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ABSTRACT 

 

Commercial forestry plantations in South Africa play an important role in the economy of 

the country, contributing 1.2% towards the gross domestic product, as well as with job 

creation in rural communities. Currently plantation forests cover 1% (1.2 million 

hectares) of the South African land surface, of which ±75 000 hectares (±43 000 

hectares to Eucalyptus species) are re-established each year. Different timber 

companies afforest areas with different species to satisfy specific management 

objectives, with the two main objectives being for either the production of saw-timber or 

pulpwood. Species of the Eucalyptus genera are preferred as they are fast growing and 

have desirable wood and pulping properties. However, their productive potential can be 

negatively impacted by numerous abiotic and biotic risk factors. Of the various risk 

factors that forest stands are exposed to, wind and wind-related tree damage has 

received very little attention, both nationally and internationally. 

Wind-related tree damage may result in wind-throw (uprooting or stem 

breakage), or trees that tilt (lean off vertical). Trees that are tilting can recover to an 

upright position, but are likely to retain some level of stem sinuosity or butt-sweep. 

Although strong winds increase the risk of tree damage, a number of other factors can 

also act to predispose trees to wind-related damage. These include choice of planting 

stock (genotype and type of plant stock), planting practices (including soil cultivation), 

site factors (wind exposure, rainfall, soil texture and soil fertility) or excessive weed 

competition. Most of the literature dealing with wind-related tree damage has focused 

on trees growing in natural forests, whereas trees in natural forests differ from forest 

grown plantation trees in terms of above- and below-ground morphological differences, 

as well as the stability factors of the trees. There is a need to not only understand the 

impacts of severe (catastrophic) wind events on mature trees, but also to test 

management strategies that prevent, or minimize damage prior to any severe wind 

events. Two existing eucalypt trials were used to provide information on the influence of 

selected re-establishment silvicultural practices on short-term pulpwood and long-term 

saw-timber survival, growth and uniformity when influenced by catastrophic wind 

events, within South Africa. 
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In a first experiment in the KwaZulu-Natal Midlands (Chapter 2), a field trial was 

implemented to E. smithii (a euclaypt prone to wind damage), where establishment 

practices were selected that may show the potential for improving tree stability: Root 

plug volume (RPV: Larger and Smaller); Seedling age (SA: Younger and Older); and 

Insecticide (I: x and 2x). Tree performance was measured for the duration of the trial, 

with wind-related damaged recorded twice, post-establishment (1.8 years) and again at 

rotation-end (9.2 years).  

Over the nine-year duration of the trial, a series of wind events occurred where 

wind speed exceeded 25 m s-1, the wind speed at which wind-related damage (wind-

throw/tilting) is likely to occur. There was an increase in the total number of trees that 

experienced some form of wind-related damage (82% at 1.8 years to 94.4% at 9.2 

years), with only 5.6% of the remaining trees not impacted by wind. Of the types of 

damage recorded, Butt-sweep, Tilting and Forking occurred in 83.6%, 79.4% and 35.5% 

of the trees respectively. There were no significant treatment related interactions for 

Tilting or Wind-throw, however the incidence of Butt-sweep in trees that were raised in 

trays with a larger root plug volume was significantly lower than all the other treatments 

at rotation-end. 

 Although mean tree survival for the trial at 1.8 years was 92%, by rotation-end it 

was only 62.1%. At 9.2 years, Stocking and DBH were not significant for any of the 

main factors, or their interactions. Whereas HT, BA and Vol_ha were all significant for 

the RPV x SA interaction. Of these four treatment combinations, the older seedlings 

grown in the trays with a larger RPV had significantly higher volume (333.4 m3 ha-1) 

than the older seedlings grown with a smaller RPV (238.5 m3 ha-1), but not the younger 

seedlings grown with a smaller or larger RPV (283.6 m3 ha-1 and 297.2 m3 ha-1 

respectively). 

These results indicate that even when grown on a productive site, albeit exposed 

to wind, E. smithii may experience extensive wind-related damage. Although the 

remaining trees could compensate for loss of growth due to damage and/or dead trees, 

the calculated volume did not take into consideration butt-sweep and/or forking, which 

would have further reduced merchantable volume, and possibly wood quality. 
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The second experiment was established to E. grandis seedlings, located at 

Rooikoppies Plantation (Northern Timbers – Tzaneen), South Africa. The trial consisted 

of a 2 x 5 factorial arrangement of 10 treatments arranged as split-plots, replicated 3 

times and laid out in a Randomised Complete Block Design. The original objectives of 

the trial were to develop an understanding of the long-term interaction between weeding 

control intensity (WC) and planting density (PD), and how the removal of trees during 

thinning operations would influence final yield. However, two severe wind events 

occurred in February and December 2017 following the final thinning at 6.2 years (2 262 

dap), resulting in variable tree damage across the stand within which the trial was 

located. This created the opportunity to assess the type and severity of damage, and to 

determine if it were treatment-related. As such trees were assessed on 10 March 2018, 

and again on 10 June 2019 (15 months later) to quantify growth impacts and recovery 

(if any). At 11.4 years BA was not significant for any of the main factors, or their 

interactions. Whereas Stocking was significant for PD (p = 0.035), and HT, DBH and 

Vol_ha were all significant for WC as a main factor (p < 0.001; p < 0.001; p = 0.071 

respectively) with the WC (weedfree) plots (157.8 m3 ha-1) producing the highest Vol_ha 

(with the no weed control treatment the lowest (95.8 m3 ha-1). The incidence of Wind-

throw (16% collectively for the two catastrophic wind events) was low in the trial, in 

contrast to Tilting, where 57% of the trees were impacted. Light Tilting was significant 

for PD at both assessment dates (10.1 years: p = 0.003; 11.4 years: p = 0.017), but only 

when Wind_exposure was used as a co-variate. Wind_exposure was a function of the 

location of individual plots relative to the direction of the two catastrophic wind events. 

The windward plots received a higher ranking due to being more exposed to wind and 

thus prone to wind-related damage, than plots on the leeward side.  

Eucalyptus survival, growth and uniformity in South Africa will continue to be 

impacted by a range of biotic and abiotic risk factors. It is therefore necessary to 

implement silvicultural practices which will retain the expected performance by not 

predisposing trees to these risk factors. Data from these trials suggest wind-related 

damage in South African plantations is possibly under-estimated. In addition, of the 

establishment and silvicultural treatments tested (root plug volumes, seedling size, 

planting density, weed control), none showed major benefits in terms of the pre-emptive 
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management for the prevention of damage by wind. Management should however be 

aimed at the determination of sites prone to high winds and the planting of wind-tolerant 

species on those sites. Whether more effort is required to determine any underlying 

causes of tree (juvenile and/or mature) instability/wind damage will depend on the 

magnitude of production losses, and how important this is to growers, particularly if 

these losses can be managed through early nursery and/or sivicultural intervention. 
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Dissertation at a glance 
Wind damage impacts on Eucalyptus species performance in South Africa 

  

Chapter 1 Chapter 2 Chapter 3 Chapter 4 

Comprehensive 
introduction of forestry 
risks (wind in 
particular).  

Objective: 
 
Understand the 

influence of Root plug 

volume, Seedling age 

and insecticide (and 

interactions) on 

Eucalyptus smithii 

productivity and wind 

stability. 

 

Objective: 
 
Determine the impact 

of different planting 

densities, weed 

control and thinning 

regimes (and 

interactions) on 

Eucalyptus grandis 

productivity and wind 

stability. 

 

Summary of major 
findings and overall 
conclusions. 

      

 Method: 
 
2 x 2 x 2 factorial 

arrangement in 

Randomised 

Complete Block 

Design (RCBD) (3 

replicates). Tree 

survival, growth and 

uniformity measured. 

Wind damaged 

assessed. 

 

Method: 
 
2 x 5 factorial 

arrangement in a 

split-plot design (3 

replicates). Tree 

survival, growth and 

uniformity measured. 

Wind damage 

assessed. 

 

 

    

 Main findings: 
 
Rotation-end tree height, 
DBH, basal area and 
Vol_ha were all 
significant for the Root 
plug volume x Seedling 
age interaction. Butt-
sweep was significant for 
Root plug volume, with a 
lower incidence in trees 
raised in containers with 
a larger Root plug 
volume. 
 

Main findings: 
 
Weed control is most 
important for Vol_ha 
with weedfree 
treatments performing 
significantly better than 
other treatments. 
Planting density is 
most important for 
tilting alleviation. 
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CHAPTER 1 

 

Forestry and forest related risks in South Africa 

 

1.1 Brief overview of forestry in South Africa 

 

South African plantation-based forests only occur on 1% of the country’s land surface 

area (FSA 2016). This equates to ±1.2 million ha, of which the majority is situated in the 

Mpumalanga and KwaZulu-Natal Provinces (41% and 40% respectively) (FSA 2016). 

South African forestry is recognized as an important industry within the primary sector 

as it contributes 1.2% towards the gross domestic product of the country (FSA 2016). 

Furthermore, sustainable forestry development, if managed well creates employment 

potential and can present numerous economic opportunities (Lewis et al. 2004). 

The most commonly planted commercial trees are exotic species of the genera 

Eucalyptus, Pinus and Acacia (FSA 2016). Plantation forests can be classified into two 

main groups depending on the characteristics of their fibres, namely, softwoods or 

hardwoods. Wattle (Acacia mearnsii) and Eucalyptus species are the main hardwood 

species planted in South Africa, whereas the softwoods include a range of Pinus 

species. 

South Africa depends on plantation-based forestry for the continuous and 

sustainable supply of timber to many “downstream” industries (du Toit et al. 2017). 

Different timber companies afforest areas with different species to satisfy specific 

management objectives, with the two main objectives being for either the production of 

saw-timber or pulpwood (FSA 2016, du Toit et al. 2017). Approximately 95% of the 

plantations in South Africa satisfy these two main management objectives (FSA 2016). 

In addition, medium and small scale growers plant various tree species (mainly 

Eucalyptus species) for the production of droppers, poles, charcoal and fuel wood. 

Over the last decade there has been a ±43 000 ha increase in the total area 

planted to Eucalyptus species, which currently cover ±521 00 ha (FSA 2016). 

Eucalyptus species are an important natural resource, and are used primarily by the 
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pulpwood industry (Malan 2005, FSA 2016). The majority of Eucalyptus plantations are 

found in the higher rainfall sub-tropical and warm-temperate regions of KwaZulu-Natal 

and Mpumalanga (Komakech et al. 2007, Department of Agriculture, Forestry and 

Fisheries 2016). Due to the range in sites and site productivities within South Africa 

(SA), numerous eucalypt species and their hybrid combinations are matched to specific 

sites (Darrow 1995, Swain and Gardner 2003, Gardner 2007, Wingfield et al. 2008, 

Herbert 2012, Phiri et al. 2015), with intensive silviculture practiced to optimise the 

productive potential from each site. Although many of these practices are generic (for 

example planting prime seedlings, or practicing good weed control), some practices 

may be site and/or species specific, for example fertilization to rectify nutrient 

imbalances (Campion and du Toit 2003, Ndlovu 2017). In addition to those eucalypts 

currently planted, new Eucalyptus species and provenances have been introduced into 

South Africa to further enhance production on different sites (Gardner 2000). Correct 

species to site matching remains one of the most important risk mitigation methods as it 

results in improved performance with regards to optimizing growth and the production of 

quality timber of value to a variety of markets (Smith et al. 2005, Gardner 2006). Along 

with optimizing yield, end market requirements and risk mitigation are taken into 

consideration when matching species to site (Louw 2016). 

Eucalyptus grandis is the most important (and extensively planted) commercial 

hardwood species in South Africa (Malan 2005, FSA 2016). This is due to a number of 

desirable factors such as responsiveness to intensive silvicultural practices and 

selective breeding aimed at improved growth, ease of establishment, rapid growth (20 

to 30 m3 ha-1 year-1), and desirable timber and pulping properties such as good stem 

form and timber strength and density (Malan 2005, Stanger et al. 2011). 

The South African forest industry makes use of even-aged stand silviculture, an 

integrated system where clearfelling, regeneration and tending are separated in time 

(du Toit and Norris 2012). This clearfelling system is a reliable and effective way to 

achieve uniform regeneration in plantation forestry as the entire stand is clearfelled in 

one operation. The primary goals of forest companies and growers are production 

driven, and thus require intensive management. Optimum survival, growth and 

uniformity of a commercial forest stand can be achieved through the implementation of 
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appropriate pre- and post-planting silvicultural operations, for example site preparation 

(including slash management), the use of quality seedlings, planting techniques, tending 

etc. (Hinze and Wessels 2002, Snowdon 2002, Viero and Little 2003, Swain and 

Gardner 2003, van Staden et al. 2004, Xue et al. 2011,). However, one of the greatest 

challenges faced by forestry in South Africa is the limited area available for production. 

In addition, many areas and/or species have abiotic (wind, drought, fire etc.) and/or 

biotic (pests, diseases, mammals etc.) risks associated with them, that if not managed 

will result in a reduction of the productive potential of that stand. 

 

1.2 Overview of abiotic and biotic risk impacts and their importance within 

South African Eucalyptus spp. plantations 

 

Eucalypts in both natural forests and plantations are adapted to grow across a wide 

range of site types which are continuously exposed to a range of climatic variables 

(Eldridge et al. 1993, Smith et al. 2005, Gardner 2006, Louw et al. 2011). Stand 

productivity can be negatively impacted by numerous abiotic and biotic risk factors, 

especially during major pest or disease outbreaks, or catastrophic abiotic events. 

(Warburton and Schulze 2008, Roux et al. 2012). Biotic risk factors can be described 

as living factors/organisms which cause varying types and degrees of damage, whereas 

an abiotic risk is a non-living and non-infectious element (Roux et al. 2012) normally 

associated with climatic conditions. Biotic factors include diseases, insects and 

mammalian pests, whereas biotic factors typically include wind, frost, drought, fire or 

hail. Of the major risk factors within South Africa, pests and diseases and fire have the 

largest impact on the long-term sustainability of commercial forest plantations. Between 

1998 and 2008, 42% of plantation forest was lost as a result of pests and diseases 

(Little and Nadal 2011), with ±211 488 ha of commercial plantations adversely affected 

by fires in the last decade (FSA 2019). This emphasises the need for risk prevention 

and mitigation programs to assist forest managers to make informed decisions. 

The continued success and sustainable production of Eucalyptus species in 

South African forestry is closely related to the exposure of these trees to a wide range 

of introduced or naturally occurring pests and diseases. According to Roux et al. 
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(2012), a distinguishing trait regarding biotic factors is that they affect trees at different 

stages of development, resulting in altered tree growth responses in stands, for 

example trees experiencing delayed development when negatively impacted by 

diseases or pests (Little and Nadal 2011). Snowdon (2002) recognises two types of 

tree growth responses, Type 1 and Type 2. A Type 1 growth response is where early 

growth is advanced but the site productivity is not altered (Figure 1.1). This means that 

the volume obtained at rotation-end on the site is similar to that which could be 

expected (predicted) for that site productivity (Snowdon 2002). However, maximum 

volume production can be reached sooner, reducing the length of the rotation (Figure 

1.1). An example of a Type 1 growth response would be that obtained through timely 

and appropriate vegetation management (Snowdon 2002). A Type 2 growth response 

also advances early growth but results in a change in the potential site productivity 

(Figure 1.1), mainly through the amelioration of a growth limiting factor (Snowdon 

2002). An example of a Type 2 growth response would be ripping, instead of pitting, on 

a site with a root-impeding layer (Smith et al. 2001). It is also important to note that 

negative growth responses can occur as a result of sub-optimal silviculture (including a 

lack of tree protection) (Figure 1.1). 

 

 

 

Figure 1.1:  The effect of pest and/or disease on stand productivity (Adapted from 
Little and Nadel 2011). 
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Whilst a considerable amount of research has been conducted into pest and disease 

management (Wingfield et al. 2008), of the abiotic factors, fire (Catry et al. 2013), and 

to a lesser extent climate change, frost, snow and drought risk have received attention 

(Tishall et al. 2012, Germishuizen 2013). Severe wind events as a risk factor in terms 

of preventative or post-event management have not been well researched for eucalypts 

within South Africa. 

  



 

6 
 

CHAPTER 2 

 
General introduction to wind and wind-related tree damage 

 

2.1  Introduction 

 

Wind is air movement on a large scale, driven by differences in solar radiation, which 

creates the wind currents within the earth’s atmosphere, causing a difference in air 

pressure (Barton 2014). Furthermore, the difference in air pressure causes air to move 

from a higher pressure system to a lower pressure system. The atmospheric boundary 

layer is the lowest part in the atmosphere, where wind usually is turbulent and is 

considered as consisting of the mean wind and a fluctuating component - turbulence. 

Teie (2009) adds that a greater difference in pressure between two or more pressure 

systems results in higher wind speeds. According to Teie (2009), wind can be 

partitioned into general winds which have an influence at a macro scale, local winds 

which are produced/influenced by local terrain features, and surface winds which occur 

10 m above the ground, all of which can impact the growth of actively growing forest 

stands. In addition, the wind profile is different for different types of surface roughness 

(e.g. open fields versus trees). When this happens, the wind changes its shape or 

profile. In areas of high roughness, such as forests, there are very low levels of wind at 

the ground, meaning the upper stem and canopy in mature trees will be most impacted 

by wind. 

