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SUMMARY 
Strong winds in the Western Cape have a direct and indirect effect on the performance of 

citrus trees. Tree-based windbreaks are used extensively in South Africa to protect citrus 

orchards from wind scar damage, thereby avoiding major export quality losses. The study was 

conducted over two consecutive seasons (2019/20 and 2020/21). In the first trial, the 

microclimate (wind speed and air temperature), tree performance (yield, fruit size and shoot 

growth) and fruit quality (external and internal) were quantified at different distances from 

established Beefwood and Poplar windbreaks on two ‘Tango’ mandarin orchards (Rust en 

Vrede and Babylonstoren) in the Western Cape, South Africa. The prevailing wind direction 

was from the southeast and north during summer and winter, respectively. Considerably 

higher (33%) wind speeds were recorded during summer compared to winter. During summer, 

the wind speed was consistently higher (17%) at 16H (140 m from windbreak) than 3H (30 m), 

however, no clear changes in air temperatures were observed between distance treatments 

(H = mean height of the windbreak tree). Leaf temperatures were significantly higher at the 

most wind-protected treatments. The summer stomatal conductance (gs) was twice as high 

compared to winter. The results for gs and stem water potential (SWPMD) were inconsistent 

between distance treatments. Fruit at 2H and 3H had significantly lower titratable acidity (TA) 

compared to 4H (trial 2), and 10H and 16H (trial 1) respectively, yet export standards for late 

mandarins were met. The highest packout (Class 1 fruit) was observed at 3H and decreased 

at 10H (90 m) and 16H. During the first 12 weeks after fruit set, 87% of severe wind scar 

damage occurred. During winter, up to 18% damage (light and severe) occurred on mature 

fruit after periods of strong wind gusts from the north. No significant differences were recorded 

between distance treatments for tree volume, trunk circumference, fractional light interception 

(FLI), fruit size and shoot length during both seasons, at either site. In trial 2, the efficiency of 

newly established multi-row windbreaks (MRW) was also recorded by quantifying the effect of 

wind on ‘Nadorcott’ mandarin and ‘Ruby Star’ plum trees at Welgevallen experimental farm. 

The highest number of hours above the threshold value for wind scar damage (> 4.5 m.s-1) 

was recorded in December (2019/20) and January (2020/21). For the ‘Nadorcott’ orchard, no 

significant differences were recorded for FLI, tree volume and yield. The plum trees at 50 m 

from the windbreak had significantly higher FLI, bigger leaves and less leaf damage than 10 

m. ‘Nadorcott’ trees protected by the natural woody vegetation, compared to the MRW, had a 

significantly higher percentage of Class 1 (no damage) fruit in 2019/20. For light (Class 2) and 

severe (Class 3) wind damage, there were no significant differences between treatments for 

either orchard. Tree-based windbreaks did not provide adequate wind protection with 

reference to fruit peel damage, thus it will be necessary to investigate alternative wind-

protection options, such as shade netting to reduce export losses in citrus and plums. 
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 OPSOMMING 

Sterk winde in die Wes-Kaap het ‘n direkte en indirekte effek op die prestasie van sitrusbome. 

Windlanings word op grootskaal in Suid-Afrika gebruik om sitrusboorde teen windskade te 

beskerm en sodoende groot uitskotverliese te vermy. Die studie is oor twee opeenvolgende 

seisoene (2019/20 en 2020/21) uitgevoer. Die mikroklimaat (windspoed en lugtemperatuur), 

boomprestasie (opbrengs, vruggrootte en lootgroei) en vrugkwaliteit (ekstern en intern) is 

tydens proef 1 in twee 'Tango' mandarynboorde (Rust en Vrede en Babylonstoren) in die Wes-

Kaap, Suid-Afrika, gekwantifiseer op verskillende afstande vanaf gevestigde Beefwood- en 

Populierwindbreke. Die heersende windrigting was onderskeidelik vanaf die suidooste en 

noorde gedurende somer en winter. Aansienlike hoër (33%) windspoed is tydens die somer 

aangeteken in vergelyking met die winter. Die windspoed was konstant hoër (17%) by 16H 

(140 m vanaf windbreek) teenoor 3H (30 m) gedurende die somer, maar geen duidelike 

veranderinge in lugtemperatuur is tussen afstandbehandelings waargeneem nie (H = 

gemiddelde hoogte van windbreek boom). Blaartemperature was betekenisvol hoër by die 

mees windbeskermde behandelings. The huidmondjiegeleiding (gs) tydens somer was twee 

maal so hoog soos die winter. Die resultate vir gs en stamwaterpotensiaal (SWPMD) was 

teenstrydig tussen afstandbehandelings. Die titreerbare suur (TS) van vrugte was betekenisvol 

laer by 2H en 3H in verglyking met 4H (proef 2), en 10H en 16H (proef 1) onderskeidelik, maar 

uitvoerstandaarde vir laat mandaryne is steeds nagekom. Die hoogste uitvoergehalte (Klas 1 

vrugte) is waargeneem by 3H en het verminder by 10H (90 m) en 16H. Ongeveer 87% van 

ernstige windskade het gedurende die eerste 12 weke na vrugset plaasgevind. Tot en met 

18% van fisiologies-ryp vrugte het tydens die winter, na ‘n tydperk van sterk windvlae uit die 

noorde, windletsels (ligte en ernstige skade) getoon. Geen betekenisvolle verskille is tussen 

afstandbehandelings vir boomvolume, stamomtrek, fraksionele ligonderskepping (FLO), 

vruggrootte en lootlengte gedurende beide seisoene by beide persele aangeteken nie. Die 

effektiwiteit van nuutgevestigde, multi-ry windbreke (MRW) is ook aangeteken in proef 2 deur 

die effek van wind op 'Nadorcott' mandaryn- en 'Ruby Star'-pruimbome by Welgevallen te 

kwantifiseer. Die hoogste aantal ure bo die drempelwaarde vir windletels (> 4,5 m.s-1) is in 

Desember (2019/20) en Januarie (2020/21) aangeteken. Geen betekenisvolle verskille is vir 

die FLO, boomvolume en opbrengs van die 'Nadorcott'-boord aangeteken nie. Pruimbome 50 

m vanaf die windbreke in vergelyking met 10 m het ‘n betekenisvolle hoër FLO, asook groter 

blare en minder blaarskade gehad. ‘Nadorcott’-bome wat deur die natuurlike windbreek 

beskerm word, het in 2019/20 ‘n betekenisvolle hoër persentasie van Klas 1 (geen skade) 

vrugte gehad in vergelyking met MRW. Daar was geen betekenisvolle verskille tussen die 

behandelings vir ligte (Klas 2) en ernstige (Klas 3) windletsels in beide boorde nie. Windlanings 

het nie voldoende windbeskerming met verwysing tot vrugskil-letsels gebied nie, dus sal dit 
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nodig wees om alternatiewe windbeskermingsopsies, soos skadunette, te ondersoek om 

uitskotpersentasies in sitrus- en pruimproduksie effektief te verminder. 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Stellenbosch University https://scholar.sun.ac.za



vi 
 

 
 

NOTE 
 

This thesis is a compilation of chapters, starting with a literature review, followed by 

four research papers where each paper is an individual entity and some repetition 

between papers, therefore, has been unavoidable. The papers were prepared 

according to the format of a scientific journal. 
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1. GENERAL INTRODUCTION 
Citrus is one of the most important crops produced globally and, for most producers, 

the export of the fruit is critical to ensure a high economic return (Bazrafshan et al., 

2019). South Africa is currently the second largest exporter of citrus (CGA, 2020). Soft 

citrus accounts for 22% of the South African citrus production, with seedless mandarin 

varieties like ‘Nadorcott’, ‘Nova’ and ‘Tango’ being widely cultivated (CGA, 2020). In 

fruit production regions like the Western Cape and Eastern Cape, where strong winds 

are common, wind scar damage of citrus is one of the main causes of fruit quality 

reductions on the export market (Outspan, 1997). 

The Western Cape has a Mediterranean-type climate, which is characterized 

by hot and dry summers, to severe and mild winters (Lado et al., 2018). Climatic 

conditions like temperature, rainfall, radiation, humidity and wind speed have a 

significant effect on fruit quality, yield and tree development (Lado et al., 2018). For 

citrus trees to produce high yields of export quality fruit, it is crucial to provide a wind-

protected environment (Turner and Hardy, 2006). Wind protection can be established 

through tree-based windbreaks, the implementation of artificial windbreaks (plastic 

sheets with holes of varying porosity) and the use of shade netting (Cleugh, 1998; 

Turner and Hardy, 2006; Stander et al., 2019). 

Tree-based windbreaks alter the microclimate in orchards (sheltered area), 

where a reduction in wind speed increases the air and leaf temperature and relative 

humidity (RH) (Brandle et al., 2004). Consequently, temperature and RH influence the 

vapour pressure deficit (VPD), which determines the stomatal aperture and rate of 

water loss through transpiration (Syvertsen and Lloyd, 1994; Urban et al., 2017). Any 

temperature change (positive or negative) due to wind will therefor affect a range of 

physiological processes in citrus trees. 

Wind speed reductions near the windbreak can improve vegetative 

development through two mechanisms. Directly, by protecting trees from damaging 

winds that cause mechanical loading (Percival et al., 2002; Gardiner et al., 2016). 

Indirectly, through increased air temperatures, improved water use efficiency (WUE) 

and higher photosynthetic rates (Brandle et al., 2004). Fruit growth rates are also 

significantly reduced when trees experience water stress due to a lower WUE (Brown, 
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2018). The threshold wind speed for shoot growth reduction varies between species 

and has not been quantified satisfactorily for citrus trees. 

Strong winds are a consistent challenge for producers throughout the region 

(Hamlet, 2000). During the first 12 weeks after petal drop, small and immature fruit are 

very susceptible to strong south-easterly winds (> 4.5 m.s-1), with up to 90% of fruit 

being severely damaged (Turner and Hardy, 2006; Cataldo et al., 2013). Depending 

on the region and type of wind protection mechanism, export losses vary between 

10% and 70% (Holmes and Farrel, 1993; Outspan, 1997; Turner and Hardy, 2006). In 

the Western Cape, Veste et al. (2020) reported that tree-based windbreaks can reduce 

the wind speed by 39% when compared to an unsheltered area. Significant wind 

speed reductions occur near the windbreak and, as the distance from the windbreak 

increases, turbulent airflow becomes more prominent, resulting in high wind speeds 

causing severe wind scar damage at further distances (Cataldo et al., 2013). 

Protecting fruit trees from high wind speeds is crucial during the non-bearing 

years to establish a healthy vegetative structure that provides the bearing positions for 

fruit and leaves. Research regarding windbreak optimization is ongoing to ensure the 

best combination of species for a specific region, climate and crop being cultivated. 

There are certain factors to consider when establishing new windbreak plantings: trees 

must be fast growing, maintain lower branches with age, not take up excessive 

production space, have low input cost, have a low water requirement and be adaptable 

to local climate and soils (Outspan, 1997; Hamlet, 2000; Turner and Hardy, 2006). 

In the Western Cape, tree-based windbreaks are used extensively to protect 

fruit orchards from the negative effects of strong wind. However, quantitative data on 

the effect of windbreaks on orchard microclimate, yield, vegetative development and 

fruit quality (external and internal) of new citrus cultivars are limited under South 

African conditions. The installation of automatic weather stations at different distances 

from windbreaks can help quantify these parameters accurately. 

The study was conducted on two commercial orchards, in the Somerset West 

(Rust en Vrede) and Klapmuts regions (Babylonstoren), on five-year-old ‘Tango’ 

mandarin trees. Another component of the study was conducted on an experimental 

farm in Stellenbosch (Welgevallen) with ‘Nadorcott’ mandarin and ‘Ruby Star’ plum 
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trees. This study aimed towards determining the effect of windbreaks on the 

microclimate, yield, tree performance and fruit quality of bearing citrus and plum 

orchards in the Western Cape production region of South Africa, during two 

consecutive seasons. The following aspects were discussed in this project: 

1) A comprehensive literature study focusing on the impact of wind on fruit and nut 

trees. 

2) Quantifying the changes in wind speed and air temperature at different distances 

from tree-based windbreaks (Casuarina cunninghamiana, Beefwood and Populus 

chinensis, Poplar tree), in two Citrus reticulata (‘Tango’ mandarin) orchards in the 

Western Cape, and its effect on eco-physiological parameters like stomatal 

conductance and stem water potential. 

3) Determining the influence of wind on vegetative development and tree performance 

of ‘Tango’ mandarin trees by monitoring tree volume, leaf chlorophyll content, light 

interception, shoot growth, fruit growth and yield at different distances from two 

established windbreaks. 

4) Quantifying the impact of Beefwood and Poplar windbreaks on wind scar damage 

incidence (no damage, light damage and severe damage) during three evaluation 

periods (early strip, late wind scar evaluation and harvest) on two commercial ‘Tango’ 

mandarin orchards in the Western Cape. 

5) Investigating the efficiency of newly established multi-row windbreaks by quantifying 

the impact of wind on Citrus reticulata ('Nadorcott' mandarin) and Prunus salicina 

('Ruby Star' plum) trees through tree performance (light interception, tree volume and 

yield) and wind scar damage analysis to provide a baseline for future evaluations of 

multi-row windbreaks. 

 

Literature cited 
Bazrafshan, O., Zamani, H., Ramezani Etedali, H. and Dehghanpir, S. 2019. 
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Stellenbosch University https://scholar.sun.ac.za



4 
 

 
 

Brandle, J., Hodges, L. and Zhou, X. 2004. Windbreaks in North American agricultural 

systems. Agroforestry Systems, 61-62(1-3):65-78.  

Brown, R. 2018. Effect of permanent shade netting on ‘Nadorcott’ mandarin tree 

phenology and productivity. Master’s Thesis, University of Stellenbosch, 

Department of Horticultural Science. 

Cataldo, J., Durañona, V., Pienika, R., Pais, P. and Gravina, A. 2013. Wind damage 

on citrus fruit study: Wind tunnel tests. Journal of Wind Engineering and Industrial 

Aerodynamics, 116:1-6. 

Citrus Growers’ Association of Southern Africa. 2020. Key Industry Statistics for Citrus 

Growers 2020. 

Cleugh, H. 1998. Effects of windbreaks on airflow, microclimates and crop yields. 

Agroforestry Systems, 41:55-84. 

Gardiner, B., Berry, P. and Moulia, B. 2016. Review: Wind impacts on plant growth, 

mechanics and damage. Plant Science, 245:94-118. 

Hamlet, G.M. 2000. The Effect of Tree Windbreaks on the Microclimate and Crop 

Yields in the Western Cape region of South Africa. Master’s Thesis, University of 

Stellenbosch, Department of Forestry Sciences. 

Holmes, M. and Farrel, D. 1993. Orchard microclimate as modified by windbreaks: A 

Preliminary Investigation. South African Avocado Growers’ Association 

Yearbook, 16:59-64. 

Lado, J., Gambetta, G. and Zacarias, L. 2018. Key determinants of citrus fruit quality: 

Metabolites and main changes during maturation. Scientia Horticulturae, 

233:238-248. 

Outspan. 1997. Sitrus produksie riglyne – Deel 1, Windbeskerming. 1-16. 

Percival, D., Eaton, L., Stevens, D. and Privé, J. 2002. Use of windbreaks in lowbush 

Blueberry (Vaccinium angustifolium ait.) production. Acta Horticulturae, 

(574):309-316. 

Stellenbosch University https://scholar.sun.ac.za



5 
 

 
 

Stander, O., North, J., Van Niekerk, J., Van Wyk, T., Love, C. and Gilbert, M. 2019. 

Influence of Nonpermanent Netting on Foliar Spray Deposition, Insect Pest 

Prevalence, and Production of ‘Nadorcott’ Mandarin (Citrus 

reticulata). HortScience, 54(4):667-675. 

Syvertsen, J.P. and Lloyd, J.J. 1994. Chapter 4 – Citrus. In: Schaffer, B. and Andersen, 

P.C (eds.). Handbook of Environmental Physiology of Fruit Crops, volume II: sub-

tropical and tropical crops. CRC Press, FL, USA, 65-91. 

Turner, J. and Hardy, S. 2006. Windbreaks for Citrus. CITTgroups Australia, 1-13. 

Urban, J., Ingwers, M., McGuire, M. and Teskey, R. 2017. Stomatal conductance 

increases with rising temperature. Plant Signaling & Behavior, 12(8):1-3. 

Veste, M., Littmann, T., Kunneke, A., du Toit, B. and Seifert, T. 2020. Windbreaks as 

part of climate-smart landscapes reduce evapotranspiration in vineyards, 

Western Cape Province, South Africa. Plant, Soil and Environment, 66(3):119-

127. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Stellenbosch University https://scholar.sun.ac.za



6 
 

 
 

2. LITERATURE REVIEW: The effect of wind on the 
performance of fruit and nut crops. 
 
2.1 Introduction 
Wind is air in motion and is not only influenced by pressure differences, but also by 

the Coriolis forces, which are affected by the earth's rotation (Downs and Krizek, 1998; 

Chaney, 2001; Brandle et al., 2004). From the daily and seasonal change in solar 

heating of the earth's surface, different types of wind arise (gentle breezes, prevailing 

winds, and cyclonic winds), which all affect the growth rate and structure of trees 

(Chaney, 2001).  The response of plants to air movement is complex and consists of 

mechanical stress and alternation of microclimate. Both components must be 

considered separately to understand the response better (Onoda and Anten, 2011). 

Winds can further be classified as synoptic winds, land and sea breezes, 

mountain and valley breezes (Pienaar, 2005). When temperatures are fluctuating on 

a macroclimatic scale (differential heating of earth’s surface by the sun), it causes a 

pressure gradient that gives rise to wind (Chaney, 2001; Brandle et al., 2004; Pienaar, 

2005; Eugster, 2008). This pressure gradient causes air to move from an area of high 

pressure to an area of low pressure (Chaney, 2001; Eugster, 2008). Wind speed can 

be defined as the rate of change of position with time (Downs and Krizek, 1998). The 

prevailing wind direction will be determined by the geographic location. In the northern 

hemisphere, the wind blows from the North Pole towards the equator and is then 

deflected by the rotation of the earth to form wind blowing in a northeast direction 

(Chaney, 2001). In the southern hemisphere, the prevailing wind direction is blowing 

in the southeast direction (Chaney, 2001). 

Wind significantly impacts the morphology, physiology and reproduction of fruit 

and nut crops (Downs and Krizek, 1998; Onoda and Anten, 2011). The rate of 

photosynthesis and water loss is determined by solar radiation, leaf temperature, rate 

of gas exchange and the boundary layer resistance surrounding the leaf, and air 

movement significantly impacts these factors (Downs and Krizek, 1998; Chaney, 

2001; Carvalho et al., 2015; Sandquist and Ehleringer, 2018; Qaderi et al., 2019). The 

thickness of the boundary layer is determined by the wind speed. Thus, all 

temperature-dependent and gas-exchange processes of the plant are affected by the 
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velocity of air movement (Grace, 1988; Downs and Krizek, 1998; Carvalho et al., 2015) 

(Fig 2.1). The mechanical damage caused by wind can range from chronic to acute 

damage, and this will determine to what extent the performance of fruit trees are 

affected by wind as an environmental stress factor.  

Global climate change may also affect the productivity of commercial orchards, 

due to changes in wind speed, rainfall and temperature (Hatfield and Prueger, 2015; 

Pathak et al., 2018; Manja and Aoun, 2019; Mditshwa et al., 2019). For subtropical 

fruits such as citrus and avocados, extreme weather conditions like very high 

temperatures and wind velocities will have a detrimental effect on yield, fruit quality 

and tree performance (Mditshwa et al., 2019).  One of the biggest concerns of climate 

change is the decline in available water and increased evapotranspiration caused by 

higher temperatures, high winds and low rainfall.  

There are a few strategies already implemented on commercial farms to reduce 

the negative impact of strong winds on fruit and nut crops: tree-based windbreaks 

(shelterbelts), artificial windbreaks, shade nets and trellising or training of trees. These 

strategies differ from one another with regard to the method of wind reduction, 

effectiveness, environmental impact, establishment and maintenance costs and 

impact on the orchard microclimate. 

 

2.2 The beneficial effects of air movement on tree 
performance  
Air movement in orchards can have beneficial or detrimental effects on the growth and 

development of fruit trees, depending on the wind speed, as well as the phenological 

growth stage of the tree. Even low wind speeds (gentle breezes) can influence 

physiological plant processes considerably (Grace, 1988; Chaney, 2001; Smith and 

Ennos, 2003). 

 

2.2.1 Cooling 
Wind can increase the rate of leaf transpiration and reduce the leaf temperature 

considerably (Grace, 1988; Huang et al., 2015). Leaf transpiration rates depend on 

the vapour pressure deficit (VPD) between the air spaces in the mesophyll cells of 

leaves and the atmosphere, and the stomatal opening (Holbrook, 2018). VPD is the 

driving force for water loss through transpiration and depends on the air temperature 
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and relative humidity (RH) (Grace, 1988). Wind is one of the main climatological 

variables that determine the surface temperature of plants as it impacts the boundary 

layer resistance, whereby influencing the heat exchange from the plant surface 

(Grace, 1988). Thus, when the boundary layer is thin due to the presence of wind, the 

rate of cooling of the leaf surface increases (Chaney, 2001; Onoda and Anten, 2011; 

Schymanski and Or, 2016). For most fruit trees, the optimal temperature for 

photosynthesis, cell division and growth is around 25 – 30 oC. During summer periods, 

the absence of wind will increase leaf surface temperatures up to a point where 

irreversible damage can occur (Grace, 1988; Hatfield and Prueger, 2015). For fruit 

crops, there is a reduction in plant growth and yield when exposed to temperatures 

higher than 35 oC (Higuchi et al., 1999; Benlloch-González et al., 2019). Temperatures 

higher than the optimal range can result in poor fruit set due to deficient development 

of floral organs. Poor fruit set is observed in ‘Hass’ and ‘Fuerte’ avocado production 

when temperatures rise above 33 oC (Utsunomiya, 1992). For olive trees, the optimum 

rate of photosynthesis decreases rapidly when temperatures exceed 40 oC due to a 

reduction of CO2 conductance in the mesophyll cells (Trentacoste et al., 2015b). High 

temperatures (> 35 oC) may also result in a reduction in fruit set due to higher rates of 

pistil abortion, resulting in lower yields, delayed fruit maturation and smaller fruit 

(Benlloch-González et al., 2018). In cherimoya production, temperatures above 30 oC 

lead to low yields due to pollen and stigma damage from occurring heat stress (Higuchi 

et al., 1999). Temperatures higher than 30 oC can have detrimental effects on the 

growth and yield of most blueberry cultivars (Hao et al., 2019). The optimal 

temperature range for maximum levels of net CO2 assimilation for macadamias are 

between 20 – 30 oC, and will rapidly decline when leaf temperatures exceed 35 oC 

(Higuchi et al., 1999; Smit et al., 2020). For citrus trees, optimum photosynthetic 

activity is observed at temperatures between 25 – 30 oC (Spiegel and Goldschmidt, 

1996; Veste et al., 2000). The presence of air movement that results in cooling can 

reduce the negative effects of high temperatures on certain crops, especially under 

well water conditions. In very hot regions, the cooling effect of wind can reduce leaf 

surface temperature to ensure normal functioning of plant metabolic processes, 

assuming soil moisture is not limiting (Grace, 1988; Chaney, 2001; Hatfield and 

Prueger, 2015; Burgess et al., 2016). 
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2.2.2 Frost protection/removal of cold air 
In very cold areas, frost events are a common occurrence during spring nights when 

the sky is clear and wind speeds are low, and this impacts fruit or flowers present 

during this time (Grace, 1988; Heusinkveld et al., 2020). Frost events occur when 

turbulent mixing of air is suppressed, which results in a thermal inversion layer forming 

just above the surface (Ribeiro et al., 2006; Heusinkveld et al., 2020). Freezing 

episodes will occur when radiative cooling dominates over the convective heat 

release, which results in leaf, fruit and flower temperatures being well below air 

temperatures (Jordan and Smith, 1995). Wind can prevent frost events via two 

mechanisms. 1) Latent heat is produced during the phase change of water and 2) 

sensible heat is observed when cold and warm air layers are physically mixed by air 

movement (Jordan and Smith, 1995; Grace, 1988; Ribeiro et al., 2006). Wind can 

reduce the cold injury of trees through convective warming by the release of latent 

heat which can maintain a higher temperature in the exposed tree parts than ambient 

temperature (Jordan and Smith, 1995; Grace, 1988; Chaney, 2001). Wind can mix this 

thermal inversion layer and increase the air temperature just above the soil surface 

(Ribeiro et al., 2006; Heusinkveld et al., 2020). The mixing of cold air and warmer air 

can thus provide some frost protection (Ribeiro et al., 2006), with moderately strong 

winds (> 2.5 m.s-1) acting as a natural protection mechanism against frost formation 

(Jordan and Smith, 1995; Heusinkveld et al., 2020). 

 

2.2.3 Photosynthetic CO2 assimilation 
During a day when wind conditions are calm, CO2 levels in the tree canopy may drop 

below the levels of the surrounding atmosphere, as CO2 gas moves into the leaves 

during photosynthesis (Chaney, 2001; Sandquist and Ehleringer, 2018). A slight 

breeze may increase the rate of photosynthesis by 10 - 20% when other factors are 

not limiting (Chaney, 2001; Smith and Ennos, 2003). 

