminary study  using  a small sample of  the larger study area (Singh 

2012). The purpose of the pilot research is to determine and test the adequacy of the 

research operation, and assess the feasibility of the full research (Singh 2012). The 

pilot research was conducted from the 17th to the 20th of March 2020. During this 

period, the researcher identified the full tree and tree length harvesting systems 

compartments in Helvetia compartment C35a and in the Houtboschoek compartment 

E32. The research areas were selected from a compartment list of the 2021 clear-fell 

annual plan of operations (APO). Thereafter, the sites were visited to assess their 

suitability (e.g., terrain conditions) for the research. The total clearfell area of each 

system was sufficient to produce plots for a valid experiment. Each site was deemed 

suitable to produce the planned eight plots, with each plot measuring an average size 

of 19 318 m2. The initial plan was to collect all branches when collecting the remaining 

biomass, but after the pilot study observations, it was decided to only collect the 

residues with a diameter of 8 cm and above, because this would be easier using 

manual collection methods. Moreover, a chainsaw was needed to crosscut woody 

residues into 1m to 1.5m lengths in both operations. 

4.3 RESEARCH METHODOLOGY 

This section describes the measuring instruments, fieldwork practice, data collection 

process (Figure 17) and data capturing methods used during the research period. The 

following variables were measured: 
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• Plot surface 

• Total mass per plot (commercial volume) 

• Recovered residues per plot 

• Remaining residues per plot 

• Biomass collection productivity 

 

Figure 17: The process of biomass collection 

 

 4.3.1 Measuring tools for productivity operation  

The following instruments were used to measure key variables including commercial 

volumes, biomass quantification and productivity operations (motor manual 

processing, manual extraction, manual loading). 

For productivity measurement, tools were used to conduct the time study and to 

quantify the output. These tools and their functions are described in Table 13. There 

were certain time elements required for both harvesting systems. The data was 

collected by recording the time taken to complete each element. When the time studies 

were completed, the information on the spreadsheet was transferred into a Microsoft 

Excel spreadsheet. The spreadsheets contained the following information (see 

Annexure 1: Time study form). 

• Date and time of the study 

• Plot number 

• Starting and ending time 

1. Company 
predicted 

merchantable 
roundwood 

volume

2. Quantification 
of standing tree 
volumes in the 

plot (DBH, 
Height and use 

of volumes 
equation to 

determine the 
volumes)

3. FL and TL 
systems harvest 

the 
compartments

4. Quantify the 
biomass volume 
of the primary 

timber products 
from plot (e.g. 

sawlogs, 
pulpwood and 
other products)

Productivity 
study of biomass 

recovery 
conducted on:

5. Manual 
collection of 

woody residues

Quantify the 
woody residues 

volumes 
collected by 

measuring the 
thick and thin 

end dimater and 
the length

6. Quantifying 
residues using 
the unrecovered 

residues 
assessment 

method
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• Tally 

• Element 

• Terrain conditions 

• Observer name 

• Person observed 

• Notes 

• Delays times 

 

Table 13: Measuring tools and their functions 

Measuring and data 

capturing tools 

Description  Output quantified/  

Assessed 

Stopwatch  To record time taken to complete 

activities in each sample plot   

Activity sampling 

Digital camera  To capture pictures that will prove 

what was observed during the study 

Site conditions 

Tape measure  To measure DBH and length Biomass log volume 

Clip board and pen Recording tree measurements Tree volume and activity 

sampling data  

 

The time taken for each operation including motor manual processing, manual 

extraction, and manual loading was assessed to determine the productivity level. The 

volume was quantified by measuring individual logs after the collection of the woody 

biomass. The length and diameter of the logs from each plot was measured to 

determine the volume output of each harvesting system. For measuring productivity, 

the labourer’s operations were split into specific elements. 

4.3.1.1 Tree volume determination  

Estimation of tree volume of the entire area was determined based on the data 

collected from each sample. SAPPI provided detailed information for each 

compartment including average DBH, average height, compartment age and species. 

The sampled area for each harvesting system was set ahead of the harvesting 

operation. Tools and equipment were used to collect and record the data (Table 1). 
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Table 14: Measuring tools and their functions 

Measuring tools Description  Output quantified/  

Assessed 

Calliper  For measuring tree DBH Tree volume 

Vertex For measuring tree height  Tree volume 

Paint and paint brush For marking and numbering the 

trees  

Tree identif ication 

Digital camera  To capture pictures that will prove 

what was observed during the study 

Site and stand conditions 

Diameter tape  To measure exact DBH  Tree volume 

Clip board and pen Recording tree measurements Tree volume 

Area measurement app Length and breadth of  the plots  Plot area 

Tape measure To measure the length and 

diameter of  logs 

Tree volume 

 

The trees were measured their diameters over the bark using a calliper at standard 

breast height of 1.37 m used in South Africa in each plot (Owen 2000). All measured 

DBHs and heights were recorded in the form (see Annexures 2: Standing volumes 

DBH and height) and numbered with a visible white paint (Figure 18).  

 

Figure 18:Trees to be harvested marked with white paint 
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Each sample area consisted of 1600 trees with 8 plots of +/-200 trees. For each plot, 

an average of 20 tree heights were measured relative to the diameter distribution 

within the plot using a Vertex hypsometer with a transponder. The diameter and 

heights of the selected trees were used to estimate a DBH-height curve, which was 

used to determine the heights for the other trees in the sample (Owen 2000). To 

increase and optimize the measuring accuracy, the Vertex was recalibrated at the 

beginning of each day regularly. Diameter and height measurements were used to 

determine tree volume by using the equation based on the Schumacher and Hall 

model (Bredenkamp 2012). The standard equation and descriptions of the equation 

were as follows: 

Schumacher and Hall’s model: Ln V=bo+b1 ln (dbh + f) + b2 lnH, where: 

▪ In = natural logarithm to base e  

▪ V = stem volume (m3, under bark up to 50mm)  

▪ dbh = diameter at breast height (measure in centimeters, over 

bark)  

▪ f = correction factor  

▪ H = tree height  

The volume of individual trees was determined using Pinus patula coefficients. Tree 

volumes were calculated up to a 5 cm top diameter. Pinus patula coefficients used 

within the equation were: 

In V= -13.47+2.44 ln (dbh+8) +1.325 lnH 

4.3.1.2 Motor manual processing 

A Husqvarna 61 chainsaw was used to process (debranch and crosscut) the woody 

biomass (Figure 19). See Chapter 3.4.1 for a comprehensive description of the 

chainsaw specifications. The utilised chainsaw operator in the field research study was 

with a working experience of 10 years (detailed information on the operators is 

provided in Chapter 3). The operator was given instructions on how to process the 

woody biomass in all the plots. The researcher and assistant followed the operator to 
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ensure the quality produced was of a sufficient quality while capturing activity time 

study data using a stopwatch.  

The assistant was a forestry student completing his experiential training who was 

trained in collecting and recording data. Thereafter, the researcher recorded and 

followed the tasks performed by the operator on a data collection form. The operator 

would walk to a specific log, move the log for proper positioning, and then debranch 

and crosscut the log (Table 15). The operator performed several additional activities 

such as refuelling, equipment inspections and so forth. Activities that caused delays 

were also recorded. These activities included break times and equipment changes. 

The length of the woody biomass in both harvesting systems was between 0.95m to 

1.5m. The specific task performed by the operator was recorded at 30 seconds 

intervals, along with the total time taken to complete the work. The proportions of each 

task were computed to determine the productivity of the various elements for the 

duration of the study. 

Table 15: Motor manual processing elements for both systems 

Elements Description 

Walk Begins when the operator starts to move and ends when 

the operator reaches logs 

Crosscut Starts when the operator crosscuts the log and ends when 

the crosscutting f inishes. 

Move log Starts when the operator stops the machine and moves 
residues or logs preventing him f rom crosscutting the logs 

safely.  

Debranch Begins when the operator starts to cut the top and 
branches and ends when all branches on the log have 

been removed 

Move to/f rom refuel Starts when the operator moves to/f rom refuel at the 

designated area and ends when the operator reaches the 

designated area 

Refuel Starts when the operator reaches the designated area to 

refuels and ends when the operator stops to refuelling. 

Inspect Beings when the operator had breaks related to failure in 
tools including the tearing of  chain of  chainsaw and ends 

when f inishing to inspect  

Delays Any interruption during working time including personal 

(rest and personal breaks) and mechanical (broken chain) 

 



48 
 

 

Figure 19: Motor manual processing of biomass 

4.3.1.3 Manual extraction  

The manual extraction operation was conducted by four skilled workers who had 5-10 

years of work experience (Figure 20). These were all adult males, aged between 26 

and 42 years. 

 

Figure 20: Manual extraction of woody biomass 

The same crew was used for biomass collection at both harvesting sites. The workers 

were considered representative of the workers in the region. The performance of the 

worker’s during observation was very similar. The manual extraction method was 
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divided into working elements and data was collected based on the described 

elements. Four elements were described, namely, walking (not carrying anything), 

picking up stemwood infield, carrying stemwood to the roadside, and stacking of 

stemwood at the roadside (Table 16).  

Table 16: Manual extraction elements for both systems. 

Activity Description 

Walking 

 

 

Picking up 

 

 

 

Carrying 

 

 

 

 

Stacking 

Begins when the worker starts walking towards the 

stemwood to be moved and ends when the worker 

reached the stemwood. 

Begins when the worker reaches the stemwood and 

proceeds to bend down to lif t the stemwood f rom the 

ground to the shoulder and ends when the worker is in a 

standing position carrying the log. 

Begins when the worker is in a standing position and 

starts to walk with the stemwood or drag the stemwood 

and ends when the worker stops at the roadside landing 

area. 

Begins when the worker stops at the roadside landing 

area and proceeds to drop the log down or move the 

stemwood by hand and ends when the worker starts 

walking back to collect stemwood. 

 

The specifications of recoverable stemwood were a minimum diameter of 5 cm and a 

minimum length of 0.95m. The total extraction distance for the FT system was 100m 

and for the TL system was 195m. A plot level time study was conducted using a 

stopwatch whilst observing the four workers extracting stemwood that matched the 

collection specifications. The starting time and ending time for each plot was recorded 

in a data collection sheet. Activity sampling was conducted whereby all workers were 

observed every 1 minute. The specific activity observed was noted with the proportions 

of all activities tallied when the extraction was completed for each plot. The proportions 

of each activity were computed to determine the productivity of the various activities 

for the duration of the research. The volume of usable stemwood biomass collected, 

by the team, was calculated based on the Smalian’s formula where the thin and thick 

end diameters and lengths are measured (Bredenkamp 2012). The standard equation 

and descriptions of the equation variables were as follows: 
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Smalian’s formula: Volume: πD2/40 000 + πd2/40 000 /2 x h, where:  

▪ Π = the ratio of the circumference of a circle to its diameter 

(3.1416) 

▪ D = diameter at thick end in cm 

▪ d = diameter at thin end in cm 

▪ h = log length in m  

A sample of usable residues extracted from stemwood was taken for moisture content 

determination. Two wood samples from each plot were taken in the form of chips using 

a Milwaukee wood drill coupled with a wood boring drill bit (Figure 21). The chips were 

placed in a white plastic container (500ml) and immediately placed in sealed plastic 

bags to be weighed. The chips were oven dried and weighed to determine the moisture 

content of each sample on the same day. The details (harvesting system, date, plot 

number) associated with each sample were recorded on each bag. The moisture 

content of the stemwood coming from different plots differed because of the different 

harvesting operation starting dates (Figure 22 & 23). 