Wind is one of the most harmful natural elements to trees (James et al. 2006) 

and has become an increasingly researched topic due to the destruction of large areas 

of trees from intense storms and weather. Depending on severity, frequency and timing 

(age of trees) of the wind event, tree growth, physiological processes (photosynthesis 

and transpiration) in trees, and/or mortality may occur (Eugster 2008, Shorohova et al. 

2008). Wind-tree interactions take place on a diverse range of spatial and temporal 

scales (Schindler et al. 2012), with the long-term wind patterns of a site also having a 

strong influence on many aspects of tree growth and morphology, for example tilting 

and/or butt-sweep (Ennos 1997). Trees that tilt may recover to an upright position, but 
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are likely to retain some degree of butt sweep (Cremer 1998). For nearly all trees, the 

greatest stress is from wind that occurs as gusts associated with storm events, causing 

varying degrees of damage to forest plantations. Surface winds generally extend from 

10 meters above the surface of the Earth and are dominated by strong wind turbulence 

(Kimmins 1987). Low wind speeds can also have a negative impact on trees through 

repeated swaying, potentially damaging the internal cellular structure of the tree 

(Blackburn et al. 1988, Baker 1995). In addition, strong winds may decrease the 

photosynthetic abilities of trees, with trees positioning their leaves to reduce moisture 

loss by the wind, resulting in a reduced effective leaf area. Also, strong surface winds 

can erode bare soil, causing extensive damage to individual trees (for example, wind-

throw), plantations and/or indigenous forests, and can also change the composition of 

the forest communities (Ennos 1997). When trees are exposed to strong wind, damage 

to trees could include: bending; tilting; wind-throw; kinking; breakage; forking; butt-

sweep and tree health can be adversely affected, with indicators thereof including: 

feathering, gummosis and/or the tree showing signs of dying. 

Seedlings and young stands (prior to canopy closure) are more resistant to wind 

damage. Due to the higher presence of juvenile wood in seedlings and saplings (prior to 

canopy closure). Trees exposed to wind during this phase are more flexible, and have 

the ability to recover post-event with subsequent tree stability seldom compromised. 

The stability of a tree can be defined as the resistance of a tree to “over-bending” and 

eventual breakage due to a difference between the carrying capacity of the stem and 

crown weight. With the development of mature wood as trees age, high wind velocities 

become more important as the wind-related forces in the stem, branches, and roots can 

approach critical limits, which, if exceeded, will result in failure (stem breakage or wind-

throw). While high winds may occur infrequently over a rotation, a trees resistance to 

breakage, tilting or wind-throw is critical to their survival.  

 

2.2 Factors influencing wind-related tree damage 

 

A study by Mayer and Schindler (2002) and Quine and Gardiner (2007) indicate that 

the primary factors influencing the chances of wind or storm-related damage in forest 
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stands can be separated into three main groups: tree and stand characteristics; site 

conditions; and topographic conditions, each of which are discussed in more detail. 

 

2.2.1 Tree and stand characteristics 

When trees are exposed to wind the aerial parts (stem, crown, branches and foliage) 

start to vibrate which could consequently (depending on the wind speed etc.) result in 

varying damage. It was concluded by Rodriguez et al. (2008) and Schindler et al. 

(2010) that in forests, dynamic tree responses are observed at the single tree level 

(individual trees) as well as at the tree group level (stand/compartment). As a result of 

wind at both the individual and/or group levels, the tree response patterns are dynamic 

and complex. At all surfaces of the aerial parts of a tree (from individual leaves to whole 

tree crowns) aerodynamic drag disturbs airflow inside forest canopies, reducing wind 

speed as a result (Schindler et al. 2012). According to Jiao-jun et al. (2004) wind-

related damage can be grouped as either stem and/or canopy damage. Stem damage 

is most common and includes breakage, uprooting and tilting, or bending, whereas 

canopy damage can include severe foliar loss and breakage of branches. 

Simulation models have been developed to predict the behaviour of trees 

subjected to wind loads, based on the drag produced. There have been several models, 

computational and theoretical, focusing on the damaging effects of wind (e.g. Quine 

and Gardiner 2005, James et al. 2006, Gardiner et al. 2008). In general, tree failure 

can start at wind speeds of ±25 m s-1 (Cullen 2002, Spatz 2000, James et al. 2006). A 

study on the mechanical stability of trees under dynamic loads (for example wind) 

(James et al. 2006) confirmed the findings by Mayhead (1973), Spatz (2000) and 

Cullen (2002), in that tree failure occurs from wind speeds of ±25 m s-1 (±90 Km h-1). 

This is equivalent to ±380 kN∙m of force when conducting a wind-stress test to replicate 

the wind force imposed on a tree during catastrophic winds (with the use of ropes, 

pulleys, winches etc.). The study was performed on two Eucalyptus species (Eucalyptus 

grandis and E. tereticornis), among other tree species with different crown shapes and 

architecture. 

The structural composition of windward forest edges as well as the structure of a 

stand affects the flow field above, and within forests. In the near-edge region of a stand, 
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noticeable gradients of airflow (wind) incite high wind load on trees which may result in 

damage in strong wind conditions (Gardiner et al. 1997, Marcolla et al. 2003). Wind 

also determines the morphology of trees through the re-distribution of growth, by 

allocating more resources to the crown, stem and/or roots (Jiao-jun et al. 2004). For 

example, the leaves of a tree that are exposed to wind (windward side) become smaller 

and thicker and have a reduced rate of water loss per unit area (transpiration) as 

opposed to the leaves that are growing in sheltered (leeward) areas (Jiao-jun et al. 

2004). In addition, leaves growing on the windward side have shorter petioles than 

leaves of plants growing in protected areas (Armbrust and Retta 2000). Leave surface 

area also varies between genera, for example pines have needle like leaves, whereas 

broadleaves (e.g. Eucalyptus grandis) have larger flat leaves with a bigger leaf surface 

area. Leaves with a bigger leaf surface area are affected more severely by wind 

because of increased frictional drag. 

According to Zhu et al. (2000) the angled direction of lean and degree of trees 

exposed to wind are most influenced by wind that blows in the growth season. 

 

2.2.2 Site conditions 

Several below- and above-ground factors can hinder root development in trees. Tree 

rooting systems are important components in forests, because they provide physical 

stabilization (Brummer and Godbold 2007). According to Teixeira et al. (2002) there 

is limited knowledge about the forms and stages of root growth in relation to wind. This 

restricts our understanding of the different growth responses due to climatic conditions 

and/or root-soil interaction. Krejci et al. (1986) adds that a shortage of information is 

especially noticeable in species of the Eucalyptus genus. Literature regarding the 

mechanics of plant anchorage is lacking both nationally and internationally, and this 

could be attributed to the general understanding that adhesion or friction between the 

soil and roots resist the uprooting of a tree (Ennos 1994). Also, most studies have 

focused on the function and structure of the taproot, whereas lateral root development 

has received limited attention (Chiatante et al. 2003). Furthermore, anchorage depends 

on the collaborative function of the entire root system of a tree (taproots and lateral 

roots). Coutts and Nicoll (1991) state that the taproot serves an important function in 
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anchorage in the early stages of plant development, but its importance decreases with 

time as that of the lateral roots increases. Preisig et al. (1979) adds that the decrease 

in taproot importance in anchorage has been frequently observed in conifers (e.g. Pinus 

species) and broadleaved species (e.g. Eucalyptus species). 

Some below ground factors affecting root development include impeding rock 

layers, waterlogged soils and soil compaction. Conifer plantations of the United 

Kingdom had restricted rooting depth as a result of a watertable that fluctuates near to 

the surface of the ground for most of the year (Ray et al. 1992). When shallow rooted 

trees grow in height, their mass and movement in the wind influences the flexing of 

structural roots near the surface of the ground (Nicoll and Ray 1996) resulting in a 

higher incidence of wind-throw. As shallow rooted trees have limited anchorage (due to 

a lack of deeper roots), stability will depend largely on the rigidity of the soil-root plate 

(Nicoll and Ray 1996). Soil under a rigid soil-root plate will not shear as easily as soil 

under a flexible soil root plate of the same area, when exposed to a smaller force.  

Impeding rock layers/stone-lines also influence root development. A shallow 

impeding rock layer will result in a tree developing a shallow root system which reduces 

its effective stability in wind. Compartments with impeding rock layers/stone-lines 

overlying soil can be ripped prior to planting so as to ensure maximum shattering of the 

rock layer which will ensure better root development through the friable soil, 

consequently resulting in a Type 2 growth response. 

 Soil moisture content, soil texture and/or soil type play an important role in the 

resistive forces of the roots of a tree (Gardiner et al. 2008, Peltola et al. 2010). All 

trees can develop deep rooting systems if soil conditions allow (Sutton 1969). For roots 

to survive there needs to be oxygen in the soil that immediately surrounds the roots. 

Roots develop best in loose and well-aerated soils in contrast to waterlogged soil 

(absence of oxygen) which may result in tree instability and mortality in severe cases. 

Intense rainfall events in conjunction with high winds (storm systems) can rapidly 

increase soil moisture and hence increase the tendency of wind-throw (Usbeck et al. 

2010). In addition, the rooting system of different trees also influence the resistance of 

trees to wind-throw when exposed to high wind speeds. A study by Fourcaud et al. 

(2008) concluded that the tap root and deeper roots of a tree had more influence on 
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wind-throw resistance in sandy soil compared with clay soil. Sandy soil and root 

interaction differs as the moisture content changes in the soil. Wetter sandy soils have 

increased cohesion responses on tree roots, thus increasing tree stability in wind, 

whereas drier sandy soils have reduced cohesion properties with roots and can lead to 

more wind-throw in windy conditions. In contrast, root interaction is opposite in wet soils 

with a high clay content where root-slip occurs as a result of a lack of soil-root cohesion. 

Increased soil fertility has been linked to an increase in tilting/wind-throw (Moore et al. 

2008). The assumption being that high fertility levels result in increased above-ground 

biomass relative to below-ground biomass causing a reduction in the root:shoot ratio. A 

number of soil-related factors (texture, consistency and depth) have also been linked to 

increased tilting/wind-throw (Moore et al. 2008). 

 Soil compaction affects effective root development of trees. Many South African 

forest soils can be regarded as high risk to compaction because of unfavourable soil 

textural properties, low levels of soil organic matter, shallow fluctuating watertables and 

low biological activities. Approximately 24% of the land area under plantation-based 

forestry in South Africa is represented by granite-derived soils (Smith et al. 2005), 

which are highly susceptible to soil compaction and lack the characteristics to be 

resilient against these forms of disturbance (Smith et al. 1997). Machine involved 

operations (e.g. harvesting and extraction) are most likely to result in soil compaction 

(Ares et al. 2005), with a large increase in mechanized operations in the last thirty 

years (Brink 2001). Changes in soil properties, as a result of compaction, affects 

rooting indirectly through changes in soil strength, structural arrangement, porosity of 

the soil and the diffusion rate of gasses (Taylor and Brar 1991). These indirect effects 

of the soil compaction will directly affect root development. Even though soil compaction 

alters root development, the above-ground growth of the plant may appear to be 

normal. Sometimes soil compaction manifests with the same symptoms as phosphate 

(P) deficiency caused by anaerobic conditions from compaction which reduces 

mycorrhiza activity (Taylor and Brar 1991). However, if the crown and stem is 

disproportionately larger than the root system, it may result in wind-throw in windy 

conditions. Ripping of the soil is a site amelioration practice that is commonly used in 
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the agricultural sector (van Antwerpen et al. 2000) and may have similar benefits in 

plantation forests where compaction occurs during site preparation for planting. 

 

2.2.3 Topographical conditions 

Steep slopes are complex topographical features that expose plants to certain 

mechanical stresses (Chiatante et al. 2003). Some of the slope associated mechanical 

stresses that strongly affect the stability of plants is the weight of the tree stem and soil, 

and the tension of moving soil (Chiatante et al. 2003). Large root surface areas dispel 

self-loading (mechanical stimulus due to the weight of a plant growing on a slope) better 

than that of small surface area roots (Stokes and Guitard 1997). Trees with a larger 

root surface area, or roots that have a more complex branched design (network), are 

more resistant to greater bending forces than trees with a smaller root surface area or 

less complex root system. 

According to Chiatante et al. (2003) the up- and down-slope portions of a root 

system of a tree serve different mechanical functions, most likely the result of different 

self-loading force spread. Chiatante et al. (2003) observed a difference in the response 

to the degree of deformation between the lateral roots developing on the up-slope 

direction with those developing on the downslope direction. During the life of a tree, the 

self-loading force does not remain constant and this can be attributed to the continuous 

shoot meristemic activity that results in an increase in the weight of the aerial parts of a 

tree (Ennos 1994). As the aerial biomass increases, the direction of force distribution 

and/or the amount of self-loading to be catered for (spread) by the roots of a tree also 

increases (Ennos 1994). 

Slopes induce specific root system architecture (Chiatante et al. 2003), which 

play an important role in tree stability (Goodman and Ennos 1999). According to 

Watson and Marden (1999) the response to wind-throw forces is based on the 

development of a root system that is asymmetrical, as it will better distribute the tensile 

strength amongst the lateral roots of a tree. 

Root systems modify root diameter, branching, shape and stiffness to improve 

anchorage strength (Goodman and Ennos 1999). Fitter and Ennos (1989) observed 

that for unidirectional wind stimulation, there was a close association of root system 
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resistance with the number of roots. In addition, changes in root angle and root diameter 

were also noticed under these conditions (Herbert et al. 1992, Crook and Ennos 

1994). In response to wind-related mechanical stimulus, plants develop a stiffer taproot 

and roots with larger diameters. This response to mechanical stimulation (such as wind) 

can be found in herbaceous species and trees including species from the Eucalyptus 

genus (Goodman and Ennos 1996, Stokes et al. 1997). Similar studies focused on 

the traits that are modified in plant rooting systems that enhance anchorage if they grow 

on slopes (Ennos 1994). As soil chemical and physical properties also affect the 

distribution of roots, it is important that plant anchorage should be evaluated based on 

both the properties of the root system and the characteristics of the soil (Ennos 1994). 

Chiatante et al. (2003) states that contrary to popular opinion that the number of roots 

in a root system of a tree growing on a flat terrain is higher than that of a tree growing 

on a slope. Ennos (1994) adds that a higher number of roots will result in soil adhesion 

failure causing the roots and surrounding soil to be pulled completely from the ground in 

even relatively low wind speed. 

 

2.3 Acclimatization of trees to wind 

 

Trees acclimatize to their local wind environment as they grow (Jiao-jun et al. 2004) 

with stand-grown trees acclimatizing less than open-grown trees (Mitchell et al. 2008). 

The range of longer-term changes (adaptations) in the root development process in 

response to strong wind conditions help to increase the stability of trees (Ennos 1997, 

Jiao-jun et al. 2004). For example, Knight (1803) found that trees that sway increase 

their distribution of mass to the base of the stem and roots. Morgan and Cannell 

(1994) found that the development of stem form is related to the maintenance of uniform 

stress over the surface of the stem during wind events. To avoid uprooting in wind, 

plants respond by reinforcing their anchorage in an asymmetrical shape as it represents 

the most efficient way of distributing self-loading forces. As a result of wind-related 

stress, trees reduce the elongation growth and increase the radial growth of both 

branches and stem to reduce mechanical stresses and chances of wind-throw (Ennos 

1997). In addition, the base of the stem becomes more elliptical, with the greatest 
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diameter occurring in the direction of flexing (Knight 1803). Therefore, trees that grow 

in strong wind environments have a high taper and hence increased stability (Peltola et 

al. 1993). Woody tissue is laid down in the area where it is most needed (where the 

mechanical stresses are highest), for example at the base of the stem, around wounds 

and at the top and bottom of lateral roots (Telewski 1995). Large stem supports form as 

a result of acceleration in ring growth in the angles between the lower stem and the 

larger roots (Kimmins 1987) particularly at the location of the stem that gives the tree 

the most support against the predominant winds (Gardiner and Quine 2000). Wilson 

(1975) observed increases in the width of growth rings in both the lower stem as well as 

the base of structural roots in Pinus strobus trees as a reaction to increased wind 

movement following a thinning. The stems of trees growing in strong prevailing wind 

conditions have a permanent lean and may develop reaction wood (Telewski 1995). 

Reaction wood may reduce the marketable value of the timber at rotation-end. A tilted 

hardwood grows upright again through the development of tension wood, which forms in 

the newly developed growth rings. This leads to an asymmetric stem cross section and 

possible lower wood quality. 