 

2.2.4 Protection against pests and diseases 
Wind can reduce the presence of pests and diseases in an orchard by reducing the 

RH and increasing ventilation. Fungal pathogens require very specific conditions for 

high rates of penetration and infection, especially the presence of free moisture (high 

RH) and relatively high temperatures (Latham, 1982; Taguchi et al., 2014). Wind 
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removes free moisture from the surface of fruit and leaves, and can potentially reduce 

infection incidence by certain pathogens (Latham, 1982; Taguchi et al., 2014; Singh 

and Kumar, 2016). Wind speeds higher than 3.2 m.s-1 can reduce succeeding dew 

formation (Taguchi et al., 2014). In the case of rice blast disease, wind reduced the 

severity of infection by reducing the period that leaves remained wet and also lowered 

the number of spores clinging to the plant surface (Taguchi et al., 2014). Prevailing 

wind also affects the flight patterns of insects. Moderately strong winds can reduce 

damage by insect herbivores by effectively disrupting their flight pattern (Singh and 

Kumar, 2016). In areas with low/no wind, wingless and flying insects tend to assemble 

more often and damage is more common (Pasek, 1988). The cooling effect of wind 

can indirectly reduce the damage of herbivorous insects by reducing their flying activity 

at low temperatures (Pasek, 1988). 
 

2.3 Threshold wind speeds affecting tree performance 
Wind speeds that exceed certain thresholds can harm both the vegetative and 

reproductive structures of trees. In citrus, strong winds exceeding 4.5 m.s-1 during the 

first six weeks after petal drop (small, tender and immature fruit) may result in external 

fruit damage of up to 90% of total damage at harvest (Freeman, 1976a; Outspan, 

1997; Turner and Hardy, 2006; Cataldo et al., 2013; Botina et al., 2019). Winds 

stronger than 6.7 m.s-1 is associated with scarring damage to developing citrus fruit 

(Freeman, 1976a; Holmes and Farrel, 1993; Outspan, 1997; Turner and Hardy, 2006; 

Cataldo and Pienika, 2009; Gravina et al., 2011). In prunes, wind scab occurred when 

wind speeds exceeded 5.8 m.s-1 for 10 to 12 days during the first three weeks after 

full bloom (Michailides and Morgan, 1992). For most fruit tree species, leaf size may 

be reduced when the mean wind speed in the orchard range from 6 to 10 m.s-1 (Downs 

and Krizek, 1998). Thus, wind damage on fruit depends on the wind speed, duration 

of the wind presence and the phenological developmental stage of the crop. 

The threshold wind speed for reducing shoot growth of trees depends on the 

species and has not been quantified satisfactorily. Microscopic damage to the leaf 

epidermis may significantly affect physiological processes of the leaf and can be 

observed when wind speed exceeds 3.3 m.s-1 in the tree canopy (Grace, 1974; Grace, 

1988). The physical abrasion of leaves and damage to the cuticle will result in higher 

transpiration rates at wind speeds higher than 3.3 m.s-1 (Grace, 1974). The 
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transpiration rate of most leaves gradually increases with wind speeds ranging from 

1.1 to 3.6 m.s-1 as the boundary layer and cuticular resistance decreases (Grace, 

1974). In vines, leaf stomatal conductance decreased drastically when the mean wind 

speed reached 5 m.s-1 (Tarara et al., 2005). 

 

2.4 The effects of wind/air movement on crop physiology 
2.4.1 Functioning of the stomata and gas exchange 
Wind has a major influence on tree physiology, especially the functioning of the 

stomata (Chaney, 2001; Pienaar, 2005; Carvalho et al., 2015). Stomatal conductance 

determines water use efficiency (WUE) by regulating the balance between water loss 

against carbon gain (Gokbayrak et al., 2008; Schymanski and Or, 2016). The specific 

response to air movement differs between plant organs, different species as well as 

the growing conditions (Huang et al., 2015; Onoda and Anten, 2011). The complexity 

of plant responses to wind is evident, but the mechanism is still poorly understood 

(Onoda and Anten, 2011). 

Leaf gas exchange regulates the photosynthetic capacity, carbon gain and 

plant water status of trees and is, therefore, an important parameter of crop yield 

(Syvertsen and Lloyd, 1994; Gokbayrak et al., 2008; Urban et al., 2017; Smit et al., 

2020). Air movement influences plant growth by regulating the rate of sensible and 

conductive heat transfer from plant surfaces (Downs and Krizek, 1998). Plants control 

their rate of water loss by regulating the aperture size of stomatal pores and 

responding to environmental cues like water availability, light intensity, temperature 

(air and leaf), RH, VPD (function of temperature and RH), mean wind speed and CO2 

concentration (Syvertsen and Lloyd, 1994; Huang et al., 2015; Sandquist and 

Ehleringer, 2018). From these stimuli, VPD, light and wind have the most significant 

effect on the rate of stomatal closure (Syvertsen and Lloyd, 1994; Gokbayrak et al., 

2008). Wind will cause the closure of stomata due to dehydration of the guard cells 

(Chaney, 2001; Pienaar, 2005; Qaderi et al., 2019). The initial response to wind is an 

increase in transpiration rate due to a higher VPD and lower resistance. This results 

in drought stress in the guard cells of the stomata and leads towards dehydration of 

the guard cells, followed by a reduction in turgor pressure, causing the stomata to 

close (Davies et al., 1978). The stomata of some plant species are sensitive to 
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mechanical shock, and thus leaf movements caused by wind can also result in 

stomatal closure (Davies et al., 1978). 

Wind also has an indirect effect on the closure of leaf stomata by lowering the 

leaf temperature (Schymanski and Or, 2016; Urban et al., 2017), altering the CO2 

concentration outside the stomatal region (Qaderi et al., 2019) and diminishing the 

boundary layer surrounding the leaf (Pienaar, 2005; Carvalho et al., 2015). Abscisic 

acid (ABA) increases in the guard cells in response to airflow and results in stomatal 

closure (Carvalho et al., 2015; Blumwald and Mittler, 2018; Qaderi et al., 2019). This 

decreasing stomatal conductance reduces the photosynthetic activity (CO2 and O2 gas 

exchange are limited) and transpiration rate of the tree (Downs and Krizek, 1998; 

Chaney, 2001; Pienaar, 2005; Smith and Ennos, 2003; Brandle et al., 2009; Urban et 

al., 2017). A reduction in the rate of photosynthesis will reduce the export of 

carbohydrates from leaves to fruit and will directly affect fruit quality and tree 

performance (Pienaar, 2005). 

Wind can also influence the number of stomata on leaves via gene expression 

(Gokbayrak et al., 2008). This is true for grapevine leaves which have a higher number 

of stomata in windy areas compared to vineyards sheltered by a windbreak 

(Gokbayrak et al., 2008). This plant adaptation allows the plant to transpire at sufficient 

rates to ensure a high photosynthetic capacity when stomatal conductance decreases 

due to higher wind speeds (Gokbayrak et al., 2008). 

 

2.4.2 Transpiration rate and boundary layer thickness 
Wind influences the rate of transpiration, evaporation and latent heat transfer from 

plant surfaces (Davies et al., 1978; Grace, 1988; Downs and Krizek, 1998; Onoda and 

Anten, 2011; Burgess et al., 2016). The rate of transpiration increases when wind 

removes the moisture-filled air surrounding the stomata and replace it with dry air, and 

simultaneously increases the VPD (Chaney, 2001; Gokbayrak et al., 2008; Onoda and 

Anten, 2011; Carvalho et al., 2015; Holbrook, 2018). A larger gradient causes more 

water loss (Davies et al., 1978; Holbrook, 2018). The rate of transpiration will increase 

proportionally with a rise in wind speed until the stomata close (high stomatal 

resistance) resulting in a reduction in transpiration (Gokbayrak et al., 2008; Huang et 

al., 2015; Schymanski and Or, 2016). This increase in transpiration will most likely only 

be observed when crops are grown under well-watered conditions (Schymanski and 
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Or, 2016). The transpiration rate will only increase when the stomatal conductance is 

higher than 0.01 m.s-1 and will decrease, with an increased wind speed as the stomatal 

conductance decreases (Schymanski and Or, 2016). The increase in transpiration will 

result in a reduction in leaf water potential, the plant will experience drought stress and 

certain metabolic processes will also be affected negatively (Grace, 1988). The 

opposite effect occurred where higher wind speeds result in decreased rates of 

transpiration due to a higher stomatal resistance when stomata close under more arid 

conditions, to conserve water use (Schymanski and Or, 2016). 

Wind speed affects the rate of transpiration in two ways: decrease boundary 

layer resistance (increased transpiration) and decrease the temperature-dependent 

driving gradient (decreased transpiration) (Grace, 1988; Schymanski and Or, 2016). 

 

2.5 The impact of wind damage on fruit quality and yield 
2.5.1 Overview 
The main reason wind can cause severe damage to fruit trees is due to the very high 

kinetic energy being exerted by wind gusts (Eugster, 2008). Wind damage is the result 

of either severe irregular storms like a typhoon/hurricane or persistent winds of 

intermediate strength (Zanamwe, 2014). The severity of damage is very similar for 

both these wind types. Fruit and nut trees have various phenological growth stages 

and sensitivity to wind damage differ between phases. Wind can damage reproductive 

or vegetative buds at the start of the growing season (Percival et al., 2002; Brandle et 

al., 2009; Hastings, 2018). Wind can also have indirect effects on fruit growth and yield 

by altering the microclimate of the orchard. Wind scar damage occurs frequently in 

young fruit during the immature growth stage when leaves, twigs, or branches rub, hit 

and cut against the external fruit surface (Grafton-Cardwell et al., 2003; Cataldo et al., 

2013; Zanamwe, 2018). The small and tender immature fruit is very susceptible and 

easily damaged (Tamang et al., 2010; Gravina et al., 2011; Botina et al., 2019).  

External fruit blemishes of crops like citrus, avocados, kiwifruit, passionfruit, 

blueberries, persimmon, prunes and plums are the most significant factors which 

contribute to the downgrade of fruit from export quality to either second grade or being 

rejected (Michailides and Ogawa, 1988; Brown, 1998; Turner and Hardy, 2006; 

Zanamwe, 2014; Lado et al., 2018). External fruit blemishes include wind scar 

damage, decay caused by fungi and insect damage (Janick and Robert, 2008; Botina 

Stellenbosch University https://scholar.sun.ac.za



14 
 

 
 

et al., 2019). The cosmetic quality of fruit is severely impacted by wind, and the storage 

ability of damaged fruit may also be altered (Outspan, 1997). 

 

2.5.2 Wind damage to fruit and flowers of commercial crops 
High average wind speeds in unprotected orchards contribute significantly to the 

damage and loss of flowers, resulting in poor fruit set and reduced yields (Van Rhee, 

1958; Outspan, 1997). Sand abrasion will result in the scarring of young fruitlets 

(Cleugh et al., 1998; Brandle et al., 2004 Tamang et al., 2010). The severity of fruit 

damage caused by sandblasting is a function of wind speed, the degree of turbulence, 

duration of exposure and the stage of plant development (Brandle et al., 2004). 

Furthermore, wind scars will expand as the fruit enlarges (Brown, 1998). Another form 

of abrasion is caused by hard and old leaf margins rubbing against small fruit, 

producing a corky cutin material to repair fruit damage (Grace, 1988; Outspan, 1997; 

Freeman, 1976a; Freeman, 1976b; Michailides and Morgan, 1992). Within four days 

after injury, cambial tissue is produced to form the corky suberin layer to protect 

underlying cells (Outspan, 1997). This type of damage is known as early wind scar 

damage (Freeman, 1976b; Outspan, 1997). Early wind injury is visible as a smooth 

translucent blemish on the fruit surface (Freeman, 1976b). In the case of kiwifruit, the 

rough skin with coarse hairs may cause abrasion to neighbouring fruit, which causes 

wind-rub damage (McAneney and Judd, 1987) that is not appealing to consumers 

(Turner and Hardy, 2006). The damage caused to fruit during its mature growth phase 

is mostly associated with the movement, rubbing and hitting of branches against the 

fruit and is known as late wind scar damage (Outspan, 1997; Percival et al., 2002; 

Cataldo and Pienika, 2009; Cataldo et al., 2013) (Fig 2.2). The damage occurring 

during the early and immature growth phase (damage associated with the movement 

of leaves), has the most significant effect on the percentage of wind damage to fruit at 

harvest (Cataldo and Pienika, 2009; Cataldo et al., 2013).  

Strong winds with turbulent airflow result in oscillatory motions of the fruit and 

wind-rub damage (McAneney and Judd, 1987; Pienaar, 2005). These oscillatory 

motions can be described by the simple linear theory of damped harmonic motion, 

which determines the frequency of oscillation and the damping coefficient (McAneney 

and Judd, 1987). Damage to shoots and fruit occurs when the wind oscillations exceed 

the physical limits of wind energy that they can endure (Pienaar, 2005). Proper pruning 
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techniques to remove dead and long shoots, which may cause abrasion to fruit, should 

be applied to only keep good fruit-bearing shoots (Cleugh et al., 1998). 

Avocado and citrus trees are also very susceptible to high rates of fruitlet 

abscission caused by wind during early spring (Lahav and Zamet, 1999). The 

mechanism that results in fruit damage is strongly related to the energy content of the 

wind at a small scale (Cataldo et al., 2013). Fruit heavily damaged by wind will most 

likely drop during the 'June drop' period (Grafton-Cardwell et al., 2003) and up to 39% 

of the final harvest can be lost during stormy winter conditions (Lahav and Zamet, 

1999; Zanamwe, 2018).  

Two different types of wind blemish can occur on fruit: ‘major wind blemish’ and 

‘minor wind blemish’ (Turner and Hardy, 2006). A major wind blemish can be identified 

by light coloured marks on the surface of the fruit which is 20 mm2 or larger, or dark 

coloured marks on the surface, which is deep (>1 mm) and larger than 12 mm2 (Turner 

and Hardy, 2006). For export, there is a zero-tolerance for major wind blemishes 

(Turner and Hardy, 2006). Minor wind blemish has marks as above mentioned but is 

smaller than 20 mm2 and 12 mm2 respectively (Turner and Hardy, 2006). Damage by 

strong winds may also strip and damage the leaves, resulting in reduced potential 

photosynthetic capacity (Cleugh et al., 1998). 

In addition to the physical damage to fruit, strong winds may also reduce long-

term storage ability and post-harvest quality (Zanamwe, 2014), especially in 

persimmon. Exposure of persimmon fruit to strong winds pre-harvest significantly 

increased the number of soft fruits after storage and shelf-life (Zanamwe, 2018). 

Defoliation by strong wind may result in decreased total soluble solids of fruit (Hodges 

and Brandle, 2006; Zanamwe, 2018; Botina et al., 2019). Wind scab damage on 

prunes can expose fruit to a higher incidence of fungal pathogen infection before the 

formation of a cork layer on the fruit surface (Michailides and Ogawa, 1988; 

Michailides and Morgan, 1992). 
 

2.5.3  Wind damage to specific fruit types 
2.5.3.1 Fruit damage in the citrus industry 
In South African fruit production areas like the Western Cape and Eastern Cape, 

where strong winds are very common, wind scar damage of citrus is one of the main 

causes for culling fruit. This loss of export quality fruit varies between 10 and 70% 
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(Holmes and Farrel, 1993; Outspan, 1997; Turner and Hardy, 2006). In Uruguay, the 

reduction of export quality to class 3 due to wind damage can range from 10 to 40% 

(Gravina et al., 2011; Cataldo et al., 2013 Gardiner et al., 2016). Less susceptible 

cultivars include ‘Valencia’ oranges and ‘Satsuma’ mandarins, while the more 

susceptible cultivars are ‘Washington’ Navel, ‘Ortanique’ tangor, ‘Lisbon’ lemons and 

‘Nadorcott’ mandarin (Cataldo and Pienika, 2009; Gravina et al., 2011). 

The first signs of peel damage to citrus fruit are evident about twee weeks after 

petal drop during the cell enlargement phase, the second growth stage, and may cover 

about 20% of the fruit surface (Gravina et al., 2011) (Fig 2.3). In the early growing 

phase (smaller than 1 cm), fruit have irregularities on its surface, which rub against old 

adjacent leaves and cause small scale movement that results in fruit damage (Holmes 

and Farrel, 1993; Outspan, 1997; Cataldo and Pienika, 2009; Cataldo et al., 2013). 

The abrasion of fruit causes peel damage and the secretion of oil onto the flavedo, 

resulting in the formation of new tissue with a corky texture as a healing mechanism – 

forming wind scar damage (Freeman, 1976b; Cataldo and Pienika, 2009). Wind scar 

damage is less frequent after 12 weeks from set (Brown, 1998). Wind scarring does 

not form a ring around the stem end and can thus be distinguished from thrip damage, 

occurring mostly on the bottom half of fruit and the marks are longitudinal and bow-

shaped with irregular edges (Outspan, 1997; Bedford et al., 1998). 

 

2.5.3.2 Fruit damage in the kiwifruit, plum and avocado industry 
Kiwi production in New Zealand, the United States, Italy, Japan, Spain and Chile are 

prone to wind scar damage (Basile et al., 2008). Producers implement protection 

systems like shade nets in windy areas to reduce the incidence of wind scar damage 

(Basile et al., 2008; Basile et al., 2014). In New Zealand, export-quality losses due to 

wind damage vary from 3 – 44%, depending on the trellising system and type of 

windbreak (natural or artificial) (McAneney et al., 1984; McAneney and Judd, 1987). 

 Plums are susceptible to wind scar damage, which can result in massive losses 

on the export market (Malik, 2020). Wind scab develops when immature fruit rub 

against other fruit, leaves and twigs (Michailides and Morgan, 1992). The fruit is most 

susceptible to wind scarring during the first three weeks after full bloom, if wind speed 

exceeds 5.8 m.s-1 (Michailides and Morgan, 1992). Abrasion damage to the fruit’s skin 

may cause secondary fungal infection like Diaporthe cinerascens (Michailides, 1991). 
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The use of 20% white shade nets is used commercially to significantly reduce severe 

wind scar damage and mitigate export losses (Malik, 2020). 

In avocados, wind scar damage is one of the main reasons why fruit are 

downgraded from export quality (Holmes and Farrel, 1993; ARC, 2003; Malapana, 

2016; Stones et al., 2019). Avocado fruit is highly sensitive to wind damage and 

requires wind protection to reduce losses (Holmes and Farrel, 1993; Gardiner et al., 

2016; Mditshwa et al., 2019; Stones et al., 2019). Fruit buds can be damaged by strong 

winds and this will reduce fruit set (Lahav and Zamet, 1999; Malapana, 2016). Wind 

speed is one of the main factors affecting the drop rate of flowers, while the abscission 

of fruitlets is mostly influenced by temperature and relative humidity (Lahav and 

Zamet, 1999). In certain production regions losses due to wind scar damage may be 

as high as 50% (Holmes and Farrel, 1993). Windbreaks in avocado production areas 

can reduce wind scar damage up to 26% (Holmes and Farrel, 1993). Shade nets 

installation is increasing rapidly and may reduce wind damage with between 27 and 

45% (Malapana, 2016; Stones et al., 2019). 

 

2.6 The impact of wind on vegetative development 
2.6.1 Overview 
Wind does not only affect fruit development, but also the vegetative growth of trees. 

Wind can damage leaves throughout the growing season for evergreen trees, and 

during non-dormant stages for temperate trees (Pienaar, 2005). Damage to leaves 

may reduce the photosynthetic capacity of the tree, which will affect the translocation 

process of assimilates from source to sink. This results in an imbalance of 

carbohydrate metabolism (Basile et al., 2014; Brandle et al., 2015) and affects fruit 

quality and yield significantly (Srisook et al., 2015). Shoot growth may also be reduced 

during active shoot growth flushes in spring and early summer. Damaged fruit-bearing 

branches will reduce the number of bearing positions for the following season (Norton, 

1988; ARC, 2003; Basile et al., 2014; Zanamwe, 2018). 

Mechanical loading may cause severe damage to commercial crops (Chaney, 

2001; Percival et al., 2002; Carvalho et al., 2015) and has a massive impact on plant 

growth, morphology, physiology and ecology (Grace, 1988; Brandle et al., 2004; 

Gardiner et al., 2016; Zanamwe, 2018). In apple production, brittle rootstocks such as 

M.26 and G.30 may snap at weak bud unions during strong wind gust events (Marini, 
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2019). The extent of wind damage depends on the wind speed, duration of wind gusts 

and canopy architecture (Burgess et al., 2016). Trees grown in environments sheltered 

from wind potentially have higher vegetative growth rates (Brandle et al., 2004). Wind 

affects growth and development through two processes: shaking (“seismorphogenic”) 

and contact rubbing (“thigmorphogenic”) (Percival et al., 2002) and is quantified with 

a stochastic process (Burgess et al., 2016). 

 

2.6.2 Effect of wind on leaf and shoot growth 
Strong winds may physically remove, strip and tear leaves from the trees (Hodges and 

Brandle, 2006; Moller et al., 2007; Brandle et al., 2009). Large leaves with long petioles 

are more susceptible to high wind speed (Srisook et al., 2015; Zanamwe, 2018). 

Kiwifruit leaves can easily be damaged and stripped from trees due to strong wind 

(Srisook et al., 2015). Shoot growth (vegetative growth) of fruit trees is reduced in 

wind-exposed areas (Tarara et al., 2005). Wind-exposed trees have fewer leaves and 

are smaller in size (Newenhouse, 1991; Downs and Krizek, 1998; Hodges and 

Brandle, 2006; Brandle et al., 2009). The petioles of leaves are also thinner and more 

flexible (Onoda and Anten, 2011; Gardiner et al., 2016). The smaller leaves may result 

in a reduction of the leaf area index and photosynthetic capacity (Wilson, 1984; 

Hodges and Brandle, 2006).  

The surface wettability of leaves can be altered by wind via damage to the leaf 

cuticle that will affect the efficiency of foliar applications for nutrition and pest and 

disease management (Wilson, 1984; Brown, 2018). The change in microclimate 

(ambient temperature and RH) can furthermore influence the foliar uptake of plant 

growth regulators (PGR's) and nutrients (Outspan, 1997; Brown, 2018). The physical 

abrasion of leaves may affect the cuticular resistance (breaks in the cuticle, lower 

cuticular resistance) and thus, result in a higher cuticular transpiration rate (Wilson, 

1984; Burgess et al., 2016). In addition, stem elongation and spacing between nodes 

may be reduced on young trees when exposed to wind (Cleugh et al., 1998; Börnke 

and Rocksch, 2018). 

The cooling effect of wind is positive when the temperature is reduced in very 

hot production areas, but can also have a negative effect when the temperature is 

reduced below the optimum for vegetative growth. In olive trees, the temperature 

range for optimal vegetative development is 15 – 32 oC (Trentacoste et al., 2015b; 
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Benlloch-González et al., 2019). Passionfruit shoots display maximum growth rates at 

temperatures of 23 – 30 oC, and at moderately high temperatures above 33 oC, the 

vegetative growth can be affected negatively (Utsunomiya, 1992). In contrast, high 

rates of vegetative growth are achieved with temperatures above 30 oC as in the case 

of litchi and mango (Higuchi et al., 1999). Whereas in macadamia nuts and avocado, 

the growth rate of shoots is significantly reduced at ambient temperatures higher than 

30 oC (Higuchi et al., 1999). 

The damage on leaves exposed to strong wind is due to a collapse of the 

adaxial and abaxial epidermal cell (Mackerron, 1976; Brandle et al., 2009), disruption 

of the abaxial epicuticular waxes (Grace, 1988; Cleugh et al., 1998) and the collapse 

of the mesophyll cells (Wilson, 1984). Severe abrasion damage to leaves may cause 

the epidermis cells to break and tear and result in an increased cuticular conductance 

(Grace, 1988; Cleugh et al., 1998; Brandle et al., 2009; Burgess et al., 2016). The new 

flush during spring and early summer will be damaged first when exposed to a day of 

high wind speeds (Mackerron, 1976). Wind tunnel studies on young expanding leaves 

found that the percentage area damaged increased linearly with wind speed, and 

young leaves are much more susceptible than mature leaves (Wilson, 1980). Wind 

damage to the tree, branches, leaves and fruit is permanent and cannot be reverted 

through plant recovery (Wilson, 1980). Wind damage to leaves can be confused with 

damage from diseases or herbicides (Newenhouse, 1991).  

 

2.6.3 Impact of wind on plant morphology 
Plants exposed to wind may show distinct morphological and anatomical changes: 

decreased tree height, smaller leaf size and increased leaf thickness (Cleugh et al., 

1998; Smith and Ennos, 2003; Brandle et al., 2004; Pienaar, 2005) known as 

thigmomorphogenesis (Cleugh et al., 1998; Percival et al., 2002; Smith and Ennos, 

2003; Pienaar, 2005; Börnke and Rocksch, 2018). Plants can adjust their physiological 

and developmental state by responding to mechanical stimuli, which is the result of 

complex signalling responses at a cellular level which require the alternation of gene 

expression (activation of 'touch' genes) and the synthesising of new proteins (Börnke 

and Rocksch, 2018). 
Trees exposed to a high average wind speed (6.7 m.s-1) tend to be smaller and 

more compact (Newenhouse, 1991; Tarara et al., 2005; Onoda and Anten, 2011; 
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Gardiner et al., 2016). This is a plant adaptation mechanism to reduce damage to the 

plant (Grace, 1988; Gardiner et al., 2016; Burgess et al., 2016; Börnke and Rocksch, 

2018).  This growth response can be attributed to the plant hormone ethylene that is 

responsible for the radial growth of cell walls (Börnke and Rocksch, 2018; Zanamwe, 

2018). The enzyme, 12-oxophytodienoate reductase, is activated during mechanical 

stress and is involved in the synthesis of jasmonic acid and gibberellins (GA), which 

is inhibited when plants experience mechanical stress (Börnke and Rocksch, 2018; 

Zanamwe, 2018). 

Another plant response to high winds is the alternation of the root/shoot ratio, 

the allocation of assimilates shifts from production a vegetative material like leaves 

and shoots to the production of root tissue (Cleugh et al., 1998; Chaney, 2001; Smith 

and Ennos, 2003; Gardiner et al., 2016). This phenomenon will only occur during 

active root growth periods (spring and early summer) and may resemble drought-

tolerant reactions (Newenhouse, 1991; Cleugh et al., 1998; Chaney, 2001). 