 

Figure 21: The Milwaukee wood drill and chips collected for moisture content 

determination 
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Figure 22: The moisture content transition for the FT system 

 

Figure 23: The moisture content transition for the TL system 

 

4.3.1.4 Manual loading  

All the workers were informed of the objectives and methods. In the field, manual 

loading was carried out by four adult workers. The time data for loading was collected 

only in the FT harvesting system. A tipper truck (Quester UD trucks CWE 370) tipper 

truck was employed to transport the stemwood to the Ngodwana Mill Weighbridge. 

Table 17 displays the specifications of the tipper truck. 
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Table 17: Tipper truck specifications 

Tipper truck Specifications 

Make UD Trucks 

Model  Quester CWE370 

Conf iguration 6x4 dump 

Engine type  GH11E 

Tare weight  8 380 

Payload allowance (kg) 17 320 

Power output 278 @1 900 

Max body length 7 475 

Gross vehicle mass (tons) 28,5-31 

Machine hours  7571 

 

The bin of the tipper truck had a total length of 4.29 m, a width of 2.26 m and a height 

of 1.24 m. The loading activity included four elements namely, walking, picking up a 

log, handing over a log, stacking a log and standing (Table 18). During the operation, 

two workers were responsible for picking up the stemwood, which had been stacked 

along the roadside, and handing it over to the other two workers inside the truck bin 

(Figure 24).  

 

Figure 24: Manual loading of woody biomass 
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The two workers inside the truck bin were responsible for stacking the stemwood 

inside the truck platform. Two full loads were completed during the loading operation. 

The stem wood loaded came from four plots from the FT harvesting system. Once 

loaded the stem wood was transported to the Ngodwana mill for weighing. The loading 

start and end times for each plot was recorded in a data collection sheet. An activity 

sampling time study was conducted whereby each worker was observed every minute 

during the loading operation. The specific activity that the observed worker was 

performing during that 1-minute interval was noted and the proportions of all activities 

were tallied when the loading was complete for each plot. The proportions of each 

activity combined with the stemwood output was recorded to determine the 

productivity of the loading activity.  

Table 18: Description of manual woody biomass loading elements 

Activity Description 

Walking 

 

 

 

Picking up 

 

 

 

 

Handing over 

 

 

 

 

Stacking 

 

 

 

 

Standing 

Begins when the worker who is on the 

f loor and start walking towards the 

stemwood to be loaded and ends when 

the worker reached the woody biomass. 

Begins when the worker reaches the 

woody biomass and ends when the worker 

bends down to lif t the woody biomass f rom 

the ground and when the worker is in 

standing position. 

Begins when the worker is in standing 

position  

starts handing over the woody biomass 

and ends when the worker holds the 

woody biomass 

Begins when the worker drops the woody 

biomass on the truck platform or move the 

woody biomass by hand and ends when 

the worker stop sorting the woody 

biomass. 

Begins when the worker starts waiting for 

the handover and ends when the worker 

reaches towards the woody biomass 

handed over 
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4.3.2 Measuring tools for biomass quantification 

Woody biomass has been estimated at forest harvesting sites in the past. After the 

harvesting of primary products (pulpwood) was completed, the sites were assessed to 

determine the uniformity of distribution of the harvest residues. The residues were 

classified based on the residue distribution pattern and type of materials. The 

Cooperative Research Centre (CRC) for Forestry in Australia developed a harvesting 

residues assessment method using plots and line transects (Ghaffariyan and Apolit 

2015, Ghaffariyan and Dupuis 2021, Ghaffariyan, et al. 2016). This method was 

applied to calculate the quantity of unrecoverable residue and to estimate the 

components including stemwood, branches, needles and cones. Woo, et al. (2019) 

adds that the harvesting residues assessment method is classified as a direct method 

because of the high accuracy rate. For quantifying residues, various tools were used 

(Table 19).  
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Table 19: Tools and their functions 

 Tools and equipment Description  Output quantified/  

Assessed 

Digital camera  To capture pictures that will prove 

what was observed during the 

research 

Site conditions 

Clip board and pen Recording tree measurements and 

biomass weights 

Tree volume, activity 

sampling data and biomass 

quantif ication 

Portable scale and bucket To measure the mass of  biomass 

(branches, woody debris, f ine twigs, 

needles and cones) 

Biomass quantif ication 

Tape measure To measure slash depth Stemwood volumes 

biomass quantif ication 

Spray paint To mark the square meter for 

cutting the unrecovered residues 

Biomass quantif ication 

1m x 1m grid  To mark of f  an exact area of  1m x 

1m for identifying and collecting the 

unrecovered residues 

Biomass quantif ication 

Pegs To mark the sample points per 

stratum 

Biomass quantif ication 

Handsaw To manually cut pieces within the 

square sample plot area 

Biomass quantif ication 

Chainsaw To cut large and long stemwood 

pieces  

Biomass quantif ication 

Computer with the AFORA 

spreadsheet for sample 

determination 

To determine the number of  pre‐

samples required per stratum 

Biomass quantif ication 

Valmet MR Moisture Analyzer To determine the moisture content 

of  the wood samples 

Biomass moisture 

determination 

Wood boring drill To drill holes in the stemwood and 

collect wood samples for moisture 

content determination  

Biomass moisture 

determination 

 

4.3.2.1 Determining number of plots for each stratum   

A residue assessment method was used to estimate unrecovered residue quantities  

by using the stratum technique. Ghaffariyan, et al. (2017) defines stratum as grouping 

the forest residues into similar features, depending on the condition of the forest mass 

and the fraction of forest covered. After accessing the types of unrecovered residues 

on each research site, three visible stratums were classified, namely high density 

(stratum 1), moderate density (stratum 2) and low density (stratum 3) (Table 20). 

Strata are selected in a specific manner so that they do not overlap. 
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Table 20: Types of the residues stratum 

Stratums Description Image 

1. High density All the above residues with a 

height ranging f rom 1m to 

1.5m.  

 

2. Moderate density All the above residues with a 

maximum height of  0.5m 

 

3. Low density All the above residues with 

sparse lying residues 

 

 

The proposed residue assessment method was conducted in each plot with a sample 

area of 1m x 1m. The assessment method was conducted according to the following 

steps: 

Step 1:  After a brief investigation of the two sites, three visually identifiable strata were 

defined 

Step 2: A set of representative transects were created at each study site to provide 

about 50 sample points (where the spacing between the samples on each transect 

was 10m). The samples were visually assessed for which stratum the point 

represented, this was in order to produce a stratum map containing the various points 
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(pegs were used to marked on the ground so they could easily be found for detailed 

sampling) and to determine the proportion of each stratum  

Step 3: Based on the transects the number of points identified per stratum were 

entered into a sample calculator to determine the number of pre‐samples required per 

stratum (total number of pre samples were 9‐11) (Figure 25). Using the transect points, 

the required pre‐sample of 1m X 1m grid samples (Figure 26) were randomly done 

within each stratum (on 25% of the samples or every third point per stratum, 

researchers collected the fractional detail). For each plot the slash depth was 

measured and recorded (the middle of the 1m X 1m plot and each of the 4 corners). 

Step 4: The plot samples were used to compute the number of samples for each 

stratum. Absolute error was adjusted for so that the number of required plots was 

about 20 per hectare. If the error (as a percentage) of the mean was greater than 15%, 

then additional 1m × 1m grid samples were randomly collected within each stratum, 

while ensuring pre-sample points were not repeated (every third point per stratum 

were collect the fractional detail).  

 

Figure 25: Sample size calculator for forest residues (Ghaffariyan, et al. 2012b) 
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Figure 26: The 1m x 1m sample grid 

The green weight of stemwood, needles, cones and branches with diameter larger 

than 3cm was recorded in each sample on the slash assessment form (see Annexures 

3: The unrecovered slash assessment). The green weight samples were measured 

with a portable digital scale weighing tool and a bucket weighing 0.68kg, which was 

accounted for (Figure 27). The moisture content of the samples was not evaluated in 

this study.  

 

Figure 27: Weighing unrecovered residues 
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CHAPTER 5: RESULTS AND DISCUSSION 

 

5.1 INTRODUCTION 

This chapter presents the findings from the data collection methods used for the full 

tree (FT) and tree length (TL) harvesting systems. he biomass quantification, woody 

residues collection productivity, and cost results for the two harvesting systems are 

provided. Figures and tables are used to illustrate the findings of the research. 

5.2 BIOMASS QUANTIFICATION RESULTS 

The following section represents the results for the FT and TL harvesting systems, 

namely:  

- standing trees volume  

- harvested commercial volumes 

- recovered residues (oven dry tons) 

- unrecovered residues (oven dry tons) 

 Descriptive statistics were used in order to determine the mean values for each 

variable (Table 21).  
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Table 21: Variables and their functions 

Variables  Description   

Odt/ha (recovered)  The total amount of  oven dried material 

in tons per hectare of  woody residues 

(mainly stemwood and of fcuts)  

 

Odt/ha (unrecovered) The total amount of  oven dried material 

in tons per hectare of  branches, twigs, 

needles and cones 

 

Odt/ha (total) The total amount of  oven dried material 

in tons per hectare of  stemwood, 

branches, twigs, needles and cones 

 

Recovery ratio  The percentage of  woody residues f rom 

the oven dried material in tons  

 

%  nearer (stemwood) The percentage of  stemwood recovered 

f rom the 100m (FT) and 95m (TL) 

distance at the roadside 

 

Standing trees m3/ha The volume of  standing trees in cubes 

per hectare before harvesting. 

 

Log volumes m3/ha The total volume of  harvested timber in 

cubes per hectare, af ter harvesting. 

 

Commercial wood 

(m3/ha) 

The volume per hectare of  commercial 

wood i.e. logs supplied to the timber 

markets such as sawlogs and pulpwood 

 

 

5.2.1 Full tree harvesting system results 

In the following section, the FT harvesting system results in relation to the variables 

that were determined, consisting of standing tree volumes, commercial volumes, 

biomass recovery and unrecovered residues will be presented. 
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5.2.1.1 Standing trees volume 

For the FT harvesting system, descriptive statistics and Mann Whitney tests based on 

different variables for standing trees volumes were used. These were conducted to 

determine the standing tree volumes (m3 ha-1) and log volumes (m3 ha-1) before and 

after harvesting operation. 