It is worth noting that often the stability is increased at the expense of the 

photosynthetic ability of the plant. Trees that are exposed to strong winds on a 

continuous basis have a reduced number of smaller leaves that are held on thinner and 

more flexible petioles (Niklas 1996). Although both these aspects help reduce the wind 

imposed drag, this has not yet been quantified. Furthermore, wind-exposed foliage often 

contains higher proportion of collenchyma and sclerenchyma, supportive plant tissues, 

which makes foliage tougher and stiffer (Jiao-jun et al. 2004). According to James et 

al. (1994) the greatest effects are observed in trees growing near the tree-line 

boundary. These trees develop the Krummboltz form, a form in which the crown is a 

horizontally flat cushion that spreads to leeward from the short stem (James et al. 

1994). There is some evidence suggesting that trees growing in this form have higher 

rates of photosynthesis, compared with upright trees, since their leaves receive more 

sunlight, as they are deep within the boundary layer (James et al. 1994). 

A study conducted by Hintikka (1972) concluded that roots move in the soil as 

the tree is swayed in the wind. Nielsen and Mackenthun (1991) add that conifer 
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species allocate a greater amount of total biomass below the ground when they 

experience high wind speed. Furthermore, wind-related stresses cause the wind-ward 

roots to develop more strongly than those on the leeward side (Stokes et al. 

1995).  Rizzo and Harrington (1988) found that wind speed and soil rootable depth 

was positively and significantly linked with the movement of surface lateral roots in 

trees. In addition, Cucchi et al. (2004) found that 15 to 50-year-old Pinus pinaster trees 

at the edge of a compartment showed a 20% stronger anchorage than that of sheltered 

trees of similar size grown within the stand. Thinning and pruning operations may also 

have an effect on tree root morphology. Urban et al. (1994) observed an immediate 

increase in structural root thickening of Picea glauca after the removal of neighboring 

trees, with an increase in stem diameter growth only occurring four years later. Nicoll 

and Ray (1996) state that the distribution of assimilates to those portions of the tree 

under the largest amount of stress improves the use of resources that are available to 

stabilize the tree. 

Less is known as to the adaptations of trees to different wind regimes. In the past 

it was suggested that trees have been constructed to reconfigure in strong winds, the 

stem and branches bending away from the wind to lessen the frictional drag (Ennos 

1997). Currently, limited studies have provided clear results as to this adaptation, 

although one study on young pines by Mayhead (1973) suggests that reconfiguration 

does occur. A similar study by Vogel (1989) suggests that the leaves of broadleaf trees 

curl up into streamline cones in the wind, while whole branches of leaves start to 

overlap on each other to reduce frictional drag. In addition, different leaf shapes and 

sizes from different species had varying degrees of flexibility and this was a function of 

the environment the trees were growing in. 
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2.4 Management for wind in forest plantations 

 

Trees are impacted by wind throughout the rotation (from a seedling to rotation-end). 

According to Viero and Little (2003) seedlings and/or cuttings should be planted in a 

“stress-free” environment to ensure initial survival and growth. Stress may include 

exposure to wind, hail and impeding rock layers that impact root development and 

hence anchorage of the tree. Maximum yield and profit at rotation end could be 

compromised if forest managers fail to do so. Active root growth after planting is crucial 

for seedling and/or cutting survival. These physiological processes must be present as it 

is a requirement for morphological development (root development) (Brissette and 

Chambers 1992). Healthy and adequate root development aids in tree health and also 

anchoring tree more effectively. Viero and Little (2003) state that root and shoot growth 

need an adequate supply of nutrients and water which must be available for root 

uptake. A study conducted on young Eucalyptus viminalis stands (Phillips and Riha 

1994) concluded that a decrease in water availability resulted in a decrease in root 

growth and increased plant stress which could lead to wind-throw in windy conditions. 

It was found by Xue et al. (2011) that planting trees at higher densities resulted 

in an increase in inter-tree competition, reduced stand uniformity and ultimately an 

increase in tree mortality. It is recommended to plant trees at lower densities on sites 

that are water-limited as it results in a decrease in mortality, without affecting total 

volume production (White et al. 2009). Hinze and Wessels (2002) found stands that 

are planted at high densities have a relatively low stability factor (SF) when compared to 

stands planted at lower densities. The stability factor of a tree is expressed as a ratio of 

tree height (HT in meters) to tree diameter at breast height (DBH in cm) (1.3 meters 

above ground line). Trees with a low SF are prone to windfall. Hinze and Wessels 

(2002) and Mitchell et al. (2008) suggest that the SF of a compartment will increase 

following thinning operations, as many of the trees with a suppressed SF are removed 

(Figure 2.1). For example, the stability factor increases from 1:1.15 to 1:1.27 

(represented by (a) in Figure 2.1) as smaller diameter trees are removed during the first 

thinning at eight years after planting.   
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Figure 2.1: The effects of different thinning regimes on the stability factor (SF) of trees 
(Adapted from Hinze and Wessels 2002). 

 

Brang et al. (2014) emphasize the importance of increasing and maintaining genetic 

variation within tree species to capitalise on desired characteristics that prevent damage 

from wind if the species are planted in wind-prone areas. For example, planting wind 

tolerant tree species, variations within species, clones and hybrids. 

Understanding abiotic risk and linking site, species and silvicultural practices to 

this risk are important for the development of management strategies. However, for the 

successful application of these risk mitigation management strategies, they will need to 

be incorporated into some form of forestry classification system. A forest classification 

system has many benefits for the forestry industry and is widely recognised as key 

requirement for decision-making Louw et al. 2011). However, little research has been 

conducted into the establishment of a national forest site classification system, with only 

company- and region-specific systems being developed (Louw et al. 2011). The linking 

of risk mitigation strategies to such a site classification will allow managers to make 

informed decisions as to which species to plant on specific sites, and what silvicultural 

practices to implement that will help reduce specific abiotic risks. Management 

outcomes can be monitored using forest inventories, systematic sampling and aerial 

photographs (Mitchell et al. 2008). The results obtained can be used to test 

mechanistic and statistical models (Mitchell et al. 2008). 
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The South African Forest Industry uses practical recommendations generated 

from past research dealing with site species matching, optimizing site productivity 

(optimum genetics and planting densities), and various silvicultural practices (slash and 

site preparation, fertilization, weeding, thinning etc.) in Eucalyptus plantations. The 

majority of these recommendations are management-related and hence pre-emptive in 

terms of their sequence and timing of operations. Those abiotic and biotic risk factors 

that are known and well understood are also dealt with during this process, for example 

the application of an insecticide for white-grub control, or the planting of frost/snow 

tolerant species in areas of high risk. Few recommendations exist in South Africa for the 

preventative management of damage by wind, with this information being limited to the 

timing of coppice reductions (during non-windy seasons), and the thinning of saw-timber 

stand to ensure a high stability factor (Hinze and Wessels 2002). 

International literature exists as to the impacts of wind in terms of damage within 

both natural and planted forests, for example: root growth in relation to slope position 

(Chiatante et al. 2003); root growth and stand density (Xue et al. 2011); site 

amelioration for improved rooting (Snowdon 2002); forest and canopy structure 

(Gardiner et al. 1997). However little information could be found related to preventative 

management aimed at lowering the impact of wind damage. 

 

2.5 Conclusions 

 

Eucalyptus survival, growth and uniformity in South Africa continues to be impacted by 

a range of biotic and abiotic risk factors. Among the many abiotic- and biotic risk factors 

within the South African forestry sector, wind causes extensive damage to actively 

growing forest stands. Wind-related tree damage may result in wind-throw (uprooting or 

stem breakage), or trees that tilt (lean off vertical). Trees that are tilting can recover to 

an upright position, but are likely to retain some level of stem sinuosity or butt-sweep. 

Although strong winds increase the risk of tree damage, a number of other factors can 

also act to predispose trees to wind-related damage. These include choice of planting 

stock (genotype and type of plant stock), planting practices (including soil cultivation), 

site factors (wind exposure, rainfall, topography, soil texture and soil fertility) or 
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excessive weed competition. In South Africa, good early silviculture has generally 

resulted in uniform, well stocked stands. The bulk of literature relating to wind-related 

tree damage has focused on trees growing in natural forests. Trees in natural forests 

differ from forest grown plantation trees due to morphological differences, in particular 

the stability factor of the tree. The application of dynamic tree measurements and 

assessments on trees exposed to wind will lead to a better understanding of how trees 

withstand winds. Knowledge of the actual wind forces allow a better understanding of 

tree stability.  

It is necessary to implement silvicultural practices which improve survival, growth 

and uniformity by not predisposing trees to related risk factors (For example: selecting 

the correct species for a site, planting seedlings into good quality pits with water, 

planting larger (prime) plants at a deeper depth especially on sites with drought 

conditions, performing thinning and pruning operations, and carrying out vegetation 

control, with the timing of these operations based upon the onset of inter-tree 

competition. Whether more effort is required to determine underlying causes of tree 

(juvenile and/or mature) instability will depend on the magnitude of wind-throw 

production losses and how important this is to growers, particularly if these losses can 

be managed through early nursery and/or sivicultural intervention. 
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2.6 Objectives of the study 

 

Two existing eucalypt trials were used to provide information on the influence of 

selected re-establishment silvicultural practices on short-term pulpwood (Chapter 2) and 

long-term saw-timber (Chapter 3) survival, growth and uniformity when influenced by 

catastrophic wind events, within South Africa. The establishment and tending practices 

tested were Seedling age, Root plug volume, and Insecticide (Chapter 2), and planting 

density, weed control and thinning regime (Chapter 3).  
 

2.6.1 Objective one: To quantify the interaction and impact on tree performance 

between Root plug volume, Seedling age and Insecticide application on a Eucalyptus 

smithii stand planted in a wind prone area and grown on a rotation-end pulpwood 

regime.  

The individual and integrated impact of different nursery practices (Root plug volume: 

smaller versus larger; Seedling age: older versus younger; Insecticide: yes versus no) 

on the performance of E. smithii grown in KwaZulu-Natal (South Africa) were 

investigated. 

 

2.6.2 Objective two: To quantify the interaction and impact on tree performance 

between Planting density, Weed control and Thinning on a Eucalyptus grandis stand 

grown on a rotation-end saw-timber regime. 

Two Spacing (Whole plots: 816 stems per hectare vs. 1 111 stems per hectare) were 

tested in combination with five levels of Weed control (Sub-plots: Weedfree; Weedfree 

till 1st thinning; Weedfree till 2nd thinning; Weedfree till 3rd thinning; Weedy) to 

understand the impact of each of the main factors and/or interactions on E. grandis 

grown in KwaZulu-Natal, South Africa. 

NOTE: The research chapters (Chapters 2, and 3) contained within this dissertation 

were prepared as separate research outputs papers, with their original format retained. 

Consequently, the structure across the different chapters varies. As the contents of 

these chapters dealt with subject matter around a common theme (Wind damage 

impacts on Eucalyptus spp. performance in South Africa), some duplication of contents 

is inevitable, particularly with respect to the introduction and literature review sections. 

Data to fulfil all the objectives were obtained from the ICFR.  
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CHAPTER 3 

 

Rotation-end impacts of nursery and establishment practices 

for improved Eucalyptus smithii tree stability, South Africa 

 
3.1 Introduction 

 

Optimum survival, growth and uniformity of a commercial forest stand can be achieved 

through the implementation of appropriate pre- and post-planting silvicultural operations, 

for example site preparation (including planting pit preparation), the use of quality 

seedlings, planting techniques, tending (protection, weeding, thinning) etc. (Hinze and 

Wessels 2002, Snowdon 2002, Swain and Gardner 2003, Viero and Little 2003, van 

Staden et al. 2004, Xue et al. 2011). Due to the range in sites and site productivities 

within South Africa, numerous Eucalyptus species and their hybrid combinations are 

matched to specific sites (Darrow 1994, Swain and Gardner 2003), with intensive 

silviculture practiced to optimise the productive potential from each site. Any factors that 

have an impact on survival during establishment, or through the rotation will negatively 

influence rotation-end productivity. As most of the mortality in short-rotation eucalypt 

stands occurs within two years following establishment (Hechter et al. 2018), research 

has focused on silvicultural practices that favour survival of seedlings during this phase 

(Viero 2004, Viero and Button 2007). In addition, if the type, sequence and timing of 

these silvicultural practices are incorrect or sub-optimal, tree survival and growth will be 

negatively impacted, which will result in reduced final yield. 

Eucalypts in both natural forests and plantations are adapted to grow across a 

wide range of site types which are continuously exposed to a range of climatic variables 

(Eldridge et al. 1993, Smith et al. 2005, Gardner 2006, Louw et al. 2011). Stand 

productivity can be negatively impacted by numerous abiotic and biotic risk factors, 

especially during major pest or disease outbreaks (Dlamini et al. 2018), or catastrophic 

abiotic events, including that of wind (Vogel 1989, Ennos 1997, Mayer and Schindler 

2002). When trees are exposed to strong wind, damage may include one or a 

combination of the following: bending; tilting; wind-throw; kinking; breakage; forking; 
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butt-sweep; or decreased tree health as consequence (indicated by the presences of 

feathering, gummosis and/or trees dying). Trees that tilt can recover to an upright 

position, but are likely to retain some degree of butt-sweep (Cremer 1998). For most 

trees, the greatest stress is from wind that occurs as gusts of rapid, dynamic and 

periodic events, causing extensive and varying damage to forest plantations. These 

types of wind (gusts) are generally associated with storm winds. Depending on severity, 

frequency and timing (age of trees) of the wind event, tree growth and physiological 

processes (photosynthesis and transpiration) in trees are negatively impacted, and if 

severe, mortality may occur (Eugster 2008, Shorohova et al. 2008). Wind-tree 

interactions take place across a diverse range of spatial and temporal scales 

(Schindler et al. 2012), with the long-term wind patterns of a site also having a strong 

influence on many aspects of tree growth and morphology, for example tilting and/or 

butt-sweep (Ennos 1997). Due to the higher presence of juvenile wood in seedlings and 

saplings (prior to canopy closure), trees during this phase are more flexible, and have 

the ability to recover post-event. With the development of mature wood as trees age, 

high wind velocities become more critical as the wind-related forces in the stem, 

branches and roots can approach critical limits, which, if exceeded, will result in failure 

(stem breakage or wind-throw). While high winds may occur infrequently over a rotation, 

the resistance of trees to breakage, tilting or wind-throw is critical to their survival 

(Vogel 1989). Factors influencing the stability of a tree (resistance to wind-throw) are 

not yet fully understood, with the majority of research related to tree stability (following 

catastrophic wind events) conducted on mature stands (post-event). More information is 

also needed as to the influence that silvicultural practices have during the establishment 

phase (nursery and establishment) and how these impact on tree stability (pre-emptive). 

Establishment practices that may predispose a plant to wind-throw include those factors 

whereby root development is negatively impacted, or where the above- to below-ground 

ratio is disproportionate. Some of these factors may include sub-optimal seedling quality 

(higher shoot to root ratios); incorrect season of planting and therefore heat and water 

stress; mishandling of seedling from nursery to the field (damage to roots/root plugs); 

sub-optimal site preparation and incorrect planting methods (practices that reduce initial 

root development); and susceptibility to soil borne insect pests and diseases that inhibit 
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early root development (Morris 1991, Bayley 1995, Atkinson and Laing 1996, 

Atkinson and Govender 1997, Allan and Higgs 2000, Allan et al. 2000). Once these 

impacts are better understood, practical recommendations can be generated that will 

consist of pre-emptive measures/practices that can be implemented to alleviate any 

undesired pre-disposition of a forest stand to wind-related tree damage over a rotation. 

Species variation in terms of wind-related damage has previously been recorded 

(Moore et al. 2008, Schelhaas 2008), with anecdotal evidence from timber growers in 

South Africa indicating that Eucalypus smithii is more prone to wind-throw than other 

eucalypts when grown on the same site (Norris personal communication1). 

Eucalyptus smithii, a tree native to Australia, is an important commercially grown 

timber species in terms of its pulping properties (Clarke et al. 1997). Compared to other 

Eucalyptus species, E. smithii has a fairly narrow environmental range within South 

Africa where it can be successfully grown for timber production. Eucalyptus smithii 

grows best on highly productive sites with deep soils (+0.4 m), with a MAT (mean 

annual temperature) between 14.5 – 17.5 °C, and minimum MAP (mean annual 

precipitation) of between 819 – 936 mm (Herbert 1993, 2000, Swain and Gardner 

2003). If grown on good sites with deep soils, E. smithii develops a deep root system 

together with good anchorage, resulting in improved tree stability. Whether E. smithii is 

more prone to wind-related damage than other Eucalyptus species, or whether various 

establishment practices predispose E. smithii to wind-throw/tilting still needs clarity. 

A trial was implemented using various nursery and establishment treatments to 

determine if any of these practices, either in isolation or in combination, could help 

reduce the incidence of wind-throw. Initial results (tree growth measurements at 1.2 

years and wind damage assessments at 1.8 years) were reported on by Little and 

Viero (2009), with the long-term (rotation end) impacts needing to be reported. The trial 

was planted to E. smithii at Enon (Richmond, KwaZulu-Natal) in 2007 to test the 

interaction between Root plug volume (Larger, 103 cm3 cavity versus Smaller, 36 cm3 

cavity), Seedling age (Younger versus Older), and Insecticide (Insecticide versus none) 

on the incidence of wind-related damage (if any).  