 

2.7 The effect of wind on pollination 
Pollination plays a critical role in fruit set and yield (Ramírez and Davenport, 2016; 

Mditshwa et al., 2019). Factors such as climate change (wind speed and temperature 

changes) and increased use of pesticides negatively affect pollen production and 

result in lower pollen viability (Mditshwa et al., 2019). Strong winds may reduce 

pollination in certain crops by reducing bee activity in orchards (McAneney et al., 1984; 

Percival et al., 2002; Moller et al., 2007; Tamang et al., 2010; Hastings, 2018). Most 

fruit trees depend on pollinators for high-quality fruit and seed (Sáez et al., 2019). 

Pollination is affected by air movement both directly and indirectly (Norton, 1988). In 

most fruit crops, insect pollination is the most important mode of pollen transfer 

(Norton, 1988; Mditshwa et al., 2019). In the case of bees, their flight activity is 

inhibited at wind speeds of 6.7 to 8.9 m.s-1 (Norton, 1988; Brandle et al., 2009; 

Hastings, 2018). 

A small increase in air temperature (microclimate alternation) during the 

pollination period can enhance the effective pollination period (Norton, 1988; Hatfield 

and Prueger, 2015; Malapana, 2016; Ramírez and Davenport, 2016; Mditshwa et al., 

2019). Low, cool temperatures (< 15 oC) negatively impacted pollen development and 

pollen tube growth in mango trees (Ramírez and Davenport, 2016). The increase in 
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air temperatures due to lower wind speeds may also affect pollination negatively by 

lowering the pollen viability in some areas (Hatfield and Prueger, 2015; Mditshwa et 

al., 2019). The stigmatic receptivity is increased by lower air temperatures resulting 

from a cooling effect of air movement (Mditshwa et al., 2019). Furthermore, pollen 

viability is a function of pollen moisture content, which is determined by the VPD and 

air temperature, which are both affected by wind speed (Hatfield and Prueger, 2015). 

Windbreaks can reduce the negative effects of strong winds on pollination by 

facilitating higher insect populations and activity during the pollination period compare 

to areas with higher wind incidence (Norton, 1988; Percival et al., 2002; Brandle et al., 

2009). In contrast, windbreaks may hinder insect pollination by creating a shaded 

environment adjacent to the windbreak. Bees dislike shaded conditions and this can 

reduce their activity in these areas (McAneney et al., 1984). 

In cherry, the rate of endosperm abortion increases with strong winds (Tamang 

et al., 2010). In avocado, fruit set is especially dependent on effective insect pollination 

and hot, dry winds during this period resulted in poor pollination and fruit set (Holmes 

and Farrel, 1993; Taylor and Gush, 2009; Mditshwa et al., 2019). Cashews and 

kiwifruit are pollinated by both wind and insects. The presence of strong winds will 

alter the efficiency of pollination by affecting the success of wind pollination and 

reducing the activity of insect pollinators (Janick and Robert, 2008; Hastings, 2018). 

Poor pollination in kiwifruit will result in small fruit with poor export quality (McAneney 

et al., 1984; Sáez et al., 2019). The presence of wind in mango is required to ensure 

outcrossing through wind pollination and very strong winds will reduce the number of 

flowers being pollinated (Ramírez and Davenport, 2016). Pistachio trees are wind-

pollinated and thus the presence of strong winds during this stage will have negative 

effects on the fruit set and yield (Janick and Robert, 2008). 

 

2.8 The effect of climate change on the severity of wind  
Climatic conditions influence fruit quality and yield (Lado et al., 2018). Wind is a very 

dominant factor that can significantly limit plant development (Percival et al., 2002). In 

Southern Africa, climate change is predicted to reduce water availability (less rainfall) 

and increase the evaporative demand (higher temperatures and wind speeds), this will 

lead to highly variable yields (Kanzler et al., 2018; Pathak et al., 2018; Veste et al., 

2020).  In South Africa, the need to improve the WUE of fruit crops is a priority due to 
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water scarcity in some fruit growing regions (Taylor and Gush, 2009). The influence of 

wind on evapotranspiration is well quantified (Pirkner et al., 2014; Kanzler et al., 2018). 

Windbreaks ameliorate the effect of wind via changes in the microclimate of the 

orchard (Kanzler et al., 2018) i.e. reduces wind speed and turbulent flux of heat and 

water between the crop, soil and atmosphere in the sheltered area (Kanzler et al., 

2018). Thus, in windy areas, the establishment of windbreaks may become a priority 

to manage crop irrigation. 

 

2.9 Strategies to reduce the negative effects of wind on 
crop production 
2.9.1 Tree-based windbreaks 
Windbreaks are implemented worldwide to reduce the harmful effects of high wind 

speeds on plants and soils (Kort, 1988; Brandle et al., 2004; Brandle et al., 2015). 

Available literature shows a 5 to 25% increase in crop productivity with the reduction 

in wind speed (Baldwin, 1988; Kort, 1988; Hamlet, 2000; Pienaar, 2005). Windbreaks 

alter the mean wind speed, wind direction and the turbulence of airflow (Baldwin, 1988; 

Cleugh, 1998; Hodges et al., 2002; Hodges and Brandle, 2006). Windbreaks exert a 

drag force on the wind field in the atmosphere thereby reducing mean wind speeds 

(Kort, 1988; Cleugh, 1998; Brandle et al., 2009). The normalised unit to describe the 

effective distance away from a windbreak is 1.0 H = 1 windbreak tree height; the 

protected zone leeward of the windbreak is therefore directly proportional to the height 

of the windbreak (Hamlet, 2000; Brandle et al., 2009). 

Reduced wind speed creates a ‘quiet zone’, with reduced turbulence and eddy 

zones which extends from the top of the windbreak leeward to a distance at ground 

level (Cleugh, 1998; Hamlet, 2000; Kanzler et al., 2018). At the end of the 'quiet zone,' 

there is a sharp increase in turbulent wind flow, the ‘wake zone’ (Cleugh, 1998; Hamlet, 

2000; Kanzler et al., 2018). The 'wake zone' consists of an area where air layers are 

mixed, but turbulence is enhanced compared to upwind (Cleugh, 1998; Pienaar, 2005; 

Kanzler et al., 2018). The occurrence of turbulence within the wake zone may result 

in increased heat and vapour transfer, even when the mean wind speed is decreased 

in this zone (Kanzler et al., 2018). 

The area protected on the leeward side of the windbreak is directly determined 

by the height and density of the windbreak (Brandle et al., 2015). The general 
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beneficial effects of windbreaks can be observed up to a distance of 10 times the 

height of the windbreak on the leeward side (Baldwin, 1988; Kanzler et al., 2018). 

According to Nuberg (1998), the maximum shelter effect is observed between 4H to 

12H for a permeable windbreak, but the porosity of the windbreak was not discussed. 

This zone of maximum protection starts at a distance two times that of the windbreak 

and may extend to 12 – 15H (Tamang et al., 2010). Fruit trees in zone 0.5 – 2H have 

to compete with windbreak trees for water, nutrients and light, and are often associated 

with lower yields and poorer fruit quality (Baldwin, 1988; Outspan, 1997; Nuberg, 

1998). When windbreaks are considered in orchards, requirements include fast-

growing species, shedding of leaves during winter (deciduous versus evergreen), 

maintenance of lower branches as trees age, an upright growth habit to limit space, 

not take up excessive production space, have a low water requirement and low root 

competition (Kort, 1988; Norton, 1988; Outspan, 1997; Hamlet, 2000; Turner and 

Hardy, 2006). 

The most common windbreak species in South Africa include Casuarina 

cunninghamiana (Beefwood) (evergreen), various Eucalyptus (evergreen) and Pinus 

tree species (evergreen), Populus species (poplar trees) (deciduous) and Podocarpus 

falcatus (Outeniqua Yellowwood) (evergreen) (Outspan, 1997). However, all these 

species have disadvantages. Eucalyptus competes for water resources and should 

not be planted in South Africa, India and Tanzania that often experience droughts 

(Hamlet, 2000). Beefwood has vigorous competing root systems growing up to 20 m 

laterally and leads to root competition with the neighbouring crop, especially in 

irrigated orchards. Cupressocyparis leylandii (Leyland cypress) has a very fast growth 

rate and can provide wind protection early, but the timber has little value. In addition, 

most of the current commercial windbreak species planted in South Africa are 

exogenous and may be required to be replaced with indigenous alternatives in future. 

Advantages of windbreaks in fruit production are evident (Norton, 1988; Cleugh, 

1998; Hamlet, 2000; Hodges et al., 2002; Pienaar, 2005). In the predominant 

monoculture cultivation of commercial fruit crops, hedgerows may introduce some 

biodiversity in insect and bird life (Brandle et al., 2004; Turner and Hardy, 2006; Moller 

et al., 2007). However, the establishment of natural windbreaks is challenging because 

of accompanying unwanted shading to trees near windbreaks (fruit and leaves stay 

wet for long periods), being a host for insects causing fruit damage (thrips and red 

spider mite), competing with fruit trees for water and nutrients and occupation of 
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valuable production land (Outspan, 1997; Hamlet, 2000; Pienaar, 2005; Brandle et al., 

2015). In addition, investment costs like establishment and maintenance should be 

considered (Holmes and Farrel, 1993; Moller et al., 2007). 

Changes in the microclimate near the windbreak could include: higher RH, 

reduced solar radiation due to shading, higher daytime air and soil temperatures, 

reduced rates of evapotranspiration and higher WUE of crops (Cleugh, 1998; Hodges 

and Brandle, 2006; Brandle et al., 2009; Tamang et al., 2010). This may favour a faster 

recovery of the tree’s water status due to an improved WUE to ensure optimal 

photosynthesis and physiological processes (Pienaar, 2005; Brandle et al., 2009; 

Mditshwa et al., 2019). Vegetative growth also increased after the installation of a 

windbreak (Brown, 2018; Mditshwa et al., 2019). 

 

2.9.2 Artificial windbreaks 
A selection of polythene mesh products can be used as artificial windbreaks and 

porosity features allow for more choices than tree windbreaks (Outspan, 1997). The 

initial expense to install an artificial windbreak is higher than a living windbreak, but 

the mesh satisfies all requirements of the 'perfect' windbreak (Gravina et al., 2011). 

Advantages include: quick installation with the immediate result (Pienaar, 2005), low 

maintenance (if wind storms do not occur), more easily installed into an existing 

planting, they do not occupy large portions of farmable land (Outspan, 1997) and they 

do not compete with trees for water and nutrients (Outspan, 1997). The life of the mesh 

can vary but most probably last for up to 10 years (Pienaar, 2005). However, as 

artificial windbreaks are normally not as high as living trees, they need to be closer 

together to achieve the same result, have to be replaced more often in areas with 

severe winds, and of late, pose an environmental challenge when the old nets have to 

be disposed of (Freeman, 1976a; Outspan, 1997; Turner and Hardy, 2006). Artificial 

windbreaks (screens) reduce the air velocity near the trees but can also modify the 

turbulent characteristics of the wind (Pirkner et al., 2014).  

Some artificial wind fences consist of plastic screens with small mesh openings 

(2-3 mm) (Cataldo et al., 2013) that will reduce air velocity, but also reduce the 

contribution of wind towards heat and water-vapour exchange between the plants and 

atmosphere (Pirkner et al., 2014). In a study by Gravina et al. (2011), citrus fruit pack 

out were increased by 20% compared to the 16% of living windbreaks. The use of 
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artificial windbreaks is mostly limited to situations where there is not enough land to 

plant tree windbreaks or where immediate protection is needed (fill gaps between 

windbreaks where lower branches are poorly developed) (Outspan, 1997). The ideal 

height for an artificial windbreak is six to seven meters, consisting of polythene mesh 

with a porosity of 50% (Outspan, 1997). 

 

2.9.3 Shade netting 
Using nets to cover whole orchards is being implemented on a global scale in areas 

where fruit production is affected by harsh environmental conditions (Basile et al., 

2012; Manja and Aoun, 2019). It has become an essential practice in windy regions to 

protect fruit trees by reducing the mean wind speed under the nets (Mupambi et al., 

2018; Manja and Aoun, 2019; Stander et al., 2019). The reduction of wind speed under 

the protective netting significantly reduced yield and quality losses for citrus and 

apples (Stander and Cronjé, 2016; Mupambi et al., 2018). The pack-out percentage 

of soft citrus will consistently be higher by 15 to 20% (Stander and Cronjé, 2016). The 

effectiveness of nets against wind damage depends on the net porosity, the timing of 

net installation and the location of the net in relation to the trees (Manja and Aoun, 

2019). As the shading percentage of the nets (netting density) increases, the reduction 

in wind speed under the nets will also increase (Mupambi et al., 2018). The 

microclimate under nets is also altered and may include a reduction in light intensity 

and wind speed, increased relative humidity and buffering of temperature extremes in 

the orchard (Basile et al., 2012; Mupambi et al., 2018; Stander and Cronjé, 2016; 

Stander et al., 2019). The change in the microclimate of the orchard may alter the tree 

physiology and can improve tree performance and fruit development (Stander et al., 

2019). Nets protect fruit against external cosmetic damage caused by wind, hail and 

sunburn, and protection against bird damage (Stander and Cronjé, 2016; Mditshwa et 

al., 2019). Nets can reduce average wind speed in orchards by up to 85 – 90% 

compared to unsheltered trees (Mditshwa et al., 2019) and within the tree canopy, by 

up to 40 – 50% when compared to wind-exposed canopies (Mupambi et al., 2018; 

Stones et al., 2019). 

The two biggest drivers to invest in nets is the significant increase in water use 

efficiency and reduction in external fruit disorders (Basile et al., 2014; Manja and Aoun, 

2019; Mditshwa et al., 2019). Shade nets can increase relative humidity and lower 
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wind speed to reduce evapotranspiration (Mupambi et al., 2018; Manja and Aoun, 

2019; Mditshwa et al., 2019). In apples, evapotranspiration rates under nets were up 

to 20 – 30% lower compared to an open field and resulted in significant water saving 

potential (Mupambi et al., 2018; Lulane et al., 2019). One disadvantage of shade nets 

for wind protection is that the high-density polyethene (HDPE) material can be 

damaged by very high wind speeds and it is very expensive to replace (Mupambi et 

al., 2018; Manja and Aoun, 2019). 

 

2.9.4 Trellising and row direction of trees 
The use of trellising systems in kiwifruit production resulted in reduced wind damage 

of fruit (McAneney et al., 1984; McAneney and Judd, 1987). In Uruguay, the use of 

tree windbreaks, Eucalyptus sp. And Casuarina sp., was not effective in reducing wind 

damage of citrus (Gravina et al., 2011). This led to an alternative solution to reduce 

wind scar damage – removal of basal leaves on shoots adjacent to fruit – which 

significantly reduced wind scar damage in citrus orchards (Gravina et al., 2011). 

Planting trees perpendicular to the direction of the prevailing wind reduces the 

negative effect of strong winds. This is also the reason why windbreaks are more 

effective in reducing wind speed when orientated perpendicular to the orchard. 

However, the positive effects of row direction on yield and fruit quality based on light 

interception usually outweigh the positive effects of wind speed reduction (Trentacoste 

et al., 2015a), which is about a 20% reduction in yield from NW to SE row orientation 

(Vineyards – 20%, Pears – 21.4%, apples – 17%) (Trentacoste et al., 2015a). 

 

2.10 Conclusion 
Wind is an environmental factor that impacts fruit production. However, where wind 

speeds exceed certain threshold values during specific developmental stages, 

physiological functions, evapotranspiration, vegetative growth, yield and fruit quality 

are compromised, either directly or indirectly. In severe, continuous cases, this may 

question the viability of the specific orchard in the windy area. Different solutions are 

available to mitigate the negative effects of wind – including the choice of less 

susceptible fruit kinds and cultivars, changing the row orientation and opting for a 

formal training system. However, often the required solution lies on a bigger scale and 
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involves the introduction of a windbreak to significantly reduce wind damage and 

effects. 

 One option for wind protection is the use of a living/artificial windbreak or shade 

net. The pros and cons of the different types have been widely discussed and the 

selection for a specific orchard must be based on criteria involving all the aspects of 

fruit growing and the climate of the site. A long-term approach should be taken to 

integrate all costs including the environmental impact in future as well as indirect 

effects of altering the wind direction and speed in the orchard before a final solution is 

taken. Alternative options for material, natural tree species or new technology may 

influence the producer’s current options and thus this topic should remain under 

discussion in future. 
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Tables and figures 
Table 2.1. Summary of the yield and fruit quality improvements due to wind protection 

in various fruit orchards. Adapted from Norton (1988). 

Crop type Yield/Quality improvement 

Temperate fruits  

Plum (Prunus sp.) Increased yield by 32 – 37% 

Plum cv. 'Songold (Prunus sp.) Increase of 10% in export-quality fruit 

Vitus sp. Grape production in China made possible 

Subtropical fruits  

Kiwi fruit (Actinidia deliciosa) Increase in export-quality fruit by 15% 

Valencia late orange (Citrus sinensis) No significant increase in yield but a 25-
77% increase in export-quality fruit 

Navel orange (Citrus sinensis) Amount of fruit-fall increases with distance 
from the windbreak 

Citrus sp. Increase in total sugar Vit. C and fruit 
weight 

Citrus sp. Trees protected by mesh-net windbreak 
yield 30% more 

Citrus sp. Significantly increase in export-quality fruit 
by 20% 

Avocado (Persea americana) Natural windbreaks: Reduce wind scar 
damage by 26% 

Avocado (Persea americana) Shade nets: Reduce wind scar damage by 
27 – 45% 

Tropical fruits  

Banana (Musa sp.) Prevent fruit loss due to wind by 15% 
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Figure 2.1. Boundary layer resistance for leaves as a function of wind with dimensions, 

d = 0.1 cm – 100 cm (left). Resistance pathway of heat, water and CO2 exchange 

between a leaf and its environment (right) (Grace, 1988). 

 

 
Figure 2.2. Wind damage to mature fruit (Turner and Hardy, 2006; Cataldo, 2009). 
 
 

 
Figure 2.3. Wind scar damage to young fruit (leaf) and mature fruit (right) (Gravina et 

al., 2011). 
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3. PAPER 1: The effect of wind speed and air temperature 
on tree physiology at different distances from an 
established tree windbreak for two bearing 'Tango' 
mandarin orchards in the Western Cape, South Africa 

Abstract 
Strong winds in the Western Cape have both direct and indirect effects on the 

performance of citrus trees. Tree-based windbreaks influence the orchard 

microclimate by reducing wind speed, giving rise to higher air temperatures and 

relative humidity (RH) which affects stomatal conductance (gs) and photosynthesis. In 

this study, wind speed and temperature (air and leaf), along with two physiological 

parameters (gs and stem water potential, SWP) were quantified at different distances 

from established Beefwood and Poplar windbreaks on two commercial ‘Tango’ 

orchards in the Western Cape, South Africa. The study was conducted over two 

seasons (2019/20 and 2020/21). The prevailing wind direction was from the southeast 

and north during summer and winter, respectively. Considerably higher (33%) wind 

speeds were recorded during summer compared to winter. During summer, the wind 

speed was consistently higher (17%) at 16H (140 m distance from the windbreak) 

compared to 3H (30 m). No distinct differences in air temperature and vapour pressure 

deficit (VPD) were observed between distance treatments. Leaf temperatures were 

significantly higher at the most wind-protected treatments (3H – summer and 16H – 

winter). The gs results for both trials were inconsistent, but significantly higher gs were 

observed at the most wind-protected treatments on 05/01/2021 (3H, 11:00) and 

18/05/2021 (16H, 09:00 – 15:00). The gs during summer was almost twice as high 

compared to winter, possibly due to higher temperatures (soil and air) combined with 

root and shoot growth flushes (high carbon demand). No clear trends were observed 

between distance treatments for midday stem water potential (SWPMD) at both sites. 

Due to varying results, no clear conclusions can be made regarding the effect of 

distance from established windbreaks on gs and SWP of soft citrus in the Western 

Cape. 

 

Keywords: ecophysiology, gas exchange, microclimate, shelterbelts, ‘Tango’ 

mandarin 
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3.1 Introduction 
The presence of strong winds can have a direct and indirect effect on the performance 

of citrus trees through the interrelationship between wind and factors like air 

temperature, leaf and fruit surface temperature and evapotranspiration (Pienaar, 

2005). Tree-based windbreaks influence the microclimate in orchards (sheltered area) 

i.e. a reduction in wind speed may increase air temperature and relative humidity (RH) 

(Brandle et al., 2004). These parameters considerably alter the vapour pressure deficit 

(VPD) and evapotranspiration (Hodges et al., 2004; Brandle et al., 2009). Microclimate 

components should be considered separately to understand the effect of windbreaks 

on them. Quantifying changes in the microclimate is challenging due to the complexity 

of tree-based windbreaks, which is influenced by the type of species (deciduous or 

evergreen), tree height, planting density, tree orientation, porosity and roughness of 

the terrain (Brandle et al., 2004; Kanzler et al., 2019). 

Windbreaks can reduce the wind speed by up to 39% when compared to an 

unsheltered area (Campi et al., 2009; Veste et al., 2020). This reduction in wind speed 

is observed for a distance up to five times the height of the windbreak (5H) (Campi et 

al., 2009). Significant wind speed reductions are observed near the windbreak (2H – 

4H) and, as the distance increases, turbulent airflow becomes more prominent, 

resulting in high wind speeds (Cataldo et al., 2013). Relating wind speed and direction 

patterns to crop damage can assist in determining economic thresholds for 

interventions such as windbreaks to reduce losses due to wind damage. 

The boundary layer resistance of tree canopies in the sheltered area increases 

when windbreaks are employed (Brandle et al., 2004). This results in reduced rates of 

water vapour removal from plant surfaces and a higher RH (Cleugh, 1998; Kanzler et 

al., 2019). The decrease in VPD, due to a reduction in wind speed, can reduce 

evapotranspiration up to 16% (Veste et al., 2020). The reduction in moisture stress 

can also allow the stomata to be open for longer to sustain higher photosynthetic 

activity (Pienaar, 2005). 

Wind is one of the main climatological variables that determines the surface 

temperature of leaves and fruit (Grace, 1988). Daytime leaf temperatures in a 

sheltered area (up to 5H) are higher due to lower transpiration rates caused by a 

reduction in wind speed (Hodges et al., 2004; Campi et al., 2009). 

Stellenbosch University https://scholar.sun.ac.za



41 
 

 
 

Temperature influences VPD that determines the stomatal aperture and rate of 

water loss through transpiration (Urban et al., 2017). For citrus, photosynthesis and 

shoot growth rates are optimal in the specific temperature range 25 – 30 °C (Spiegel 

and Goldschmidt, 1996; Veste et al., 2000). Air temperature also determines the 

accumulation of heat units required for fruit growth and maturation (Lado et al., 2018). 

Therefore, any change in temperature (positive or negative) due to wind impacts a 

range of physiological processes in citrus trees. 

Detailed information on the effect of windbreaks on microclimate and tree stress 

in citrus orchards in the Western Cape, South Africa, is lacking. In this study, wind 

speed and air and leaf temperature were quantified at different distances from 

established Casuarina cunninghamiana (Beefwood) and Populus chinensis (Poplar 

tree) windbreaks on two commercial Citrus reticulata (‘Tango’ mandarin) orchards in 

the Western Cape. Stem water potential (SWP) and stomatal conductance (gs) were 

then quantified and related to the microclimate data. 

 

3.2 Materials and Methods 

3.2.1 Experimental site and plant selection 
The study was conducted in two commercial orchards in the Western Cape Province, 

South Africa. This region has a Mediterranean-type climate, with wet winters and dry 

summers. The mean annual rainfall is 787 and 821 mm for Somerset West and Paarl, 

respectively (www.Climate-Data.org). For Somerset West, the average yearly 

temperature is 16.4 °C, with the highest average of 21.3 °C during February and the 

lowest average of 11.7 °C during July (www.Climate-Data.org). For Paarl, the average 

yearly temperature is 16.5 °C, with the highest average of 22.5 °C during February 

and the lowest average of 10.5 °C during July (www.Climate-Data.org). The 

experiments were conducted over two consecutive seasons, 2019/20 (season 1) and 

2020/21 (season 2). 

 

Trial 1 

The first commercial orchard was located at Rust en Vrede (34°00’42”S, 18°48’35”E), 

Somerset West, with ‘Tango’ mandarin trees grafted on Carrizo citrange rootstock 

(Citrus sinensis x Poncirus. trifoliata). The trees were planted in 2015, in a northwest 

– southeast row direction with tree spacing of 5 m between rows and 2.5 m within row, 
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on a Tukulu soil type (Soil Classification Working Group, 1991) and double line drip 

irrigation. The orchard was surrounded by a windbreak (Beefwood, C. 

cunninghamiana), planted perpendicular to the orchard, with a height of 9 m at the 

beginning of the trial (Fig 3.1A and 3.2A). The windbreak trees were uniform, with no 

discontinuities (gaps or missing trees) in the windbreak row. 

 
Trial 2 

The second commercial orchard was located at Babylonstoren (33°49’34”S, 

18°55’18”E), Paarl, with ‘Tango’ mandarin trees grafted on a Carrizo citrange 

rootstock. Trees were planted in a northeast – southwest row direction in 2015, with a 

row spacing of 5m (between rows) x 2.5m (within row). The irrigation system of the 

orchard was micro-sprinklers. The orchard was protected by two windbreaks (Poplar 

tree, P. Chinensis), planted parallel to the orchard at heights of 14 m (southern side) 

and 8 m (northern side) at the beginning of the trial (Fig 3.1B and 3.2B). 