Table 22 shows the descriptive statistical values utilised for the study. The FT 

harvesting site primarily contained trees with a mean DBH of 24.7 cm. This resulted in 

a mean standing volume of 91.5 m3 ha-1. Thus, log recovery was 73.6 m3/ ha-1. The 

mean DBH can be directly related to the log volume recovery from the harvested trees.  

Table 22: Site characteristic for the FT harvesting system (See Annexure 4) 

Variables             Standing volume m3/ha                                   Log volume m3/ha 

System Mean 
Standard 

deviation 
Mean 

Standard 

deviation 

FT 91.5 5.1 73.6 9.1 

 

5.2.1.2 Commercial volumes and biomass recovery 

The results for commercial volumes, log volume recovery, biomass recovery and 

unrecovered residues were determined using the descriptive statistics and Mann 

Whitney tests. The results show that from the standing volumes, the FT harvesting 

system produced 85% of commercial timber (logs supplied to the timber markets e.g. 

sawlogs and pulpwood) with 15% error (Figure 28). From the results, it was discovered 

that the FT harvesting system could produce a potential target of 4% for the biomass 

recovery and 11% for unrecovered residues.  
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Figure 28: Estimation of wood production and biomass production  

5.2.1.3 Recoverable and unrecovered residues 

During the observation of harvested stands, it was discovered that forest residue 

produced by the FT harvesting system were more concentrated nearer to the roadside 

(Figure 29). The descriptive statistical values indicated that the FT harvesting system 

recovered a mean value of 5.2 odt/ha of woody biomass (Table 23). Moreover, the 

woody biomass recovered varied between a minimum and maximum of 4.3 odt/ha and 

8 odt/ha respectively. An average of 26.6% moisture content was used to determine 

the oven dry tons of the woody biomass. 

 

Figure 29: Biomass along roadside after FT harvesting operation 
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Table 23: Recoverable residues for FT system (see Annexure 5) 

Variables Recoverable stemwood (odt/ha) 

System Mean 
Standard 

deviation 
Minimum Maximum 

FT 5.2 1.735 4.3 8.0 
     

 

The unrecovered residues were determined after the recovered biomass odt was 

calculated. For unrecovered residues, the FT harvesting system showed a mean of 

17.1odt/ha (Table 24), with minimum and maximum values of 12.5 and 23, 

respectively. 

 

Table 24: Unrecovered residues for FT systems (see Annexure 5) 

Variables Unrecovered residues (odt/ha) 

System Mean 
Standard 

deviation 
Minimum Maximum 

FT 17.1 3.989 12.5 23.0 

     

 

A breakdown of unrecovered residue components was conducted to determine the 

percentage from the FT harvesting system operation. The unrecovered residues 

components comprised of stemwood, branches, twigs, needles and cones. The 

volume of unrecovered residues was dominated by twigs and needles, which 

accounted for 56% of the total volume. Conversely, the volume of unrecovered 

residues from cones was the lowest at 5% (Figure 30).  

 

19%

20%
56%

5%

Stemwood Branches twigs and needles cones
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Figure 30: Composition of unrecovered residues from the FT harvesting system 

 

5.2.2 Tree length harvesting system results 

The standing tree volume, commercial volume, biomass recovery, and unrecovered 

residues are the variables that were identified using descriptive statistics tests. The 

results from the tree length system will be presented in relation to each of these 

variables in the section that follows. The individual results of each variable are 

discussed. 

5.2.2.1 Standing trees volume 

For the TL harvesting system, descriptive statistical values were derived for the 

standing trees (m3/ha) and commercial wood quantities (m3/ha). 

The data collected from the stand was utilised to compile the descriptive statistical 

results (Table 25). The average DBH of the trees at the TL harvesting research site 

was 20.1 cm. As a result, a log volume recovery mean of 50.2 m3/ha was obtained. 

The standing trees mean volume was discovered to be 61.5 m3/ha.  

Table 25: Site characteristic for the TL harvesting system (see Annexure 4) 

Variables             Standing trees m3/ha                                   Log volumes m3/ha 

System Mean 
Standard 

deviation 
Mean 

Standard 

deviation 

TL 61.5 4.3 50.2 4.0 

 

5.2.2.2 Commercial volumes and biomass recovery 

A determination was made regarding the commercial volumes, biomass recovery, and 

unrecovered residues. With a 7% error, the data showed that the TL harvesting system 

produced 93% of the commercial timber (Figure 31). Based on these findings, the TL 

harvesting system could potentially yield 4% of biomass recovery and 3% of 

unrecovered residues. 
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Figure 31: Estimation of wood production and biomass production  

5.2.2.3 Recovered and unrecovered residues  

Forest residues produced by the TL harvesting system were evenly spread across the 

site (Figure 32). According to the descriptive statistical tests, the TL harvesting system 

recovered woody biomass on average at a rate of 9.1 odt/ha (Table 26). Due to 

inaccurate length measurement for the log recovery, the log processing operation did 

result in a loss of log value. Additionally, the woody biomass recovered from the TL 

system varied greatly, with a minimum of 5.4 and a maximum of 15.6. The oven dry 

tons of the woody biomass were calculated using an average moisture content of 

27.2%. 

 

 

Figure 32: Biomass distributed infield after TL harvesting operation. 
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Table 26: Recoverable residues for TL harvesting system (see Annexure 5) 

Variables Recoverable stemwood (odt/ha) 

System Mean 
Standard 

deviation 
Minimum Maximum 

TL 9.1 3.539 5.4 15.6 

 

The results from the TL harvesting system showed that the mean value of unrecovered 

residues was 12.7 odt/ha (Table 27). A minimum of 10.3 and a maximum of 17.7 were 

found in the unrecovered residues variation from the TL harvesting system. 

Table 27: Unrecovered residues for TL harvesting systems (see Annexure 5) 

Variables Unrecovered residues (odt/ha) 

System Mean 
Standard 

deviation 
Minimum Maximum 

TL 12.7 2.518 10.3 17.7 

 

The percentage of unrecovered residues in the TL harvesting system was calculated. 

Among the components of the unrecovered residues were stemwood, branches, twigs, 

needles, and cones. The largest (53%) of the biomass material was made up of twigs 

and needles, whereas 6% of it was made up of tree cones (Figure 33).  

 

Figure 33: Composition of unrecovered residues from the TL harvesting system 
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5.3 BIOMASS COLLECTION PRODUCTIVITY 

The following section presents the productivity results of the manual biomass recovery 

processes as conducted after FT and TL harvesting system operations. This process 

consists of: 

- motor manual processing 

- manual extraction 

- manual loading 

For both harvesting systems, a descriptive statistical test was used to determine the 

mean values of each variable (Table 28).  
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Table 28: Description of variables evaluated  

Tools Description 

Processing h/ha The mean total time taken to process woody 

biomass measured in hours per ha 

Manual extraction h/ha The mean total time taken to extract woody 

biomass f rom the designated distance point to 

the roadside measured in hours per ha 

Manual loading h/ha The mean total time taken to load woody biomass 

measured in hours per ha 

Processing h/odt The mean total time taken to process woody 

biomass measured in hours per odt 

Manual extraction h/odt The mean total time taken to extract woody 

biomass f rom the designated distance point to 

the roadside measured in hours per odt 

Manual loading h/odt The mean total time taken to load woody biomass 

measured in hours per odt 

ZAR/ha The total amount cost average in rands per ha  

ZAR/odt The total amount cost average in rands per odt  

 

5.3.1 Full tree harvesting system results 

Descriptive statistics were conducted based on different operations including motor 

manual processing, manual extraction, and manual loading. 

5.3.1.1 Motor manual processing of residues operation 

After harvesting the commercial wood, motor manual processing of residues occurred, 

but not immediately, as residues had to dry (five weeks) before they could be 

processed. The woody biomass was debranched and crosscut using a chainsaw to 

improve handling (Figure 34).  
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Figure 34: Chainsaw processing of residues operation. 

The descriptive statistical results showed that the chainsaw operator required 2.7h per 

hectare to process the forest residues from the FT harvesting system operation (Table 

29). A total of 1 180 pieces of woody biomass were produced by the chainsaw operator 

(lengths ranging between 1m to 1.5m). 

Table 29: Motor manual processing productivity hours/per ha (see Annexures 7) 

Variables Processing = 1 Chainsaw operator (h/ha) 

System Mean 
Standard 

deviation 
Minimum Maximum 

FT (100m) 2.7 0.584 1.8 3.6 

     

 

A breakdown of the motor-manual processing operation was conducted in order to 

determine the most time-consuming element. The subtasks comprised of crosscutting, 

log movement, debranching, the time taken to move from their work site to the 

refuelling area, the process of refuelling, inspections and delays. The most time-

consuming element was crosscutting with 33% of the total time being dedicated to this 

process (Figure 35). 
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Figure 35: Composition of motor manual processing elements 

5.3.1.2 Manual extraction of woody biomass 

The manual extraction of the woody biomass was performed after the motor manual 

processing operation (Figure 36). The manual extraction operation elements were 

divided into walking, picking up the logs, carrying the logs, and finally stacking the 

logs. The extraction distance was used to divide the data into two sections. The first 

involved manually extracting woody biomass from the portion of the plot nearest to the 

road (FT system=50m) in the first half. The second subset included the manual 

extraction from the end of the plot to the roadside (FT system=100m). 

 

Figure 36: Manual extraction stemwood operation. 
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a. Time study for FT harvesting system 

 

The most time-consuming element of the FT harvesting system was the walking 

without the woody biomass (31%), whilst the least time consuming was the stacking 

of the logs (13%) (Figure 37). For the 100m manual extraction distance, the most time-

consuming element was carrying the logs (34%), while stacking still took the least time 

(11%) (Figure 38). 

 

Figure 37: Time composition per element for manual extraction for the 50m FT 

harvesting system 

 

Figure 38: Time composition per element for manual extraction for the 100m FT 

harvesting system. 
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b. The effect of distance on manual stemwood extraction 

The FT harvesting system extraction operation took place over two lengths, a short 

distance (50m), and a long distance (100m), as indicated in section 5.3.2.1. As 100m 

is the average distance between most harvesting sites and the extraction point, the 

long distance was utilised to determine the time required to collect woody biomass 

from the site to the roadside. According to descriptive statistics, it will take four workers 

9.9 h to manually extract the 1,180 pieces of woody biomass pieces in the 100m 

extraction distance (Table 30). 

Table 30: FT harvesting system productivity for the long distance (100m) (see 

Annexures 7) 

Variables Extraction = 4 labourers (h/ha) 

System Mean 
Standard 

Deviation 
Minimum Maximum 

FT (100m) 9.9 2.005 7.2 13.3 
     

 

5.3.1.3 Manual woody biomass loading operation 

The manual loading of the woody biomass operation was conducted only on the FT 

harvesting system. The stacking of the logs on roadside in preparation for loading was 

the same for both harvesting systems. The manual loading operation comprised of 

different elements, namely, walking, picking up of the woody biomass, the handover, 

stacking woody biomass and standing (Figure 39). 
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Figure 39: Stemwood manual loading operation . 