1
Craig Norris: Forestry Technology Services Department Manager, NCT Forestry  
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3.2 Material and methods 

 

3.2.1 Trial location and design 

 

The trial was situated at Enon Farm (NCT), located near Richmond, KwaZulu-Natal 

(Table 3.1) in a climatic region considered optimum for E. smithii growth (Smith et al. 

2005a, 2005b). Within this region, a site was selected that was exposed to prevailing 

wind (south-west facing slope just below the crest of a hill), shallower soils (≤ 0.5 m), 

high in clay content (40%), as these factors in combination would potentially increase 

the risk of tree instability associated with high wind and/or rainfall events. In addition, a 

site with high organic content was selected (11.4% topsoil), as sites such as these in 

the warm temperate region of South Africa are associated with a high incidence of 

cutworm (Agrotis spp) and whitegrub (Scarabaeidae larvae) damage (Govender 1995, 

Echeverri-Molina and Govender 2019). Soil-borne pests feed on seedling roots, which 

may result in increased instability in young plants. 

Eight treatments (in a 2 x 2 x 2 factorial combination) were replicated three times 

and laid out as a randomized complete block design (RCBD) (Table 3.2 provides 

treatment justification). The treatment factors and treatments were selected as 

establishment practices that may show the potential for improving tree stability: 

 Root plug volume (RPV): 

- 103 cm3 (RPV_L) 

- 36 cm3 (RPV_S) 

 Seedling age (SA): 

- Younger (SA_Y) 

- Older (SA_O) 

 Insecticide (I): 

- No (I_x) 

- Yes (I_2x) 
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Table 3.1: Site characteristics in a Eucalyptus smithii trial to assess the impacts of 
nursery and establishment practices for improved tree stability, South 
Africa. 

 

Site description 

Plantation (Province) NCT, Enon Farm (KwaZulu-Natal Midlands) 

Latitude; Longitude 23° 48.829' S; 30° 14.944' E 

Altitude (m a.s.l.) 1 250 

MAP (mm) 1 049 

MAT (°C) 16.1 

Climatic zone Warm temperate (WT3) 

Soils 

Texture (clay %) 
0-15 cm Silty-clay (42.4%) 

50-65 cm Silty-clay (39.0%) 

  

Organic carbon (%) 
0-15 cm 11.4 

50-65 cm 7.7 

Depth (m) 0.5 

Site preparation 
and planting 

Species planted E. smithii (1st generation seed; ES 6-63) 

Planting density (stems ha
-1

) 1 667 

Date planted 6th February 2007 

Previous crop Pinus patula grown on pulpwood rotation 

Site preparation Harvest residues broadcast and burned 

Water 
1 litre of water applied to planting hole prior to 
placement of seedling 

Measurements and assessment 
(months after planting) 

0, 1, 5, 9, 15, 39, 52, 64, 77, 89, 100, 108 

 

For RPV, two tray sizes were selected that had different plug volumes, but with 

the same profiles. Polystyrene trays were used, and these were dipped into a copper 

sulphate solution to prevent root ingrowth into the trays. Seed from the same seed 

source were sown into composted pine bark media, with the timing of sowing dependent 

on a combination of RPV and SA (Table 3.2). All seedlings were raised in the same 

nursery and were managed according to standard nursery practices.  

The harvest residue on the site was burned prior to planting and the 

implementation of the different treatments, which took place on the 6th February 2007 at 

a row- and inter-row spacing of 3 m x 2 m (1 667 stems ha-1). Each treatment plot 

consisted of 10 x 10 trees (600 m2) resulting in a trial size of 14 400 m2. Large treatment 

plots were used (100 trees plot-1) to reduce the indirect impact that adjacent treatments 
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may have on wind effects. No blanking (replanting of dead trees) was carried out, as 

mortality is a function of treatment, and blanking would potentially compromise the 

objective of the study as this practice could have non-treatment and/or wind related 

influences. The original objective in terms of having an insecticide treatment (when 

compared no insecticide) was to quantify the impact of root-eating insects on tree 

stability. Following implementation of the treatments, all the trees in the compartment 

were inadvertently treated with an insecticide as part of routine a commercial 

application. As a consequence, insecticide treatments were adjusted to reflect the 

actual rates of application (I: x and 2x). 

 

3.2.2 Measurements and assessments 

 

3.2.2.1 Seedling morphology/quality: 

To characterise the different seedling types (as determined by RPV and SA) 

when planted, measurements of seedling height (HT in cm) and root collar diameter 

(RCD in mm), were made on 20 randomly selected seedlings for each of the four RPV x 

SA combinations. Ten of the seedlings were then partitioned into shoots, leaves and 

roots, with their dry mass determined. A root growth potential (RGP) test was then 

carried out using the remaining seedlings to determine root growth under ideal 

conditions. For this, seedlings were planted into five liter bags containing vermiculite 

and maintained in a stress-free environment for 30 days. After 30 days the HT and RCD 

of the seedlings were re-measured, and the shoot, leaves and roots partitioned, with 

their dry mass determined. 
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Table 3.2:  Treatments included in a Eucalyptus smithii trial to assess the impacts of nursery and establishment 
practices for improved tree stability, South Africa.  

 

Factor Level Description Question Treatment justification Manner tested 

Root plug 
volume 
(RPV) 

Smaller 
(RPV_S) 

128 cavity tray =36 cm
3
 cavity

-1
 

Do plants with an 
increased root plug 
volume result in less 
wind-throw or tilting? 

Larger plug volume = 
more roots = better 
rooting over increased 
area = less wind-throw or 
tilting? 

Polystyrene trays were used for the 
growth of seedlings that differed in terms 
of plug volume, a “72 cavity tray” with a 
103 cm

3
 plug volume versus a “128 

cavity tray” with a 36 cm
3
 

Larger 
(RPV_L) 

72 cavity tray = 103 cm
3
 cavity

-1
 

Seedling 
age 
(SA) 

Younger 
(SA_Y) 

Smaller plants planted when 3 
and 4.5 months for 128 and 72 
cavity trays respectively Does seedling age 

influence wind-throw or 
tilting? 

Larger seedlings = plant 
deeper = better rooting 
over increased area = less 
wind = throw or tilting? 

Two sowing dates were used for each of 
the two tray types in order to obtain 
either larger or smaller seedlings 

Older 
(SA_O) 

Larger plants planted when 4.5 
and 5.5 months for 128 and 72 
cavity trays respectively 

Insecticide
$ 

(I) 

1 ml 
insecticide 
(I_x) 

1 litre of water with 1 ml 
insecticide applied at planting 

Do insects in the soil 
that feed on the roots 
cause instability and 
hence wind-throw or 
tilting? 

Insecticide around root 
plug when planting = 
uninterrupted initial root 
development = better all-
round rooting = better 
stability = less wind-throw 
or tilting? 

Insecticide was 
applied in solution with the water at 
planting in comparison to where only 
water was applied 

2 ml 
insecticide 
(I_2x) 

1 litre of water with 1 ml 
insecticide applied at planting 
and then again the following day 

$
Note:  The original objective was to have an insecticide treatment compared with no insecticide applied to quantify the impact of root-eating 

insects on tree stability. Following implementation of the treatments, all the trees in the compartment were inadvertently treated with an 
insecticide as part of routine commercial application, with the treatments adjusted to reflect the quantity of insecticide applied.  
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3.2.2.2 Tree growth: 

Field measurements of tree height (HT in m) and diameter at breast height (DBH in cm) 

(1.3 meters above ground level) were made at regular intervals on the inner 5 x 5 trees 

within each treatment plot. Mortality and tree form assessments were carried out on all 

100 trees per plot. Using missing trees, the stocking (SPH = stems ha-1) was 

determined for each respective plot. The DBH measurements were used to determine 

stem area (m2 tree-1) as: 

 

Stem area = 𝜋 x (
DBH

200
)

2

 

 

From this, the basal area (BA in m2 ha-1) was calculated as the sum of the individual 

stem areas plot-1 and scaling from a treatment plot basis to a hectare basis. Estimated 

tree volume (Vol_tree in m3) at 9.2 years was determined using individual tree DBH and 

HT measurements. A merchantable volume equation (under-bark volume to a top-end 

diameter of 0.075 m) was used that was developed for E. smithii trees grown at Enon 

plantation and felled at 9.2 years (Little et al. 2018). 

 

Vol_tree = 10
(-5.712+(1.443(Log10

(DBH)))+(2.345(Log10
(HT))))

 

Where:  

 Log = logarithm to the base 10 

 Vol_tree = stem volume (m3), to a top-end under-bark diameter of 7.5 cm 

 DBH = tree diameter at breast height (cm, over-bark) 

 HT = tree Height (m) 

 

The estimated volume (Vol_ha in m3 ha-1) was then calculated as the sum of the 

volumes treatment plot-1 and expressed on a hectare-1 basis. 

 

3.2.2.3 Tree stability assessments 

To determine if the any of the treatments had an impact on tree form, the stability factor 

(SF) was calculated as HT/DBH (from 1.2 years onwards) for each tree (Hinze and 
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Wessels 2002). From this, changes in individual tree stability over time were 

determined. In addition, individual trees were assessed in terms of Tilting, Wind-throw 

and Butt-sweep post-establishment (at 1.8 years), and again at rotation-end (9.2 years) 

(Table 3.3). These two periods were selected to account for any wind-related effects 

that occurred prior to canopy closure, as well as between canopy closure and rotation-

end. Any changes in the scoring between these dates could also be used to link initial 

damage severity (at 1.8 years) to that of recovery (at 9.2 years), and/or longevity of 

response. Although wind events occurred throughout the rotation, detailed wind-related 

data could not be obtained for this trial. To link major wind events (of unknown dates) to 

that of impacted tree growth, information from wind-related simulation models were 

used which indicates that tree failure begins to occur at wind speeds of ±25 m s-1 (±90 

Km h-1) (under the limiting assumption that wind is the only factor) (Mayhead 1973, 

Spatz 2000, Cullen 2002, James et al. 2006). These studies were performed on 

Eucalyptus species (Eucalyptus grandis and E. tereticornis), among other tree species 

with different crown shapes and architecture to assess the type and severity of wind-

related damage. 

 

Table 3.3: Tree stability assessments carried out in a Eucalyptus smithii trial to 
assess the impacts of nursery and establishment practices for improved 
tree stability, South Africa. 

 

Attribute description 

Tilting Scoring  Butt-sweep Scoring 

Straight stem and upright (90°) 0  Straight stem and upright 0 

Slight tilting (45-90°) 1  Slight butt-sweep 1 

Moderate tilting (0-45°) 2  Severe butt-sweep 2 

Wind-throw (0°) 3    

 

3.2.3 Data Analysis 

 

For all the tree growth data (including the stability factor (SF)), the assumptions were 
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first checked prior to analysis (Shapiro-Wilk’s test for normality and Levene’s test for 

homogeneity of variance). An analysis of variance (ANOVA) appropriate for RCBD was 

then used to test treatment effects. Only where the F-value was significant (p < 0.05), 

were treatment differences further investigated using the Student’s t-test statistic (least 

significant differences). All analyses were carried out on plot mean data using GenStat® 

for Windows™ (VSN International 2013). As all Insecticide treatments received 

insecticide, the analyses indicated that as a factor, Insecticide was not significant for 

any of the variables on any of the assessment dates. As such Insecticide as a factor 

was excluded from any of the analyses, and is not discussed further. 

The tree stability and wind-related damage assessments (tree growth 

measurements at 1.2 years and wind damage assessments at 1.8 years) were analysed 

on a plot mean basis to determine treatment related difference in terms of type and 

severity of damage. Changes in the tree stability measures were further explored on an 

individual tree basis to quantify both the longevity of any negative impacts, and to link 

levels of initial damage to recovery (if any). The tree stability measures were displayed 

graphically using treatment means and 95% confidence intervals. 

 

3.3 Results and discussion 

 

The trial site at Enon Plantation was considered suitable for the growth of E. smithiii 

(Swain and Gardner 2003, Smith et al. 2005a,b). The estimated mean annual 

increment (MAI) at 9.2 years (rotation-end) of the best performing treatment (SA_O in 

RPV_L) was 36.6 m3 ha-1 yr-1. However, when the MAI was calculated for the 8.3 year 

assessment (second-to-last assessment), the MAI was 37.1 m3 ha-1 yr-1,  which was 

marginally lower than the predicted MAI at age 8 years (38 m3 ha-1 yr-1) for E. smithii 

growing on similar sites (Smith et al. 2005a, b). Although mean tree survival for the trial 

at 1.8 years was 92%, by rotation-end it was only 62.1%. This is lower than would be 

considered acceptable by the South African forest industry (90%), and this may have 

contributed to the lower than expected MAI. Dependent on site productivity, species and 

planting density, commercial eucalypt plantations reach canopy closure around 18 - 24 

months of age. Following a series of wind events that occurred following between 
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plating and canopy closure, and to assess any wind x treatment impacts, trees were 

scored individually (tree growth at 1.2 years and wind damage assessments at 1.8 

years) in terms of Wind stability, Butt-sweep, Tilting and Wind-throw (Table 3.3).   

 

3.3.1 Tree growth and wind damage assessment up to 1.8 years 

 

Initial results indicated that the mean survival at 1.8 years for all treatments in 

combination within the trial was 92%, with no significant differences observed for any of 

the treatment factors or their interactions (Table 3.4). The acceptable survival in this 

trial at this age reflects the lack of any negative treatment responses and was possibly 

the result of good seedling quality, planting and site preparation practices. Moisture 

stress and thus mortality may have been reduced by the application of 1 litre of water at 

planting, together with the re-application of an additional 1 litre of water with insecticide 

(applied as a drench) the day after planting. Early treatment related mortality from insect 

pests was not observed. 

The main effects (at 1.2 years) were significant for RPV in terms of HT and DBH 

(p < 0.05) and SA for DBH (p < 0.05). DBH and HT were significantly better for RPV_L 

seedlings than for RPV_S seedlings, albeit only by 0.3 cm and 0.24 m respectively. This 

treatment related response is likely a function of the size (and age) of the plants when 

planted, with the RPV_L seedlings being larger than the RPV_S seedlings in terms of 

HT, RCD and root, stem and leaf mass (Table 3.5). Irrespective of RPV, the SA_Y 

seedlings had a bigger DBH than the SA_O seedlings in terms of SA (at 1.2 years) (4.3 

cm and 4.0 cm respectively). Likewise, irrespective of SA, the seedlings planted in the 

RPV_L had a bigger DBH that seedlings planted in RPV_S (4.3 cm and 4.0 cm 

respectively). This may in part be explained by the higher root:stem ratio of the SA_Y 

seedlings relative to the SA_O seedlings, both at planting and 30 days after planting (as 

indicated by the root growth potential test) (Table 3.5). 

Although no treatment related incidences of Wind-throw were observed in terms 

of main effects or their interactions, 82% of the trees in this trial were affected to some 

extent by wind in terms of either Butt-sweep or Tilting (Table 3.4). The lack of significant 

Wind-throw observed in this trial may be related to the age/size of the stand (4.7 m at 
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1.8 years), with younger trees having more juvenile wood and hence more prone to 

bending than wind-throw, or breakage. In contrast, and irrespective of treatment, 55% of 

the trees had some level of Butt-sweep present, which indicated that at some stage 

within the first year of growth, 55% of the trees had already experienced some degree 

of Tilting because of wind, and had subsequently corrected their growth for any lean. In 

addition to those trees that had Butt-sweep, 27% of the trees were Tilting, most likely 

from more recent wind events and not had time to correct their growth by 1.8 years. In 

combination, this equated to 82% of the trees in this trial being affected by wind (Butt-

sweep and Tilting). Due to the geographical location of the trial (wind exposed area) 

some wind-related damage was to be expected, however, the high incidence across all 

treatments was unexpected. At the time of the 1.8 year assessment, there was a RPV x 

SA interaction for Tilting. The RPV_L with the SA_O seedlings experienced significantly 

more Tilting (32.2 %) than the other three seedling types (RPV_L with SA_O seedlings 

and the RPV_S with SA_O and SA_Y seedlings - combined x̅ = 24.94 %) (Figure 3.1) 

Although this may in part be attributed to these seedlings having a lower root:stem ratio 

(both at planting and after 30 days) (Table 3.5), they did not have the lowest ratio, and 

as such some other unrecorded factor was possibly responsible. 
 

 

 
Figure 3.1:  The effect of Root plug volume and Seedling age on the combined 

occurrence of Wind-throw and Tilting at 1.8 years in a Eucalyptus smithii 
trial to assess the impacts of nursery and establishment practices for 
improved tree stability, South Africa. Different letters on bars indicate 
significant differences at p < 0.05. 
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Table 3.4: Summary analysis of variance showing mean squares post-re-establishment (up to 1.8 years) for tree 
performance and tree form (in terms of Butt-sweep and Tilting) in a Eucalyptus smithii trial to assess the 
impacts of nursery and establishment practices for improved tree stability, South Africa.  