 

3.2.2 Weather stations 
Automatic weather stations (AWS) (Fig 3.3) were installed on 6 March 2020 at both 

sites with one AWS located at each distance treatment (section 3.2.3) (Fig 3.2). At 

Rust en Vrede, the station at 10H only recorded data until the end of August 2020 due 

to data logger malfunction. A description of parameters and manufacturer details is 

given in Table 3.1. All microclimate data were recorded as 10 min averages by a data-

logger (ML-x17, YDOC®, Netherlands). Data was transferred onto an online server on 

a daily basis (UP GmbH, Ibbenbüren, Germany). 

 

3.2.3 Experimental layout and treatments 
Trial 1 consisted of three treatments which were three distances from the windbreak: 

3H (30 m), 10H (90 m) and 16H (140 m). Individual trees served as experimental units 

and 10 trees per treatment were randomly selected for data collection. The windbreak 

on the southern side of the orchard was chosen as the reference point for distance 

treatments (Fig 3.2A), thus 3H is most wind-protected during summer (south-easterly 

winds), but most wind-exposed during winter (northerly winds). 

Trial 2 consisted of two treatments which were two distances from the 

windbreak: 2H (25 m), 4H (60 m). Individual trees served as experimental units and 
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10 trees per treatment were randomly selected for data collection. The windbreak on 

the southern side of the orchard was chosen as the reference point for distance 

treatments (Fig 3.2B). 

 

3.3 Data collection 
3.3.1 Leaf temperature 
A handheld infrared temperature sensor (RAYNGER MX4 – Raytek Corporation, 

California, USA) was used to record the leaf temperature (°C) for both seasons. Five 

sun-exposed leaves were randomly selected per tree from the outer canopy at 

shoulder height, with 10 trees per treatment. Leaf temperature was recorded on 

different ad hoc dates. During 2019/20 the measurements were taken between 12h00 

and 14h00, whereas during 2020/21, measurements were taken bi-hourly, from 07h00 

(09h00 during autumn) to 17h00. Exact dates are indicated in Table 3.2. 

 

3.3.2 Vapour pressure deficit (VPD) 
VPD values were calculated using RH and air temperature values from the AWS. The 

leaf-to-air vapour pressure difference was then calculated from the following equations 

(Prins, 2018): 

1) Saturation vapour pressure (esat) = 0.6108 × Exp (17.5028 × Temp (°C) / (Temp 

(°C) + 240.97) 

2) Actual vapour pressure (ea) = Relative humidity / 100 × esat 

3) Vapour Pressure Deficit (kPa) = esat - ea 

 
3.3.3 Stomatal conductance 
A porometer (SC-1 Leaf Porometer, Meter Group Inc., Washington, USA) was used 

to record the stomatal conductance (mmol.m-2.s-1) of leaves. Four sun-exposed leaves 

(< 12 months old) were randomly selected per tree from the outer canopy at shoulder 

height, with five trees per treatment. The porometer was calibrated in the orchard (±30 

minutes before the first measurement) on each measurement date. Measurements 

were performed on the abaxial side of leaves, due to most of the stomata being located 

on the underside of citrus leaves (Spiegel and Goldschmidt, 1996). Stomatal 

conductance was recorded on ad hoc dates indicated in Table 3.2. During 2019/20, 

measurements started at 11h00, when all visible moisture had evaporated from 
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leaves, until 15h00. In 2020/21, measurements were taken bi-hourly from 07h00 

(09h00 during autumn) to 17h00. 

 

3.3.4 Stem water potential (SWP) 
A digital pressure chamber (PMS Model 615, PMS Instruments, Albany, USA) was 

used to record the SWP (MPa) of leaves. Two sun-exposed leaves (< 12 months old) 

were randomly selected per tree from the outer canopy at shoulder height, with ten 

trees per treatment. The SWP was recorded according to standard procedures (Begg 

and Turner, 1970; Prinsloo, 2007). Leaves were enclosed in a silver, opaque plastic 

bag during the morning, 4 to 5 hours prior to the midday measurements (12h00 – 

14h00).  The dates of the SWP measurements are shown in Table 3.2. 
 

3.4 Statistical analysis 
Statistical analysis software (SAS) Enterprise Guide 7.1 (SAS Institute Inc., Cary, 

North Carolina, USA) and the GLM (General Linear Models) procedure was used for 

analyses. Data were subjected to a one-way ANOVA to compare means. Interpretation 

of the results should thus reflect the layout of the trials. For post hoc testing, means 

were separated at a 5 % significance level (p-value < 0.05) using the Fisher least 

significant difference (LSD) test. 

 

3.5 Results 
3.5.1 Wind speed 
Trial 1 

In 2020/21, the highest mean wind speeds were recorded from October until February 

and the lowest from May until August (Fig 3.4). In 2020/21, the average wind speed 

during summer was 33% higher than in winter (Fig 3.4). The average wind speed 

during summer was 1.27 m.s-1 at 3H and 1.52 m.s-1 at 16H. The average wind speed 

during winter was 1.05 m.s-1 at 3H and 0.82 m.s-1 at 16H. The prevailing wind direction 

was southeast and north during summer and winter, respectively (Fig 3.4). On 

12/08/20, the average wind speed was 2.33 m.s-1 at 3H and 1.63 m.s-1 at 16H, with 

the highest value (3.82 m.s-1) recorded at 15h00 (Fig 3.5). The average wind speed 

was 24% lower at 16H than 3H. On 03/12/20, the average wind speed was 1.79 m.s-1 
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at 3H and 2.79 m.s-1 at 16H, with the highest value (5.16 m.s-1) recorded at 18h00 (Fig 

3.5). The average wind speed was 31% lower at 3H than 16H. 

 

Trial 2 

In 2020/21, the highest mean wind speeds were recorded from November until 

February and the lowest from May until August (Fig 3.4). In 2020/21, the average wind 

speed during summer was 32% higher than in winter (Fig 3.4). The average wind 

speed during summer was 1.04 m.s-1 at 2H and 0.57 m.s-1 at 4H. The average wind 

speed during winter was 0.73 m.s-1 at 2H and 0.44 m.s-1 at 4H. The prevailing wind 

direction was southeast and north during summer and winter, respectively (Fig 3.4). 

 

3.5.2 Air temperature and solar radiation 
Trial 1 

In 2020/21, the maximum and minimum mean monthly air temperatures were recorded 

during January (22.3 °C) and July (11.6 °C), respectively (Fig 3.6). On 10/08/20 

(12h00), the air temperature at 16H was 1.8 °C higher than 3H (Fig 3.7). On 20/12/20 

(14h00), the air temperature at 3H was 1.5 °C higher than 16H. In 2020/21, the 

maximum and minimum monthly mean solar radiation were recorded during January 

(297 W.m-2) and July (84 W.m-2), respectively (Fig 3.8). Solar radiation were similar 

between distance treatments (Fig 3.8). 

 

Trial 2 

In 2020/21, the maximum and minimum mean monthly air temperatures were recorded 

during January (23.9 °C) and July (10.6 °C), respectively (Fig 3.6). 
 

3.5.3 Leaf temperature 
Trial 1 

On 01/06/20, no significant differences were recorded between distance treatments 

(Table 3.3). On 19/08/20, the leaf temperature at 10H (21.0 °C) was significantly higher 

than at 3H (19.6 °C) and 16H (19.2 °C). On 26/11/20, the leaf temperature at 3H (26.6 

°C) was significantly higher than at 10H (25.3 °C) and 16H (25.0 °C). For all three 

dates, leaf temperatures were significantly higher on the leeward side (east) than the 

wind side (west) (Table 3.3). 
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On 05/01/21, significant differences were recorded between distance 

treatments for all sampling periods (Table 3.4). At 07h00, 13h00 and 15h00, the leaf 

temperature at 3H was significantly higher compared to 10H and 16H. At 09h00, the 

leaf temperature at 16H (30.5 °C) was significantly lower than 3H (31.9 °C) and 10H 

(31.7 °C). At 11h00, the leaf temperature at 3H (33.6 °C), 10H (32.5 °C) and 16H (31.5 

°C) differed significantly from each other. On 18/05/21, no significant differences were 

recorded between distance treatments at 09h00 and 11h00 (Table 3.5). At 13h00 and 

15h00, the leaf temperature at 16H was significantly higher compared to 3H and 10H. 

 

Trial 2 

On 04/06/20, 20/08/20 and 27/11/20, no significant differences were recorded 

between distance treatments (Table 3.6). For all three dates, leaf temperatures were 

significantly higher on the leeward side (east) than the wind side (west) (Table 3.6). 

On 18/02/21, no significant differences were recorded between distance 

treatments at 07h00, 09h00 and 13h00 (Table 3.7). At 11h00 and 15h00, the leaf 

temperature at 2H was significantly higher than at 4H. On 10/05/21, significant 

differences were recorded for all periods, with significantly higher leaf temperatures at 

2H compared to 4H (Table 3.8). 

 

3.5.4 Vapour pressure deficit 
Trial 1 

In 2020/21, the highest and lowest mean monthly VPDair were recorded in January 

(0.88 kPa) and July (0.17 kPa), respectively (Fig 3.9). On 10/08/20, the highest VPDair 

was recorded at 16h00 (3H – 0.81 kPa and 16H – 0.82 kPa) (Fig 3.10). On 20/12/20, 

the highest VPDair was recorded at 14h00 (3H – 4.25 kPa and 16H – 3.75 kPa). 

On 05/01/21, the lowest VPDleaf was recorded at 07h00 (0.90 kPa) and the 

peak, at 13h00 (2.24 kPa) (Fig 3.11). On 18/05/21, the lowest VPDleaf was recorded at 

09h00 (0.29 kPa) and the peak, at 15h00 (1.62 kPa) (Fig 3.12). 

 

Trial 2 

In 2020/21, the highest and lowest mean monthly VPDair was recorded in January 

(1.15 kPa) and July (0.19 kPa), respectively (Fig 3.9). 
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On 18/02/21, the lowest VPDleaf was recorded at 07h00 (0.11 kPa) and the 

peak, at 15h00 (2.52 kPa) (Fig 3.13). On 10/05/21, the lowest VPDleaf was recorded at 

09h00 (0.08 kPa) and the peak, at 15h00 (1.35 kPa) (Fig 3.14). 

 

3.5.5 Stomatal conductance 
Trial 1 

On 01/06/20, 19/08/20 and 26/11/20, no significant differences were recorded 

between distance treatments (Table 3.9). On 01/06/20, gs was significantly higher on 

the leeward side (103 mmol.m-2.s-1) than the wind side (95 mmol.m-2.s-1). On 19/08/20 

and 26/11/20, no significant differences were recorded between the tree sides. 

On 05/01/21, no significant differences were recorded between treatments at 

07h00, 09h00, 13h00 and 15h00 (Table 3.4). At 11h00, gs at 3H (201 mmol.m-2.s-1) 

was significantly higher than at 10H (181 mmol.m-2.s-1), and neither differed 

significantly from 16H (189 mmol.m-2.s-1). On 18/05/21, significant differences were 

recorded for all periods (Table 3.5). At 09h00, gs at 16H (135 mmol.m-2.s-1) was 

significantly higher than at 3H (122 mmol.m-2.s-1), and neither differed significantly 

from 10H (127 mmol.m-2.s-1). At 11h00, 13h00 and 15h00, gs at 16H was significantly 

higher compared to 3H and 10H. 

 

Trial 2 

On 04/06/20, no significant differences were recorded between distance treatments 

(Table 3.10). On 20/08/20 and 27/11/20, gs at 4H was significantly higher compared 

to 2H. On 18/02/21 and 10/05/21, no significant differences were recorded between 

distance treatments for all time periods (Table 3.7 and 3.8). 

 

3.5.6 Stem water potential (SWP) 
Trial 1 

On 26/08/20, 19/05/21 and 01/07/21, no significant differences were recorded 

between distance treatments (Table 3.11). On 11/06/20, 20/10/20 and 08/02/21, 

SWPMD was significantly lower (more negative) at 3H compared to 10H and 16H 

(Table 3.11). 
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Trial 2 

On 23/10/20, 09/02/21 and 08/06/21, no significant differences were recorded 

between distance treatments (Table 3.12). On 12/06/20 and 27/08/20, SWPMD was 

significantly lower (more negative) at 2H compared to 4H (Table 3.12). 

 

3.6 Discussion 
Persistent wind speeds of 3 – 6 m.s-1 and occasional strong winds (> 6 m.s-1) occur 

along the coastal agricultural production regions of the Western Cape (Pienaar, 2005; 

Herbst and Rautenbach, 2015). At Rust en Vrede and Babylonstoren (second 

season), the wind speed was considerably higher (33%) from October to February 

(late spring/summer) compared to May until August (winter), similar to trends reported 

in the literature (Pienaar, 2005). The difference between winter and summer wind 

speeds were, however, much higher than the 16.9% reported by Veste et al. (2020) in 

Paarl, Western Cape. The prevailing southeastern (September to April) and northern 

(May to August) wind directions were similar to the conventional wind regime of SE 

during summer and NW during winter for the Western Cape (Hamlet, 2000). For trial 

2, wind speed differences were apparent between treatments 2H (above canopy 

height, 3 m) and 4H (within canopy height, 2 m), which was due to higher wind speeds 

with an increase in canopy height, as reported previously (Jacobs and Van Boxel, 

1991). During summer, 3H was the most wind-protected area, with a 17% lower wind 

speed than 16H. During winter, 16H was the most wind-protected area, with up to a 

10% lower wind speed than 3H. The diurnal pattern for a typical summer- and winters 

day (Fig 3.5) displayed slightly higher wind speed reductions within a 24 h period 

compared to monthly averages. During late spring, Hamlet (2000) reported a 44% 

wind speed reduction between 3H and 11H, adjacent to a Beefwood windbreak. 

Although this was considerably higher than our results for trial 1, the trends were 

similar for distance treatments. Maximum wind speed reduction occurred at 3H, next 

to the Beefwood windbreak, confirming previous reports (Nuberg, 1998; Peri and 

Bloomberg, 2002). As the distance increased, turbulent airflow generated higher wind 

speeds at 16H, similar to findings from Cleugh (1998) and Hamlet (2000). 

 Air temperatures at different distances from the Beefwood windbreak were not 

altered substantially, even though wind speeds differed between treatments (Fig 3.4 

and 3.5). On 10/08/20 and 20/12/20, higher temperatures (up to 1.8 °C) at the most 
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wind-protected areas (16H – winter and 3H – summer) were mainly due to a reduction 

of turbulent mixing (Kanzler et al., 2019). Our results confirmed reports by Kanzler et 

al. (2019), with daytime temperatures under sheltered conditions (near windbreak) 

being 2 °C higher compared to wind-exposed areas. Even though wind speed differed 

between the two distances from the Poplar windbreak (Fig 3.4), air temperatures were 

similar. However, during summer, minor differences in the mean air temperature (0.7 

°C) were observed which can be attributed to differences in wind speed between 

treatments (Fig 3.4). During summer, air temperatures at Babylonstoren were slightly 

higher compared to Rust en Vrede confirming previous reports for these regions 

(www.Climate-Data.org). 

 The lack of significant differences for leaf temperature between treatments on 

01/06/20 and 19/08/20 resulted from comparable wind speed trends at Rust en Vrede 

from 13h00 until 15h00 (Fig 3.15) and possible similar transpiration rates at 3H and 

16H (Freeman et al., 1982). During early summer (26/11/20), leaf temperatures at 3H 

were significantly higher than at 10H and 16H, due to reduced airflow (Fig 3.15) 

resulting in less heat dissipation from the leaf surface (Pienaar, 2005). The difference 

in leaf temperature (1.6 °C) between sheltered (3H) and wind-exposed trees (16H) 

were similar to reports by Freeman et al. (1982) and Pienaar (2005) for grapevines. 

Although there were significant differences between treatments for trial 1, leaf 

temperatures never deviated from the temperature range for optimal photosynthesis 

(25 – 30 °C) (Spiegel and Goldschmidt, 1996). The maximum difference between leaf 

and air temperature (4.7 °C) was much lower than that reported by Ribeiro et al. (2009) 

for ‘Valencia’ oranges during summer (7.5 °C). 

On 05/01/20, no climate data was available for 16H, hence significant 

differences in leaf temperature cannot be explained through wind speed variations. 

During summer, 3H is the most wind-protected area (Fig 3.4 and 3.5). Leaf 

temperatures at 3H were the highest due to lower rates of cooling and confirmed 

previous results (Freeman et al., 1982). Even though leaf temperatures at 3H were 

significantly higher than at 10H and 16H, it never exceeded values (> 35 °C) where 

photosynthesis would severely be reduced (Veste et al., 2000). From 11h00 until 

15h00, leaf temperatures were above 30 °C but never exceeded 35 °C, therefore the 

photosynthetic rates were unlikely to be affected by the treatment-induced differences 
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in leaf temperature (Smit et al., 2020). On 18/05/20, the wind speed at 3H was 

marginally higher from 11h00 until 15h00 (Fig 3.15), resulting in significantly lower leaf 

temperatures. This is due to the higher transpiration rates of wind-exposed leaves, 

giving rise to cooling of the leaf surface (Freeman et al., 1982). At both sites, the 

leeward side of trees (east) was exposed to high levels of solar radiation by 14h00, 

resulting in significantly higher leaf temperatures compared to the wind side (west) 

(Prinsloo, 2007), thus wind speed was not the primary effect.  

No clear differences in wind speed were observed between 2H and 4H on 

04/06/20 and 20/08/20 (Fig 3.16) and thus no significant differences in leaf 

temperature were observed, supporting the findings of Freeman et al. (1982). On 

18/02/21, no weather data was available for 4H at Babylonstoren, and thus the 

significant differences cannot be explained through wind speed variations. Significant 

differences at 11h00 and 15h00 did not result in leaf temperatures above the optimal 

for photosynthesis (Spiegel and Goldschmidt, 1996). On 10/05/21, significant 

differences at 13h00 and 15h00 did potentially influence photosynthesis, as reported 

previously (Veste et al., 2000). Although greater distance from the Beefwood and 

Poplar windbreaks significantly altered leaf temperatures, it was not to the extent 

where optimal rates of photosynthesis were likely to be affected. 

 Citrus trees have two possible responses to increasing VPD: the higher 

atmospheric demand driving an increase in ET (hydrometeorological perspective), or 

stomatal closure resulting in a decrease in ET (plant physiological perspective) 

(Massmann et al., 2019). Higher air temperatures (Fig 3.6) and lower RH (data not 

shown) during summer resulted in a considerably higher VPDair compared to winter 

(Mira-García et al., 2020). No distinct differences were observed for the monthly VPDair 

(Fig 3.6) between distance treatments at either site (Prins, 2018). The peak VPDair on 

the typical winter and summer days corresponded with the highest air temperatures 

for the same 24h period (Fig 3.7). Mira-García et al. (2020) reported similar maximal 

VPDair in summer (> 4 kPa) and winter (< 1 kPa) for a lime orchard in Spain. The 

diurnal VPDair pattern in our study, being the lowest at sunrise and increasing to a 

maximum at midday, confirmed reports by Kanzler et al. (2019). 

 On 05/01/21, no clear changes in VPDleaf were observed between treatments 

at Rust en Vrede, even though bi-hourly leaf temperatures differed significantly (Table 
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3.4). The peak VPDleaf was similar to reports by Ribeiro et al. (2009) for ‘Valencia’ 

orange (> 2.7 kPa). VPDleaf from 13h00 until 15h00 exceeded the threshold (> 2 kPa) 

where the rate of photosynthesis for orange and grapefruit would be altered 

significantly (Prins, 2018). On 18/05/21, peak VPDleaf corresponded with the highest 

leaf temperatures (Table 3.5) reported before (Ribeiro et al., 2009). On 18/02/21, no 

differences in VPDleaf were observed between treatments at Babylonstoren, even 

though bi-hourly leaf temperatures differed significantly (Table 3.7). On 10/05/21 

(11h00), leaf temperatures were significantly higher at 2H but did not reflect in the 

higher VPDleaf observed at 4H. This can be explained by a much higher RH at 4H 

(74%) compared to 2H (61%) (data not shown). No clear changes in VPD were evident 

at different distances from the Beefwood and Poplar windbreaks. 

 The small peak in wind speed from 14h00 until 15h00 (01/06/20) (Fig 3.15) was 

unlikely to influence gs (Tarara et al., 2005), explaining the non-significant results. 

Negligible differences in leaf temperature (Table 3.3) and VPDleaf (Fig 3.15) also 

confirmed our results for trial 1 (Freeman et al., 1982; Syvertsen and Lloyd, 1994; 

Vahrmeijer and Taylor, 2018). Although leaf temperatures at 10H were significantly 

higher (19/08/20) (Table 3.3), it did not explain the similar gs values between 

treatments. Very low wind speeds (Fig 3.15), along with similar VPDleaf support our 

findings (Vahrmeijer and Taylor, 2018). On 26/11/20, wind speeds at 16H approached 

threshold values (> 5 m.s-1) where stomata could potentially close (Tarara et al., 2005) 

and were substantially higher than 3H (Fig 3.15). Pienaar (2005) reported significantly 

higher gs for sheltered vines compared to an open field (wind-exposed). However, in 

our study, similar gs was observed between the sheltered (3H) and wind-exposed 

(16H) treatments even though leaf temperatures at 3H (Table 3.3) were significantly 

higher (Freeman, 1982). During summer at Rust en Vrede, the wind speed was 

considerably higher at 16H (Figs 3.4 and 3.5) and, along with significantly higher leaf 

temperatures at 3H (05/01/21) (Table 3.4), could explain the difference in gs at 11h00 

(Freeman, 1982; Pienaar, 2005). Peak gs (11h00) corresponded with relatively high 

VPDleaf (1.0 – 2.0 kPa) during the late morning (Fig 3.11) (Mira-García et al., 2020) 

and decreased during midday (13h00) when VPDleaf reached 2.5 kPa (Smit et al., 

2020). This isohydric behavior (strict stomatal control) is typical of citrus trees 

(Syvertsen and Lloyd, 1994; Veste et al., 2000; Smit et al., 2020). Significantly higher 

leaf temperatures at 13h00 (1.5 °C) and 15h00 (1.2 °C) (Table 3.5) explained the 
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significantly higher stomatal aperture at 16H compared to 3H and 10H on 18/05/21 

(Freeman et al., 1982). However, significant differences at 09h00 and 11h00 cannot 

be attributed to leaf temperature, wind speed or VPDleaf as they were similar between 

treatments (Table 3.5; Fig 3.12 and 3.15) (Freeman et al., 1982; Pienaar, 2005; 

Vahrmeijer and Taylor, 2018). 

The wind speed at Babylonstoren never exceeded thresholds where gs would 

significantly be altered (Tarara et al., 2005) and no clear differences were observed 

between 2H and 4H (Fig 3.16), possibly explaining the results on 04/06/20 (Pienaar, 

2005). Similar leaf temperatures (Table 3.6) and VPDleaf (Fig 3.16) also supported 

previous findings (Freeman et al., 1982; Syvertsen and Lloyd, 1994; Vahrmeijer and 

Taylor, 2018). Significantly higher gs at 4H (20/08/20) could not be attributed to leaf 

temperature (Table 3.6), wind speed or VPDleaf (Fig 3.16) due to comparable values 

for both distances. Similarly, on 27/11/20, significant differences could not be 

explained through variations in leaf temperature (Table 3.6). However, the VPDleaf at 

2H was high enough to cause stomatal closure (Fig 3.16) (Smit et al., 2020). VPDleaf 

on 18/02/21 (Fig 3.13) showed no clear differences between treatments even though 

leaf temperatures at 11h00 and 15h00 differed significantly (Table 3.7). This could 

explain the non-significant results for gs (Vahrmeijer and Taylor, 2018). Peak gs 

(11h00) corresponded with VPDleaf values of 0.9 kPa and then gs decreased as VPDleaf 

increased strongly during midday (Fig 3.13), similar to trial 1 and previous findings 

(Veste et al., 2000; Smit et al., 2020). Significant differences were recorded for bi-

hourly leaf temperatures (10/05/21) but did not reflect in our results for gs (Freeman et 

al., 1982). Slightly higher wind speeds were recorded at 2H from 11h00 until 17h00 

(Fig 3.15), however, the difference did not affect gs significantly as reported before 

(Tarara et al., 2005). 

The summer gs was almost twice as high compared to winter, with reports by 

Vahrmeijer and Taylor (2018) and Mira-García et al. (2020) for orange and lime trees 

confirming this observation. This is most likely due to higher soil (not quantified) 

(Ribeiro et al., 2009) and air temperatures (Fig 3.6), resulting in an increased root 

permeability and higher whole-plant hydraulic conductance (Syvertsen and Lloyd, 

1994; Urban et al., 2017). In addition, Smit et al. (2020) quantified the correlation 

between carbon demand (gs) and certain phenological periods. Thus, growth flushes 
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(shoot and root growth) during spring and summer can partially explain the higher gs 

compared to winter. Stomatal aperture variations between the treatments in our study 

were due to the effect of wind and leaf temperature. Moisture stress was not a primary 

factor because SWPMD never exceeded thresholds of -1.3 MPa (3.5.6) where stomatal 

closure is expected (Freeman, 1982; Syvertsen and Lloyd, 1994; Pienaar, 2005). 

Results were inconsistent between seasons and therefore, no clear conclusions 

regarding the effect of established Beefwood and Poplar windbreak on gs of soft citrus 

trees can be reached at present. 