Four sample plots of woody biomass were loaded on a tipper truck in order to 

determine the time taken for manual loading. The manual loading operation took 5.6h 

on average to load 455 woody biomass pieces (Table 31).  

Table 31: Manual loading productivity for FT harvesting system (see Annexures 7) 

Variables Loading = 4 labourers (h) 

System Mean 
Standard 

deviation 
Minimum Maximum 

FT 5.6 1.9 3.6 8.6 
     

 

After examining the productivity data, a breakdown of the various elements was 

compiled to determine the most and least time-consuming component. It was 

discovered that the log handover, which consumed 54% of the overall time, was the 

most time-consuming component. The least time-consuming elements were standing 

(5%) and walking (6%) (Figure 40). This might be as a result of the truck being 

stationed by the roadside, which made loading easier and the short walking distance. 
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Figure 40:Time composition of manual loading elements for FT harvesting system 

 

5.3.1.4 Biomass collection costs  

For all the operations, the rand/ha and rand/odt were calculated once more using 

descriptive statistical analysis (motor-manual processing, manual extraction, and 

manual loading). The total costs/ha were calculated using an hourly rate for each 

operation. Costs associated with all operations for the FT harvesting system were 

373.3 ZAR/ha and 75.6 ZAR/odt (Table 32). To calculate the overall expenses of the 

operations, the following equation was used: 

Total ZAR/ha= [(motor manual processing h/ha x 19) + (manual extraction h/ha x 20) 

+ (manual loading h/ha x 19)]. 

Table 32: Cost/ha for stemwood collection after FT harvesting (see Annexures 7) 

Variables ZAR/ha  ZAR/odt 

System Mean 
Standard 

deviation 
Mean 

Standard 

deviation 

FT (100m) 378.3 81.330 75.6 11.928 

 

5.3.2 Tree length harvesting system results 

The descriptive statistics tests were conducted for the TL harvesting system to 

determine the motor manual processing, manual extraction and manual loading 

results. 
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5.3.2.1 Motor manual processing of residues operation 

During the observations of the motor manual processing, a chainsaw operator was 

employed to process (debranched and crosscut) the forest residues. This was done 

to improve handling of the woody biomass after harvesting commercial wood. A 

waiting period of four weeks was implemented to allow the forest residues to dry to 

reduce the weight (moisture content). According to the descriptive statistics results, it 

was discovered that the chainsaw operator took 7.2 h to process and produce 1 590 

woody biomass pieces from the TL harvesting system (Table 33).   

Table 33: Motor manual processing productivity for the total area (see Annexures 7) 

Variables Processing = 1 Chainsaw operator (h) 

System Mean 
Standard 

deviation 
Minimum Maximum 

TL (195m) 7.2 2.898 4.0 12.0 

 

A breakdown of the motor-manual processing operation was conducted in order to 

determine the most consuming element for the TL harvesting system. The subtasks 

comprised of crosscutting, log movement, debranching, to move to and from the 

refuelling stations, refuelling, and inspections and delays. According to the results, 

cross-cutting took the most time (33%), and refuelling took the least time (3%) (Figure 

41). 

 

Figure 41: Composition of motor manual processing elements 
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5.3.2.2 Manual extraction of woody biomass 

The manual extraction of the woody biomass was performed after the motor manual 

processing operation. This operation data was divided into two subsets, based on the 

extraction distance. The first subset included the manual extraction of woody biomass 

from the first half of the plots, nearest to the roadside (TL harvesting system= 95m). 

The second subset included manual extraction from the end of the plots to the roadside 

(TL system=195m). 

a. Activity sampling time study for TL harvesting systems 

A breakdown of the manual extraction operation component was conducted to 

determine the most and least time-consuming element for the TL harvesting system. 

The results indicated that the most time-consuming element was the log pickup, which 

took 27% of the total time for the 95m extraction distance (Figure 42). This was due to 

a higher quantity of woody biomass distributed over the shorter distance. This was 

because of the log optimisation at the roadside as well as the skidder dragging some 

residues to roadside during extraction (Figure 43).  

 

Figure 42: Composition of manual extraction for the 95m TL system  

 

Over the 195m extraction distance, the most time-consuming element during the TL 

harvesting system was walking, which took 32% of the total time, whilst the least was 

stacking with 16% (Figure 44). This resulted from longer distances and the woody 

residues distributed across the sample plots. 
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Figure 43: Composition of manual extraction for the 195m TL system 

 

b. The effect of extraction distance on manual stemwood extraction 

As described in section 5.3.2.1, the extraction operation occurred in two instances: 

short (95m) and longer distances(195m). In order to be similar to the FT system 

extraction distance for any future assessments, the TL harvesting system distances 

were separated in this approach. According to the extraction of woody biomass 

throughout the full distance, the TL harvesting system took 33.9 h/ha (Table 34). In 

the TL harvesting system, 1,590 pieces of woody biomass were extracted. As a result, 

the dispersed distribution of the woody biomass influenced time consumption. 

Table 34: Manual extraction productivity for the total area (see Annexures 7) 

Variables Extraction = 4 labourers (h/ha) 

System Mean 
Standard 

Deviation 
Minimum Maximum 

TL (195m) 33.9 11.072 24.4 58.2 

 

After equalising the extraction distance by considering only half of the extraction 

distance for the TL harvesting system, manual extraction still required more time, 

taking 23.5 h/ha (Table 35).  
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Table 35: Manual extraction productivity for the equalised distance 95m. (see 

Annexures 9) 

Variables Extraction = 4 labourers (h/ha) 

System Mean 
Standard 

Deviation 
Minimum Maximum 

TL (95m) 23.5 8.658 12.7 36.5 

 

5.3.2.3 Manual woody biomass loading operation 

As discussed in 5.1.1.4, manual loading was conducted only on the FT harvesting 

system. The layout of the logs on the roadside in preparation for loading was the same 

from both harvesting systems. Therefore, manual loading productivity inferences can 

be made for the TL system based on the results from the FT system manual loading 

data. According to the results, the TL system manual loading required an average of 

9.9h/ha (Table 36). As mentioned above in 5.3.2.2, because there was more woody 

biomass, the TL system harvesting operation took longer. 

Table 36: TL system loading productivity (see Annexures 7) 

Variables Loading = 4 labourers (h/ha) 

System Mean 
Standard 

deviation 
Minimum Maximum 

TL 9.9 3.8 5.9 16.3 

 

5.3.2.4 Biomass collection total cost 

Cost calculations were made to determine the expenses of the biomass collection 

operation. A descriptive statistical test was conducted to determine the rand/ha and 

rand/odt on average for all operations (motor-manual processing, manual extraction, 

and manual loading). A rate per hour was determined for each operation to calculate 

the costs/ha. The costs were divided according to the manual extraction  for both the 

full and half distances. For the full extraction distance, it was discovered that it will 

costs 1 024.4 ZAR/ha and 119.4 ZAR/odt to complete the operation  (Table 37). After 

equalising the extractions distance, the results indicated that the TL harvesting system 
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will cost 827.9 ZAR/ha and 95.9 ZAR/odt (Table 38). The following equation was 

utilised to determine the total costs for the operations: 

Total ZAR/ha= [(motor manual processing h/ha x 19) + (manual extraction h/ha x 20) 

+ (manual loading h/ha x 19)]. 

Table 37: Full extraction distance costs/ha for woody biomass collection (see 

Annexures 7) 

Variables ZAR/ha  ZAR/odt 

System Mean 
Standard 

deviation 
Mean 

Standard 

deviation 

TL (195m) 1024.4 252.726 119.4 25.730 

 

Table 38: Equalised distance costs/ha for woody biomass collection (see Annexures 

9) 

Variables ZAR/ha  ZAR/odt 

System Mean 
Standard 

deviation 
Mean 

Standard 

deviation 

TL (95m) 827.9 252.726 95.9 25.730 

 

5.3.3 Illustrating the equalised distance for the operations   

The equalised distance results showed that the manual extraction on both systems 

was significantly different with a p-value of 0.0831 whilst the manual processing and 

manual loading was not significantly different. The results revealed that the manual 

extraction will require 2h/odt and 2.8h/odt for FT system and TL system, respectively. 

Both systems require 1.1 h/odt for manual loading while the motor manual processing 

requires 0.6 h/odt for the FT system and 0.8 h/odt for the TL system (Table 39) 

Table 39: Biomass collection recovery productivity in h/odt (see Annexures 11) 

Variables Extraction h/odt Processing h/odt Loading h/odt 

System Mean Standard 

deviation 

Mean Standard 

deviation 

Mean Standard 

deviation 

FT (100m) 2.0 0.529 0.6 0.144 1.1 0.000 

TL (95m) 2.8 0.577 0.8 0.345 1.1 0.000 
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5.4 BIOMASS RELATIONSHIP COMPARISONS 

The scatterplots visualise the relationship between three variables namely recovered 

(woody biomass), unrecovered (stemwood, needles, branches, twigs and cones) and 

the total biomass (woody biomass, stemwood, needles, branches, twigs and cones) 

for both harvesting systems. Figure 44 represents the relationship between the 

biomass recovered versus the total biomass quantity. The total biomass (odt/ha) 

serves as the dependant variable with the biomass recovered (odt/ha) serving as the 

independent variable. 

Figure 45 represents the relationship between the unrecovered biomass and the total 

biomass, with the unrecovered biomass(odt/ha) serving as the dependant variable and 

the total biomass (odt/ha) serving as the independent variable. In Figure 44, the 

relationship between the two variables shows that the regression line is weak due to 

the high variability in the data (although highly significant and quite logical), shown by 

the r2= 0.21.  

 

Figure 44: Relationship between biomass recovered and total biomass 

The scatterplot in Figure 45 indicates that the relationship between the two variables 

(unrecovered biomass and total biomass), regression is weak due to the high 

variability in the data with an r2 of 0.411.  
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Figure 45: Relationship between unrecovered biomass and total biomass 

Both graphs indicates that the amounts of recovered and unrecovered biomass 

increase with the total biomass available for collection. This actively demonstrates that 

the more available biomass on the ground, the higher the possibility to recover some 

portion of it, especially if the timber has been harvested according to the TL harvesting 

system. In contrast, the recovery ratio is less dependent on the overall amount of 

residues available when the timber has been harvested using the FT harvesting 

system. 

5.5 COMPARISON OF TERRAIN CONDITIONS 

In this section a comparison is conducted between stand system combinations, 

whereby larger trees on flat terrain are harvested by the FT system and smaller trees 

on steep terrain are harvested using the TL system. The focus is not comparing 

equivalent harvesting systems in order to select the best system, but rather to produce 

a benchmark for productivity and biomass recovery for each system within these 

specific conditions. This is in order to assist in biomass recovery plans. Therefore, the 

benchmarks are estimated as a function of prevalent site conditions within the range 

of variation of each individual case.  