 

Source of variation d.f. 
HT 
(m) 

DBH 
(cm) 

Survival 
(%) 

Butt-sweep 
(%) 

Tilting 
(%) 

Rep 2 0.01522 0.03427 38.0 11.6 24.6 

Root plug volume (RPV) 1 0.34352* 0.54686* 17.0
NS

 10.2
NS

 6.55
NS

 

Seedling age (SA) 1 0.13532
NS

 0.52138* 81.5
NS

 88.0
NS

 222.5* 

Insecticide (I) 1 0.02313
NS

 0.00218
NS

 17.0
NS

 356
NS

 2.7
NS

 

RPV.SA 1 0.08461
NS

 0.09340
NS

 4.4
NS

 13.8
NS

 203.5* 

RPV.I 1 0.01000
NS

 0.00179
NS

 141.2
NS

 91.2
NS

 15.2
NS

 

SA.I 1 0.12595
NS

 0.14825
NS

 0.2
NS

 51.8
NS

 2.6
NS

 

RPV.SA.I 1 0.00060
NS

 0.07910
NS

 131.7
NS

 65.8
NS

 95.5
NS

 

Residual 14 0.06131 0.09122 47.5 175.6 36.1 

Total 23      

Summary statistics       

Grand mean  4.736 4.173 92.4 55.4 26.8 

Standard error of the difference 
(units) 

 0.2022 0.2466 5.6 10.8 4.9 

Coefficient of variation (units) (%)   5.2 7.3 9.7 30.1 54.1 

Note: 
NS

 denotes non-significance, and * denotes significance at p ≤ 0.05.
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Table 3.5: Seedling characteristics for the different seedling types (as determined by Root plug volume and Seedling 
age) at planting and after 30 days in a Eucalyptus smithii trial to assess the impacts of nursery and 
establishment practices for improved tree stability, South Africa. Values in parentheses are the standard 
errors of the mean. 

 

Treatments 
Variates measured

#
 

At planting After 30 days 

Root 
plug 

volume 
(PRV) 

Seedling 
age 
(SA) 

Ht 
(cm) 

Rcd 
(mm) 

Root mass 
(g) 

Stem mass 
(g) 

Leaf mass 
(g) 

Root:Stem 
Stem mass 

(g) 
Leaf mass 

(g) 

New root 
growth 

(g) 

New 
Root:Stem 

Larger 
(L) 

Older 
(O) 

56.1 
(2.95) 

3.6 
(0.58) 

1.07 
(0.44) 

1.98 
(0.49) 

2.24 
(0.61) 

0.54 
1.37 

(0.40) 
1.07 

(0.36) 
1.11 

(0.46) 
0.81 

Younger 
(Y) 

36.9 
(4.34) 

2.5 
(0.47) 

0.61 
(0.31) 

0.66 
(0.27) 

0.84 
(0.25) 

0.91 
0.58 

(0.16) 
0.49 

(0.23) 
0.49 

(0.10) 
0.85 

Smaller 
(S) 

Older 
(O) 

29.7 
(1.96) 

2.2 
(0.28) 

0.50 
(0.19) 

0.41 
(0.08) 

0.68 
(0.07) 

1.24 
0.31 

(0.08) 
0.30 

(0.06) 
0.29 

(0.08) 
0.92 

Younger 
(Y) 

21.6 
(5.75) 

1.8 
(0.41) 

0.30 
(0.14) 

0.22 
(0.08) 

0.44 
(0.19) 

1.37 
0.16 

(0.08) 
0.20 

(0.06) 
0.20 

(0.09) 
1.30 

# Note: As the seedlings were destructively partitioned into their various components, a direct comparison cannot be made between the seedlings 
at planting and after 30 days. The differences observed for the variates within a treatment are due to a different set of seedlings being used. 
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3.3.2 Tree growth to rotation-end (9.2 years) 

 

At 9.2 years, Stocking and DBH were not significant for any of the main factors, or their 

interactions. Whereas HT, BA and Vol_ha were all significant for the RPV x SA 

interaction (p = 0.029; p = 0.004; p = 0.014 respectively) (Table 3.6 and Figure 3.2). 

The RPV_L seedlings (x̅ = 308.5 m3 ha-1) producing a higher Vol_ha than the RPV_S (x̅ 

= 267.9 m3 ha-1). For the RPV x SA interaction, SA_O seedlings in RPV_L containers 

produced the highest Vol_ha (x̅ = 333.4 m3 ha-1) which was significantly better than the 

SA_O seedlings in PRV_S containers (x̅ = 238.5 m3 ha-1), but was not significantly 

different to either of the SA_Y seedlings, irrespective of RPV (RPV_S: x̅ = 283.6 and 

RPV_L: x̅ = 297.2 m3 ha-1) 

Although there were no RPV x SA interactions for DBH or HT at 1.2 years, RPV 

as a main effect was significant (albeit only at p < 0.1) for Vol_ha at 9.2 years, indicating 

the long-term importance of root plug volume regarding rotation-end Vol_ha. This 

treatment-related response is likely a function of the size of the plants when planted, 

with the RPV_L seedlings being larger than the RPV_S seedlings in terms of HT, RCD 

and root, stem and leaf mass. In addition, when comparing new root growth after 30 

days in the RGP test (Table 3.5), the RPV_L seedlings produced on average 0.8 g of 

new roots compared to the 0.25 g for the RPV_S seedlings. This initial early root growth 

would have allowed for improved early access to nutrients and water and hence 

translated into better initial growth. Although these differences were still significant at 

1.2 years, the level of significance declined with each subsequent measurement. Similar 

results were obtained by McCubbin and Smith (1991), who found that Eucalyptus 

grandis root dry mass, leaf surface area, height, root:shoot ratio and growth rates after 

planting were all influenced by tray type and plug volume (smaller volume < larger 

volume). According to McConnughay and Bazzar (1991) and Matthes-Sears and 

Larson (1999) small containers resulted in worse seedling growth and survival 

compared to larger containers following infield establishment. 

Together with survival and growth, tree uniformity is a key component that needs 

to be considered when assessing the field performance of any treatment, with various 

measures used to quantify this (Little et al. 2003). For this trial, the coefficient of 
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variation for DBH (DBH_CV) was used to compare treatment related differences at 

rotation-end, with no significant differences detected for the main effects, or their 

interactions (Table 3.6). This in part may be due to the continued mortality of trees from 

planting over the duration of the trial (92% to 62% between 1.2 and 9.2 years). This 

mortality was skewed, with a higher number of smaller trees dying relative to the larger 

trees. For example, when one links mortality to DBH class between ages 4.3 and 9.2 

years, then: 0 - 4.9 cm = 100%; 5 - 9.9 cm = 40.6%; 10 - 14.9 cm =5.1%; 15 - 19.9 cm = 

0.5%; and 20 - 24.9 cm = 0%. This higher mortality for the smaller DBH classes may be 

related to a combination of genetics and intra-specific competition, where the smaller 

trees are outcompeted (resulting in death) by their larger neighbours once a site’s 

resources become limiting. 

 

 
 
Figure 3.2:  The effect of Root plug volume and Seedling age on rotation-end (9.2 

years) tree volume (Vol_ha) in a Eucalyptus smithii trial to assess the 
impacts of nursery and establishment practices for improved tree stability, 
South Africa. Different letters on bars indicate significant differences at p < 
0.05. 
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Table 3.6: Summary analysis of variance showing mean squares at rotation-end (9.2 years) in a Eucalyptus smithii trial 
to assess the impacts of nursery and establishment practices for improved tree stability, South Africa. 

 

Source of variation df 
Stocking 

(SPH) 
DBH  
(cm) 

HT  
(m) 

BA  
(m

2 
ha

-1
) 

Vol_ha 
(m

3 
ha

-1
) 

DBH_CV 
(%) 

Rep 2 9630
 

0.220
 

0.165
 

13.134
 

2022
 

1.74
 

Root plug volume (RPV) 1 22407
NS 

0.088
NS 

2.607
NS 

35.857
$
 9922

$
 12.77

NS 

Seedling age (SA) 1 41667
NS 

0.091
NS 

0.087
NS 

22.695
NS 

120
NS 

125.25
NS 

RPV.SA 1 41667
NS 

2.071
NS 

6.768* 95.493** 17676* 53.53
NS 

Residual 18 23169
 

1.735
 

1.204
 

8.786
 

2393
 

42.61
 

Total 23       

Summary statistics  

Grand mean  1036 19.2 23.5 32.29 288.2 29.3 

Standard error of differences 
of means (units) 

 87.9 0.760 0.634 1.711 28.42 3.77 

Coefficient of variation 
(units) (%) 

 14.7 6.9 4.7 9.2 17.0 22.3 

Note: 
NS

 denotes non-significance, with $,*, **, *** denotes significance at p ≤ 0.1, p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001. 

.
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The stability factor (SF) is a function of tree diameter and height, with sturdier 

trees (larger diameter relative to height) less inclined to be impacted by tilting/wind-

throw. Although there were changes in the SF over the duration of the trial, at no stage 

was the value over the optimum (1:1.15) targeted by the South African forest industry 

for eucalypt saw-timber stands (Hinze and Wessels 2002) (Figure 3.3). This may in 

part help explain the high incidence of wind-related damage experienced in the trial. 

One reason for the lower SF achieved in this trial could be related to the high planting 

density used for pulpwood stands, whereas the SF referred to by Hinze and Wessels 

(2002) related to thinned saw-timber stands. Treatment-related changes in SF were 

only significant for SA, with the SA_Y seedlings having a significantly higher SF than 

SA_O between 0.8 and 7.5 years of age (x̅ difference over the time where a significant 

interaction occurred = 1:0.08). Rotation-end SF was not significant for any of the main 

effects or their interactions, with a trial mean of 1:0.83. 

  

 
 
Figure 3.3:  The influence of Seedling age on changes in the tree stability factor over 

time in a Eucalyptus smithii trial to assess the impacts of nursery and 
establishment practices for improved tree stability, South Africa. Least 
significance bars are shown for those data which were significantly 
different at p < 0.05. 
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3.3.3 Wind assessment data 

 

3.3.3.1 Butt-sweep 

There was an increase in the presences of Butt-sweep between the first (55% at 1.8 

years) and the final assessment (83.6% at 9.2 years) (more trees were recorded as 

having Butt-sweep after the 1.8 years assessment). When partitioned into severity, light 

Butt-sweep (71.5%) was the most prominent, followed by moderate Butt-sweep 

(10.2%), and to lesser extent severe Butt-sweep (1.9%) (Figure 3.4). Furthermore, RPV 

as a factor was significant for Butt-sweep (at 9.2 years), with the RPV_S (x̅ = 89.5%) 

seedlings exhibiting significantly higher (p = 0.007) incidence of Butt-sweep than the 

RPV_L (x̅ = 77.8%) seedlings (Figure 3.5). The presence of butt-sweep indicates trees 

that were exposed to wind events resulting in tilting, and which had subsequently 

corrected their growth for any lean. This increase in the presence of butt-sweep reflects 

the accumulative impacts over the whole rotation, and indicates the ability of trees to 

rectify for tilting when older, and not only when juvenile. 

 In contrast to the increased incidence of Butt-sweep, there was a corresponding 

decrease in the number straight stems (Stem straightness) between the first 

assessment (19.9% at 1.8 years) and the final assessment (5.6% at 9.2 years). 
 

 
 
Figure 3.4:  Differences in Butt-sweep severity at rotation-end (9.2 years) in a 

Eucalyptus smithii trial to assess the impacts of nursery and establishment 
practices for improved tree stability, South Africa. Error bars indicated 95% 
confidence intervals. 
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Figure 3.5:  The effect of Root plug volume on Butt-sweep at rotation-end (9.2 years) 
in a Eucalyptus smithii trial to assess the impacts of nursery and 
establishment practices for improved tree stability, South Africa. Different 
letters on bars indicate significant differences at p < 0.05. 

  

3.3.3.2 Forking 

Forking was only assessed at rotation-end, with no treatment-related significance 

detected. Forking is a growth response resulting from the loss of apical dominance (as a 

consequence of abiotic or biotic stress), where one, or more of the new shoots assume 

dominance. As expected, the majority of trees which had of Forks were located in the 

top half of the stems (x̅ = 25%), as this is the part of the stem most likely to break 

following wind-related breakage stress (Figure 3.6). Fewer trees had forking on the 

bottom half of the stems (x̅ = 13.2%), with some trees having multiple forks (2.7 %), 

indicating stem breakage on more than one occasion. Regardless of position and 

number of forks, in total 35.5% of the trees in the trial had forks.  
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Figure 3.6:  Differences in the location of Forks on trees at rotation-end (9.2 years) in a 

Eucalyptus smithii trial to assess the impacts of nursery and establishment 
practices for improved tree stability, South Africa. Error bars indicated 95% 
confidence intervals. 

 

3.3.3.3 Tilting and Wind-throw 

There were no significant treatment related interactions for Tilting or Wind-throw 

impacts at rotation-end. However, from the first assessment (at 1.8 years) till the last 

assessment (at 9.2 years), the presence of Tilting (for both severe and light severity 

levels) had increased (more trees tilted between the two respective assessments) 

(Figure 3.7). Light Tilting as well as Severe Tilting over this period had increased (from 

12% to 61.9%, and from 5% to 17.7% respectively). In contrast there was a reduction in 

the number of straight stems over the same period (trees that were not affected by 

Tilting, Wind-throw, Forking and/or Butt-sweep), with only 5.6% straight stems 

remaining at rotation-end. Increased soil fertility (such as those at the Enon site) have 

been linked to an increase in tilting/wind-throw (Moore et al. 2008). Planting on high 

productive sites can result in the above ground growth of the plant exceeding the below 

ground growth (compromising an optimum root:shoot ratio) causing reduced tree 

stability. 
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Figure 3.7:  The difference in Stem straightness and Tilting severity post-establishment 

(1.8 years) and at rotation-end (9.2 years) in a Eucalyptus smithii trial to 
assess the impacts of nursery and establishment practices for improved 
tree stability, South Africa. Error bars indicated 95% confidence intervals.  

  

3.4 Conclusion 

 

There was continued non-treatment related mortality through to rotation-end, resulting in 

a final stocking of 1 036 SPH (62.1%). Although this mortality was not related to wind-

throw, nor was it treatment related, smaller diameter trees showed higher mortality (at 

4.3 years the mortality of trees with DBH ≤ 4.9 cm = 100%) indicating a combination of 

genetic variation, inbreeding and intra-specific competition. Despite the low survival, 

mean merchantable volume for all treatments combined within the trial at 9.2 years was 

288.2 m3 ha-1 (the best performing treatment was SA_O seedlings reared in RPV_L = 

333.4 m3 ha-1). The MAI at 8.3 was 37.1 which is similar to the expected value of 38 m3 

ha-1 yr-1 (data based on high survival), indicating that the site was a productive site, 

together with the ability for remaining E. smithii trees to compensate for missing trees. 

 Over the period of the trial, a series of high wind events occurred, with wind 

speed occasionally exceeding ±25 m s-1, the wind speed at which wind-related damage 

(wind-throw/tilting) is likely to occur. Based on the wind damage assessment post-

establishment (1.8 years) and at rotation-end (9.2 years), there was an increase in the 
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total number of trees that experienced some form of wind-related damage (82% to 

94.4%). Only 5.6% of those still living at 9.2 years were not impacted by wind. 

 In terms of the type of damage recorded, Tilting, the presence of Butt-sweep and 

Forking increased through to rotation-end, with 83.6% trees having Butt-sweep, 79.4% 

having tilting and 35.5% having Forking. 

 To determine if wind-related damage could be reduced through the use of pre-

emptive establishment practices, older or younger seedlings were raised in containers 

with larger (103 cm3 cavity) or smaller (36 cm3) root plug volumes. Of these four 

treatment combinations, the older seedlings grown in the 103 cm3 trays had significantly 

higher volume than the older seedlings grown in the smaller (36 cm3) root plug volume 

containers, but not the younger seedlings grown in the smaller or larger containers (36 

cm3 and 103 cm3 respectively). In addition, trees that were raised in the 103 cm3 

containers had significantly lower incidence of butt-sweep at rotation-end. This indicates 

that even when grown on a productive site, albeit exposed to wind, E. smithii 

experiences extensive wind-related damage. Although the remaining trees could 

compensate for loss of growth due to damage and/or dead trees, the calculated volume 

did not take into consideration butt-sweep and/or forking, which would have further 

reduced merchantable volume, and possibly wood quality.  

Future research should take into consideration breeding within E. smithii for 

resistance to wind-related damage, not planting on wind exposed sites and planting 

larger planting stock. More trials of this nature, under similar conditions, should be 

carried out to confirm these findings so as to aid in the establishment of reliable 

recommendations to managers. 