 Sdoodee and Somjun (2008) observed a strong correlation between the soil 

moisture content (SMC) and SWPMD for daily irrigated orange trees. On 26/08/20, 

19/05/20 and 01/07/21, the SMC at 10 cm and 20 cm was similar between treatments 

(Fig 3.17), partially supporting our results for trial 1. For all three dates, SWPMD closely 

reflected values of non-stressed citrus trees (-0.9 MPa) (Mira-García et al., 2020). The 

SMC at 16H was noticeably higher than 3H (11/06/20) (Fig 3.17), confirming our 

findings (Sdoodee and Somjun, 2008). Similarly, SMC at 10 cm and 20 cm (Fig 3.17) 

did not explain the significant differences on 20/10/20. However, at 30 cm, the SMC 

was much higher at 16H (Fig 3.17), hence significantly higher SWPMD (Sdoodee and 

Somjun, 2008). The SMC at Babylonstoren was only recorded at 2H, therefore SWPMD 

results could not be related to soil moisture differences. On 23/08/20, 09/02/21 and 

08/06/21, SWPMD closely reflected non-stressed conditions (Mira-García et al., 2020). 

Direct competition for water by the adjacent windbreaks occurs at 0.5H – 2H (Outspan, 

1997; Nuberg, 1998). This could have influenced the lower SWPMD recorded at 2H 

(12/06/20 and 27/08/20). In our study, SWPMD never exceeded thresholds for stomatal 

closure (-1.3 to -1.5 MPa) (Freeman et al., 1982). Although significant differences were 

observed, SWPMD never indicated water stress (Freeman et al., 1982). Even though 

VPD was considerably higher during summer (3.4 times higher), the SWPMD did not 

differ noticeably between seasons. This is linked to the strong stomatal control of citrus 

trees (Syvertsen and Lloyd, 1994; Vahrmeijer and Taylor, 2018; Smit et al., 2020). 

Well-watered conditions for the duration of our study resulted in ‘Tango’ trees rarely 

experiencing water stress in any of the distances from the Beefwood and Poplar 

windbreaks. 
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3.7 Conclusion 
This study aimed to quantify the effect of tree-based windbreaks on the microclimate 

(wind speed and air temperature) and possible tree stress in ‘Tango’ mandarin 

orchards in the Western Cape. During spring and summer, the wind speeds at 16H 

were consistently higher (17%) than at 3H. However, during winter, 16H was the most 

wind-protected area, due to a change in wind direction from southeast to north. The 

average wind speed during summer was 33% higher compared to winter, being 

considerably higher than values reported before. 

 Monthly air temperatures were not altered meaningfully between treatments, 

but during a 24h period in winter and summer, noticeably higher air temperatures were 

observed at the most wind-protected treatments. In our study, leaf temperatures 

differed significantly between treatments due to changes in wind speed which could 

have altered transpiration cooling rates. Even though the distance from established 

Beefwood and Poplar windbreaks significantly affected leaf temperature, optimal rates 

of photosynthesis were most likely not altered. 

 At both sites, VPD values were fairly similar between distance treatments. The 

seasonal and daily VPD patterns in our study were comparable to previous reports. 

During midday in summer, VPD values increased above thresholds where stomatal 

closure occurs and photosynthetic rates decline, which confirmed the typical isohydric 

behaviour of citrus trees under high VPD conditions. In our study, wind rarely affected 

stomatal closure directly due to threshold values seldom being exceeded. The indirect 

effect of wind (RH and leaf temperature changes) had an apparent effect. Higher gs 

were observed close to the windbreak (3H) due to higher VPDleaf values, up to a point 

where a further increase in VPD caused stomatal closure. In our study, considerably 

lower soil moisture content at 30 cm depth resulted in significantly lower SWPMD values 

at 2H and 3H. 

 Valuable microclimate data were collected during this study and confirmed the 

non-uniform wind protection provided by tree-based windbreaks which were seen by 

the clear contrast in wind speed between distances treatments. However, due to 

inconsistent results, no clear conclusions can be made regarding the effect of 

windbreaks on gs and SWP in soft citrus orchards in the Western Cape. 
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Tables and figures 
Table 3.1. Automatic weather station details at Rust en Vrede, Somerset West, and Babylonstoren, Klapmuts. 

Parameter Unit Instrument name Manufacturer details Manufacturer location 

Air temperature (2 m height) °C HydroFlex5 Rotronic® Switzerland 

Leaf temperature (2 m height) °C Infrared Radiometer, SI-421-SS Apogee Instruments® USA 

Relative humidity % HydroFlex5 Rotronic® Switzerland 

Solar radiation (3 m height) W.m-2 Pyranometer, SP-510-SS  Apogee Instruments® USA 

Wind speed (3 m and 2 m 

height) 

m.s-1 Wind Sentry Anemometer RM Young Company USA 

Soil heat flux (20 cm soil 

depth) 

W.m-2 Hukseflux, HFP01Sc Delft® Netherlands 

Soil moisture (10, 20, 30 and 

40 cm depths) 

m3.m-3 PR2 Profile Probe Delta-T devices® UK 
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Table 3.2. Data collection dates for leaf temperature, stomatal conductance and stem 

water potential for both trials in 2019/20 and 2020/21. 

 Leaf temperature Stomatal 
conductance Stem water potential 

 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 

Autumn 
01/06/20 
and 
18/05/21 

04/06/20 
and 
10/05/21 

01/06/20 
and 
18/05/21 

04/06/20 
and 
10/05/21 

11/06/20 
and 
19/05/21 

12/06/20 
and 
08/06/21 

Winter 19/08/20 20/08/20 19/08/20 20/08/20 
26/08/20 
and 
01/07/21 

27/08/20 

Late 
spring 26/11/20 27/11/20 26/11/20 27/11/20 20/10/20 23/10/20 

Summer 05/01/21 18/02/21 05/01/21 18/02/21 08/02/21 09/02/21 

 

 

Table 3.3. Leaf and air temperature for the ‘Tango’ mandarin orchard at Rust en Vrede, 

Somerset West, for the 2019/20 season. 

 Leaf temperature (°C) Air temperature (°C) 

Treatment 01/06/20 19/08/20 26/11/20 01/06/20 19/08/20 26/11/20 

3H 24.7 ns 19.6 b 26.6 a 21.1 16.0 21.7 

10H 25.4 21.0 a 25.3 b 22.2 16.5 - 

16H 24.5 19.2 b 25.0 b 21.5 16.0 20.2 

P-value 0.5406 0.0188 0.0202 - - - 

Tree side       

Leeward 28.8 a* 23.0 a 28.6 a - - - 

Wind 20.9 b 16.8 b 22.6 b - - - 

P-value <.0001 <.0001 <.0001 - - - 

*Means with a different letter within a column differ significantly at the 5% level (LSD).  
ns Denotes non-significant differences within a column. 
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Table 3.4. Bi-hourly stomatal conductance and leaf temperature of ‘Tango’ mandarin trees at Rust en Vrede, Somerset West from 

07:00 until 15:00 (05/01/2021). 

 Stomatal conductance (mmol.m-2.s-1) Leaf temperature (°C) 

Treatment 07:00 09:00 11:00 13:00 15:00 07:00 09:00 11:00 13:00 15:00 

3H 118 ns 157 ns 201 a* 143 ns 158 ns 27.7 a 31.9 a 33.6 a 34.0 a 32.8 a 

10H 117 146 181 b 143 151 26.4 b 31.7 a 32.5 b 32.8 b  31.9 b 

16H 118 153 189 ab 137 153 26.3 b 30.5 b 31.5 c 32.4 b 31.7 b 

P-value 0.9764 0.4440 0.0035 0.5358 0.5868 <.0001 <.0001 <.0001 <.0001 <.0001 

*Means with a different letter within a column differ significantly at the 5% level (LSD).  
ns Denotes non-significant differences within a column. 

 

Table 3.5. Bi-hourly stomatal conductance and leaf temperature of ‘Tango’ mandarin trees at Rust en Vrede, Somerset West from 

09:00 until 15:00 (18/05/2021). 

 Stomatal conductance (mmol.m-2.s-1) Leaf temperature (°C) 

Treatment 09:00 11:00 13:00 15:00 09:00 11:00 13:00 15:00 

3H 122 b* 168 b 147 b 129 b 16.0 ns 20.3 ns 22.9 b 25.3 b 

10H 127 ab 171 b 145 b 130 b 16.2 20.7 23.0 b 25.6 b 

16H 135 a 184 a 155 a 141 a 16.9 21.4 24.4 a 26.5 a  

P-value 0.0337 0.0028 0.0364 0.0092 0.0887 0.0808 <.0001 0.0003 

*Means with a different letter within a column differ significantly at the 5% level (LSD).  
ns Denotes non-significant differences within a column. 
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Table 3.6. Leaf and air temperature for ‘Tango’ mandarin orchard at Babylonstoren, 

Klapmuts for 2019/20 season. 

 Leaf temperature (°C) Air temperature (°C) 

Treatment 04/06/20 20/08/20 27/11/20 04/06/20 20/08/20 27/11/20 

2H 23.9 ns 21.1 ns 27.9 ns 19.5 13.0 29.9 

4H 23.3 20.8 27.1 19.9 13.4 29.1 

P-value 0.4971 0.7904 0.1085 - - - 

Tree side       

Leeward 28.2 a* 25.5 a 29.5 a - - - 

Wind 19.1 b 16.5 b 25.5 b - - - 

P-value <.0001 <.0001 <.0001 - - - 

*Means with a different letter within a column differ significantly at the 5% level (LSD).  
ns Denotes non-significant differences within a column. 
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Table 3.7. Bi-hourly stomatal conductance and leaf temperature of ‘Tango’ mandarin trees at Babylonstoren, Klapmuts from 07:00 

until 15:00 (18/02/2021). 

 Stomatal conductance (mmol.m-2.s-1) Leaf temperature (°C) 

Treatment 07:00 09:00 11:00 13:00 15:00 07:00 09:00 11:00 13:00 15:00 

2H 147 ns 171 ns 198 ns 166 ns 172 ns 18.1 ns 22.8 ns 26.7 a* 29.2 ns 30.7 a 

4H 141 164 199 158 170 17.5 22.0 25.8 b 28.4 29.5 b 

P-value 0.3156 0.2694 0.7851 0.2029 0.7783 0.0551 0.3579 0.0365 0.1042 0.0040 

*Means with a different letter within a column differ significantly at the 5% level (LSD).  
ns Denotes non-significant differences within a column. 

 

Table 3.8. Bi-hourly stomatal conductance and leaf temperature of ‘Tango’ mandarin trees at Babylonstoren, Klapmuts from 09:00 

until 15:00 (10/05/2021). 

 Stomatal conductance (mmol.m-2.s-1) Leaf temperature (°C) 

Treatment 09:00 11:00 13:00 15:00 09:00 11:00 13:00 15:00 

2H 120 ns 140 ns 120 ns 116 ns 20.5 a* 24.0 a 26.0 a 27.9 a 

4H 115 139 119 111 19.6 b 22.9 b 25.2 b 27.2 b 

P-value 0.2694 0.7851 0.7783 0.2029 <.0001 <.0001 <.0001 <.0001 

*Means with a different letter within a column differ significantly at the 5% level (LSD).  
ns Denotes non-significant differences within a column. 
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Table 3.9. Stomatal conductance (gs) of ‘Tango’ mandarin trees at Rust en Vrede, 

Somerset West for 2019/20 season. 

 Stomatal conductance (mmol.m-2.s-1) 

Treatment 01/06/2020 19/08/2020 26/11/2020 

3H 103 ns 87 ns 172 ns 

10H 100 92 169 

16H 95 95 160 

P-value 0.1822 0.1494 0.3830 

Tree side    

Leeward 103 a* 94 ns 165 ns 

Wind 95 b 89 169 

P-value 0.0170 0.2126 0.5879 

*Means with a different letter within a column differ significantly at the 5% level (LSD).  
ns Denotes non-significant differences within a column. 

 

Table 3.10. Stomatal conductance (gs) of ‘Tango’ mandarin trees at Babylonstoren, 

Klapmuts for 2019/20 season. 

 Stomatal conductance (mmol.m-2.s-1) 

Treatment 04/06/2020 20/08/2020 27/11/2020 

2H 123 ns 128 b* 158 b 

4H 116 136 a 165 a 

P-value 0.1066 0.0096 0.0218 

*Means with a different letter within a column differ significantly at the 5% level (LSD).  
ns Denotes non-significant differences within a column. 
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Table 3.11. Midday stem water potential of ‘Tango’ mandarin trees at Rust en Vrede, Somerset West for 2019/20 and 2020/21 

season. 

 Stem water potential (MPa) 

Treatment 11/06/2020 26/08/2020 20/10/2020 08/02/2021 19/05/2021 01/07/2021 

3H -1.11 a* -0.93 ns -0.95 a -1.28 a -1.07 ns -0.92 ns 

10H -1.02 b -0.92 -0.87 b -1.23 b -1.06 -0.90 

16H -1.01 b -0.90 -0.85 b -1.20 b -1.05 -0.89 

P-value <0.0001 0.1045 <0.0001 <0.0001 0.4894 0.2441 

*Means with a different letter within a column differ significantly at the 5% level (LSD).  
ns Denotes non-significant differences within a column. 

 

Table 3.12 Midday stem water potential of ‘Tango’ mandarin trees at Babylonstoren, Klapmuts for 2019/20 and 2020/21 season. 

 Stem water potential (MPa) 

Treatment 12/06/2020 27/08/2020 23/10/2020 09/02/2021 08/06/2021 

2H -1.07 a* -0.95 a -0.99 ns -1.07 ns -1.07 ns 

4H -0.98 b -0.86 b -1.00 -1.12 -1.06 

P-value <0.0001 <0.0001 0.1812 <0.0001 0.8479 

*Means with a different letter within a column differ significantly at the 5% level (LSD).  
ns Denotes non-significant differences within a column. 
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Figure 3.1. (A) Established Beefwood (trial 1 at Rust en Vrede) and (B) Poplar (trial 2 

at Babylonstoren) windbreaks on the southern side of the orchards.
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Figure 3.2. Experimental layout for trial 1 (A) and trial 2 (B). Location of AWS at each 

distance treatment indicated with a red circle. 
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Figure 3.3. Example of AWS (3 m height) at Rust en Vrede (A) and Babylonstoren 
(B). 
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Figure 3.4. Monthly mean wind speed and wind direction for the 2020/21 season at Rust en Vrede, Somerset West and 

Babylonstoren, Klapmuts recorded by AWS at two distances from an established Beefwood (trial 1) and Poplar (trial 2) windbreak.
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Figure 3.5. Diurnal pattern for hourly wind speed (3 m height) on a typical windy winter 

(A) (12/08/20) and summer (B) (03/12/20) day at Rust en Vrede, Somerset West.
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Figure 3.6. Monthly mean air temperature for the 2020/21 season at Rust en Vrede and Babylonstoren recorded by the AWS at two 

distances from an established Beefwood (trial 1) and Poplar (trial 2) windbreak. 
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Figure 3.7. Diurnal pattern for hourly air temperature on a typical winter (10/08/20) and summer day (20/12/20) at Rust en Vrede, 

Somerset West. 
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Figure 3.8: Monthly mean solar radiation for the 2020/21 season at Rust en Vrede, Somerset West recorded by the AWS (3 m 

height) at two distances from an established Beefwood windbreak.
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Figure 3.9. Monthly mean VPDair for the 2020/21 season at Rust en Vrede, Somerset West and Babylonstoren, Klapmuts recorded 

by the AWS.
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Figure 3.10. Diurnal pattern for hourly VPDair on a typical winter (A) (10/08/20) and 

summer day (B) (20/12/20) at Rust en Vrede, Somerset West. 
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Figure 3.11. Bi-hourly VPDleaf of ‘Tango’ mandarin trees at Rust en Vrede, Somerset 

West from 07:00 until 15:00 (05/01/2021).  

 

 
Figure 3.12. Bi-hourly VPDleaf of ‘Tango’ mandarin trees at Rust en Vrede, Somerset 

West from 09:00 until 15:00 (18/05/2021). 
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Figure 3.13. Bi-hourly VPDleaf of ‘Tango’ mandarin trees at Babylonstoren, Klapmuts 

from 07:00 until 15:00 (18/02/2021). 

 

 
Figure 3.14. Bi-hourly VPDleaf of ‘Tango’ mandarin trees at Babylonstoren, Klapmuts 

from 09:00 until 15:00 (10/05/2021)
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Figure 3.15. Hourly wind speed at Rust en Vrede, Somerset West for two distances 

from established Beefwood windbreak for leaf temperature and stomatal  

conductance measurement dates. 
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Figure 3.16. Hourly wind speed at Babylonstoren, Klapmuts for two distances from 

established Poplar windbreak for leaf temperature and stomatal conductance 

measurement dates. 
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Figure 3.17. Soil moisture content (10 min interval) at different depths at Rust en 

Vrede, Somerset West for two distances from established Beefwood windbreak for 

SWP measurement dates.
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4. PAPER 2: The influence of windbreaks on seasonal 
growth, vegetative development and yield of bearing 
‘Tango’ mandarin trees in the Stellenbosch region, South 
Africa 

Abstract 
Strong winds can reduce shoot and leaf growth during growth flushes in spring and 

summer. Wind speed reductions in the sheltered area next to a windbreak can improve 

vegetative development directly (reduce mechanical loading) and indirectly (increased 

air temperatures and higher water use efficiency). In this study, the impact of tree-

based windbreaks on fruit growth and yield was quantified on two commercial ‘Tango’ 

mandarin orchards in the Western Cape, South Africa. The effect of wind on fractional 

light interception (FLI), tree volume and shoot growth were quantified over two 

consecutive seasons (2019/21 and 2020/21), at different distances from two 

established windbreaks (Casuarina cunninghamiana and Populus chinensis). No 

significant differences were recorded for tree volume during both seasons, due to 

persistent winds rarely reaching damaging speeds (> 6.7 m.s-1) at both sites. In our 

study, no significant differences were recorded for FLI, due to similar tree volumes. 

Similar to previous reports, yield efficiency was not significantly affected by distance 

from the windbreak in either of the trials. The fruit size at 3H (30 m) and 10H (90 m) 

was significantly larger than 16H (140 m) throughout the first season, but the average 

fruit size at harvest was similar between treatments, for both seasons. No clear trends 

in fruit growth rates were observed between treatments, for both seasons. At both 

sites, the highest wind speeds were recorded during late spring/early summer and 

overlapped with the period where vegetative growth flushes are most susceptible to 

damage. Although wind speeds were considerably higher at 16H compared to 3H, no 

difference in shoot length was recorded. Even though wind occurred at both sites, with 

varying speeds between treatments, it was not severe enough to significantly impact 

the performance of seasonal growth or yield of soft citrus trees in the Klapmuts and 

Somerset West areas. 
 

Keywords: fruit growth, shelterbelts, soft citrus, tree performance, Western Cape 
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4.1 Introduction 
Adequate vegetative development is crucial to ensure high levels of carbohydrates for 

fruit development and high yields (Pienaar, 2005). Strong winds can reduce shoot and 

leaf growth during vegetative flushes in spring and summer (Tarara et al., 2005). For 

citrus trees, damage to fruit-bearing branches will reduce the number of bearing 

positions in the current season (Norton, 1988). The threshold wind speed for shoot 

growth reduction varies between species and has not been quantified satisfactorily. 

Trees exposed to high wind speeds (> 6.7 m.s-1) tend to be smaller and more compact, 

having a lower potential light interception (Newenhouse, 1991; Gardiner et al., 2016). 

Tree-based windbreaks alter the microclimate in orchards (Brandle et al., 

2004). Wind speed reductions in this sheltered area can improve vegetative 

development through two mechanisms. Directly, by protecting trees from damaging 

winds and reducing the harmful effect of mechanical loading (Percival et al., 2002; 

Gardiner et al., 2016). Indirectly, through increased air temperatures, improved water 

use efficiency (WUE) and higher photosynthetic rates (Brandle et al., 2004). 

However, citrus trees grown in the sheltered area directly compete with 

windbreaks for water, nutrients and solar radiation (shading), resulting in potentially 

smaller tree volumes and lower yields (Brandle et al., 2009; Brandle et al., 2015). 

Competition for mineral nutrients, particularly nitrogen, results in lower chlorophyll 

content of leaves near the windbreak (0.5 – 2H), common for Casuarina 

cunninghamiana (Beefwood) species (Hamlet, 2000). 

The optimal temperature range for citrus shoot growth is between 23 °C - 34 °C 

(Brown, 2018). Higher leaf temperatures may enhance shoot growth (Mditshwa et al., 

2019). However, during summer, the absence of wind will increase leaf temperatures 

(> 39 °C) up to a point where photosynthesis is reduced (Veste et al., 2000), and 

irreversible damage can occur (Grace, 1988; Brown, 2018). 
Fruit growth rates are reduced significantly when trees experience drought 

stress during the cell expansion stage of fruit development  (Brown, 2018). Two factors 

determine fruit growth: climatic factors (uncontrollable) like air temperature, relative 

humidity and wind, and horticultural aspects (controllable) like fruit thinning, irrigation 

and fertilization (Brown, 2018). Windbreaks alter the uncontrollable factors and tend 

to make them more favourable. 
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Strong winds reduce yields when a substantial number of flowers are blown off, 

resulting in poor fruit set (Tarara et al., 2005; Moller et al., 2007). During the 

physiological fruit drop period (November/December, SH), robust winds greatly 

increase fruit drop and self-incompatible cultivars like ‘Tango’ mandarin are very 

susceptible (Outspan, 1997). Tree-based windbreaks can increase yield by around 

15% (range from 6% to 44%) by increasing fruit set and fruit size (Percival et al., 2002; 

Brandle et al., 2009). 

In this study, the impact of wind protection on fruit growth and yield was 

quantified on two commercial orchards in the Western Cape (Paarl and Somerset 

West), South Africa. The direct and indirect effect of wind on vegetative development 

(fractional light interception, tree volume and shoot growth) was quantified during two 

consecutive seasons (2019/21 and 2020/21) at different distances from two 

established windbreaks (C. cunninghamiana and Populus chinensis, Poplar trees). 

 

4.2 Materials and Methods 
4.2.1 Experimental site and plant selection 
A detailed description is provided in Paper 1. 

 

4.2.2 Weather station information 
A detailed description is provided in Paper 1. 

 

4.2.3 Experimental layout and treatments 
A detailed description is provided in Paper 1. 

 

4.3 Data collection 
4.3.1 Trunk circumference and tree volume 
The trunk circumference was measured 5 cm above the bud/graft union in both trials, 

just before harvest, for both seasons, with a standard measuring tape. The tree height, 

in-row width and across-row width were also recorded to calculate canopy volume 

(23/07/20 and 20/08/21 – trial 1; 22/07/20 and 03/08/21 – trial 2). Ten trees 

(replications) per treatment were selected for trunk circumference and tree volume 

measurements. 
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The canopy volume was calculated using the following equation (Burger et al., 1970):  

V = R2 (πh – 1.046R) 

R = canopy radius [((in row width + across row width)/2)/2]  

h = canopy height  

 

4.3.2 Fractional light interception 
A ceptometer (AccuPAR LP-80, Decagon Devices Inc., Pullmanm, USA) was used to 

record the photosynthetically active radiation (PAR, µmol m-2 s-1) for individual trees. 

The above canopy measurement was taken first, and then measurements per tree 

were taken in four directions (N, E, S and W), and an average calculated to represent 

the below canopy light interception. The readings were taken between 11h00 and 

13h00, on a clear, sunny day to ensure high PAR values (> 600 µmol m-2 s-1) for 

calibration. PAR values of the above canopy and below canopy measurements were 

used to calculate the fractional light interception (FLI) using the following equation: FLI 

(%) = 100 – (below canopy PAR/above canopy PAR x 100). 

In trial 1, PAR measurements were recorded during autumn (19/05/20), just 

before harvest (23/07/20 and 30/07/21), during spring flush (10/09/20) and after the 

summer flush (17/02/21). In trial 2, PAR measurements were recorded during autumn 

(18/05/20), just before harvest (22/07/20 and 23/07/21), during spring flush (09/09/20) 

and after the summer flush (16/02/21). 

 

4.3.3 Chlorophyll content 
A chlorophyll meter (SPAD 502 Plus, Spectrum Technologies Inc., USA) was used to 

record the relative chlorophyll content (SPAD) of leaves. Ten randomly selected 

leaves were chosen from five randomly selected trees (replications) per treatment. 

Leaves were similar in size, age (mature) and position in the canopy (outer canopy at 

shoulder height). SPAD measurements were recorded between 11h00 and 15h00. 

In trial 1, SPAD measurements were recorded during autumn (19/05/20), just 

before harvest (23/07/20 and 30/07/21), during spring flush (10/09/20) and after the 

summer flush (17/02/21). In trial 2, SPAD measurements were recorded during 

autumn (18/05/20), just before harvest (22/07/20 and 23/07/21), during spring flush 

(09/09/20) and after the summer flush (16/02/21). 
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4.3.4 Yield 
At harvest, yields for trial 1 (06/08/2020 and 25/08/2021) and trial 2 (24/07/2020 and 

05/08/2021) were determined by strip picking individual trees and recording weight 

with an orchard scale (W22 Series, UWE, South Africa). The fruit was transported to 

the Department of Horticultural Science, Stellenbosch, for quality analyses. Yield 

efficiency was calculated per tree (kg.cm-2). 

 

4.3.5 Fruit size and growth rate 
An electronic calliper (CD-6"C, Mitutoyo Corp, Kawasaki, Japan), with data logger, 

was used to record the fruit diameter (mm) throughout the fruit growth period. Ten 

randomly selected fruit on the outer canopy, at shoulder height, were chosen from five 

randomly selected trees (from the initial 10 experimental trees) per treatment. Fruit 

size was recorded for the individual fruit on a bi-weekly basis in both seasons for trial 

1. In 2019/20, data collection started on 12/03/2020 and continued until 23/07/2020. 

In 2020/21, data collection started on 11/02/2021 and continued until 29/07/2021. Fruit 

growth rates (mm.day-1) were calculated using the following equation: Fruit growth rate 

= (current fruit size – previous fruit size) ÷ number of days between measurements. 