The FT harvesting system terrain condition was on a gentle (11% to <21%) slope, and 

the TL harvesting system was on moderate (20% to <30%) to steep 1 (30% to < 35%) 

slope. This comparison will include all the processes that were determined using the 

descriptive statistics. The flat and steep terrain conditions were used to determine the 
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productivity and biomass recovery differences. The standing trees and log volumes 

for both terrain conditions were further analysed for both harvesting systems. For both 

harvesting systems, the significant differences between the flat (FT) and steep (TL) 

terrain was tested with nonparametric assumptions by using the Mann Whitney U test. 

5.5.1 Comparison of biomass quantification 

The standing tree volumes on flat (FT) and steep (TL) terrain was of 91.5 m3/ha and 

61.5 m3/ha, respectively. Whilst log volumes on flat (FT) and steep (TL) was on 

average 73.6 m3/ha and 50.2 m3/ha, respectively. The Mann Whitney U test indicated 

that this difference was significant on standing trees and log volumes (p-value 0.0028 

and 0.0323).  

The biomass quantification and biomass recovery differences between the terrain 

conditions were determined using descriptive statistical analysis. The results show that 

on flat (FT) and steep (TL) terrain, the biomass recovery produced 5.2 odt/ha and 9.1 

odt/ha with a p-value of 0.0239. For the unrecovered biomass, the flat terrain 

conditions yielded 17.1 odt/ha while the steep terrain condition yielded 12.7 odt/ha, 

with a significantly different p value of 0. 0207.  

A percentage nearer (volume of recovered biomass) by the roadside indicated that on 

flat terrains the average produced 0.7% and on steep terrain it was 0.5%. This showed 

that there is significant difference between the terrain conditions with a p-value of 

0.0039. However, the total biomass (recovered and unrecovered) averages were 

found as 22.3 odt/ha and 21.9 odt/ha, respectively. Hence, there was no significant 

difference between the flat and steep terrain conditions with p-value of 0.9581. 

Moreover, the recovery ratio was determined between both terrain conditions. On 

average flat terrain produced 0.2 recovery ratio and on steep terrain it was 0.4 recovery 

ratio. This was significant difference (p-value 0.0054) as this indicate the relationship 

of recovery ratio on both terrain conditions.  

5.5.2 Biomass collection productivity comparisons 

Comparisons were conducted to determine if there were differences in manual 

biomass collection on flat and steep terrain conditions. Motor manual processing 

operations were studied on both terrain conditions which showed that flat terrain 

produced 2.7 h/ha and steep terrain produced 7.2 h/ha. Statistically, it was found that 
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there was a significant difference (p-value 0.0009) between motor manual processing 

productivity on the flat and steeper terrain. 

 For the manual extraction distances, as mentioned above, was divided into two 

distances, half and full distance. On the full extraction distance for flat and steep 

terrain, the averages were found to be 10 h/ha to extract 1 180 woody biomass pieces 

and 33.9 h/ha to extract 1 590 pieces of woody-biomass, respectively. Thus, there was 

a significant difference (p-value 0.0009) in the extraction productivity conducted on flat 

and steep terrain. After equalising the distance, it was found that on flat terrain the 

woody biomass was extracted at 10 h/ha and steep terrain was at 23.9 h/ha. This 

indicated that there is a significant difference because of a p-value of 0.0014 between 

the terrain conditions for the equalised extraction distance. Moreover, the manual 

loading productivity averages were determined for terrain conditions. It was found that 

455 woody-biomass pieces were loaded in 5.6 h/ha on the flat terrain condition. For 

the steep terrain, productivity results were based on the flat terrain results as manual 

loading was only performed on flat terrain. It was discovered that it will take 9.9 h/ha 

to load woody biomass on steep terrain. Therefore, this is statistically different with a 

p-value of 0.0239 between the two terrains on loading woody biomass. 

5.5.3 Biomass recovery costs comparisons 

Biomass collections costs were determined in both terrain conditions for all the 

operations (Table 40). The cost determination was separated into two variables, 

ZAR/ha and ZAR/odt. The averages for each variable were determined in both terrain 

conditions. On the full extraction distance, the flat terrain will cost R378.3/ha and 

R75.6/odt. On steep terrain full extractions will cost R1024.4/ha and R119.4/odt, with 

a p-value of 0.0074 between the two variables on steep full extraction. After equalising 

the extraction distances, it was found that on the steep terrain it will cost R827.9/ha 

and R95.9/odt, however the cost remains the same on flat terrain due to the extraction 

being slightly different from the steep terrain. There was significant difference (p-value 

0.1278) between the equalised extraction distances on both terrain conditions.  
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Table 40: Significant difference between the two systems (Annexure 6, 8 and 10) 

      
Variables 

Terrain  Systems P-value Mann whitney U test 

   
 

    

Biomass quantification 

   Standing trees (m3/ha) 
Gentle FT 

0.0028 Signif icant dif ference 

   Steep 1   

   Log volume (m3/ha) 
Gentle FT 

0.0428 Signif icant dif ference 

   Steep 1 TL 

   Recovered (odt/ha) 
Gentle FT 

0.0239 Signif icant dif ference 

   Steep 1 TL 

   Unrecovered (odt/ha) 
Gentle FT 

0.0207 Signif icant dif ference 

   Steep 1 TL 

   Odt/ha (recovered & unrecovered) 
Gentle FT 

0.9581 No signif icant dif ference 

   Steep 1 TL 

   % nearer (volume of  stemwood) 
Gentle FT 

0.0039 Signif icant dif ference 

   Steep 1 TL 

   Recovery ratio  
Gentle FT 

0.0054 Signif icant dif ference 

   Steep 1 TL 

Biomass collection productivity 

   Motor manual processing (h/ha) 
Gentle FT 

0.0009 Signif icant dif ference 

   Steep 1 TL 

Extraction distance (m) 

100m 

Manual extraction (h/ha) 

Gentle FT 
0.0009 Signif icant dif ference 

195m Steep 1 TL 

100m Gentle FT 
0.0014 Signif icant dif ference 

95m Steep 1 TL 

   Manual loading (h/ha) 
Gentle FT 

0.0239 Signif icant dif ference 

   Steep 1 TL 
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   Motor manual processing (h/odt) 
Gentle FT 

0.1278 No signif icant dif ference 

   Steep 1 TL 

Extraction distance (m) 
100m 

Manual extraction (h/odt) 
Gentle FT 

0.0.831 Signif icant dif ference 
95m Steep 1 TL 

   Manual loading (h/odt) 
Gentle FT 

0.3815 No signif icant dif ference 

   Steep 1 TL 

   
 

    

Biomass collection costs 

Extraction distance (m) 

100m 
ZAR/ha 

Gentle FT 

0.0009 
Signif icant dif ference 

Steep 1 TL 

195m 
ZAR/odt 

Gentle FT 

0.0074 
Signif icant dif ference 

Steep 1 TL 

100m 
ZAR/ha 

Gentle FT 

0.0009 
Signif icant dif ference 

Steep 1 TL 

95m 
ZAR/odt 

Gentle FT 

0.1278 
No signif icant dif ference 

Steep 1 TL 
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5.6 SUMMARY RESULTS 

In this chapter, the research findings and discussions of biomass recovery, productivity 

and costs for FT and TL harvesting systems in manual biomass collection were 

discussed. A data analysis of biomass recovery, biomass collection productivity, 

assessment of costs and comparison on both terrain conditions results were provided. 

In this section, the manual biomass collection productivity, biomass recovery and costs 

were determined. These results can be applied to determine the productivity and 

biomass recovery results to post harvesting systems. The next chapter will give a 

conclusion and recommendations of this research. The key findings of the research 

will be outlined with linkages to existing literature. 
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

6.1 INTRODUCTION 

This concluding chapter provides a summary of the research  findings and aims to 

address the objectives of the research stated in Chapter 1. The benefits of the 

research to the forestry industry are deliberated and recommendations for future 

research are drawn. 

 

6.2 SUMMARY AND DISCUSSIONS OF KEY FINDINGS 

A summary of the research problem and methodology is discussed. This is followed 

by an outline of the key findings of the biomass quantification and recovery, manual 

biomass collection productivity and costs. 

6.2.1 Summary of research findings and research methodology applied 

Biomass collection operations have increased because of the use of biomass 

harvesting machines and systems. Nowadays, the processing of biomass can be  

carried out by chipping and grinding machines infield (McEwan, et al. 2020). Miller, et 

al. (1987) states that biomass is commonly extracted using machines, although 

manual methods are still applied where labour costs are affordable, and employment 

generation is a priority social goal. The research was conducted to address the lack 

of scientific information relating to manual biomass collection in South Africa. The 

research focussed on the quantification, productivity, and costs of manual biomass 

extraction for Pinus patula species. The research aimed at determining the biomass 

recovery and productivity for two distinct harvesting systems. 

In this research, the FT and TL harvesting systems were evaluated during clear fell 

operations in two different compartments with different site conditions (terrain, tree 

size and age). In both compartments, the same manual biomass collection method 

was applied. The two harvesting systems could not be compared directly because of 

the significantly different conditions in which they worked; however, comparisons were 

derived relative to the terrain conditions on which the two systems are known to 

operate in.  

The questions outlined in Chapter One were answered with the following results:  
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• The biomass recovery for each harvesting system was determined. The results 

indicated that in both harvesting systems there was a difference of 3.9 odt/ha in 

woody biomass recovered and a difference of 4.4 odt/ha in unrecovered residues 

(details produced under 6.2.2). 

• The productivity of both harvesting systems was determined. According to the 

results, it will take 10h to manually extract 0.51 odt/h of woody biomass, 2.7 h to 

manually process 1.90 odt/h, and 5.6 h to manually load 0.92 odt/h  for the FT 

system. Moreover, the results indicated that the manual extraction would take 

2h/odt. The results for the TL system showed that manual extraction would require 

23.5 h to yield 1.27 odt/h, while manual motor processing and manual would 

require 7.2 h and 9.9 h, respectively, to produce 0.39 odt/h, 1.27 odt/h, and 0.92 

odt/h. 

• The costs of the operation were determined. It was determined that the FT system 

will cost R75.6/odt to perform all operations, whereas the TL system will cost 

R95.9/odt (including motor manual processing, manual extraction and manual 

loading). 

• Additional factors that may affect productivity included distance, weather and 

distribution of biomass, but those could not be measured in this study.  

 

6.2.2 Key findings of biomass quantification results and discussion 

The amounts of recovered and unrecovered biomass were determined for both 

harvesting systems. The relationship between the total biomass, recovered and 

unrecovered biomass was examined.  

• The FT system had an average woody biomass recovery rate of 5.2 odt/ha, while 

the TL system had an average recovery rate of 9.1odt/ha – resulting in a difference 

of 3.9 odt/ha. This difference was possibly due to the availability and distribution of 

the biomass for each system. 