 

  



 

44 
 

CHAPTER 4 

 
Linking planting density, weed control and thinning to wind 

damage impacts in an 11-year-old Eucalyptus grandis saw-

timber stand, Tzaneen, South Africa 

 

4.1 Introduction 

 

Eucalyptus grandis, a tree native to Australia, is an important species that is grown in 

South Africa due to its commercial value in terms of excellent pulping and timber 

properties (Clarke et al. 1997). Due to ease of establishment, coupled with rapid 

growth, E. grandis is the most extensively planted commercial hardwood in South 

African. Of the eucalypts grown in South Africa, E. grandis is also grown for saw-timber 

due to its favourable stem form, timber strength and density. This species is ideally 

suited to sites in the summer rainfall regions of South Africa with mean annual 

temperatures (MAT) and precipitation (MAP) greater than 17ºC and 900 mm. The mean 

annual increment (MAI) for E. grandis in SA is around 20 to 30 m3 ha-1 year-1, but higher 

MAI’s have been recorded (du Plessis and Kotze 2011). 

 Past research dealing with tree breeding, site species matching and various 

silvicultural practices in eucalypts has generated practical recommendations which are 

currently used by the South African Forest Industry. As understanding increases, these 

recommendations are modified, with species choice and planting density adjusted, not 

only to match the site, but in terms end-product (pulpwood versus saw-timber versus 

poles). For example, maximising volume production for pulp requires different planting 

densities, silvicultural management, rotation lengths, cost:benefit structures when 

compared to the production of high quality trees for saw-timber. In saw-timber stands 

the focus is on maximizing growth into fewer remaining stems through selective 

thinning, whilst ensuring the quality of those stems is not compromised by sub-optimal 
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siviculture (for example a lack of, or delayed pruning or weed control), or any 

abiotic/biotic factors over an extended saw-timber rotation. 

Optimum survival, growth and uniformity of a commercial forest stand can be 

achieved through the implementation of appropriate pre- and post-planting silvicultural 

operations, for example site preparation (including slash management), the use of 

quality seedlings or cuttings, planting techniques, tending etc. (Hinze and Wessels 

2002, Snowdon 2002, Swain and Gardner 2003, Viero and Little 2003, van Staden 

et al. 2004, Xue et al. 2011). Eucalypts in both natural forests and plantations are 

adapted to grow across a wide range of site types which are continuously exposed to a 

range of climatic variables (Eldridge et al. 1993, Smith et al. 2005, Gardner 2006, 

Louw et al. 2011). Stand productivity can be negatively impacted by numerous abiotic 

and biotic risk factors, especially during major pest or disease outbreaks, or 

catastrophic abiotic events (for example fire, wind, drought etc.). (Fairbanks and 

Scholes 1999, Warburton and Schulze 2008, Roux et al. 2012). When trees are 

exposed to strong wind, damage to trees could include: bending; tilting; wind-throw; 

kinking; broken stems/branches; forking; butt-sweep and negative tree health as 

indicated by feathering, gummosis and/or trees dying. Trees that tilt can recover to an 

upright position, but are likely to retain some degree of butt sweep (Cremer 1998). For 

nearly all trees, the greatest stress is from wind that comes as gusts of rapid, dynamic 

and periodic events, causing extensive and varying damage to forest plantations. These 

kinds of wind are generally associated with storm events. Depending on severity, 

frequency and timing (age of trees) of the wind event, tree growth, physiological 

processes (photosynthesis and transpiration) in trees, and/or mortality may occur 

(Shorohova et al. 2008, Eugster 2008). Wind-tree interactions take place on a diverse 

range of spatial and temporal scales (Schindler et al. 2012), with the long-term wind 

patterns of a site also having a strong influence on many aspects of tree growth and 

morphology, for example tilting and/or butt-sweep (Ennos 1997). While high winds may 

occur infrequently over a rotation, a trees resistance to breakage, tilting or wind-throw is 

critical to their survival (Vogel 1989). Factors influencing the stability of a tree 

(resistance to wind-throw) is not yet fully understood. The majority of research related to 

tree stability in catastrophic wind events relate to mature stands (Hinze and Wessels 
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2002). Species variation in terms of wind-related damage has previously been recorded 

(Moore et al. 2008, Schelhaas 2008), however it still needs to be determined whether 

E. grandis is more prone to damage than other Eucalyptus species. Although timeous 

and efficient silvicultural treatments results in well stocked, uniform stands, practices 

that may alleviate any predisposition to damage from wind is not well understood. 

Obtaining knowledge about wind x tree interactions and quantifying tree damage 

will assist in decision making processes as to subsequent actions needed following a 

catastrophic wind event. For example, felling the compartment if stand damage has 

exceeded a threshold versus leaving trees to recover for a best cost:benefit ratio that 

satisfies company objectives (bearing in mind the type and severity of wind damage 

incurred). Trees grown on a saw-timber regime have a longer rotation (planting to 

harvesting) and are exposed to varying risks for a longer period of time than trees 

grown on a pulpwood regime. Any form/severity of damage imposed by a risk factor on 

saw-timber stands can occur during any stage of plant development, resulting in varying 

damage among different age classes. In addition, any regime/management related 

practices (for example, thinning) carried out prior to a catastrophic wind event could 

compromise company/management objectives. In the event of a severe wind event, 

varying damage might occur across the stand, subsequently resulting in a varying rate 

of recovery (if any). Wind-related tree damage (post-thinning) such as kinking, tilting, 

etc. will negatively affect tree form and timber quality. Different types and severity of 

damage will also result in varying recover times (if any recovery), potentially affecting 

rotation-end yield (Volume per hectare in m3 ha-1). 

In a 2008 a trial was implemented to develop an understanding of the long-term 

interaction in an E. grandis saw-timber stand between Planting density (816 SPH; 1 111 

SPH) and Weed control (Weedfree; Moderate weeding intensity: Low weeding intensity: 

Row weeding; Weedy), and how the removal of trees during thinning operations would 

influence final yield. Results up to the first thinning (31 months) were reported on by 

Little et al. (2010), and indicated that the weedy treatment was significantly worse than 

all the other weeding intensities, with no interaction occurring between Planting density 

and Weed control. Following the final thinning at 6.2 years (2 262 dap), two severe wind 

events occurred in February and December 2017 respectively, resulting in variable tree 
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damage across the stand within which the trial was located. The type and severity of 

damage for each tree was assessed on 10 March 2018, and again on 10 June 2019 (15 

months later) to quantify recovery (if any), or growth impacts. In addition, the Planting 

density and Weed control treatment combinations were used to determine if any of 

these practices were linked to that of wind damage, and hence be used in future to 

reduce the incidence of wind damage. 

 

4.2 Materials and methods 

  

4.2.1 Trial location, criteria and design 

 

This trial was established on an ex-E. grandis saw-timber stand, located at Rooikoppies 

Plantation (Northern Timbers, Tzaneen), South Africa (Table 4.1). The estimated long-

term mean annual temperature and rainfall of the site are 19.9°C and 1 141 mm, with 

deep soils (>1.5 m), that were classified as a deep Fernwood (SCWG 1991). The trial 

was located at an altitude of 794 m a.s.l. as past research had shown increased 

development of competitive vegetation at mid- to lower-altitudes (Jarvel and Pallett, 

2002, Little and Rolando, 2008). The trial consisted of a 2 x 5 factorial arrangement of 

10 treatments arranged in a split-plot design, replicated 3 times and laid out in a 

Randomised Complete Block Design (RCBD) (Table 4.2). 

 

  



 

48 
 

Table 4.1:  Site characteristics for a Eucalyptus grandis wind stability trial situated at 
Rooikoppies Plantation, Limpopo Province. 

 

Site description 

Plantation (Province)  Rooikoppies Plantation (Limpopo Province) 

Latitude; Longitude  23° 48.342' S; 30° 06.275' E 

Altitude (m a.s.l.)  794 

MAP (mm)  1 141 

MAT (°C)  19.9 

Climatic zone
1  

Warm temperate (WT3) 

Soils 

Form and texture  Deep Fernwood 

Depth (m)  ±1.5 

Soil texture (0-15 cm and 50-
65 cm) 

 Sandy clay and clay 

Organic carbon (%) (0-15 cm 
and 50-65 cm) 

 
 
1.8 and 0.84 

Site preparation and 
planting 

Species planted  E. grandis (3
rd

 generation NTS Elite Population) 

Stocking (SPH)  1 111 and 816 

Date planted  29th January 2008 

Previous crop  E. grandis grown on saw-timber rotation 

Site preparation  Harvest residues broadcast and burned 

Water  
5 L of water applied to planting hole immediately 
prior to placement of seedling 

Measurements and 
assessment (months after 
planting) 

 0, 1, 5, 9, 15, 39, 52, 64, 77, 89, 100, 108, 116 

 

The trees in the 816 and 1 111 SPH treatments were planted at a square spacing 

(3.5 m and 3 m respectively). Large plots sizes were used with similar overall 

dimensions to allow for enough stems to be measured in each plot following the final 

thinning to ca. 210 SPH. The 816 and 1 111 SPH treatment plots consisted of 100 (10 x 

10 trees: with the inner 6 x 6 measured = 1 225 m2) and 144 (12 x 12 trees: with the 

inner 8 x 8 measured = 1 296 m2) trees respectively. Based on standard company 

practice, three thinning operations were scheduled for each Planting density, with the 

timing of these operations based upon the onset of inter-tree competition (Table 4.3).  
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Table 4.2: Treatment key for investigating the interactions between Eucalyptus grandis Planting density, Weed 
control and wind damage in Tzaneen, South Africa.  

 

Treatment 

Number 

Factor A: 

Planting 

density 

(PD) 

(SPH) 

Factor B: 

Weed control 

(WC) 
Thinning date and 

intensity (regime) 

Treatment justification related 

to wind damage assessments Weeding treatments up 

till the 1
st

 thinning (735 

day) 

Post-thinning weeding (from 1
st

 

thinning onwards) 

1 816 Weedfree from planting Weedfree from planting (WF) 

1
st
 thinning at 2 yrs 

to 427 SPH
 

 
2

nd
 thinning at 4 yrs 

1 mths to 297 SPH 
 
3

rd
 thinning at 6 yrs 

to 210 SPH 
 

Does planting at a lower density, 
and performing different frequency 
weeding operations with/without 
thinning result in less wind-throw, 
tilting and butt-sweep? 

2 816 
Moderate weeding 
intensity 

Weed control till 2
nd

 thinning, 
thereafter no further weed control 
(WF_2

nd
)  

3 816 Low weeding intensity 
Weed control till 1

st
 thinning, 

thereafter no further weed control 
(WF_1

st
) 

4 816 2m Row weeding 
Weed control till 3

rd
 thinning, 

thereafter no further weed control 
(WF_3

rd
) 

5 816 Weedy from planting Weedy from planting (W) 

6 1 111 Weedfree from planting Weedfree from planting 1
st
 thinning at 2 yrs 

to 590 SPH 
 
2

nd
 thinning at 3 yrs 

4.5 mths to 380 
SPH 
 
3

rd
 thinning at 6 yrs 

to 210 SPH 
 

Does planting at a higher density, 
and performing different frequency 
weeding operations with/without 
thinning result in less wind-throw, 
tilting and butt-sweep? 

7 1 111 
Moderate weeding 
intensity 

Weed control till 2
nd

 thinning, 
thereafter no further weed control 

8 1 111 Low weeding intensity 
Weed control till 1

st
 thinning, 

thereafter no further weed control 

9 1 111 2m Row weeding 
Weed control till 3

rd
 thinning, 

thereafter no further weed control 

10 1 111 Weedy from planting Weedy from planting 
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Table 4.3:  Sequence of thinning events in E. grandis planting density, weed control 
and wind damage interaction trial in Tzaneen, Northern Province. 

 

Event 
Date of 

planting/thinning 
Time after 
planting  

3 x 3 m 3.5 x 3.5 m 

SPH
 Remaining 

(%) 
SPH

 Remaining 
(%) 

Planting 29/01/2008 
0yrs 
(0 days) 

1 111 100 816 100 

1
st
 Thinning 01/02/2010 

2 yrs 
(735 days) 

590 53 427 52 

2
nd

 Thinning 
3 x 3 m 

15/06/2011 
3 yrs 4.5 mths  
(1 233 days) 

380 34 - - 

2
nd

 Thinning 
3.5 x 3.5 m 

06/03/2012 
4 yrs 1 mths  
(1 498 days) 

- - 297 36 

3
rd

 Thinning 
3 x 3 m 

09/04/2014 
6 yrs 2.4 mths 
(2 262 days) 

210 16 – 18   

3
rd

 Thinning 
3.5 x 3.5 m 

09/04/2014 
6 yrs 2.4 mths 
(2 262 days) 

  210 22 - 25 

 

The original objectives of the trial were to develop an understanding of the long-term 

interaction between weed control and planting density, and how the removal of trees 

during thinning operations would influence final yield. Information regarding weed 

growth and competition (linked to increased light due to spacing x thinning) could be 

compensated though the removal of suppressed trees following thinning. Results up to 

the first thinning (31 months) were reported on by Little et al. (2010), and indicated that 

the weedy treatment was significantly worse than all the other weeding intensities, with 

no interaction occurring between Planting density and Weed control. Due to the non-

significance between the four weeding intensity treatments (Weedfree; Moderate 

weeding intensity: Low weeding intensity: Row weeding), it was decided to convert the 

Moderate weeding intensity, Low weeding intensity and Row weeding to post-tihinning 

weeding treatments: Weedfree till 1st thinning; Weedfree till 2nd thinning and Weedfree 

till 3rd thinning treatment plots into post-thinning weed control treatments, whilst 

retaining the Weedfree and Weedy treatments (Table 4.2). These treatments would 

provide additional information as to the effect of competition from vegetation on the 

planted trees during the post-establishment phase, and if there was a competitive 

influence, at what stage this occurred, in order to establish when vegetation 
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management should recommence. As such the results reported on in this document 

take into consideration all past weeding and thinning treatments. 

Following the burning of the post-harvest residue, a complete broadcast spray 

with 4 L ha-1 glyphosate (360 g a.i. L ha-1) was carried out prior to planting, to ensure 

the absence of competitive vegetation. Eucalyptus grandis seedlings (3rd generation 

NTS Elite Population) were planted on the 29 January 2008 into 25 cm wide x 25 cm 

deep pits, each with 3 to 5 L of water. To prevent the confounding of any weed 

interactions, no fertiliser was applied at planting. Blanking (replanting of dead trees) was 

carried out on 6 March 2008 (34 dap) and 26 May 2008 (115 dap). The type and timing 

of weed control operations was treatment dependent, with the final thinning to 210 SPH 

occurring at 6.2 years (2 262 dap) for all treatments.     

 

4.2.2 Measurements and assessments 

 

4.2.2.1 Tree growth  

Groundline diameters (Gld in cm) were initially measured until the majority of the trees 

were over 1.3 m in height, and thereafter diameter at breast height (DBH in cm) (at 1.3 

meters above ground level) was measured. From trial initiation until 2016, the 

treatments (Planting density and Weed control) were imposed and maintained as per 

original trial design. The timing of tree growth measures were either linked to weeding 

and/or thinning events, or in their absence carried out annually. These included Height 

(HT in m) and Diameter at breast height (DBH in cm), with the use of missing trees to 

determine stocking (SPH). The DBH measurements were used to determine stem area 

(m2 tree-1) as: 

 

Stem area = π x (
DBH

200
)

2

 

 

From this, the basal area (BA in m2 ha-1) was calculated as the sum of the individual 

stem areas plot-1 and scaling from a treatment plot basis to a hectare basis. 

To determine if the weeding treatments and thinning regimes impacted tree form, 

the stability factor (SF) was calculated as HT/DBH for each tree. From this, changes in 
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individual tree stability over time were determined. Estimated tree volume (V_tree in m3) 

was calculated using a Schumacher and Hall volume equation for E. grandis 

(Bredenkamp 2012) where: 

 

LnV_tree = −9.746 + 1.715 ln(DBH + (-2)) + 1.107 lnHT 

 

Where:  

 Ln = natural logarithm  

 V_tree = stem volume (m3), to a top-end under-bark diameter of 7.5 cm 

 DBH = tree Diameter at Breast Height (cm, over-bark) 

 HT = tree Height (m) 

 

The estimated volume (Vol_ha in m3 ha-1) was then calculated as the sum of the 

volumes treatment plot-1 and expressed on a hectare-1 basis. 

To determine if the any of the treatments had an impact on tree form, the stability 

factor (SF) was calculated as HT/DBH for each tree (Hinze and Wessels 2002). From 

this, changes in individual tree stability over time were determined. 

 

4.2.2.2 Tree stability assessments 

Following the final thinning at 6.2 years (2 262 dap), two severe wind events occurred 

on February and December 2017 respectively, resulting in variable tree damage across 

the stand within which the trial was located (Figure 4.1). The type and severity of 

damage for each tree was assessed on 10 March 2018, and again on 10 June 2019 (15 

months later) to quantify recovery (if any), or growth impacts. These included the visual 

assessment of damage for:  

Tree health: The overall health status of the tree as indicated by evidence 

of disease (gummosis), feathering (growth of epicormics 

shoots due to loss of apical dominance), bark detachment, 

leaf loss, dying trees etc. 

Tilting: Middle, or upper portion of stem bent, but with the butt 

section remaining in-situ (scores from 1 to 4 depending on 

degree of tilting) 
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Wind-throw: Whole tree tilting, including the butt section (often showing 

signs of uprooting  

Broken top: Top of the tree broken  

 

 

 

Figure 4.1: Orthophoto showing trial layout (red polygon), direction of catastrophic 
wind events 1 and 2, trial surroundings, altitude lines (blue shaded 
polygons) in a trial investigating the interactions between Eucalyptus 
grandis planting density, weed control and wind damage in Tzaneen, 
South Africa. 