 

4.3.6 Shoot length and growth rate 
A standard measuring tape was used to record the shoot length (cm) during the spring 

growth flush. Ten randomly selected non-bearing (pure vegetative) shoots on the outer 

canopy, at shoulder height, were selected on five randomly selected trees (from the 

initial 10 experimental trees) per treatment. Shoot length was recorded on a bi-weekly 

basis for both trials in the 2020/21 season. For trial 1, data collection started on 

10/09/2020 and continued until 19/11/2020. For trial 2, data collection started on 

09/09/2020 and continued until 18/11/2020. Shoot growth rates (cm.day-1) were 

calculated using the following equation: Shoot growth rate = (current shoot length – 

previous shoot length) ÷ number of days between measurements. 

 

4.4 Statistical analysis 
Statistical analysis software (SAS) Enterprise Guide 7.1 (SAS Institute Inc., Cary, 

North Carolina, USA) and the GLM (General Linear Models) procedure was used for 

analyses. Data were subjected to a one-way ANOVA to compare means between 

Stellenbosch University https://scholar.sun.ac.za



87 
 

 
 

treatments. Interpretation of the results should thus reflect the layout of the trials. For 

post hoc testing, means were separated at a 5 % significance level (p-value < 0.05) 

using the Fisher least significant difference (LSD) test. 

 

4.5 Results 
4.5.1 Trunk circumference and tree volume 
In 2019/20 and 2020/21, no significant differences were recorded between the 

distance treatments for trunk circumference or tree volume, for either of the trials 

(Tables 4.1 and 4.2). 

 

4.5.2 Fractional light interception 
In 2019/20 and 2020/21, no significant differences were recorded between the 

distance treatments for FLI for either of the trials (Tables 4.3 and 4.4). The average 

above-canopy PAR values for both sites were 1760 µmol m-2 s-1 and 1590 µmol m-2 s-

1 during summer and winter respectively, with no differences between distance 

treatments (data not shown). 

 

4.5.3 Chlorophyll content 
In trial 1, no significant differences were recorded between the distance treatments on 

10/09/20 and 17/02/21 (Table 4.5). On 19/05/20 and 30/07/21, SPAD at 3H was 

significantly lower than at 10H and 16H; the two further distance treatments did not 

differ significantly from one another. On 23/07/20, SPAD at 10H was significantly 

higher than at 3H and 16H; the latter two distance treatments did not differ significantly 

from one another. 

 In trial 2, no significant differences were recorded between the distance 

treatments for any of the measurement dates, except 09/09/20 (Table 4.6). On 

09/09/20, SPAD at 4H was significantly higher than at 2H. 
 

4.5.4 Yield 
No significant differences were recorded between the distance treatments with regard 

to yield or yield efficiency, in 2019/20 or 2020/21, for either of the trials (Tables 4.7 
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and 4.8). The average number of fruit per tree was similar between distance 

treatments for both trials, during both seasons (Tables 4.7 and 4.8). 

 

4.5.5 Fruit size and growth rate 
Significant differences were recorded between the distance treatments in trial 1 (first 

season) for fruit size on all measurement dates excepts on 12/03/20, 08/07/20 and 

23/07/20 (Fig 4.1). The fruit diameter at 3H and 10H, which did not differ significantly, 

was significantly higher compared to 16H (Fig 4.1). The mean fruit diameter on 

12/03/20 and 23/07/20 was 39.5 mm and 61.1 mm, respectively. 

In trial 1, fruit growth rates in 2019/20 did not differ significantly on day 14 – 35, 

35 – 49, 63 – 77, 77 – 91 and 91 – 105 intervals (Fig 4.2). Day 0 – 14, growth rates at 

3H (0.39 mm.day-1) and 10H (0.36 mm.day-1), which did not differ, were significantly 

higher than at 16H (0.32 mm.day-1). Day 49 – 63, growth rate at 3H (0.22 mm.day-1) 

was significantly higher than at 10H (0.15 mm.day-1) and 16H (0.16 mm.day-1), which 

did not differ. Day 105 – 119, growth rate at 16H (0.18 mm.day-1) was significantly 

higher than at 3H (0.13 mm.day-1), and neither differed significantly from 10H (0.15 

mm.day-1). Day 119 – 133, growth rate at 10H (0.01 mm.day-1) was significantly lower 

than at 3H (0.04 mm.day-1) and 16H (0.03 mm.day-1), which did not differ. 

In 2020/21 (trial 1), no significant differences were recorded between the 

distance treatments for any of the bi-weekly dates, except 08/04/21 (Fig 4.3). On 

08/04/21, the fruit diameter at 3H (50.3 mm) was significantly higher than at 16H (49.0 

mm), and neither differed significantly from 10H (49.6 mm). The mean fruit diameter 

on 11/02/20 and 29/07/20 was 32.6 mm and 60.4 mm, respectively. 

For fruit growth rates (2020/21, trial1, Fig 4.4), on day 0 – 14, growth rate at 3H 

(0.38 mm.day-1) was significantly higher than at 10H (0.36 mm.day-1), and neither 

differed significantly from 16H (0.37 mm.day-1). Day 28 – 42, growth rate at 16H (0.30 

mm.day-1) was significantly higher than at 3H (0.28 mm.day-1) and 10H (0.29 mm.day-

1), which did not differ. Day 42 – 56, growth rate at 3H (0.29 mm.day-1) was significantly 

higher than at 10H (0.26 mm.day-1) and 16H (0.26 mm.day-1), which did not differ 

significantly from each other. Day 56 – 70, growth rate at 3H (0.17 mm.day-1) was 

significantly lower than at 10H (0.20 mm.day-1) and 16H (0.20 mm.day-1). Day 112 – 

126 and 126 – 140 intervals, growth rate at 16H was significantly higher than at 3H, 

and neither differed significantly from 10H. No significant differences were recorded 
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on day 14 – 28, 70 – 84, 84 – 98, 98 – 112, 140 – 154 and 154 – 168 intervals (Fig 

4.4). 

 

4.5.6 Shoot length and growth rate 
In 2020/21, no significant differences in shoot length were recorded between the 

distance treatments for any of the measurement dates in trial 1 (Fig 4.5). The mean 

shoot length on 10/09/20 and 19/11/20 was 8.3 cm and 16.2 cm, respectively. 

For shoot growth rates (trial 1), no significant differences were recorded 

between any bi-weekly intervals, except day 14 – 28 (Fig 4.6). Day 14 – 28, growth 

rate at 3H (0.14 cm.day-1) was significantly higher than at 10H (0.11 cm.day-1) and 

16H (0.11 cm.day-1). The highest growth rates were recorded between day 0 – 14 

(0.19 cm.day-1), and the lowest between day 56 – 70 (0.03 cm.day-1). 

No significant differences in shoot length were recorded between distance 

treatments for any of the measurement dates in trial 2 (Fig 4.7). The mean shoot length 

on 09/09/20 and 18/11/20 was 7.0 cm and 13.6 cm, respectively. 

No significant differences were recorded between any bi-weekly intervals for 

shoot growth rates (trial 2), except day 42 – 56 (Fig 4.8). Day 42 – 56, growth rate at 

4H (0.07 cm.day-1) was significantly higher than at 2H (0.05 cm.day-1). The highest 

growth rates were recorded between day 0 – 14 (0.13 cm.day-1), and the lowest 

between day 56 – 70 (0.03 cm.day-1). 

 

4.6 Discussion 
No significant reductions of tree volume were reported in any of the trials, with 

persistent winds (Appendix 1, Fig 1) rarely reaching damaging speeds (> 6.7 m.s-1) 

associated with significant tree volume reductions (dwarfing) (Newenhouse, 1991). 

The contrast in wind speed between treatments was not sufficient to significantly alter 

tree volume (Gardiner et al., 2016). Although 3H was the most sheltered area during 

spring and summer, it was also the most wind-exposed during autumn and winter. In 

addition to the direct effect of wind (mechanical loading), citrus trees in the sheltered 

area (0.5 – 2H) compete with windbreaks for water and nutrients (not quantified), 

which may result in significantly smaller tree volumes (Outspan, 1997; Brandle et al., 

2015). Even though trees were selected at 2H, tree volume reductions were not 

observed in our study. The trunk circumference increased in 2020/21 compared to 
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2019/20 for both trials, indicating normal tree development. Similarly, tree volume 

increased substantially in the second season, but data was not analyzed statistically 

between seasons. This increase was due to trees still growing to fill allotted space and 

did not reflect a direct influence of the treatments. Therefore, even though wind 

occurred at both sites with varying speeds in the different treatments and thus required 

windbreaks, the wind speed was not severe enough to impact tree size significantly. 

 Wind can only affect FLI significantly when the tree volume, number of leaves 

and/or leaf size is altered meaningfully to reduce the light interception area (Hodges 

and Brandle, 2006; Brandle et al., 2009). In our study, no significant differences were 

recorded for tree volume at both sites (4.5.1) and therefore FLI was not affected 

significantly in any of the trials. In trial 1, FLI increased from 80.9% (19/05/20) to 91.3% 

(30/07/21) (Table 4.3). This substantial increase between seasons was due to tree 

development and not a windbreak effect. In trial 2, FLI did not differ between seasons, 

with 95.1% and 95.6%, on 18/05/20 and 23/07/21, respectively (Table 4.4), reflecting 

the bigger trees that already filled their allotted space. 

 Windbreaks does not have a direct effect on the chlorophyll content of leaves 

(Campi et al., 2009), but competition for nutrients, specifically nitrogen (N), may 

indirectly result in a significantly lower chlorophyll content near the windbreak (0.5H – 

2H) (Nuberg, 1998; Hamlet, 2000). In trial 1, experimental trees closest to the 

windbreaks were selected at 3H, therefore significant differences are unlikely to be 

attributable to N competition by the adjacent Beefwood windbreak. However, SPAD 

values at 3H were significantly lower than 10H on 19/05/20, 23/07/20 and 30/07/21. 

Shading of citrus leaves result in significantly higher chlorophyll content (Mielke et al., 

2010; İncesu et al., 2016), but the trees in our trials received similar solar radiation at 

each distance treatment (Fig 3.8, Paper 1) and thus could not explain the observed 

differences in SPAD values. In trial 2, no significant differences in leaf chlorophyll 

levels were observed between distance treatments for both seasons, therefore ‘Tango’ 

mandarin trees did not compete for N or experience shading from the adjacent Poplar 

windbreak at a distance of 25 m. 

 Yield was not affected significantly by treatments in either of the trials, for either 

of the seasons. Fruit size (section 4.5.5), FLI (section 4.5.2), stomatal conductance 

(section 3.5.5) and the average number of fruit per tree (Tables 4.7 and 4.8) were not 
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affected significantly by the treatments and thus did not impact yield. In addition, the 

direct effect of wind on yield alternations via loss of flowers and fruitlets during 

spring/summer (Percival et al., 2002; Brandle et al., 2009) most likely did not occur in 

our trials due to the number of fruit at harvest being similar between treatments. 

Furthermore, the competition effect by adjacent windbreaks reported in the literature 

(Outspan, 1997; Nuberg, 1998) was not evident. Thus, our results confirmed the non-

significant influence of windbreaks on yield reported previously (Pienaar, 2005; 

Norton, 1988). 

 Fruit size and growth rate are determined by various factors, of which the effect 

of the previous and current crop load are the most influential (Racskó, 2006; Meetha 

et al., 2017). Neither yield nor tree size was affected significantly by any of the 

treatments, trials or seasons. Thus, other factors influencing fruit size and growth rate 

were considered to explain selective, significant differences. The significant 

differences (26/03/20 – 24/06/20) could not be explained through variations in air 

temperature reported previously (Verreynne and Coetzee, 2010), as no meaningful 

differences in maximum or minimum air temperatures were observed between 

distance treatments (Appendix 1, Fig 2). During the day 0 – 14 interval, fruit growth 

rates were significantly higher at 3H and 10H, resulting in a significantly lower fruit 

diameter at 16H (26/03/20). This could not be explained through distinct differences in 

air temperature (Appendix 1, Fig 2). The fruit diameter was the lowest at 16H, despite 

having the highest soil moisture content (30 cm and 40 cm depth) during this period 

(Appendix 1, Fig 3) (Verreynne and Coetzee, 2010). Although an increase in growth 

rates was observed during the 49 – 63 day interval, it was not consistent during the 

season and could have been due to an operator error (electronic calliper). During the 

day 105 – 119 interval, significantly higher growth rates were recorded at 16H (most 

wind-protected during winter), which may be attributed to a considerably higher soil 

moisture (Appendix 1, Fig 3) and higher night-time temperatures (minimum values) at 

16H (Appendix 1, Fig 2) (Verreynne and Coetzee, 2010; Prins, 2018). Nevertheless, 

the final fruit size did not differ significantly between treatments at harvest and thus 

the initial small advantage in fruit growth did not result in a gain in final fruit size or 

yield (section 4.5.4). During the second season, no significant differences between 

treatments were observed (except on 08/04/21), which can be ascribed to similar 

maximum and minimum air temperatures (Appendix 1, Fig 4) and non-stressed soil 
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moisture conditions (section 3.5.6; Appendix 1, Fig 5) (Verreynne and Coetzee, 2010; 

Prins, 2018). Significantly higher growth rates at 3H (day 42 – 56 interval) explain the 

significant increase in fruit diameter on 08/04/21. Even though fruit growth rates 

differed significantly between treatments for various intervals, the final fruit size and 

yield (section 4.5.4) were not affected. 

 The shoot length in trial 1 did not differ between treatments, even though 

noticeably higher wind speeds (southeastern direction) were observed at 16H 

(Appendix 1, Fig 6), which contradicts reports by Pienaar (2005) and Tarara et al. 

(2005) with sheltered grapevines having significantly longer shoots. Threshold values 

for shoot growth reduction in citrus have not been quantified, but thresholds for shoot 

growth reduction were evidently not exceeded in our study. The higher wind speeds 

at 3H did not influence gs significantly between treatments (section 3.5.5) and 

photosynthesis was probably similar between treatments. There were no distinct 

differences in air temperatures between treatments (Appendix 1, Fig 7) (Spiegel and 

Goldschmidt, 1996).  Although significantly higher growth rates were observed during 

the day 14 – 28 interval, final shoot length was not affected. In trial 2, comparable wind 

speeds (Appendix 1, Fig 6) and air temperatures (Appendix 1, Fig 7) between 

treatments confirmed the non-significant results. 

 

4.7 Conclusion 
This study aimed to quantify the direct and indirect effect of wind on vegetative 

development, fruit growth and yield of ‘Tango’ mandarin trees at different distances 

from tree-based windbreaks. Even though distinct differences in wind speed were 

observed between treatments during spring and summer, lower wind speeds at 3H 

(most wind-protected) were not severe enough to alter vegetative and reproductive 

development between treatments. Thus, no significant differences were recorded for 

trunk circumference, tree volume, FLI and yield at both sites, during both seasons. 

 The potential light interception (FLI) of soft citrus trees was not altered by the 

distance treatments, due to tree volumes not being significantly affected (threshold 

values not often exceeded). Due to inconsistent SPAD results, the effect of windbreaks 

on the relative chlorophyll content of citrus leaves could not be quantified satisfactorily. 

Similar to previous reports, the yield of citrus trees was not significantly affected by the 

presence of windbreaks. The fruit diameter (size) on the final measurement dates were 
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similar between treatments, for both seasons. The significant differences in growth 

rate, at the end of 2019/20 season (24/06/20 – 08/07/20), was attributed to soil 

moisture and air temperature (indirect effect of windbreak) variations between 

treatments. At both sites, the highest wind speeds were recorded during late 

spring/early summer and overlapped with the period where vegetative growth flushes 

are most susceptible to damage. Even though wind speeds were considerably higher 

at 16H, no significant difference in shoot length was recorded, contrary to reports in 

the literature. 

Therefore, even though wind occurred at both sites, with varying speeds 

between the different treatments, it was not severe enough to impact the performance 

of shoot and fruit growth of soft citrus trees under South African conditions. 

 

Acknowledgements 
The study was funded by the Project FarmImpact with a grant of the Federal Ministry 

of Education and Research) (BMBF), Bonn, Germany and valuable support with 

infrastructure was received from Johan and Gideon Roos at Rust en Vrede and Ian de 

Villiers at Babylonstoren. 

 

4.8 Literature cited 
Brandle, J., Hodges, L. and Zhou, X. 2004. Windbreaks in North American agricultural 

systems. Agroforestry Systems, 61-62(1-3):65-78. 

Brandle, J.R., Hodges, L., Tyndall, J. and Sudmeyer, R.A. 2009. Windbreak practices. 

In: Garrett, H.E. (ed.). North American Agroforestry: An Integrated Science and 

Practice, American Society of Agronomy WI, USA, 2:75-97. 

Brandle. J.R., Hodges, L. and Tyndall, J. 2015. Windbreaks: Training manual for 

applied agroforestry practices. The Center for Agroforestry, University of 

Missouri, USA, 92-107. 

Brown, R. 2018. Effect of permanent shade netting on ‘Nadorcott’ mandarin tree 

phenology and productivity. Master’s Thesis, University of Stellenbosch, 

Department of Horticultural Science. 

Stellenbosch University https://scholar.sun.ac.za



94 
 

 
 

Burger, W. T., Vincent, A.P., Barnard, C.J., du Plessis, J.A. and Smith, J. H. E. 1970. 

Metodes waarvolgens die grootte van sitrusbome bepaal kan word. The South 

African Citrus Journal, 433:13-15. 

Campi, P., Palumbo, A. and Mastrorilli, M. 2009. Effects of tree windbreak on 

microclimate and wheat productivity in a Mediterranean environment. European 

Journal of Agronomy, 30(3):220-227. 

Gardiner, B., Berry, P. and Moulia, B. 2016. Review: Wind impacts on plant growth, 

mechanics and damage. Plant Science, 245:94-118. 

Grace, J. 1988. Plant response to wind. Agriculture, Ecosystems & Environment, 22-

23:71-88. 

Hamlet, G.M. 2000. The effect of tree windbreaks on the microclimate and crop yields 

in the Western Cape region of South Africa. Master’s Thesis, University of 

Stellenbosch, Department of Forestry Sciences. 

Hodges, L. and Brandle, J. 2006. Windbreaks for fruit and vegetable crops. University 

of Nebraska – Lincoln Extension EC1779, 1-7. 

İncesu, M., Yeşiloğlu, T., Çimen, B. and Yılmaz, B. (2016). Effects of nursery shading 

on plant growth, chlorophyll content and PSII in ‘Lane Late’ navel orange 

seedlings. Acta Horticulturae, (1130):301-306. 

Mditshwa, A., Magwaza, L. and Tesfay, S. 2019. Shade netting on subtropical fruit: 

Effect on environmental conditions, tree physiology and fruit quality. Scientia 

Horticulturae, 256:1-11. 

Meetha, S., Techawongstien, S., Isarangkool Na Ayuttaya, S., Songsri, P. and 

Yangyuen, P. 2017. Effect of fruit load on yield and quality of pummelo. Acta 

Horticulturae, (1178):75-80. 

Mielke, M., Schaffer, B. and Li, C. 2010. Use of a SPAD meter to estimate chlorophyll 

content in Eugenia uniflora L. leaves as affected by contrasting light 

environments and soil flooding. Photosynthetica, 48(3):332-338. 

Moller, H., Wearing, A., Perley, C., Rosin, C., Blackwell, G., Campbell, H., Hunt, L., 

Fairweather, J., Manhire, J., Benge, J., Emanuelsson, M. and Steven, D. 2007. 

Biodiversity on kiwifruit orchards: The importance of shelterbelts. Acta 

Horticulturae, (753):609-618. 

Stellenbosch University https://scholar.sun.ac.za



95 
 

 
 

Newenhouse, A. 1991. How to recognize wind damage on leaves of Fruit Crops. 

HortTechnology, 1(1):88-90. 

Norton, R. 1988. 11. Windbreaks: Benefits to orchard and vineyard crops. Agriculture, 

Ecosystems & Environment, 22-23:205-213. 

Nuberg, I. 1998. Effect of shelter on temperate crops: a review to define research for 

Australian conditions. AgroForestry Systems, 41:3-34. 

Outspan. 1997. Sitrus produksie riglyne – Deel 1, Windbeskerming, 1-16. 

Percival, D., Eaton, L., Stevens, D. and Privé, J. 2002. Use of windbreaks in lowbush 

Blueberry (Vaccinium angustifolium ait.) production. Acta Horticulturae, 

(574):309-316. 

Pienaar, J.W. 2005. The effect of wind on the performance of the grapevine. Master’s 

Thesis, University of Stellenbosch, Department of Forestry Sciences. 

Prins, M. 2018. The impact of shade netting on the microclimate of a citrus orchard 

and the tree’s physiology. Master’s Thesis, University of Stellenbosch, 

department of Horticultural Science. 

Racskó, J. 2006. Crop Load, Fruit Thinning and their Effects on Fruit Quality of Apple 

(Malus domestica Borkh.). Acta Agraria Debreceniensis, 24(24):29-35. 

Spiegel, R. and Goldschmidt, E.E. 1996. Biology of Citrus, Biology of Horticultural 

Crops, Cambridge University Press, Cambridge, UK, 47-65. 

Tarara, J.M., Ferguson, J.C., Hoheisel G.A. and Perez Pena, J.E. 2005. Asymmetrical 

canopy architecture due to prevailing wind direction and row orientation creates 

an imbalance in irradiance at the fruiting zone of grapevines. Agricultural and 

Forest Meteorology, 135:144-155. 

Verreynne, S. and Coetzee, H. 2010. Fruit size improvement of Lemons. Chapter 5: 

Crop Manipulation, Citrus Research International, 2:1-6. 

Veste, M., Ben-Gal, A. and Shani, U. 2000. Impact of Thermal Stress and High VPD 

on Gas Exchange and Chlorophyll Fluorescence of Citrus Grandis under Desert 

Conditions. Acta Horticulturae, (531):143-150. 

 
 

Stellenbosch University https://scholar.sun.ac.za



96 
 

 
 

Tables and figures 
Table 4.1. Trunk circumference and tree volume of ‘Tango’ mandarin trees at Rust 

en Vrede, Somerset West, for the 2019/20 and 2020/21 seasons. 

 Trunk circumference (cm) Tree volume (m3) 

Treatment 23/07/20 20/08/21 23/07/20 20/08/21 

3H 35.3 ns 37.7 ns 18.04 ns 21.10 ns 

10H 35.8 36.9 17.67 20.51 

16H 36.7 37.1 17.46 20.40 

P-value 0.3537 0.3247 0.6703 0.5533 
ns Denotes non-significant differences within a column. 

 

Table 4.2. Trunk circumference and tree volume of ‘Tango’ mandarin trees at 

Babylonstoren, Klapmuts, for the 2019/20 and 2020/21 seasons. 

 Trunk circumference (cm) Tree volume (m3) 

Treatment 22/07/20 03/08/21 22/07/20 03/08/21 

2H 36.6 ns 37.9 ns 20.72 ns 23.89 ns 

4H 35.2 38.0 20.09 23.50 

P-value 0.1912 0.8808 0.0693 0.2982 
ns Denotes non-significant differences within a column. 

 

Table 4.3. Fractional light interception of ‘Tango’ mandarin trees at Rust en Vrede, 

Somerset West, for the 2019/20 and 2020/21 seasons. 

 Fractional light interception (%) 

Treatment 19/05/20 23/07/20 10/09/20 17/02/21 30/07/21 

3H 81.25 ns 87.53 ns 87.24 ns 89.68 ns 91.02 ns 

10H 80.46  88.60 87.54 89.28 91.86 

16H 81.02  87.34 88.11 91.65 90.96 

P-value 0.3475 0.2175 0.5324 0.0712 0.2175 
ns Denotes non-significant differences within a column. 

 

Stellenbosch University https://scholar.sun.ac.za



97 
 

 
 

Table 4.4. Fractional light interception of ‘Tango’ mandarin trees at Babylonstoren, 

Klapmuts, for the 2019/20 and 2020/21 seasons. 

 Fractional light interception (%) 

Treatment 18/05/20 22/07/20 09/09/20 16/02/21 23/07/21 

2H 95.11 ns 94.90 ns 93.10 ns 95.16 ns 95.32 ns 

4H 95.09 94.57 92.91 94.54 95.86 

P-value 0.9806 0.6673 0.7519 0.3558 0.4374 

ns Denotes non-significant differences within a column. 

  

Table 4.5. Chlorophyll content of ‘Tango’ mandarin trees at Rust en Vrede, Somerset 

West, for the 2019/20 and 2020/21 seasons. 

 Chlorophyll content (SPAD) 

Treatment 19/05/20 23/07/20 10/09/20 17/02/21 30/07/21 

3H 56.7 b* 58.6 b 52.6 ns 57.4 ns 55.7 b 

10H 60.2 a 61.5 a 53.5 57.9 60.1 a 

16H 59.4 a 58.4 b 52.2 58.6 58.4 a 

P-value 0.0029 0.0002 0.3232 0.3658 <.0001 

*Means with a different letter within a column differ significantly at the 5% level (LSD).  

 

Table 4.6. Chlorophyll content of ‘Tango’ mandarin trees at Babylonstoren, 

Klapmuts, for the 2019/20 and 2020/21 seasons. 

 Chlorophyll content (SPAD) 

Treatment 18/05/20 22/07/20 09/09/20 16/02/21 23/07/21 

2H 59.2 ns 58.1 ns 56.2 b* 61.4 ns 58.4 ns 

4H 61.3 59.7 58.5 a 60.5 57.5 

P-value 0.1230 0.1113 0.0268 0.2875 0.2785 

*Means with a different letter within a column differ significantly at the 5% level (LSD).  
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Table 4.7. Number of fruit per tree, yield and yield efficiency of ‘Tango’ mandarin 

trees at Rust en Vrede, Somerset West, for the 2019/20 and 2020/21 seasons. 