• When quantifying the unrecovered biomass, the results showed a distribution of 

17.1 odt/ha for the FT system and a distribution of 12.7odt/ha for the TL system 

produced.  

• The relationship between the variables (total biomass and recovered biomass) was 

weak due to a low r2 value of 0.2, while the total biomass and unrecovered residues 

had an r2 value of 0.4, illustrating this difference. Thus, the availability (total odt/ha) 
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of the biomass does not result in higher or lower production rates but is instead 

influenced by the total volume available. Hence a conclusion is not based on the 

relationship of these variables.  

 

6.2.3 Key findings and discussion of productivity of manual biomass collections 

results 

The productivity of manual biomass collection was determined separately for motor 

manual processing, manual extraction and manual loading. After determining the 

productivity in h/ha, the productivity in odt/ha was determined when the extraction 

distance was equalised between the two extraction areas. 

The main productivity findings for the FT and TL harvesting systems were as follows: 

• For the FT system, the motor manual processing operation took 2.7h/ha to process 

and produce 1 180 odt pieces of woody biomass. The most time-consuming 

element was crosscutting while the least time-consuming task was refuelling  

• The TL harvesting system took 7.2 h/ha to process and produce 1 590 odt pieces 

of woody biomass material, but productivity was influenced by the steep terrain. 

Residue distribution, debris accumulation and the larger quantity of woody biomass 

material also affected the completion time. The distribution of the residues 

increased the processing time spent in the TL system as the operator had to 

remove debris to work properly. The time consumed was due to larger quantity of 

woody biomass remaining on site. 

• Moreover, the most time-consuming task was crosscutting with 33%, while the 

least time-consuming task was refuelling with 3%.  

• The productivity results of the manual extraction operation indicated that the FT 

system will spend 10 h/ha and TL system would take 33.9 h/ha on average to 

extract 1 180 odt pieces and 1 590 odt pieces of woody biomass in full distance, 

respectively. After equalising the extraction distance, the TL system will spend 23.5 

h/ha whilst the FT system remains the same. In this operation the distance was the 

main factor that influenced the results. The most time-consuming component on 

the equalised distance was walking (33%) and log pickup (27%) for FT and TL 

system, respectively. The log pickup element percentage on TL system was 

because of high quantity of biomass distributed by the roadside. Over the full 

distance, the walking component accounted for 32% of the total time consumption 
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under the TL treatment whilst under the FT treatment, carrying was the dominant 

task and accounted for 34% of the total time consumption. 

• Manual loading of the woody biomass was conducted only on the FT harvesting 

system. The productivity results showed that the FT system will spend 5.6 h/ha 

and the TL system 9.9 h/ha on average to load 455 odt pieces of woody-biomass. 

Moreover, the most time-consuming element in the FT system was handing over 

of the woody biomass pieces which accounted for 54% of the overall time.  

6.2.4 Key findings and discussion of costs of the operation results 

The costs of the manual biomass collection operation to quantify recovered residues 

in FT and TL harvesting system were determined and discussed.  

• When biomass collection is conducted after FT harvesting, manual biomass 

recovery will cost R 378/ha or R75.6/odt. Whilst after the TL system, it will cost 

R827.9/ha and 95.9/odt.  

 

6.3 RELATION OF RESEARCH RESULTS TO THE LITERATURE 

The literature showed that there is no existing scientific information on the manual 

collection of woody biomass in Pinus patula stands, which is why this research was 

vital for the forestry industry as a whole. No conclusion was drawn as to whether these 

findings agree or disagree with previous studies as this research was exploratory in 

nature. In searching for relevant literature, it was taken into consideration that the 

current study did not duplicate any previous studies completed in the past. However, 

the gap identified indicated a need to investigate the quantity of residues and 

determine the productivity rates of collecting woody biomass manually after a 

harvesting operations using the FT and TL system.  

Most existing studies on the subject, focused on mechanised systems where biomass 

is collected in the form of bundlers and communition is performed by chippers and 

grinders. However, Eker, et al. (2017) investigated three options for manual biomass 

recovery after the motor-manual harvesting of Turkish pine (Pinus brutia). The 

extraction of woody biomass was similar to the CTL motor manual  system because 

the woody biomass was carried uphill. Eker, et al. (2017) reports that the recovered 

woody biomass amounted to 11.9 t/ha and took 8.75h/ha to complete, with another 
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14.8 h/ha dedicated to manual processing and woody biomass extraction. That 

corresponded to a productivity of 0.72t/h and 0.79 t/h, respectively.  

Additional studies performed by (Eker 2011) offer similar results: recovered woody 

biomass was 6.6 t/ha and the productivity of manual collection was 0.22 t/h. The 

productivity rate of manual loading was 2.4 t/ha which will cost R70.98/odt. Both 

previous studies focused on two workers, not four workers as this study did. The fact 

that relatively similar results are obtained from different studies with different quantities 

of workers may indicate that team size has little effect on the productivity of labour 

intensive operations, at least in the cases of small woody biomass processing 

operations (Eker 2011). Spinelli, et al. (2012) adds that smaller quantities of woody 

biomass units are known to produce a very low rate of productivity for a recovery 

operation.  

In addition, a study conducted by (Ghaffariyan 2013, Ghaffariyan and Apolit 2015) in 

a CTL and FT method showed, when quantifying a proportion of unrecovered 

residues, the largest parts were found to be the stemwood and branches. There is little 

information available on the impact of the harvesting methods and its relationship to 

the amount of remaining slash distributed over the site. However, Ghaffariyan, et al. 

(2012b) found that the minimum diameter requirements for the industry and cost of 

biomass extraction are the key factors affecting the amount of biomass available. In 

terms of the available literature on this research, the comparative results cannot be 

used because the studies were too different. There was no literature focusing on 

biomass recovery in Pinus patula in South Africa. 

6.4 VALUE OF RESEARCH RESULTS TO THE FORESTRY RESEARCH  

The results and information presented in this study have the potential to assist 

foresters, contractors, decision makers and many other forestry stakeholders, locally 

and internationally, by providing: 

• Recovered and unrecovered biomass estimates for mechanised FT and semi-

mechanised TL systems in the clear felling of P patula  

• Productivity and cost estimates of motor manual processing, manual collection and 

extraction and loading of recoverable biomass after mechanised FT and semi 

mechanised TL harvesting in P patula stands. 
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• Factors influencing woody biomass recovery after mechanised FT and semi 

mechanised TL harvesting in P patula stands 

• A guide for grower companies who want to integrate local communities in to their 

business model, by providing financial and productivity estimates.  

 

6.5 RECOMMENDATIONS 

The results of this research responded to the main questions described in Chapter 1. 

The research only considered two harvesting methods however, various other 

harvesting systems can potentially be investigated, and more valuable information can 

be gathered on the factors influencing biomass recovery and manual collection 

productivity in South Africa. In particular, the CTL harvesting system was not included 

in this study; hence it is recommended that future research focuses on CTL to assess 

and compare with the current result on biomass recovery. 

The research only considered the two current systems available and the present 

terrain conditions for manual biomass recovery. It is recommended that future 

research focus on other harvesting systems operating in similar conditions to allow for 

comparative analysis  

The research did not comprehensively explore the manual loading activity. It is 

recommended that future studies focus on the factors influencing the productivity of 

people loading woody biomass manually and on the impact of biomass characteristics 

on secondary timber transport payloads and overall efficiency. In addition, the 

research did not investigate environmental impacts such as soil disturbance, reduction 

of soil nutrients and other possible environmental concerns associated with biomass 

harvesting. Future research can focus on understanding the environmental impacts 

posed by the collection of biomass residues on harvested stands.  

Manual biomass recovery has specific wood size and distance limits, because workers 

cannot handle loads heavier than 20 kg on a regular basis, nor can they move these 

loads over distances exceeding 100 m (Eker, et al. 2017). Therefore, use of the 

systems described in this study requires that a dense forest road network is available, 

or that additional implements (e.g. carts) are introduced. In any case, heavy manual 

work is taxing and inherently dangerous. Therefore, the systems described in this 

study should be analysed further for additional risks. The scope of this research 
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focused on collecting biomass manually only, however, future studies can consider 

alternative semi-mechanised options. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



96 
 

REFERENCE LISTS 

Ackerman P, Ham C, Dovey S, Du Toit B, De Wet J, Kunneke A, Seifert T, Meincken 
M, von Doderer C. 2013. State of the art of the use of forest residue for bioenergy in 
Southern Africa. Forest Engineering Southern Africa (FESA) and Institute for 

Commercial Forestry Research (ICFR) Report. 
Adams TW. 1916. The species of the genus Pinus now growing in New Zealand, with 

some notes on their introduction and growth. Government Printer. 
Alam MM, Strandgard MN, Brown MW, Fox JC. 2012. Improving the productivity of 
mechanised harvesting systems using remote sensing. Australian Forestry, 75: 238-

245. 
Arndt C, Henley G, Hartley F. 2019. Bioenergy in Southern Africa: An opportunity for 

regional integration? Development Southern Africa, 36: 145-154. 
Bain R, Amos W, Downing M, Perlack R (eds). 2003. Biopower technical assessment: 
State of the industry and the technology. National Renewable Energy Lab., Golden, 

CO.(US). 
Baker SA, Westbrook Jr MD, Greene WD. 2010. Evaluation of integrated harvesting 
systems in pine stands of the southern United States. Biomass and Bioenergy, 34: 

720-727. 
Becker G. 2001. Precision Forestry in Central Europe New Perspectives for a 

Classical Management Concept. PRECISION FORESTRY: 7. 
Berndes G, Hoogwijk M, Van den Broek R. 2003. The contribution of biomass in the 
future global energy supply: a review of 17 studies. Biomass and Bioenergy, 25: 1-28. 

Bonham CD. 2013. Measurements for terrestrial vegetation. John Wiley & Sons. 
Bredenkamp B. 2012. The volume and mass of logs and standing trees. 

Brink M, Warkotsch P. 1990. South African forest technical survey. South African 
Forestry Journal, 152: 72-79. 
Brito-Cruz C, Cortez LA, Nogueira LA, Baldassin Jr R, Rincón JM. 2015. Bioenergy. 

Carle J, Holmgren L. 2009. 5 Wood from Planted Forests. Planted forests: uses, 
impacts and sustainability: 47. 

Carlson CA, Allan R. 2001. A pilot study into the above ground biomass of a mature 
Pinus patula stand. University of Natal, Institute for Commercial Forestry Research. 
Carrasco-Diaz G, Perez-Verdin G, Escobar-Flores J, Marquez-Linares MA. 2019. A 

technical and socioeconomic approach to estimate forest residues as a feedstock for 
bioenergy in northern Mexico. Forest Ecosystems, 6: 45. 

CAT 2015. 320D SERIES 2 FM. 
Cuchet E, Roux P, Spinelli R. 2004. Performance of a logging residue bundler in the 
temperate forests of France. Biomass and Bioenergy, 27: 31-39. 