 

The following assessments were also carried out as they would indicate recovery from 

current, or past events: 

Stem kinking/Butt-sweep: Indicates recovery in stem growth from previous event  



 

54 
 

Forking: A loss of apical dominance in main stem resulting from a 

previous event, more than one stems growing from this point 

For these response variables, data was partitioned into broad categorical classes 

that included the intensity/degree and/or description as well as the location on the tree 

(Table 4.4). Tree recovery was determined as a reduction in the difference between the 

two successive wind damage assessments. 

 

Table 4.4: Independent and dependent variables in a trial investigating the 
interactions between Eucalyptus grandis planting density, weed control 
and wind damage in Tzaneen, South Africa. 

 
Explanatory variables (Independent) 

Factor  Density/Intensity/Description 

Planting density 
  Low (816 stems hectare

-1
) 

High (1 111 stems hectare
-1

) 

Weed control 

  Weedy (W) 
Weedfree (WF) 
Weedfree after 1

st
 Thinning (WF_1

st
) 

Weedfree after 2
nd

 Thinning (WF_2
nd

) 
Weedfree after 3

rd
 Thinning (WF_3

rd
) 

Stability Factor (SF)   Tree height (m)/Tree DBH (cm) 
   

Response variables (Dependent) 

Factor
1 

 Intensity/degree/description Location on the tree 

Tree Health   
Gummosis 
Feathering 
Dying 

- 

Tilting
$ 

  

0 = Straight 
1 = 0 ̊ – 30 ̊ 
2 = 30 ̊ – 60 ̊ 
3 = 60 ̊ – 90 ̊ 
4 = 90 ̊ + 

- 

Wind-throw   - Whole tree 

Kinking   
1 = Slight 
2 = Severe 

T = Top 1/3 
M = Middle 1/3 
B = Bottom 1/3 

Forking   
0 = Absent 
1 = Present 

T = Top 1/3 
M = Middle 1/3 
B = Bottom 1/3 

Bark burst   Yes/No - 
     
Broken top   Yes/No - 

$
Note: Tilting scores 1 and 2 were analysed together as Light severity, whereas scores of 3 and 4 were analysed as Heavy severity. 
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4.2.3 Data Analysis 

 

Tree performance: Analyses of variance (ANOVA), appropriate for a split plot design 

was used to test for treatment effects in terms of DBH, HT, Stocking, BA, SF and 

Volume. Only if the F-value was significant (p < 0.05) were treatment differences further 

investigated using the least significant difference statistic (lsd’s). Prior to analyses, the 

assumptions behind a valid ANOVA were checked. All analyses were carried out using 

Genstat® for Windows 19th Edition (VSN International 2017).  

Wind damage: All wind damage assessments were analyszed as for the tree 

growth measurements. As none of the response variables showed significant 

differences linked to treatment, the wind damage assessments were displayed 

graphically using descriptive statistics (means and 95% confidence intervals).   

To determine if non-treatment related factors had an influence on wind damage, 

various aspects that may have had an impact on the occurrence and/or severity were 

assessed and scored on a plot basis in terms of: 

1. open space due to location/proximity of main road (higher score); 

2. size of trees in adjacent compartments immediately surrounding the trial 

(smaller trees = higher score); 

3. open spaces next to plots due to internal compartment extraction roads 

(higher score); 

4. elevation (total variation of 20 m between plots) (higher elevation = higher 

score); and 

5. wind direction (plots closest to incoming wind = higher score) (wind was from 

W and SW) - the two wind events were combined to provide a single 

Wind_exposure score, with the plots closest to the windward side receiving 

higher scores (maximum score of 14) and those on the leeward side receiving 

lower scores (minimum score of 0) 

Linear and non-linear regression was carried out on selected wind damage variables 

from the first assessment (mean plot data = response variables) using the five non-

treatment factors as the explanatory variables. Although unlikely (due to the non-

significance when analyzed as an ANOVA), Planting density or Weed control were used 
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as grouping factors to determine if these in combination with the non-treatment factors 

could explain more of the variation in the data sets. The damage variables used for the 

assessment included bending (sum of all categories), broken tops, burst bark, tree 

health (sum of all categories). Kinking and forking were excluded as these were growth 

responses to previously unrecorded events.  

 Of all the external (non-treatment) factors assessed, Wind_exposure had a 

significant influence on Tilting (Light), with the outcome of this relationship presented in 

Table 4.7 and Figure 4.7.        

 

4.3 Results and discussion 

 

The trial site at Rooikoppies Plantation was considered suitable for the growth of E. 

grandis, as well as in a geographic area conducive to the growth of high lvels of 

competitive vegetation (Jarvel and Pallett 2002, Little and Rolando 2008). The 

estimated MAI at 11.4 years (date of last measurement, which takes into consideration 

wind-related damage) of the best performing treatment (WF) (Planting density was not 

significant) was 13.84 m3 ha-1 yr-1. Although the main focus of this report is on the 

impact and recover of trees following a series of wind events that occurred between 

10.1 years and 11.4 years, initial results are also presented for continuity. 

 

4.3.1 Tree growth and wind damage assessment up to 31 months 

 

4.3.1.1 Survival 

No significant differences were detected between the different Weed control treatments. 

If any weed-induced mortality occurs, it is generally soon after planting when the 

eucalypts are not well established. The application of a pre-plant spray combined with 

the slow initial weed growth on the site meant that competition was only detected from 

5.6 months after planting when the trees were already over 87.5 cm in height. Overall 

survival in the trial was 93.1% which is above the 90% generally considered to be 

commercially acceptable. As expected, the main effect of Planting density (PD) (1 111 

versus 816 SPH) was significant, both at the time of planting as well as prior to and after 
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the first thinning (Table 4.5). Selective thinning at two years of age reduced the number 

of trees in the 3 m x 3 m plots from 1111 to 590 SPH, and the 3.5 m x 3.5 m plots from 

816 to 427 SPH (Table 4.3). 

 

4.3.1.2 Initial tree performance in terms of Weed control 

A reduction in tree performance (Gld) was first recorded between the Weed control 

treatments from 118 to 170 dap. This divergence between WC_W and WC_WF (Figure 

4.2 (b)) indicates continued competition, with no significant differences between the 

WC_WF and the rest of the Weeding treatments (Moderate and Low intensity weeding 

and 2m Row weeding). In addition, there were larger differences in DBH before and 

after thinning in the WC_W treatments than the WC_WF treatments. This could be 

attributed to the WC_WF treatments being more uniform and hence variability being 

less affected following thinning operations. The ranking of these treatments and their 

difference in terms of significance was a function of the weeding regime imposed. The 

Weedfree control and 2 m Row weeding treatment were weeded on four occasions 

during this period, the Moderate weeding intensity treatments on two occasions and the 

Low intensity weeding treatment receiving only one delayed weeding at 230 dap. This 

indicates that for this site and the conditions under which the trial was planted, 

compared to the Weedfree control, there is the possibility of reducing either the area 

that needs to be weeded (2 m Row weeding) or the frequency of weeding (Moderate 

intensity weeding) without an early loss in growth. This also indicates that one weeding 

operation (230 dap) as in the Low weeding intensity treatment did not allow sufficient 

competition-free development for the planted trees. Unfortunately, two 

unscheduled/unsupervised weeding operations removed weeds in all the treatments 

excepting for the Weedy control at 323 and 371 dap which meant that three of the 

remaining four treatments (2 m Row weeding; Moderate and Low weeding intensity) 

were no longer valid. This release from any competition also meant that at the time of 

the 1st thinning, the Weedy treatment was significantly different to all the other weed 

control treatments. 
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Table 4.5: Summary analysis of variance (up to 31 months) showing mean squares in a trial investigating the 
interactions between Eucalyptus grandis planting density, weed control and wind damage in Tzaneen, South 
Africa. 

 
Mean squares 

Source of 
variation 

df 253 days 
 Prior to 1

st
 thinning 

(2 yrs; 735 dap)  
 

After 1
st

 thinning 
(2 yrs, 6 mths; 926 dap) 

 
Gld 
(cm) 

Stocking 
(SPH) 

Survival 
(%) 

DBH 
(cm) 

BA 

(m
2
 ha

-1
) 

 

Stocking 
(SPH) 

Survival 
(%) 

DBH 
(cm) 

BA 

(m
2
 ha

-1
) 

 

Rep 2 12.62 227 6.93 0.626 0.615 2266 19.73 0.1552 0.9537 

Spacing 1 0.98
NS

 629731* 19.20
NS

 0.255
NS

 14.009* 199177* 4.80
NS

 0.5791
NS

 20.202* 

Residual 2 1.27 4968 59.20 0.084 0.146 1492 11.20 0.7253 0.049 

Weeding 4 23.12
$
 648

NS
 6.13

NS
 7.613** 8.132** 548

NS
 6.67

NS
 12.7958** 9.561** 

Spacing x 
Weeding 

4 0.76
NS

 1470
NS

 15.20
NS

 0.118
NS

 0.262
NS

 1709
NS

 19.47
NS

 0.2234
NS

 0.794
NS

 

Residual 16 8.79 2405 25.07 0.792 0.809 3933 39.47 0.6725 0.900 

Total 29          

Summary statistics          

Mean 211.32 898.1 93.07 8.30 5.20 508 52.7 12.20 6.07 

Standard error of 
difference 

3.209 44.10 4.61 0.66 0.67 47.9 4.75 0.68 0.70 

Coefficient of 
variation (units) 

2.1 5.5 5.4 10.7 17.3 12.3 11.9 6.7 15.6 

Bartlett’s test for 
homogeneity of 
variance (Chi-square 
on 9df) 

0.7954
NS

 15.80
NS 

 7.49
NS

 19.84* 15.85
NSs

 9.16
NS

 7.24
NS

 14.81
NS

 9.65
NS

 

Note: 
NS

 denotes non-significance, with $,*, **, *** denotes significance at p ≤ 0.1, p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001. 
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Figure 4.2:  The effect of (a) Planting density and (b) Weed control on DBH in a trial 

investigating the interactions between Eucalyptus grandis planting density, 
weed control and wind damage in Tzaneen, South Africa. Error bars on 
graph indicate LSD at p ≤ 0.05. 
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4.3.1.3 Initial tree performance in terms of Planting density 

Tree performance in terms of Gld or DBH was not affected by Planting density over the 

first 926 days of tree growth (Table 4.5). This is due to the timely removal of any intra-

specific competitive effects that adjacent trees may have had through the planned 

thinning at 735 dap. As BA incorporates stocking, as expected it was significantly 

different for Planting density due to differences in the trees remaining after the first 

thinning (3 m x 3 m plots from 1111 to 590 SPH, and the 3.5 m x 3.5 m plots from 816 

to 427 SPH) 

 

4.3.2 Tree growth up to 11.4 years  

 

All treatments in the trial received a third and final thinning such that 210 SPH remained 

per plot. Following the final thinning, the two catastrophic wind events resulted in 

additional non-treatment-related mortality (Wind-throw) of ±16% (34 SPH), leaving 176 

SPH remaining in the trial. At 11.4 years BA was not significant for any of the main 

factors, or their interactions. Whereas Stocking was significant for PD (p = 0.035), and 

HT, DBH and Vol_ha were all significant for WC as a main factor (p < 0.001; p < 0.001; 

p = 0.071 respectively) (Table 4.6). The WC_WF plots (x̅ = 157.8 m3 ha-1) produced a 

significantly higher Vol_ha than the WC_W treatment (x̅ = 95.8 m3 ha-1) (Figure 4.3). In 

addition, for the Weed control (WC) factor, WC_WF was not significantly different to any 

of the other WC treatments (WC_WF_1st:  x̅ = 130.2 m3 ha-1; WC_WF_2nd:  x̅ = 138.6 

m3 ha-1; and WC_WF_3rd:  x̅ = 136.5 m3 ha-1 respectively). In addition, the WC_WF_1st 

(x̅ = 130.2 m3 ha-1) was not significantly different to the WC_W (x̅ = 95.8 m3 ha-1) (p = 

0.071). Although there were no PD x WC interactions for DBH or HT at 11.4 years, WC 

as a main effect was significant (albeit only at p < 0.071) for Vol_ha, indicating the long-

term importance of weed control regarding Vol_ha. The lack of a treatment-related 

response between the various post-thinning weeding treatments is likely a function of 

the size of the trees and that they have well-established root systems. As such there will 

be less competition for nutrients, space and sunlight in plots with fewer weeds 

(WC_WF, WC_WF_1st, WC_WF_2nd and WC_WF_3rd) when compared to trees in the 

WC_W plots. 



 

61 
 

 

 

 

Figure 4.3:  The effect of Weed control on Volume (m3 ha-1) at 11.4 years in a trial 
investigating the interactions between Eucalyptus grandis planting density, 
weed control and wind damage in Tzaneen, South Africa. Error bars on 
graph indicate LSD at p < 0.05. 

 

There were also limited differences in terms of DBH between PD_816 and 

PD_1111. This was to be expected as tree growth was monitored such that the thinning 

operations were timed to occur prior to the onset of intra-specific competition.     

 Together with survival and growth, tree uniformity is a key component that needs 
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Table 4.6: Summary analysis of variance showing mean squares in a trial investigating the interactions between 
Eucalyptus grandis planting density, weed control and wind damage in Tzaneen, South Africa. 

 
Mean squares 

Source of 
variation 

Df 6 years (after final thinning) 11.4 years 

  
Stocking 

(stems ha
-1

) 

Diameter 
at breast 

height 
(cm) 

Height 
(m) 

 

Stocking 
(stems ha

-1
) 

Diameter at 
breast height 

(cm) 

Height 
(m) 

Basal area 
(m

2 
ha

-1
) 

Volume 
(m

3 
ha

-1
) 

CV (DBH) 
(%) 

Rep 2 38.58 1.1588 3.163 5726 0.334 3.233 33.640 3621 12.162 

Spacing 1 515.41*** 0.1831
NS

 0.157
NS

 1528* 1.536
NS

 1.783
NS

 5.083
NS

 729
NS

 4.735
NS

 

Weeding 4 38.58
NS

 16.6106*** 12.504*** 928
NS

 41.229*** 27.187*** 13.014
NS

 3068* 17.725
$
 

Spacing x 
Weeding 

4 0.02
NS

 0.7279
NS

 0.444
NS

 590
NS

 1.274
NS

 1.365
NS

 6.751
NS

 907
NS

 8.337
NS

 

Residual 18 17.16 0.4798 1.010 1456 1.714 1.403 7.829 1045 7.520 

Total 29          

Summary 
statistics 

 
         

Grand mean  211.32 22.78 24.68 176.1 30.06 28.83 12.57 131.8 11.55 

Standard 
error of 
differences 
of means 
(units) 

 

3.382 0.566 0.821 31.15 1.069 0.967 2.285 26.39 2.239 

Coefficient 
of variation 
(units) (%) 

 
2.0 3.0 4.1 21.7 4.4 4.1 22.3 24.5 23.8 

Shapiro-
Wilk test for 
normality 

 
0.7923

NS 
0.9723

NS 
0.9333

NS
 0.9545

NS
 0.9547

NS
 0.9642

NS
 0.9572

NS
 0.9541

NS
 0.9755

NS
 

Note: 
NS

 denotes non-significance, with $,*, **, *** denotes significance at p ≤ 0.1, p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001. 
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Weed control (WC) had a noticeable effect on diameter growth, but not on 

basal area development at the last assessment, possibly due to the reduced 

stocking following successive thinning operations. Individual trees responded 

to the lowered levels of competition with greater individual diameter growth 

(Figure 4.2 (a) and (b)). The mean DBH for all treatments at the final measurement 

(11.4 years) was 30.1 cm (WC_W = 25.8 cm; WC_WF = 32.1 cm; WC_WF_1st = 

29.5 cm; WC_WF_2nd = 30.9 cm; WC_WF_3rd = 32.0 cm). 

 Basal area (BA) was highly significant from 0.3 years until 9.9 years (p < 

0.001), but not at 11.4 years (Figure 4.4 (a) and (b)). Basal area is a function of 

tree size (DBH) and Stocking (SPH) with Stocking being the most important factor 

in this trial. The divergence between the WC_WF and WC_W treatments, however 

indicated continued competition, although this became less pronounced over time. 

This was due to a combination of the thinning operations, and the larger trees 

being less impacted by competition from weeds.  