 No. of fruit per tree Yield (kg) 
Yield efficiency 

(kg.cm-2) 

Treatment 06/08/20 25/08/21 06/08/20 25/08/21 06/08/20 25/08/21 

3H 241 ns  382 ns  22.48 ns 31.71 ns 0.231 ns 0.281 ns 

10H 252 354 23.00 30.53 0.226 0.282 

16H 238 346 23.63 30.35 0.221 0.278 

P-value 0.9060 0.4850 0.8409 0.6327 0.9057 0.9625 

ns Denotes non-significant differences within a column.  

Table 4.8. Number of fruit per tree, yield and yield efficiency of ‘Tango’ mandarin 

trees at Babylonstoren, Klapmuts, for the 2019/20 and 2020/21 seasons. 

 No. of fruit per tree Yield (kg) 
Yield efficiency 

(kg.cm-2) 

Treatment 27/07/20 05/08/21 27/07/20 05/08/21 27/07/20 05/08/21 

2H - 322 ns  14.29 ns 25.31 ns 0.135 ns 0.222 ns 

4H - 336 13.96 24.68 0.139 0.215 

P-value - 0.3950 0.6579 0.4369 0.6314 0.3046 

ns Denotes non-significant differences within a column. 
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Figure 4.1. Bi-weekly fruit growth of ‘Tango’ mandarin fruit at Rust en Vrede, Somerset West, for the 2019/20 season. Means differ 

significantly at the 5% level (*) and non-significant difference (ns). 

35

40

45

50

55

60

65

2020/03/12 2020/03/26 2020/04/09 2020/04/23 2020/05/07 2020/05/21 2020/06/04 2020/06/18 2020/07/02 2020/07/16

Fr
ui

t d
ia

m
et

er
 (m

m
)

3H 10H 16H

*
*

*

ns ns 

* 

ns 

* 

* 

* 

P = 0.0005 

P = 0.0100 

P = 0.0057 

P = 0.0005 

P < .0001 

P = 0.0003 

P = 0.0012 

* 
  3H a 
10H a 
16H b 

Stellenbosch University https://scholar.sun.ac.za



100 
 

 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2. Fruit growth rates of ‘Tango’ mandarin fruit at Rust en Vrede, Somerset West, for the 2019/20 season. Means differ 

significantly at the 5% level (*) and non-significant difference (ns).  
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Figure 4.3. Bi-weekly fruit growth of ‘Tango’ mandarin fruit at Rust en Vrede, Somerset West, for the 2020/21 season. Means differ 

significantly at the 5% level (*) and non-significant difference (ns).  
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Figure 4.4. Fruit growth rates of ‘Tango’ mandarin fruit at Rust en Vrede, Somerset West, for the 2020/21 season. Means differ 

significantly at the 5% level (*) and non-significant difference (ns). 
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Figure 4.5. Bi-weekly shoot growth of ‘Tango’ mandarin trees at Rust en Vrede, Somerset West, for the 2020/21 season (spring). 

Means differ significantly at the 5% level (*) and non-significant difference (ns). 
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Figure 4.6. Shoot growth rates of ‘Tango’ mandarin trees at Rust en Vrede, Somerset West, for the 2020/21 season (spring). Means 

differ significantly at the 5% level (*) and non-significant difference (ns).  
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Figure 4.7. Bi-weekly shoot growth of ‘Tango’ mandarin trees at Babylonstoren, Klapmuts, for the 2020/21 season (spring). Means 

differ significantly at the 5% level (*) and non-significant difference (ns). 
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Figure 4.8. Shoot growth rates of ‘Tango’ mandarin trees at Babylonstoren, Klapmuts, for the 2020/21 season (spring). Means differ 

significantly at the 5% level (*) and non-significant difference (ns).
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5. PAPER 3: The effect of tree windbreaks on fruit quality 
of bearing ‘Tango’ mandarin trees in the Western Cape, 
South Africa 

Abstract 
Windbreaks, as an agroforestry system, are used extensively in South Africa to protect 

citrus orchards from wind scar damage to avoid major losses in export quality. Severe 

south-easterly winds in the Western Cape during spring and summer are the main 

causes of significant external peel damage, reducing fruit quality. In this study, wind 

scar damage of Citrus reticulata (‘Tango’ mandarin) trees were quantified at different 

distances from established Casuarina cunninghamiana (Beefwood) and Populus 

chinensis (Poplar tree) windbreaks on two commercial orchards (Somerset West and 

Klapmuts) in the Western Cape, South Africa. The study was conducted over two 

seasons (2019/20 and 2020/21). Internal quality parameters, total soluble solids 

(TSS), titratable acidity (TA), TSS:TA ratio and juice %, were quantified for both sites 

during both seasons. Wind scar damage was recorded at harvest for both 

experimental sites, and during summer (14/01/2021) for trial 1 (Rust en Vrede). Fruit 

at 2H (25 m) and 3H (30 m) had significantly lower TSS:TA ratios, but export standards 

for late mandarins were still met. The prevailing wind direction was from the southeast 

for summer periods and north for the winter periods. Maximum wind speed reductions 

were observed between 2H – 4H from the established windbreaks. The wind speed 

was consistently higher at 16H compared to 3H during summer. The highest pack out 

(Class 1 fruit) was observed near the windbreak (3H) and decreased as the distance 

increased towards 10H (90 m) and 16H (140 m). There were no significant differences 

for severe wind scar damage incidence between the distance treatments. About 87% 

of severe wind scar damage occurred during the first 12 weeks after fruit set. During 

winter, up to 18% damage (light and severe) occurred on mature fruit after periods of 

strong wind gusts from the north. Results confirmed the impact of wind on external 

fruit quality and the importance of wind protection for citrus during the early season. It 

also quantified the limitation of windbreaks with an increase in distance which partly 

supports the current movement towards full enclosure of orchards with shade nets. 

 

Keywords: quality losses, shelterbelts, soft citrus, wind protection, wind scarring 
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5.1 Introduction 
Citrus is one of the most important fruit crops cultivated in South Africa and export is 

critical to ensure a high economic return (Botes, 2018). Rind appearance and fruit size 

are the main external quality parameters (Lado et al., 2018). Wind scar damage of 

citrus is one of the main causes for a loss in export quality. This reduction in packout 

varies between 10% and 70%, depending on the cultivar and production region 

(Holmes and Farrel, 1993; Outspan, 1997; Turner and Hardy, 2006). To avoid major 

financial losses in South African orchards, protecting fruit from extreme climatic 

conditions is critical (Brown, 2018). Windbreaks, as a well-established agroforestry 

system, were used extensively in the past to protect fruit from damage and create a 

favourable microclimate for fruit development (Brandle et al., 2009). 

Wind damage in citrus orchards may result in reduced yields due to poor fruit 

set (Tarara et al., 2005) and a reduction in fruit quality due to lesions/marks (Holmes 

and Farrel, 1993). The consumers’ perception and a main driver for the initial purchase 

is based on the rind coloration, as well as the absence of any blemishes on the rind 

(Botes, 2018). Wind scar damage can be classified into three groups: Class 1 (no 

damage), Class 2 (light wind damage) and Class 3 (severe wind damage). The 

incidence of wind damage (Classes 2 and 3) in citrus orchards have severe economic 

implications, as only Class 1 fruit can be exported (personal communication S. 

Meeding, Endulini Fruit). Severe south-easterly winds in the Western Cape during 

spring and summer are the main cause of significant external fruit quality reductions 

(Hamlet, 2000; Pienaar, 2005). During this period, the small immature fruit is most 

susceptible to wind scarring and thus wind protection is crucial. During winter, north-

westerly winds can cause late wind scar damage (Hamlet, 2000; Cataldo and Pienika, 

2009). Damage depends on threshold wind speeds that impact both the vegetative 

and reproductive development of the tree. In citrus, wind speeds exceeding 4.5 m.s-1 

during 12 weeks after petal drop may result in 90% of fruit being damaged (Freeman, 

1976; Outspan, 1997; Turner and Hardy, 2006; Cataldo et al., 2013). 

In addition to the direct effect of wind on the external quality of fruit, the indirect 

effect on the orchard microclimate may also alter the internal quality, including sugars, 

organic acids, and flavour compounds (Lado et al., 2018). The total soluble solids 

(TSS) (sweetness) along with the balance of acids, determine the taste experience of 

fruit (Verreynne, 1999). Fruit from trees in the sheltered area of the orchard may have 
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a higher TSS and vitamin C content (Hodges and Brandle, 2006; Mditshwa et al., 

2019). Defoliation by strong wind may result in a decreased TSS (Zanamwe, 2018) 

and ‘Ori’ mandarins showed a higher TSS:TA ratio under shade nets that reduced the 

impact of wind and radiation (Mditshwa et al., 2019). 

Windbreaks can improve the export quality of citrus fruit by 25% compared to 

unsheltered orchards with regard to external wind scar damage (Cleugh, 1998; 

Pienaar, 2005). However, the wind speed reduction provided by shelterbelts is not 

uniform throughout the orchard and differs in degree of protection when compared to 

new technologies like shade netting, which provides a more even mitigation of wind 

(Gravina et al., 2011). Gravina et al. (2011) reported that tree-based windbreaks using 

genera such as Eucalyptus and Casuarina do not provide sufficient wind damage 

protection. Shelterbelts have a lower establishment cost compared to nets, but nets 

provide a higher degree of wind protection as well as immediate protection after 

establishment (Stander and Cronjé, 2016). 

Currently, there is limited research available on the effect of shelterbelts on wind 

scar damage of soft citrus cultivars like ‘Tango’ mandarin, under South African 

conditions. In this study, the wind scar damage was quantified according to three 

classes on two commercial orchards in the Western Cape production region (Paarl 

and Somerset West), at different distances from two types of established tree-based 

windbreaks (Casuarina cunninghamiana, Beefwood and Populus chinensis, Poplar 

tree). The internal quality (TSS, TA, TSS:TA ratio and juice percentage) of the fruit was 

quantified in addition to external damage. 

 

5.2 Materials and Methods 
5.2.1 Experimental site and plant selection 
A detailed description is provided in Paper 1. 

 

5.2.2 Weather station information 
A detailed description is provided in Paper 1. 

 

5.2.3 Experimental layout and treatments 

A detailed description is provided in Paper 1. 
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5.3 Data collection 
5.3.1 Internal fruit quality 
For the internal quality analysis, total soluble solids (TSS), titratable acidity (TA), 

TSS:TA ratio and juice % were quantified for both trials during both seasons. Fruit 

were sampled according to quadrants (leeward (east) vs wind (west) and top vs 

bottom). The sample size consisted of 12 randomly selected fruit of uniform size and 

colour per quadrant. 

Analyses were performed according to standard citrus protocols (Verreynne, 

1999; Prins, 2018). Each sample of 12 fruit was weighed with an electronic scale 

(HGM-10K, UWE, South Africa). Composite fruit samples were juiced (Sunkist®, 

Chicago, USA) and the juice was strained through a muslin cloth. The solid particles 

(rind) were weighed to determine the juice percentage. The °Brix (TSS) was 

determined with an electronic refractometer (PR-32α, ATAGO, Tokyo, Japan). The TA 

was determined by titrating 20 ml of juice, with five drops of phenolphthalein 

(indicator), against sodium hydroxide (NaOH) with a known molar. The following 

equation was used to calculate the % TA: [ml NaOH used] x [0.1 M NaOH] x [0.064 

(milliequivalent factor)] x [100] / [juice sample weight (20 grams)]. The TSS:TA ratio 

was determined by dividing the °Brix with the % acid values. 

 

5.3.2 Wind scar damage at harvest 
Trees were strip picked according to quadrants (wind vs leeward and top vs bottom) 

for evaluation of external quality. All fruit were individually evaluated, visually, 

according to the No. 7 CRI chart for wind scarring of soft citrus (CRI). The wind 

damage scale ranged from 1 (no blemish) to 8 (very severe wind scar damage) (Fig 

5.1). Fruit with blemishes scored 1, 2 and 3 were classified as Class 1 (no wind 

damage/very light) and were suitable for export. However, there is a zero-tolerance 

for major fruit damage (> 12 mm2) and fruit with number 3 wind damage can still be 

downgraded to Class 2. Fruit with blemishes graded 4 and 5 was classified as Class 

2 (light wind damage), being still marketable as fresh produce, but not for export. The 

fruit with blemish scores 6, 7 and 8 were classified as Class 3 (severe wind damage) 

and were only suitable for juicing or the local market.   

To determine wind damage intensity, the wind mark was covered with an index 

finger and when covered completely, it was still classified as Class 1. If the mark was 
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bigger than the finger, fruit was classified as Class 2 and when there were marks on 

both sides of the fruit, it was classified as Class 3. The percentage of fruit per class 

distribution was calculated for each treatment. 

 

5.3.3 Early harvest fruit damage during season 2  
During the 2020/21 season for trial 1, immature fruit (Fig 5.2) were harvested 

additionally during the mid-summer period (14 January 2021) to determine the 

incidence of early-season wind damage. Five trees, from the initial 10 randomly 

selected trees, were selected at random, per distance treatment. The individual trees 

were visually divided into quadrants (wind vs leeward and top vs bottom) and 20 

outside fruit were randomly sampled per quadrant (80 fruit per tree) and scored 

according to the procedure in 5.3.2. 

 

5.3.4 Late wind damage evaluation during season 2  
During the last eight weeks before harvest (24/06/21 – 20/08/21), an additional wind 

damage assessment was conducted on a weekly basis for trial 1. Ten individual fruit, 

with no visual blemishes, were randomly selected from the top (> 2 m) of the tree on 

the wind side, on 10 randomly selected trees from treatments 3H and 16H, to follow 

the progression of damage. These treatments represented the most protected (16H) 

and least protected (3H) distances from northern winds. The number of fruit showing 

light or severe wind damage (classes 2 and 3) was expressed as percentage damage. 

 

5.4 Statistical analysis 
Statistical analysis software (SAS) Enterprise Guide 7.1 (SAS Institute Inc., Cary, 

North Carolina, USA) and the GLM (General Linear Models) procedure was used for 

analyses. Data was subjected to a one-way ANOVA to compare means. Interpretation 

of the results should thus reflect the layout of the trials.  

A logit function was used to analyse percentage wind damage, as fruit number 

varied between trees. For post hoc testing, means were separated at a 5 % 

significance level (p-value < 0.05) using the Fisher least significant difference (LSD) 

test. 
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5.5 Results 
5.5.1 Internal fruit quality 
Trial 1 

In 2019/20, no significant differences in TSS were recorded between treatments with 

regard to distance from the windbreak or tree side (Table 5.1). Fruit from the top of the 

tree had a significantly higher TSS compared to the bottom. Significant differences 

were observed for TA for all treatments (distance from the windbreak, tree side and 

tree position) (Table 5.1). Fruit from 3H had a significantly higher TA compared to 16H, 

and neither differed significantly from 10H. Fruit from the wind side had a significantly 

higher TA compared to the leeward side and fruit from the bottom had a significantly 

higher TA than the top. Significant differences were observed for TSS:TA for all 

treatments (distance from the windbreak, tree side and tree position) (Table 5.1). Fruit 

from 16H had a significantly higher TSS:TA compared to 3H, and neither differed 

significantly from 10H. Fruit from the leeward side had a significantly higher TSS:TA 

compared to the wind side and the top had a significantly higher TSS:TA than the 

bottom. 

For the 2020/21 season, no significant differences in TSS were found between 

any of the treatments (distance from the windbreak, tree side and tree position) (Table 

5.2). No significant differences in TA were observed for the distance or tree side 

treatments (Table 5.2). Fruit from the bottom had a significantly higher TA than the 

top. No significant differences were observed for TSS:TA between the distance 

treatments (Table 5.2). Fruit from the leeward side had a significantly higher TSS:TA 

compared to the wind side and the top had a significantly higher TSS:TA than the 

bottom. 

For both the 2019/20 and 2020/21 seasons, no significant differences in juice 

% were found between any of the treatments (distance from the windbreak, tree side 

and tree position) (Table 5.1 and 5.2). 

 

Trial 2 

In 2019/20, there were no significant differences in TSS between treatments for either 

distance from the windbreak or tree side (Table 5.3). Fruit from 2H had a slightly 

higher, but not significant (P = 0.0527) TA compared to 4H (Table 5.3). Fruit from the 

wind side had a significantly higher TA compared to the leeward side. There were no 
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significant differences in TSS:TA between treatments for either distance from the 

windbreak or tree side (Table 5.3). 

For the 2020/21 season, there was a significant difference in TSS between the 

distance treatments, with 4H having a significantly higher TSS compared to 2H (Table 

5.4). However, there was no significant difference between tree sides. Fruit from 2H 

had a significantly higher TA compared to 4H (Table 5.4). There was no significant 

difference between tree sides. Fruit from 4H had a significantly higher TSS:TA 

compared to 2H (Table 5.4). No significant difference between tree sides were evident. 

For both the 2019/20 and 2020/21 seasons, no significant differences in juice 

% were found between any of the treatments (distance from the windbreak, tree side 

and tree position) (Table 5.3 and 5.4). 

 

5.5.2 Wind scar damage at harvest 
Trial 1 

In 2019/20, there was a significant difference between the distance treatments for 

classes 1 and 2 (Table 5.5). There was significantly more Class 1 fruit at 3H compared 

to 10H and 16H respectively. For Class 2, 3H had significantly less damage than 10H 

and 16H. For Class 3, no significant differences were observed between treatments. 

The leeward side had significantly more Class 1 fruit compared to the wind side (Table 

5.5). For classes 2 and 3, no significant differences were observed. The bottom had 

significantly more Class 1 fruit compared to the top and the top had significantly more 

Class 3 fruit than the bottom (Table 5.5). For Class 2, no significant differences were 

observed between top and bottom. 

For the 2020/21 season, the highest mean wind speeds were recorded from 

October until February and the lowest, from May until August (Fig 5.3). The prevailing 

wind direction during early spring/summer (01/10/2020 – 31/12/2020) was southeast, 

with higher wind speeds at 16H compared to 3H (Fig 5.4). There was significantly 

more Class 1 fruit at 3H than at 10H and 16H that did not differ significantly (Table 

5.6). For Class 2, 3H had significantly less damage compared to 10H and 16H, which 

did not differ significantly. For Class 3, no significant differences were observed 

between treatments. The leeward side had significantly more Class 1 fruit compared 

to the wind side and the wind side had significantly more Class 3 fruit compared to the 

leeward side (Table 5.6). For Class 2, no significant differences were observed. The 
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bottom had significantly more Class 1 fruit compared to the top and the top had 

significantly more Class 2, as well as Class 3 fruit, than the bottom (Table 5.6). 

 

Trial 2 

For the 2020/21 season, no significant differences were observed between the 

distance treatments (Table 5.7). The leeward side had significantly more Class 1 fruit 

compared to the wind side and the wind side had significantly more Class 3 fruit than 

the leeward side. For Class 2, no significant differences were observed. 

 
5.5.3 Early harvest fruit damage during season 2 
For the early harvest in 2020/21, no significant differences were recorded between the 

distance and tree side treatments (Table 5.6). The bottom had significantly more Class 

1 fruit compared to the top and had significantly more Class 2 fruit than the top. The 

top had significantly more Class 3 fruit compared to the bottom. 

 

5.5.4 Late wind damage evaluation during season 2 
The period of 24/06/2021 until 19/08/2021 was characterized by high wind speeds 

(gusts) mainly from the northern (June until middle July) and south-eastern (middle 

July until end of August) directions (Fig 5.5). The highest wind speeds were recorded 

during the period from 24/06/21 until 09/07/21 (week 1 and 2), at 3H, when wind was 

blowing from the northern direction (Fig 5.5). Figure 5.6 represents the typical damage 

that occurred during this period. 

On 01/07/21, there was 11% damage at 3H and 6% at 16H (Fig 5.7). On 

08/07/21, damage at 3H increased to 14% and at 16H, to 12%. On 15/07/21, the 

damage was 16% at 3H and 13% at 16H. The damage remained constant for both 

treatments at four weeks after the first evaluation (22/07/21). From 29/07/21 until 

19/08/21, wind damage increased again by 1%, per week, for both treatments, with 

final values of 18% and 15% recorded for 3H and 16H respectively. The damage at 

3H was consistently higher throughout the evaluation period. 

 

5.6 Discussion 
Wind does not have a primary effect on internal quality differences, but can affect 

sugar accumulation indirectly by altering the microclimate (temperature, RH) at 
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different distances from the windbreak. In the first season of trial 1, no significant 

differences were observed between the distance treatments, which is attributed to 

similar air temperatures between treatments during the maturation period (Appendix 

2, Fig 1) (Fukuoka et al., 2009; Prins, 2018). Pienaar (2005) reported similar results 

for grapes, with no significant differences in TSS of Merlot berries next to a tree-based 

windbreak compared to an open field. No significant differences were found between 

the TSS of the wind (west) and leeward (east) side of trees, concurring with a study 

by (Verreynne, 1999) on ‘Clementines’ and ‘Temple’ mandarins. The significant 

differences between the top and bottom fruit can be ascribed to changes in radiation 

and temperature (not quantified), and not a direct windbreak effect, confirming results 

by Verreynne (1999) who reported an increase in TSS of grapefruit (Citrus paradisi) 

with an increase in tree height. For trial 2, significant differences were observed 

between the distance treatments, which was expected, because stomatal 

conductance (photosynthetic potential) at Babylonstoren did not differ significantly 

between 2H and 4H (section 3.5.5). In the second season of trial 1, similar results for 

the distance and tree side treatments were observed. In contrast to the first season, 

TSS did not differ significantly between the top and bottom of the tree, which cannot 

be explained due to insufficient microclimate and ecophysiological data. At 

Babylonstoren, the TSS at 4H was significantly higher than 2H. Susanto et al. (1992) 

reported a significantly higher TSS for ‘Tusa Buntan’ pummelo under sheltered 

conditions due to rapid heat unit accumulation. However, for trial 2, ambient 

temperatures were similar between 2H and 4H during the maturation period (Appendix 

2, Fig 2). On 10/05/2021, leaf temperatures at 2H were significantly higher than at 4H 

(Appendix 2, Fig 3). If this was the trend during the maturation period, photosynthesis 

may have declined due to higher foliar temperatures and resulted in the lower TSS at 

2H. Similar to the first season and results for ‘Clementines’ (Verreynne, 1999), no 

significant differences were observed between tree sides (east and west; wind and 

leeward). In our study, the presence of a windbreak did not alter the microclimate to 

the extent where significant changes in the TSS of ‘Tango’ fruit were observed. 

 Significant differences in TA were only recorded between the distance 

treatments during the first season of trial 1, but not in the second.  An increase in TA 

has been associated with water stress conditions in grapefruit (Verreynne, 1999).  

However, the TA differences recorded in season one could not have been due to direct 
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competition for water from the Beefwood windbreak (not quantified), as the distance 

of the 3H treatment exceeded the distance of impact from the adjacent windbreak 

(Outspan, 1997; Nuberg, 1998). In addition, in section 3.5.6, stem water potential 

(SWP) results showed no significant differences between distance treatments. 

Significant differences for TA in the top versus bottom were consistent during both 

seasons and confirmed previous results in Ruby grapefruit (Syvertsen and Albrigo, 

1980). Trial 1 showed a significantly lower TA in the leeward side (east) than the wind 

side (west). Although these parameters were not quantified, Syvertsen and Albrigo 

(1980) reported lower TA values for ‘Fairchild’ mandarin on the east side due to higher 

light intensities and temperatures, which supports our findings and is therefore not 

primarily a windbreak effect. In the first season of trial 1, no significant differences were 

observed between the distance treatments. However, in the second season, 

significant differences were recorded, with a significantly higher TA for 2H compared 

to 4H. The difference could not be attributed to water stress, as the SWP of these 

treatments were similar in season two (section 3.5.6)). Ambient temperatures at 

Babylonstoren for 2H and 4H were also similar during the maturation period (Appendix 

2, Fig 2) and thus do not explain these results (Verreynne, 1999). For this study, 

neither distance from the windbreak nor tree side affected the TA of ‘Tango’ fruit 

consistently. 

 In the first season of trial 1, significant differences were seen in all treatments 

(distance from windbreak, tree side and tree position). This is most likely due to the 

significant differences in TA for the respective treatments (Table 5.1). Similarly for trial 

2, neither TSS nor TA differed significantly between treatments (distance and tree 

side), which confirm the results for TSS:TA ratio. In the second season of trial 1, there 

were no significant differences between the distance treatments for TSS, TA or 

TSS:TA ratio. The leeward side had a significantly higher TSS:TA ratio even though 

TSS and TA did not differ significantly. Even though the top had a significantly higher 

TSS:TA ratio than the bottom, fruit at Rust en Vrede still met the minimum export 

standards (TSS:TA ratio >8:1) for late mandarins (‘Tango’) (CRW, 2014) and quality 

was maintained. The significant differences for TSS and TA in trial 2 resulted in a 

higher TSS:TA ratio for 4H. Although there were significant differences between the 

treatments, fruit from both 2H and 4H was suitable for the export market (CRW, 2014). 

Results between the two seasons are inconsistent, and no conclusions can be made 
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regarding the effect of distance from an established windbreak on TSS:TA ratio of 

‘Tango’ mandarin. 

No significant differences were recorded for juice % for any of the treatments 

of trials 1 and 2, which confirmed findings from Prins (2018) for ‘Nadorcott’ mandarins 

under wind-protected conditions. Thus, the juice % ‘Tango’ mandarin fruit was not 

influenced by the distance from an established windbreak or by the tree side. 