Das K, Singh K, Bibens B, Hilten R, Baker S, Greene W, Peterson J. 2011. Pyrolysis 
characteristics of forest residues obtained from different harvesting methods. Applied 

engineering in agriculture, 27: 107-113. 
Deere J 2021a. Skidders. 
Deere J 2021b. Tracked Feller Bunchers & Harvesters. 

Dlomo M, Pitcher M. 2002. Changing ownership and management of state forest 
plantations: South Africa. International Institute for Environment and Development. 

Presented in Cape Town, South Africa: 6-8. 
Eggers J, McEwan A, Conradie B. 2010. Pinus saw timber tree optimisation in South 
Africa: a comparison of mechanised tree optimisation (harvester/processor) versus 

current manual methods. Southern Forests, 72: 23-30. 



97 
 

Eker M. 2011. Assessment of procurement systems for unutilized logging residues for 
Brutian pine forest of Turkey. African Journal of Biotechnology, 10: 2455-2468. 

Eker M, Acar H, Özçelik R, Alkan H, Gürlevik N, Çoban H, Korkmaz M, Yılmaztürk A. 
2013. Investigation on Supply Possibilities of Logging Residues in Forestry e Final 

Report. TUBITAK, Project. 
Eker M, Spinelli R. 2018. Labor-intensive techniques for recovering energy biomass 
from forest tending operations. Biomass and Bioenergy, 115: 223-230. 

Eker M, Spinelli R, Gürlevik N. 2017. Recovering energy biomass from sustainable 
forestry using local labor resources. Journal of Cleaner Production, 157: 57-64. 

Elbein S. 2019. Europe’s renewable energy policy is built on burning American trees. 
Vox, March, 4. 
Erasmus D. 1994. National terrain classification for forestry. Institute for Commercial 

Forestry Research (ICFR). ICFR, Scottsville, Bulletin Series, 11: 94. 
FAO F 2018. The State of the World’s Forests 2018‐Forest pathways to sustainable 

development. Rome, Italy. 
Forestry Economics Services (ed). 2019. Report on commercial timber resources and 

primary roundwood processing in South Africa. 
Ghaffariyan M, Andonovski V, Brown M. 2011. Application of a slash-bundler for 

collecting harvest residues in Eucalyptus plantations. Nauka za Gorata, 48: 83-89. 
Ghaffariyan M, Sessions J, Brown M. 2012a. Evaluating productivity, cost, chip quality 
and biomass recovery for a mobile chipper in Australian roadside chipping operations. 

Journal of Forest Science, 58: 530-535. 
Ghaffariyan MR. 2010. Review of European biomass harvesting technologies. Silva 

Balc, 11: 5-20. 
Ghaffariyan MR. 2013. Remaining slash in different harvesting operation sites in 
Australian plantations. Silva Balcanica, 14: 83-93. 

Ghaffariyan MR, Apolit R. 2015. Harvest residues assessment in pine plantations 
harvested by whole tree and cut-to-length harvesting methods (a case study in 

Queensland, Australia). Silva Balc, 16: 113-122. 
Ghaffariyan MR, Brown M, Acuna M. 2012b. Sampling methodology for left-slash 
assessment in collecting forest biomass. Forest Energy Blog, October, 31: 2012. 

Ghaffariyan MR, Brown M, Acuna M, Sessions J, Gallagher T, Kühmaier M, Spinelli 
R, Visser R, Devlin G, Eliasson L. 2017. An international review of the most productive 

and cost effective forest biomass recovery technologies and supply chains. 
Renewable and Sustainable Energy Reviews, 74: 145-158. 
Ghaffariyan MR, Dupuis E. 2021. Analysing the Impact of Harvesting Methods on the 

Quantity of Harvesting Residues: An Australian Case Study. Forests, 12: 1212. 
Ghaffariyan MR, Jenkin B, Mitchell R, Brown M. 2016. Quantitative and qualitative 

assessment of timber harvesting residues: a case study of a balsa plantation in Papua 
New Guinea. Australian Forestry, 79: 25-31. 
Ghaffariyan MR, Sessions J, Brown M. 2014. Collecting harvesting residues in pine 

plantations using a mobile chipper in Victoria (Australia). Silva, 15: 2. 
Giebner F, Kaschabek S, Schopf S, Schlömann M. 2015. Three adapted methods to 
quantify biomass and activity of microbial leaching cultures. Minerals Engineering, 79: 

169-175. 
Glance A. 2014. Energy supply, 7 renewable energy. The Energy and Resources 

Institute Energy and Environment Data Directory and Yearbook, 2013/14: 173. 
Godsmark R, Oberholzer F. 2019. South African forestry and forest products industry 
2017. 



98 
 

Goldemberg J, Coelho ST. 2004. Renewable energy—traditional biomass vs. modern 
biomass. Energy Policy, 32: 711-714. 

Greulich FR. 1999. A primer for timber harvesting. 
Guo M, Song W, Buhain J. 2015. Bioenergy and biofuels: history, status, and 

perspective. Renewable and Sustainable Energy Reviews, 42: 712-725. 
Hall D, Rosillo-Calle F. The multifunctional character of agriculture and land: the 
energy function (Background paper 2: Bioenergy)1999. 

Han S-K, Han H-S, Page-Dumroese DS, Johnson LR. 2009. Soil compaction 
associated with cut-to-length and whole-tree harvesting of a coniferous forest. 

Canadian Journal of Forest Research, 39: 976-989. 
Hoffmann HK. 2016. Bioenergy, development and food security in Sub-Saharan 
Africa. 

Horn R, Vossbrink J, Peth S, Becker S. 2007. Impact of modern forest vehicles on soil 
physical properties. Forest ecology and management, 248: 56-63. 

Houghton R, Hall F, Goetz SJ. 2009. Importance of biomass in the global carbon cycle. 
Journal of Geophysical Research: Biogeosciences, 114. 
Hoyne S, Thomas A. 2001. Forest residues: Harvesting, storage and fuel value. 

Coford. 
Husqvarna 2018. Chainsaw. 

IEA B. 2009. Bioenergy–a sustainable and reliable energy source. International 
Energy Agency Bioenergy, Paris, France. 
Inglesi-Lotz R, Pouris A. 2012. Energy efficiency in South Africa: A decomposition 

exercise. Energy, 42: 113-120. 
Karekezi S, Lata K, Coelho ST. Traditional biomass energy: improving its use and 

moving to modern energy use2004. pp. 1-4. 
Karpachev SP, Zaprudnov VI, Bykovskiy MA, Scherbakov EN. 2017. Quantitative 
estimation of logging residues by line-intersect method. Croatian Journal of Forest 

Engineering: Journal for Theory and Application of Forestry Engineering, 38: 33-45. 
Kauriinoja A, Huuhtanen M. 2010. Small-scale biomass-to-energy solutions for 

northern periphery areas, MSc Thesis, Oulu. 
Kizha AR, Han H-S. 2015. Forest residues recovered from whole-tree timber 
harvesting operations. European Journal of Forest Engineering, 1: 46-55. 

Klass DL. 1998. Biomass for renewable energy, fuels, and chemicals. Elsevier. 
Kohler M. 2014. Differential electricity pricing and energy efficiency in South Africa. 

Energy, 64: 524-532. 
Krieg B, de Wet P, Olsen G, McEwan A. 2010. Ground based harvesting equipment. 
South African ground based harvesting handbook. Pietermaritzburg: Forest 

Engineering South Africa and Institute for Commercial Forestry Research: 45-105. 
Laengin D, Ackerman P, Krieg B, Immelman A, Potgieter C, Van Rooyen J, Upfold S. 

2010. South African ground based harvesting handbook. Forest Engineering Southern 
Africa and Institute for Commercial Forestry Research. 
Landolina S, Maltsoglou I. 2017. How2Guide for bioenergy roadmap development and 

implementation. International Energy Agency. 
Längin D, Ackerman P. 2007. South African forest engineering survey 2006/2007. 

Final report to the South African Forest Industry. 
Längin D, Ackerman P, Olsen G. 2010a. Introduction to ground based harvesting 
systems and methods. South African ground based harvesting handbook. 

Pietermaritzburg: Forest Engineering South Africa and Institute for Commercial 
Forestry Research: 23-43. 



99 
 

Längin D, Ackerman P, Olsen G 2010b. Introduction to ground based harvesting 
systems and methods. Forest Engineering South Africa and Institute for Commercial 

Forestry …. p. 23-43. 
Längin D, Oberholzer F, Ackerman P. South African Forest Technical Survey: Where 

are we heading2006. 
Lindroos O, La Hera P, Häggström C. 2017. Drivers of advances in mechanized timber 
harvesting–a selective review of technological innovation. Croatian Journal of Forest 

Engineering: Journal for Theory and Application of Forestry Engineering, 38: 243-258. 
Long CR. 2003. Production and cost analysis of two harvesting systems in central 

Appalachia. 
Lu D. 2006. The potential and challenge of remote sensing‐based biomass estimation. 

International journal of remote sensing, 27: 1297-1328. 
Lusweti A, Wabuyele E, Ssegawa P, Mauremootoo J. 2011. Pinus patula (Patula 

pine). Pinus patula (Patula pine). 
Lynd LR, Sow M, Chimphango AF, Cortez LA, Cruz CHB, Elmissiry M, Laser M, 
Mayaki IA, Moraes MA, Nogueira LA. 2015. Bioenergy and African transformation. 

Biotechnology for biofuels, 8: 18. 
MacDicken K, Jonsson Ö, Piña L, Maulo S, Contessa V, Adikari Y, Garzuglia M, 

Lindquist E, Reams G, D’Annunzio R. 2016. Global forest resources assessment 
2015: how are the world's forests changing? 
MacDonald A. 1999. Harvesting Systems and Equipment in British Columbia. FERIC 

Handbook No. HB-12. Forest Engineering Research Institute of Canada, 
Vancouver/BC Ministry of Forests, Forests Practices Branch, Victoria. 

Mathelele OF. 2019. A technical survey of the south africa harvesting machine 
population. 
McEwan A, Brink M, Van Zyl S. 2013. 1.6 Guidelines for difficult terrain ground-based 

harvesting operations in South Africa. 3 Hon, 12: 26. 
McEwan A, Marchi E, Spinelli R, Brink M. 2020. Past, present and future of industrial 

plantation forestry and implication on future timber harvesting technology. Journal of 
Forestry Research, 31: 339-351. 
McKendry P. 2002. Energy production from biomass (part 1): overview of biomass. 

Bioresource technology, 83: 37-46. 
Miller DE, Straka TJ, Stokes BJ, Watson W. 1987. Productivity and cost of 

conventional understory biomass harvesting systems. For. Prod. J. 37 (5): 39-43. 
Mitchell DL. Assessment of current technologies for communition of forest 
residues2005: American Society of Agricultural and Biological Engineers. pp. 1. 