As the final thinning for both PD treatments resulted in 210 SPH (Figure 4.5), no 

difference was detected between the WC_W and WC_WF treatments for either the 

PD_816 and PD_1111. Any differences between the WC_W and WC_WF is due to 

smaller DBH’s caused by inter-specific competition from weeds, rather than stocking. In 

addition, the BA reductions at the time of any thinning is greater in the WC_WF 

treatments due to similar DBH sizes of most of the trees, whereas BA reductions at the 

time of thinning is less in the WC_W treatments due to the removal of the smaller DBH 

classes. 
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Figure 4.4:  The effect of (a) Planting density and (b) Weed control on Basal Area in a 

trial investigating the interactions between Eucalyptus grandis planting 
density, weed control and wind damage in Tzaneen, South Africa. Error 
bars on graph indicate LSD at p < 0.05. 
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Figure 4.5:  The effect of Planting density on Stocking in a trial investigating the 

interactions between Eucalyptus grandis planting density, weed control 
and wind damage in Tzaneen, South Africa. Error bars on graph indicate 
LSD at p < 0.05. 

 

The stability factor (SF) is a function of tree diameter and height, with sturdier trees 

(larger diameters relative to height) less inclined to be impacted by tilting/wind-throw. 

Although there were changes in the SF over the duration of the trial, at no stage was the 

value for any of the treatments more than the optimum (trial mean = 1:1.02 versus 

1:1.15 targeted by the South African forest industry for eucalypt saw-timber stands 

(Hinze and Wessels 2002) (Figure 4.6 (a) and (b)). This SF value was calculated for 

trees that were 30 years of age, whereas the trees within this trial were much younger. 

It is likely that with time the SF would have approached or exceeded this value. The low 

SF may in part explain the high incidence of wind-related damage experienced by the 

trees in this trial. Treatment-related changes in SF were only significant for PD (at 6.2 

years) (p = 0.029) and for WC at 9.9 years (p = 0.014) and 10.1 years (p = 0.096) 

respectively. Initially the PD_816 treatment performed better than the PD_1111 

treatment until the final thinning (6 years) (PD_816 = 1:0.094 versus PD_1111 = 

1:0.093), most likely due to the presence of more stems plot-1 resulting in taller trees 

relative to their diameters. Likewise, inter-specific competition between the weeds and 
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trees in the weedy treatment (WC_W) resulted in a lower SF than the rest of the WC 

treatments. Following all thinning events, the SF increased as many of the smaller 

diameter trees would have been removed as part of the selection process. 

 

 
 

 
 
Figure 4.6:  The effect of (a) Planting density and (b) Weed control on Stability Factor 

in a trial investigating the interactions between Eucalyptus grandis planting 
density, weed control and wind damage in Tzaneen, South Africa. Error 
bars on graph indicate LSD at p < 0.05. 
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4.3.3 Wind assessment data 

 

Wind-related damage was assessed at 10.1 and 11.4 years respectively, to quantify the 

type and severity of damage, as well as recovery post-event recovery (if any). 

 

4.3.3.1 Tilting and Wind-throw 

The incidence of Wind-throw (9% at 10.1 years and 7% at 11.4 years respectively) was 

very low in the trial, in contrast to Tilting where 57% of the trees were impacted. Light 

Tilting was significant for Planting density at both assessment dates (10.1 years: p = 

0.003; 11.4 years: p = 0.017), but only when Wind_exposure was used as a co-variate. 

To further understand this relationship, a non-linear Gompertz model was fitted, with 

48.4% (s.e. = 11.6) of the variation in Tilting accounted for by Wind_exposure (Table 

4.7 and Figure 4.7). Although Planting density as a grouping factor improved this 

relationship by 3.3% (to 51.7%), unlike for the ANOVA (which explores linear 

relationships between variables/factors), it was not significant. Trees in the treatment 

plots that were closer to the windward edge of the compartment (irrespective of the 

dynamics of adjacent compartments such as tree size, presence of roads etc.) were 

more likely to be impacted by wind resulting in more Tilting. Of interest most of the tilting 

was recorded in the first two rows (76 m) of treatment plots (Figure 4.1) which were 

most exposed to the prevailing wind that occurred as part of the two storm events. 

 

Table 4.7: Summary of regression analysis showing the relationship between Tilting 
and Wind_exposure in a trial investigating the interactions between 
Eucalyptus grandis planting density, weed control and wind damage in 
Tzaneen, South Africa. Plot location within trial was scored relative to the 
general wind direction (sum of both catastrophic wind events). Scoring 
ranged from 0 to 14 with 0 being least exposed and 14 being plots that are 
most exposed. 

 
Mean squares 

Source of variation d.f. s.s. m.s. v.r. F pr. 

Regression 3 4077 1359*** 10.08 < 0.001 

Residual 26 35.06 134.8   

Total 29 7583 261.5   

Variance accounted for by the regression = 48.4% 

Standard error of observations is estimated to be 11.6 
Note: *** denotes significance at p ≤ 0.001. 
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Figure 4.7:  The use of regression (Gompertz curve) to show the relationship between 
Tilting and Wind_exposure in a trial investigating the interactions between 
Eucalyptus grandis planting density, weed control and wind damage in 
Tzaneen, South Africa. Plot location within trial was scored relative to 
exposure to the wind (sum of both catastrophic wind events). Scoring 
ranged from 0 to 14, with 0 being least exposed and 14 being plots that 
are most exposed. 

 

4.3.3.2 Kinking 

No significant treatment-related differences were detected for the presence of kinking 

when assessed at 10.1 and 11.4 years respectively. Trees with kinks located on the 

stem are likely to have undergone some type of tilting/bending prior to correcting for this 

over time. There was a high level of Kinking recorded in the trial, with negligible 

recovery between the two assessment dates (from 34.5% at 10.1 years to 34.4% at 

11.4 years) (Figure 4.8). It is likely that the level of Kinking will increase with time, 

especially as those trees that were tilting correct for lean. The severity of Kinking also 

varied, with the Severe Kinking (Top, Middle and/or Bottom) being less than 3% of the 

total trees in the trial. There was a corresponding increase in Kinking of light severity 

with moderate severity between the two assessments (from 14.3% at 10.1 years to 19% 

at 11.4 years for the light severity), indicating some degree of recovery over time. 

 

Tilting (Light) = 11.2 + 34.81 × EXP (-EXP ((-1 

× (-2.887)) × (Wind_exposure – 12.46)))  
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Figure 4.8:  The difference between wind damage indicators observed between two 
successive assessments in a trial investigating the interactions between 
Eucalyptus grandis planting density, weed control and wind damage in 
Tzaneen, South Africa. Error bars on graph indicate confidence intervals.  

 

4.3.3.3  Forking 

No treatment-related significant differences were detected for Forking when assessed at 

10.1 and 11.4 years. Forking is a growth response resulting from the loss of apical 

dominance (as a consequence of abiotic or biotic stress), where one, or more of the 

new shoots assume dominance. The tree stem was partitioned into 3 parts of equal 

length (Top, Middle and Bottom). The majority of trees with Forks (total = 4.9% at 10.1 

years) had Forks that were located in the Middle part of the stem, with a recovery, from 

2.2% to 1.1% between the respective assessments (10.1 and 11.4 years) (Figure 4.8). 

A possible reason for this could be the higher juvenile wood and associated flexibility 

within the top third of the stem compared to lower down the stem. No trees had forking 

on the bottom third of the stems and/or multiple forks. Forks located in the Top part of 

the trees showed a marginal reduction between the two successive assessments (from 

2.2% to 0.8%).  
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4.3.3.4 Indicators of Tree health (Gummosis, Feathering, Dying) 

Trees that have been adversely affected by wind will display secondary signs as a 

consequence of stress (for example Gummosis, Feathering, Dying), with the location of 

the stress indicator on the tree and the severity of the stress varying considerably. None 

of the Tree health variables (Figure 4.8) were significant for any of the main factors, or 

their interactions. Of the trees with Tree health indicators present (Gummosis, 

Feathering and/or Dying) at 10.1 years (total trees = 23.3%) only 1% recovered (total at 

11.4 years = 22.3%). The incidence of Gummosis decreased marginally between the 

successive assessments (10.1 years = 16.1%; 11.4 years = 14.4%), whereas the 

presence of Feathering and the incidence of Dying trees increased between the 

consecutive assessments (from 7% and 1.6% at 10.1 years to 8.5% and 3.1% at 11.4 

years).  

 

4.3.3.4 Bark burst 

Bark burst occurs when the trees bend beyond the ability of the bark to remain intact, 

thus separating from the stem at the greatest point of inflection. Wood fibre (stem of the 

tree) is more flexible than the bark, and as a result is less inclined to break/crack under 

loading forces (like wind) than the bark surrounding the stem. Bark burst was not 

significant for any of the main factors, or their interactions at either of the two 

assessment dates (10.1 and 11.4 years). The incidence of Bark burst was relatively low 

(7.7% of the trees affected at the 10.1 years), but this value had decreased by the 

second assessment (4.3%), indicating some degree in recovery, possible for those 

trees where the Bark burst was not severe (Figure 4.8). The exact effects of bust bark 

on tree growth, uniformity and timber quality remains unknown. 

 

4.3.3.5 Broken top 

Taller trees, or trees with exposed tops (relative to adjacent trees) are more likely to be 

affected by wind resulting in an increase in the incidence of broken tops. Due to stem 

taper, the upper part of the stem is thinner and more likely to break in the presence of 

catastrophic winds. A total of 14.4% of the trees had broken tops at the first assessment 

(10.1 years), but due to the presence of a new, dominant leader, this value had 
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decreased to 9.9% by the second assessment (11.4 years) (Figure 4.8). There were no 

significant treatment differences for the main factors, or their interactions. 

 

4.4 Conclusion 

 

Initial results (up to 2.5 years) indicated that the main effect of Planting density (PD) (1 

111 versus 816 SPH) was significant, both at the time of planting as well as prior to, and 

after the first and second thinnings. However, this difference in Stocking was a function 

of planting density, and not as a consequence of a lack of weeding. In contrast, the 

Weedy treatment performed significantly worse than those treatments where some form 

of weed control had occurred (Weedfree, Moderate weeding intensity, Low weeding 

intensity, 2m Row weeding). These findings emphasise, and support previous findings 

related to the importance of weeding during eucalypt establishment. 

At the final assessment date (11.4 years), Stocking was not significant for 

Planting density. This was expected as both planting densities (1 111 versus 816 SPH) 

were thinned to 210 SPH following the third and final thinning at 6.2 years. Although 

there were no PD x WC (Weed control) interactions for DBH or HT at 11.4 years, WC as 

a main effect was significant (albeit only at p < 0.071) for Vol_ha, indicating the long-

term importance of weed control. This reduction in significance of the Vol_ha following 

the final thinning was due to the smaller trees being removed, with the larger trees 

remaining. If higher mortality had occurred in the Weedy treatment during establishment 

(93% survival for all treatments at 2.5 years), there may not have been enough larger 

trees remaining at the final thinning. 

The incidence of Wind-throw at both assessment dates (9% at 10.1 years and 

7% at 11.4 years respectively) was low in contrast to Tilting, where 57% of the trees 

showed some degree if tilt. Light Tilting was significant for Planting density at both 

assessment dates (10.1 years: p = 0.003; 11.4 years: p = 0.017), but only when 

Wind_exposure was used as a co-variate. At the first assessment (10.1 years) 84% of 

the remaining trees in the trial had some form of wind-related damage, but at 11.4 years 

this had reduced to 75.8%, indicating that some degree of recovery had occurred. This 

suggests that either the level of damage recorded was of a permanent nature, or that 
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the time between subsequent assessments was too short (15 months). Even if further 

recovery of the remaining trees did occur, the high number of trees impacted by wind 

would mean that timber quality would be severely compromised. Out of the 210 SPH 

that remained following the final thinning, 34 SPH were impacted by Wind-throw 

(combined for the two respective catastrophic wind events) and 133 of the remaining 

176 SPH were damaged (only 43 SPH were not impacted at the first assessment).  

Although the treatments (Planting density, Thinning regime, Weed control) did 

not have an impact on the incidence of wind-related damage, the location of the 

treatment plots within the trial in terms of Wind-exposure was significant for Tilting (R2 = 

48.4%). Trees in the first two rows of treatment plots (±70 m) on the windward side were 

more prone to Tilting (light) than those further away from the boundary. If this trial had to 

be replicated elsewhere, the results may differ depending on the exposure of the plots 

to wind. 

Future research should take into consideration breeding within E. grandis for 

resistance to wind-related damage and not planting on wind exposed sites. More trials 

of this nature, under similar conditions, should be carried out to confirm these findings 

and aid in the establishment of reliable recommendations for use by managers. 
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CHAPTER 5 

 
Synthesis and conclusion 

 
5.1 Summary of major findings 

 

South Africa depends on plantation based forestry for the continuous and sustainable 

supply of timber to many “downstream” industries, with various eucalypts, pines and 

Acacia mearnsii grown to satisfy this need. Eucalypts in both natural forests and 

plantations are adapted to grow across a wide range of site types which are 

continuously exposed to a range of climatic variables. Stand productivity can be 

negatively impacted on these sites by numerous abiotic and biotic risk factors, 

especially during major pest or disease outbreaks, or catastrophic abiotic events. Of the 

major risk factors within South Africa, pests and diseases and fires have the largest 

impact on the long-term sustainability of commercial forest plantations. As a 

consequence, considerable research has been conducted into pest and disease 

management and fire prevention, and to a lesser extent climate change, frost, snow and 

drought risk. In contrast, very little information as to the loss of productivity as a 

consequence of wind-damage. Besides the need to quantify the severity and type of 

damage, information is needed regarding management practices that may be of benefit 

during decision-making to reduce any negative impacts. 

  Data from two trials were used to increase our understanding around wind-

related damage in eucalypt stands. The first trial was planted to E. smithii (a species 

supposedly prone to wind-damage) on a site exposed to wind, where various nursery 

and establishment practices were tested to improve tree stability (and reduce wind 

damage). Treatments included testing different root plug sizes (larger versus smaller 

root plug volumes), older versus younger seedlings, and the application of an 

insecticide. The principle tested was that larger, actively growing seedlings would be 

more stable. Tree growth and wind-related damage assessments were linked to 

rotation-end performance (9.2 years). The second trial was originally established in 

2008 to test the interaction between planting density (high versus low), thinning regime, 
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and weeding (range of weeding treatments that included weedy and weedfree 

treatments) on an E. grandis saw-timber stand. Two severe wind events (February and 

November 2017) occurred which caused various types and levels of damage across the 

trial. These were assessed in March 2018, and again in June 2019 (15 months later) to 

quantify growth impacts and recovery (if any), as well as to determine if any of the 

imposed treatments resulted in trees that were more tolerant to wind damage. 

The data/results obtained from these two trials were informative, and provide 

direction as to where future research should be focused. In both trials, although the 

treatment factors and the treatment interactions resulted in significant growth 

differences, these differences were small when compared to the overall impact of wind 

on trees (as determined by wind-damage). 

For the E. smihtii trial, 92% of the trees had experienced some form of wind-

related damage at 9.2 years, with only 5.6% of the remaining trees not impacted by 

wind. Of the types of damage recorded, Butt-sweep, Tilting and Forking occurred in 

83.6%, 79.4% and 35.5% of the trees respectively. 

For the E. grandis saw-timber trial at 11.4 years, the incidence of Wind-throw was 

low (16%) in contrast to Tilting, where 57% of the trees showed some degree of tilt. 

There was minor recovery of wind damaged trees (84% at 10.1 years compared to 

75.8% at 11.4 years ) suggesting that either the level of damage recorded was of a 

permanent nature, or that the time between subsequent assessments was too short (15 

months). Even if further recovery of the remaining trees did occur, the high number of 

trees impacted by wind would mean that timber quality would be severely compromised. 

Out of the 210 SPH that remained following the final thinning, 34 SPH were impacted by 

Wind-throw (combined for the two respective catastrophic wind events) and 133 of the 

remaining 176 SPH were damaged (only 43 SPH were not impacted at the first 

assessment). In addition, the proximity of the treatment plots in terms of the prevailing 

wind, resulted in those plots on the windward side experiencing a higher level of 

damage than those plots the were ±70 m away from the edge of the block. 
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5.2 Recommendations for future study  

 

To address the majority of limitations experienced in this study, a more controlled and 

long-term approach is recommended for studying the factors (treatment, management, 

site, species or environment) that predispose trees to wind-related damage. In addition, 

the quantification of recovery for different levels of damage after a catastrophic wind 

event will assist with decision-making in terms leaving the stand, or the need to fell the 

stand (if beyond a certain threshold). A current gap in knowledge related to the effects 

of wind on plantation trees, both nationally and internationally, throughout the rotation, 

and emphasizes the need to better understand which factors (in isolation or in 

combination) can be preemptively implemented to alleviate wind-related damage, rather 

that following a reactive approach. In addition, future studies of a similar nature should 

be conducted on a larger geographical scale to account for more variability in terms of 

topographical features (slopes, aspects, valleys etc.) and consequently wind dynamics 

(such as wind patterns and velocities). Collecting frequent and adequate wind and tree 

data will greatly assist in timeously detecting accurate correlations/relationships 

between wind-related damage in response to factors (if any) so that company operating 

practices can be adapted. Eucalyptus smithii and E. grandis are prone to wind damage, 

but it is not yet known how prone these species are compared to other species of the 

Eucalyptus genus, or any genus used in plantation based forests. It is recommended 

that future studies investigate wind-tree interactions on a range of sites, species or 

genetic variety within species, and age classes. 
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