Mitchell RG, Coutinho TA, Steenkamp E, Herbert M, Wingfield MJ. 2012. Future 
outlook for Pinus patula in South Africa in the presence of the pitch canker fungus 

(Fusarium circinatum). Southern Forests: A Journal of Forest Science, 74: 203-210. 
Nanda S. 2020. Biorefinery of Alternative Resources: Targeting Green Fuels and 
Platform Chemicals. Springer. 

National Research Council. 2010. Electricity from renewable resources: Status, 
prospects, and impediments. National Academies Press. 
Ngulube ES. 2013. Prediction of timber harvesting productivity for semi-mechanised 

systems in Viphya forest plantations, Malawi, University of Pretoria. 
Nilsson S, Bull G. 2005. Global wood supply analysis. 46th Session of the FAO 

Advisory Committee on Paper and Wood Products, Vancouver, Canada. 
Nurminen T, Korpunen H, Uusitalo J. 2006. Time consumption analysis of the 
mechanized cut-to-length harvesting system. 



100 
 

Olivier W. 2009. There is honey in the forest: the history of forestry in South Africa. 
Southern African Institute of Forestry, Pretoria. 

Owen D. 2000. South African Forestry Handbook 2000. 
Perea-Moreno M-A, Samerón-Manzano E, Perea-Moreno A-J. 2019. Biomass as 

renewable energy: worldwide research trends. Sustainability, 11: 863. 
Pierre A, Cori H, Steven D, Toit Bd, Wet Jd, Kunneke A, Thomas S, Meincken M, von 
Doderer C. 2013. The use of forest residue for bioenergy in southern Africa  

Pollet BG, Staffell I, Adamson K-A. 2015. Current energy landscape in the Republic of 
South Africa. International Journal of Hydrogen Energy, 40: 16685-16701. 

Praciak A. 2013. The CABI encyclopedia of forest trees. Cabi. 
Preto F. 2011. Biomass energy background paper. Prepared for Yukon Energy 
Planning Charrette. Original February. 

Pulkki R. 1997. Cut-to-length, tree-length or full tree harvesting. Central Woodlands, 
1: 22-27. 

Ranius T, Hämäläinen A, Egnell G, Olsson B, Eklöf K, Stendahl J, Rudolphi J, Sténs 
A, Felton A. 2018. The effects of logging residue extraction for energy on ecosystem 
services and biodiversity: A synthesis. Journal of environmental management, 209: 

409-425. 
RitchieSpecs 2018. Caterpillar 525C Grapple Skidder. 

Rockwood D, Naidu C, Carter D, Rahmani M, Spriggs T, Lin C, Alker G, Isebrands J, 
Segrest S. 2004. Short-rotation woody crops and phytoremediation: opportunities for 
agroforestry? New vistas in agroforestry: Springer. p. 51-63. 

Rolando CA, Little KM. 2004. Early survival and growth responses of Pinus patula 
seedlings to planting treatments and micro-environment in two pilot trials. Institute for 

Commercial Forestry Research. 
SA Forestry Online. 2015. Mechanisation changing the face of forestry. 
Sagar AD, Kartha S. 2007. Bioenergy and sustainable development? Annu. Rev. 

Environ. Resour., 32: 131-167. 
Sappi 2019. Sappi Forests. 

Shi L, Liu S. 2017. Methods of estimating forest biomass: A review. Biomass Volume 
Estimation and Valorization for Energy, 10: 65733. 
Shukla P. 1997. Biomass energy in India: Transition from traditional to modern. The 

social engineer, 6: 1-21. 
Singh J. 2012. The national centre for the replacement, refinement, and reduction of 

animals in research. Journal of pharmacology & pharmacotherapeutics, 3: 87. 
Skrifvars B-J, Hupa M, Moilanen A, Lundqvist R. 1996. Characterization of biomass 
ashes. Applications of Advanced technology to ash-related problems in boilers: 

Springer. p. 383-398. 
Spinelli R, Magagnotti N, Picchi G. 2012. A supply chain evaluation of slash bundling 

under the conditions of mountain forestry. Biomass and Bioenergy, 36: 339-345. 
Spinelli R, Visser R, Björheden R, Röser D. 2019. Recovering energy biomass in 
conventional forest operations: A review of integrated harvesting systems. Current 

Forestry Reports, 5: 90-100. 
Spinelli R, Ward SM, Owende PM. 2009. A harvest and transport cost model for 

Eucalyptus spp. fast-growing short rotation plantations. Biomass and Bioenergy, 33: 
1265-1270. 
Stokes BJ, Watson WF, Savelle IW. Alternate biomass harvesting systems using 

conventional equipment1985. 
Tareen WUK, Dilbar MT, Farhan M, Ali Nawaz M, Durrani AW, Memon KA, Mekhilef 

S, Seyedmahmoudian M, Horan B, Amir M. 2020. Present Status and Potential of 



101 
 

Biomass Energy in Pakistan Based on Existing and Future Renewable Resources. 
Sustainability, 12: 249. 

Taylor M, Daniel K, Ilas A, So EY. 2015. Renewable power generation costs in 2014. 
International Renewable Energy Agency: Masdar City, Abu Dhabi, UAE . 

Thrän D. 2015. Smart bioenergy. Technologies and concepts for a more flexible 
bioenergy provision in future energy systems. Cham, Heidelberg ua: Springer. Online 
verfügbar unter https://link. springer. com/book/10.1007% 2F978-3-319-16193-8. 

Tibane E, Vermeulen A. 2014. South Africa Yearbook 2013/14. Department of 
Communications, Pretoria, South Africa. 

Tolosana E, Laina R, Ambrosio Y, Martin M. 2014. Residual biomass recovery from 
fully-mechanized delayed thinnings on Spanish Pinus spp. plantations. Biomass and 
Bioenergy, 71: 98-105. 

Vasco H, Costa M. 2009. Quantification and use of forest biomass residues in Maputo 
province, Mozambique. Biomass and Bioenergy, 33: 1221-1228. 

Warkotsch W. 1988. Harvesting of pine and eucalypt in South Africa. South African 
Forestry Journal, 147: 37-52. 
Webb E, Perlack RD, Blackwelder DB, Muth DJ, Hess JR (eds). 2008. A preliminary 

assessment of the state of harvest and collection technology for forest residues. Oak 
Ridge National Lab.(ORNL), Oak Ridge, TN (United States). 

Wells LA, Chung W, Anderson NM, Hogland JS. 2016. Spatial and temporal 
quantification of forest residue volumes and delivered costs. Canadian Journal of 
Forest Research, 46: 832-843. 

Wolf DP, Meek P, Jones TA, Cormier D, Caspersen JP. 2014. Forest harvest residue 
recovery in semi-mechanized hardwood selection operations. International journal of 

forest engineering, 25: 229-237. 
Woo H, Acuna M, Cho S, Park J. 2019. Assessment Techniques in Forest Biomass 
along the Timber Supply Chain. Forests, 10: 1018. 

Woods J, Lynd LR, Laser M, Batistella M, de Castro V, Kline K, Faaij A. 2015. Land 
and bioenergy. Bioenergy: bridging the gaps, 9. 

World Bioenergy Association. 2019. Global Bioenergy Statistics 2019 - World 
Bioenergy Association. World Bioenergy Association: Stockholm, Sweden: 58. 
Wormald T. 1975. Pinus patula. 

Zamora-Cristales R, Sessions J. 2016. Modeling harvest forest residue collection for 
bioenergy production. Croatian Journal of Forest Engineering: Journal for Theory and 

Application of Forestry Engineering, 37: 287-296. 

 

 

 

 

 

 

 

 

 



102 
 

Annexures 1: Standing tree DBH and height 
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Tree no: DBH: Height:   
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Annexures 2: Time study form 

Date: Start time: End time:   

Plot: Observer 

name: 

Terrain conditions: Person observed: 

Element Tally Total Percentage 
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Annexures 3: Unrecovered slash assessment 

Forest:       Assessors:         

Location: 
  

    
   

  

Date:                 

Plot  Weight Vessel weight Nett weight Stemwood Branches (>30mm) Branches (<30mm)   Twigs and leaves Cones 
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Annexure 4: Standing trees and log recovery volumes descriptive statistics 
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Annexure 5: Objective One: Biomass quantification descriptive statistics 

 

 

 

 

 

 

 

 
Variable  

Aggregate Results 

Descriptive Statistics (Spreadsheet in Data results 2) 

      

Treatment Valid 
N 

Mean Median Minimum Maximum Quartile Std.Dev. Coef.Var. Standard 

odt/ha (Stemwood) FT 8 5.20898 4.97245 3.28961 7.99350 2.936642 1.735969 33.32648 0.613758 

% nearer (volume of 
stemwood located 
FT 50m/ TL 95m) 

FT 8 0.72231 0.74950 0.44191 0.89459 0.068927 0.130327 18.04325 0.046078 

odt/ha loss 
(Remaining 

branches, bark and 
needles) 

FT 8 17.09393 15.12900 12.54600 23.02560 6.605100 3.989286 23.33745 1.410425 

odt/ha total 
(Stemwood and 
bark, branches and 

needles and cones) 

FT 8 22.30290 20.52773 18.56621 28.85509 7.736949 4.195151 18.80989 1.483210 

Recovery ratio 
(Ratio of collected 
stemwood to total 
residues remaining) 

FT 8 0.23614 0.23457 0.12586 0.38918 0.061645 0.076322 32.32027 0.026984 

odt/ha (Stemwood) TL 8 9.13152 8.19659 5.41262 15.58512 5.269684 3.539032 38.75620 1.251237 

% nearer (volume of 
stemwood located 
FT 50m/ TL 95m) 

TL 8 0.46841 0.44703 0.34725 0.64333 0.168123 0.107319 22.91133 0.037943 

odt/ha loss 

(Remaining 
branches, bark and 
needles) 

TL 8 12.73050 12.17700 10.33200 17.71200 3.321000 2.518176 19.78066 0.890310 

odt/ha total 
(Stemwood and 

bark, branches and 
needles and cones) 

TL 8 21.86202 21.73522 16.48262 28.86912 6.122057 4.206618 19.24167 1.487264 

Recovery ratio 
(Ratio of collected 
stemwood to total 

residues remaining) 

TL 8 0.40935 0.34487 0.32499 0.54920 0.188759 0.101884 24.88913 0.036022 
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Annexures 6: Objective One: Biomass quantification Mann Whitney 
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Annexures 7: Objective Two: Productivity of manual biomass collection descriptive 

statistic (100m and 195m) 
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Annexures 8: Objective Two: Productivity and costs of manual biomass collection Mann 

Whitney (100m and 195m) 
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Annexures 9: Objective Two: Productivity and costs of manual biomass collection 

descriptive statistic (100m and 95m) 
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Annexures 10: Objective Two: Productivity and costs of manual biomass collection 

Mann Whitney (100m and 95m) 
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Annexures 11: Objective Two: Productivity and costs of manual biomass collection 

descriptive statistic (100m and 95) (odt/ha) 
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