 For a semi-permeable tree windbreak (45 – 55% porosity), the distance where 

maximum wind speed reduction occurs is between 2H and 4H (Nuberg, 1998; Hamlet, 

2000; Peri and Bloomberg, 2002). As the distance increases, turbulent airflow 

generates high wind speeds (Cleugh, 1998; Kanzler et al., 2018). In the first season 

of trial 1, the percentage of Class 1 fruit at 10H and 16H closely reflected results for 

‘Valencia’ oranges grown without wind protection (30%) (Freeman, 1976). Our results 

also confirm previous reports that the highest packout is expected closest to the 

windbreak (sheltered area of the orchard) (McAneney et al., 1984) due to a reduction 

of turbulent airflow. There was significantly more Class 2 fruit at the most wind-

exposed treatment (16H), similar to reports by Gravina et al. (2011). The percentage 

Class 3 was similar for all three distance treatments despite the higher wind speeds 

(up to 17%) at 16H compared to 3H (Figs 5.3 and 5.4). The actual percentage of Class 

3 fruit (24.3%) confirmed a previous report for lemons (Cataldo et al., 2013). The 

leeward side had significantly more Class 1 fruit, confirming results from Pienaar 

(2005) and Tarara et al. (2005), and no significant differences were observed between 

treatments in classes 2 and 3. Our results, with significantly more Class 1 fruit from 

the bottom (< 2 m) and Class 3 fruit in the top (> 2 m up to 3 m), confirmed findings 

from Jacobs and Van Boxel (1991) and was probably due to the increase in wind 

speed with an increase in height of the canopy (Bosco et al., 2017) (Appendix 2, Fig 

4). In both seasons of trial 2, similar results were recorded between the distance 

treatments for all three class distributions which confirmed reports on the degree of 

wind protection at these distances (2H – 4H) (Hamlet, 2000; Peri and Bloomberg, 

2002). 

Results from season two confirmed observations from season one with regard 

to distance treatments, with a significantly higher packout at 3H. The percentage of 

Class 1 fruit at 3H and 16H closely reflected results reported by Gravina et al. (2011) 
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for 'Ellendale' tangor (44% - artificial windbreak and 38% - open field). Overall, the 

percentage of Class 1 fruit was higher in the second (39.9%) compared to the first 

season (33.1%), and Class 2, lower in the second season (33.8%), than the first 

season (42.7%). This is most likely due to higher wind speeds during the 12 weeks 

after fruit set in 2019/20 (Appendix 2, Fig 5). The percentage of Class 3 was similar 

for both seasons. Similar to the first season, the leeward side had significantly more 

Class 1 fruit. However, there was significantly more Class 3 fruit on the wind side 

during season two, confirming the direct effect of higher wind speeds on exposed fruit 

(Tarara et al., 2005). Results from the tree position treatments confirmed observations 

from season one, with significantly more Class 1 fruit from the bottom and Class 3 fruit 

from the top due to higher wind speeds (Appendix 2, Fi. 4). At Babylonstoren, similar 

to the results for trial 1, significant differences were recorded between the tree sides 

for classes 1 and 3. The wind side had significantly less Class 1 and significantly more 

Class 3 fruit, confirming observations from Tarara et al. (2005) who reported 

significantly lower wind speeds on the leeward side of canopies. 

 Even though there were no significant differences between the distance 

treatments, the difference between the class distributions at the early (14/01/21) 

compared to later harvest (25/08/21) confirmed results for other cultivars (Turner and 

Hardy, 2006). There was an approximate 10% decrease in Class 2 and a 13% 

increase in Class 3 fruit between the early and later harvest, with a similar percentage 

of Class 1 fruit. Thus, approximately 87% of severe wind scar damage occurred during 

the first 12 weeks after petal fall, as reported before (Outspan, 1997; Turner and 

Hardy, 2006). These results were supported by the highest wind speeds recorded 

during late spring/early summer (start of October until end of December) (Fig 5.3), 

which overlapped with the period when immature citrus fruitlets are most susceptible 

to wind damage (Cataldo et al., 2013). The wind speed was consistently higher at 16H 

compared to 3H (Figs 5.3 and 5.4), with the prevailing wind direction from the 

southeast. 

 Results from the late wind damage evaluation showed that 15% (16H) to 18% 

(3H) fruit damage (Class 2 and 3) occurred at the top of the canopy during the final 

eight weeks before harvest (24/06/21 – 19/08/21). According to literature (Gravina et 

al., 2011), most of the severe wind damage occurs during summer, but strong gusts 
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during winter can also result in export losses (Hamlet, 2000). During the first week 

(24/06/21 – 01/07/21), the highest wind damage (11%) occurred at 3H from a primarily 

northern direction (Fig 5.5). After two weeks (02/07/21 – 08/07/21), wind damage at 

16H increased from 6% to 12% and at 3H, from 11% to 14%, with the wind still 

primarily from the north. Thereafter, wind speeds were much lower (Fig 5.5) and the 

wind direction changed to southeast. The damage increased by 1% per week until the 

final evaluation date. Results confirmed the susceptibility of mature ‘Tango’ mandarin 

fruit to wind damage during winter. 

 

5.7 Conclusion 
This study aimed to quantify the effect of distance from established tree-based 

windbreaks on the fruit quality of ‘Tango’ mandarins. Our results confirmed that 

maximum wind protection occurred between 2H – 4H from the windbreak. As the 

distance from the windbreak increased (10H – 16H), a considerable increase in wind 

speed was observed, which resulted in non-uniform wind protection in the orchards. 

At both sites, the highest wind speeds were recorded during late spring/early summer 

and overlapped with the period where immature fruitlets are most susceptible to wind 

scar damage. This contributed to 87% wind damage in January and confirmed the 

importance of adequate wind protection during the 12 weeks after fruit set (October to 

December, SH). The main wind directions were southeast (summer) and north 

(winter), which is typical for this region. 

 The highest percentage of Class 1 fruit was observed closest to the Beefwood 

windbreak (3H) and decreased as the distance increased to 16H, confirming non-

uniform wind protection of tree-based windbreaks. Even though the percentage of 

Class 3 fruit did not differ significantly between treatments, the highest incidence of 

wind scar damage (Class 2 + 3) was observed at 10H and 16H (most wind-exposed 

areas).  There were, however, no differences between both distances (2H and 4H) 

from the Poplar windbreak, and the class distributions were similar to 3H in trial 1. 

Therefore, maximum wind protection (2H – 4H) corresponded with the lowest 

incidence of wind scar damage. Fruit from the top showed a significantly higher 

percentage Class 3 than the bottom. Producers can thus increase their packout by 

maintaining the tree canopy at 2 m instead of 3 m, but this will also result in possibly 

an unsustainable decrease in yield. The distance from the windbreaks also influenced 
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the internal fruit quality significantly, particularly TA, and resulted in the lowest TSS:TA 

ratio closest to the Beefwood (3H) and Poplar (2H) windbreak. However, these 

significant differences did not influence marketing. 

The marginal wind protection provided by the tree-based windbreaks in our 

study was reflected in the low packout (less than 45%) and requires further attention. 

Possible solutions are to decrease the distance between shelterbelts (not a practical 

solution in these orchards) or investigate alternative options like other tree species 

and shade netting. 

 

Acknowledgements 
The study was funded by the Project FarmImpact with a grant of the Federal Ministry 

of Education and Research) (BMBF), Bonn, Germany and valuable support with 

infrastructure was received from Johan and Gideon Roos at Rust en Vrede and Ian de 

Villiers at Babylonstoren. 

 

5.8 Literature cited 

Bosco, L., Bergamaschi, H., Cardoso, L., Paula, V., Marodin, G. and Brauner, P. 2017. 

Microclimate alterations caused by agricultural hail net coverage and effects on 

apple tree yield in subtropical climate of Southern Brazil. Bragantia, 77(1):181-

192. 

Botes, J. 2018. Impact of shade netting on internal and external quality of ‘Nadorcott’ 

mandarin fruit. Master’s Thesis, University of Stellenbosch, Department of 

Horticultural Science. 

Brandle, J.R., Hodges, L., Tyndall, J. and Sudmeyer, R.A. 2009. Windbreak practices. 

In: Garrett, H.E. (ed.). North American Agroforestry: An Integrated Science and 

Practice, American Society of Agronomy WI, USA, 2:75-97. 

Brown, R. 2018. Effect of permanent shade netting on ‘Nadorcott’ mandarin tree 

phenology and productivity. Master’s Thesis, University of Stellenbosch, 

Department of Horticultural Science. 

Cataldo, J. and Pienika, R. 2009. Wind damage study and control on citric fruits. 11th 

Americas Conference on Wind Engineering, San Juan, Puerto Rico, 22-26 June. 

Stellenbosch University https://scholar.sun.ac.za



121 
 

 
 

Cataldo, J., Durañona, V., Pienika, R., Pais, P. and Gravina, A. 2013. Wind damage 

on citrus fruit study: Wind tunnel tests. Journal of Wind Engineering and Industrial 

Aerodynamics, 116:1-6. 

Citrus Resource Warehouse, CRW. 2014. Export standards and requirements: Soft 

citrus, South Africa. 

Cleugh, H. 1998. Effects of windbreaks on airflow, microclimates and crop yields. 

Agroforestry Systems, 41:55-84. 

Freeman, B. 1976. Artificial windbreaks and the reduction of wind scar of 

Citrus. Proceedings of the Florida State Horticultural Society, 89:52-54. 

Fukuoka, N., Masuda, D. and Kanamori, Y. 2009. Effects of Temperature around the 

Fruit on Sugar Accumulation in Watermelon (Citrullus lanatus (Thunb.) Journal 

of the Japanese Society for Horticultural Science, 78(1):97-102. 

Gravina, A., Cataldo, J., Gambetta, G., Pardo, E., Fornero, C., Galiger, S. and Pienika, 

R. 2011. Relation of peel damage in citrus fruit to wind climate in orchard and its 

control. Scientia Horticulturae, 129(1):46-51. 

Hamlet, G.M. 2000. The effect of tree windbreaks on the microclimate and crop yields 

in the Western Cape region of South Africa. Master’s Thesis, University of 

Stellenbosch, Department of Forestry Sciences. 

Hodges, L. and Brandle, J. 2006. Windbreaks for fruit and vegetable crops. University 

of Nebraska – Lincoln Extension EC1779, 1-7. 

Holmes, M. and Farrel, D. 1993. Orchard microclimate as modified by windbreaks: A 

Preliminary Investigation. South African Avocado Growers’ Association 

Yearbook. 16:59-64. 

Jacobs, A. and Van Boxel, J. 1991. Horizontal and vertical distribution of wind speed 

in a vegetation canopy. Netherlands Journal of Agricultural Science, 39(3): 165-

178. 

Kanzler, M., Böhm, C., Mirck, J., Schmitt, D. and Veste, M. 2018. Microclimate effects 

on evaporation and winter wheat (Triticum aestivum L.) yield within a temperate 

agroforestry system. Agroforestry Systems, 93(5):1821-1841. 

Stellenbosch University https://scholar.sun.ac.za



122 
 

 
 

Lado, J., Gambetta, G. and Zacarias, L. 2018. Key determinants of citrus fruit quality: 

Metabolites and main changes during maturation. Scientia Horticulturae, 

233:238-248. 

McAneney, K., Judd, M.J. and Trought, M.C.T. 1984. Wind damage to kiwifruit 

(Actinidia chinensis Planch.) in relation to windbreak performance. New Zealand 

Journal of Agricultural Research, 27:255-263. 

Mditshwa, A., Magwaza, L. and Tesfay, S. 2019. Shade netting on subtropical fruit: 

Effect on environmental conditions, tree physiology and fruit quality. Scientia 

Horticulturae, 256:1-11. 

Nuberg, I. 1998. Effect of shelter on temperate crops: a review to define research for 

Australian conditions. AgroForestry Systems, 41:3-34. 

Outspan. 1997. Sitrus produksie riglyne – Deel 1, Windbeskerming, 1-16. 

Peri, P.L. and Bloomberg, M. 2002. Windbreaks in southern Patagonia, Argentina: A 

review of research on growth models, windspeed reduction, and effects on 

crops. Agroforestry Systems, 56:129-144. 

Pienaar, J.W. 2005. The effect of wind on the performance of the grapevine. Master’s 

Thesis, University of Stellenbosch, Department of Forestry Sciences. 

Prins, M. 2018. The impact of shade netting on the microclimate of a citrus orchard 

the tree’s physiology. Master’s Thesis, University of Stellenbosch, Department of 

Horticultural Science. 

Stander, O.P.J. and Cronjé, P. 2016. Important considerations for citrus production 

under shade nets. Tegnologie CRI (Citrus Research International), 62-67. 

Susanto, S., Nakajima, Y., Hasegawa, K. and Ozawa, Y. 1992. Effect of early season 

day/night temperatures on vegetative and reproductive growth of ‘Tosa Buntan’ 

pummelo (Citrus grandis (L.) Osbeck). Scientia Horticulturae, 50(1-2):147-151. 

Syvertsen, J.P and Albrigo, L.G. 1980. Some effects of grapefruit tree canopy position 

on microclimate, water relations, fruit yield, and juice quality. Journal of the 

American Society for Horticultural Science, 105(3):454-459. 

Stellenbosch University https://scholar.sun.ac.za



123 
 

 
 

Tarara, J.M., Ferguson, J.C., Hoheisel G.A. and Perez Pena, J.E. 2005. Asymmetrical 

canopy architecture due to prevailing wind direction and row orientation creates 

an imbalance in irradiance at the fruiting zone of grapevines. Agricultural and 

Forest Meteorology, 135:144-155. 

Turner, J. and Hardy, S. 2006. Windbreaks for Citrus. CITTgroups Australia, 1-13. 

Verreynne, J.S. 1999. Manipulation of internal fruit quality in citrus. Master’s Thesis, 

University of Stellenbosch, Department of Horticultural Science. 

Zanamwe, P. 2018. The effect of pre-harvest wind damage on post-harvest quality of 

‘Triumph’ persimmon fruit. African Journal of Science, Technology, Innovation 

and Development, 10(6):753-758. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Stellenbosch University https://scholar.sun.ac.za



124 
 

 
 

Tables and figures 
Table 5.1. Internal fruit quality analysis of ‘Tango’ mandarin trees at Rust en Vrede, 

Somerset West at harvest for 2019/20 season (06/08/20). 

 Internal quality parameters 

 Total soluble 
solids (oBrix) 

Titratable 
acidity (%) TSS:TA ratio 

Juice 
percentage 
(%) 

Treatment 

3H 12.2 ns  1.24 a 9.9 b 61.32 ns 

10H 12.1 1.20 ab 10.2 ab 61.53 

16H 12.3 1.18 b 10.5 a 60.99 

P-value 0.2282 0.0160 0.0066 0.3825 

Tree side     

Wind  12.2 ns 1.23 a 9.9 b 61.34 ns 

Leeward 12.3 1.18 b 10.5 a 61.23 

P-value 0.1676 0.0027 0.0004 0.7193 

Tree position     

Top 12.3 a* 1.17 b 10.6 a 61.38 ns 

Bottom 12.1 b 1.24 a 9.8 b 61.19 

P-value 0.0041 <0.0001 <0.0001 0.5424 

*Means with a different letter within a column differ significantly at the 5% level (LSD).  
ns Denotes non-significant differences within a column. 
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Table 5.2. Internal fruit quality analysis of ‘Tango’ mandarin trees at Rust en Vrede, 

Somerset West at harvest for 2020/21 season (25/08/21). 

 Internal quality parameters 

 Total soluble 
solids (oBrix) 

Titratable 
acidity (%) TSS:TA ratio 

Juice 
percentage 
(%) 

Treatment 

3H 11.5 ns 1.14 ns 10.3 ns 57.44 ns 

10H 11.7 1.15 10.3 57.65 

16H 11.6 1.14 10.3 56.62 

P-value 0.3376 0.9761 0.9879 0.7012 

Tree side     

Wind  11.5 ns 1.17 ns 9.9 b 58.04 ns 

Leeward 11.7 1.12 10.6 a 56.44 

P-value 0.2818 0.0921 0.0327 0.1355 

Tree position     

Top 11.6 ns 1.08 b* 10.9 a 56.84 ns 

Bottom 11.6 1.21 a 9.7 b 56.84 

P-value 0.4095 0.0002 0.0007 0.4559 

*Means with a different letter within a column differ significantly at the 5% level (LSD).  
ns Denotes non-significant differences within a column. 
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Table 5.3. Internal fruit quality analysis of ‘Tango’ mandarin trees at Babylonstoren, 

Klapmuts at harvest for 2019/20 season (27/07/20). 

 Internal quality parameters 

 Total soluble 
solids (oBrix) 

Titratable 
acidity (%) TSS:TA ratio 

Juice 
percentage 
(%) 

Treatment 

2H 12.9 ns 1.26 ns 10.3 ns 60.84 ns 

4H 12.7 1.19 10.7 59.81 

P-value 0.2017 0.0527 0.0966 0.1734 

Tree side     

Wind  12.8 ns 1.25 a* 10.3 ns 59.79 ns 

Leeward 12.7 1.20 b 10.7 60.86 

P-value 0.4331 0.0406 0.0960 0.1561 
*Means with a different letter within a column differ significantly at the 5% level (LSD).  
ns Denotes non-significant differences within a column. 

 

Table 5.4. Internal fruit quality analysis of ‘Tango’ mandarin trees at Babylonstoren, 

Klapmuts at harvest for 2020/21 season (05/08/21). 

 Internal quality parameters 

 Total soluble 
solids (oBrix) 

Titratable 
acidity (%) TSS:TA ratio 

Juice 
percentage 
(%) 

Treatment 

2H 9.8 b* 1.01 a 9.7 b 58.60 ns 

4H 10.5 a 0.91 b 11.5 a 56.21 

P-value <.0001 0.0001 <.0001 0.2340 

Tree side     

Wind  10.1 ns 0.95 ns 10.6 ns 57.91 ns 

Leeward 10.1 0.96 10.5 56.90 

P-value 0.9608 0.8785 0.7957 0.3236 
*Means with a different letter within a column differ significantly at the 5% level (LSD).  
ns Denotes non-significant differences within a column. 
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Table 5.5. Wind scar damage analysis of ‘Tango’ mandarin trees at Rust en Vrede, 

Somerset West at harvest for 2019/20 season (06/08/2020). 

 Wind scar damage class distribution 

 % Class 1  
(no damage) 

% Class 2  
(light wind damage) 

% Class 3 (severe 
wind damage) 

Treatment    

3H 36.9 a* 39.0 b 24.1 ns 

10H 32.0 b 43.7 a 24.3 

16H 30.3 b 45.3 a 24.4 

P-value 0.0060 0.0010 0.1242 

Tree side    

Wind  30.6 b 43.6 ns 25.8 ns 

Leeward 35.8 a 41.6 22.6 

P-value 0.0072 0.0978 0.0414 

Tree position    

Top 22.8 b 43.8 ns 33.4 a 

Bottom 42.6 a 41.6 15.8 b 

P-value <.0001 0.8081 <.0001 

*Means with a different letter within a column differ significantly at the 5% level (LSD).  
ns Denotes non-significant differences within a column. 
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Table 5.6. Wind scar damage analysis of ‘Tango’ mandarin trees at Rust en Vrede, Somerset West for early strip (14/01/2021) and 

harvest (25/08/2021) evaluation periods (2020/21 season). 

 Wind scar damage class distribution 

 Early strip (14 January 2021) Harvest (25 Augustus 2021) 

 Class 1 %             
(no damage) 

Class 2 %                
(light wind 
damage) 

Class 3 %              
(severe wind 
damage) 

Class 1 %             
(no damage) 

Class 2 %                
(light wind 
damage) 

Class 3 %              
(severe wind 
damage) 

Treatment       

3H 40.8 ns 37.5 ns 21.7 ns 45.2 a 28.8 b 26.0 ns 
10H 39.7 37.8 22.5 35.6 b 38.2 a 26.2 
16H 39.0 37.0 24.0 38.8 b 34.5 a 26.7  
P-value 0.3696 0.7942 0.4633 0.0012 <.0001 0.6519 

Tree side       
Wind  39.2 ns 37.2 ns 23.6 ns 36.5 b 35.6 ns 27.9 a 
Leeward 40.5 37.7 21.8 43.6 a 31.8  24.6 b 
P-value 0.1881 0.5849 0.2222 0.0013 0.1057 0.0404 

Tree position       
Top 37.2 b* 35.3 b 27.5 a 28.0 b 41.3 a 30.7 a 
Bottom 42.5 a 39.5 a 18.0 b 47.4 a 29.0 b 23.6 b 
P-value <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
*Means with a different letter within a column differ significantly at the 5% level (LSD).  
ns Denotes non-significant differences within a column.  

Stellenbosch University https://scholar.sun.ac.za



129 
 

 
 

Table 5.7. Wind scar damage analysis of ‘Tango’ mandarin trees at Babylonstoren, 

Klapmuts at harvest for 2020/21 season (05/08/2021). 

 Wind scar damage class distribution 

 % Class 1 
(no damage) 

% Class 2  
(light wind damage) 

% Class 3 (severe 
wind damage) 

Treatment    

2H 44.1 ns 33.6 ns 22.3 ns 

4H 42.4 34.1 23.5 

P-value 0.2019 0.6686 0.2310 

Tree side    

Wind  40.1 b* 34.0 ns 25.9 a 

Leeward 46.3 a 33.7 20.0 b 

P-value <.0001 0.6586 <.0001 

*Means with a different letter within a column differ significantly at the 5% level (LSD).  
ns Denotes non-significant differences within a column. 
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Figure 5.1. Wind scar damage scale for soft Citrus (‘Tango’) and fruit class 

distribution. 

 

 
Figure 5.2. Wind scar damage scale for soft Citrus (‘Tango’) and fruit class 

distribution for immature fruit. 
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Figure 5.3. Monthly mean wind speeds for the 2020/21 season at Rust en Vrede and Babylonstoren recorded by the AWS at 3 m 

height at different distances from an established Beefwood (9 m – trial 1) and Poplar (14 m – trial 2) windbreak.
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Figure 5.4. Wind rose for the early spring/summer period (01/10/2020 – 31/12/2020) 

for two distance treatments, 3H (Top) and 16H (Bottom). Distance chosen from 

southern windbreak reference point. 
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Figure 5.5. Daily mean wind speed values for the period 24/06/2021 – 19/08/2021 for two distance treatments, 3H (solid line) and 

16H (dashed line). Main wind direction during each week is indicated above dates.

0

1

2

3

4

5

6
W

in
d 

sp
ee

d 
(m

.s
-1

)

3H 16H

Northern wind direction South-eastern wind direction 

Stellenbosch University https://scholar.sun.ac.za



134 
 

 
 

 
Figure 5.6. Visual representation of late wind scar damage during the period 

24/06/21 until 20/08/21. 

 

 
Figure 5.7. Percentage wind damage for the period 24/06/2021 – 19/08/2021 for two 

distance treatments, 3H and 16H. Distance chosen from southern windbreak 

reference point, thus 16H most wind protected area during north winds.
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6. PAPER 4: The effect of tree windbreaks on tree 
performance of bearing ‘Nadorcott’ mandarin and ‘Ruby 
Star’ plum trees in the Stellenbosch region, Western Cape, 
South Africa 

Abstract 
Strong winds in the Western Cape cause significant quality and yield losses, mainly 

during early spring/summer when the fruit is most susceptible. In this study, the 

efficiency of newly established multi-row tree-based windbreaks (MRW) (Eucaluptus 

sp. – evergreen and Populus sp. – deciduous) were investigated as a wind protection 

mechanism for Citrus reticulata (‘Nadorcott’ mandarin) and Prunus salicina (‘Ruby 

Star’) plum trees in the Stellenbosch region, Western Cape, South Africa. The MRW 

were planted perpendicular to prevailing south-easterly winds. The study was 

conducted over two seasons (2019/20 and 2020/21). Fractional light interception (FLI), 

tree volume and yield were quantified for both orchards for both seasons. Wind scar 

damage was recorded at harvest for both orchards, and during summer (early strip – 

2020/21 season) for ‘Nadorcott’ mandarin. For the 2020/21 season, the prevailing wind 

directions were south and north-east during summer and winter, respectively. The 

average wind speed was 40% higher during summer compared to winter. The highest 

number of hours above the threshold value for wind scar damage (> 4.5 m.s-1) was 

recorded in December (2019/20) and January (2020/21). No significant differences 

were recorded for FLI, tree volume and yield for the ‘Nadorcott’ orchard. ‘Ruby Star’ 

plum trees at 50 m from the windbreak had significantly higher FLI, bigger leaves and 

less leaf damage. ‘Nadorcott’ trees protected by natural woody vegetation had a 

significantly higher Class 1 (no damage) fruit in 2019/20. The leeward side of citrus 

trees had a significantly higher percentage of Class 1 fruit compared to the wind side 

in both seasons. For light (Class 2) and severe (Class 3) wind damage, there were no 

significant differences between treatments for both orchards. About 86% of severe 

wind scar damage occurred during the first 12 weeks after petal fall. Low packout for 

‘Nadorcott’ mandarins emphasise the importance of adequate wind protection in the 

Western Cape when fruit are small and immature (November until end of January). 

 

Keywords: agroforestry, multi-row shelterbelts, plum, soft citrus, wind scarring  
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6.1 Introduction 

Strong winds in the Western Cape, with its Mediterranean-type climate, occur 

throughout the region, with severe south-easterly winds in spring and summer being 

speculated to be the cause of significant yield and quality losses (Hamlet, 2000; Taylor 

and Gush, 2009). Wind is also a dominant climatic factor that can influence the 

vegetative development of fruit trees (Schindler et al., 2012). 

For fruit trees to produce high yields of export quality fruit, it is crucial to provide 

an environment that is protected from the wind (Turner and Hardy, 2006; Malik, 2020). 

Young citrus trees have a very low tolerance against wind damage, and protection is 

of utmost importance for newly established orchards (Outspan, 1997). Protecting fruit 

trees from high wind speeds is crucial during the non-bearing years to establish a 

healthy vegetative structure that provides the bearing positions for fruit and leaves. 

Wind has a direct effect on reducing the vegetative development of citrus and plum 

trees through mechanical loading (Gardiner et al., 2016). Leaves may be physically 

stripped and torn from the trees due to strong winds (Hodges and Brandle, 2006). 

Leaves of wind-exposed trees are smaller and also a reduced number of leaves occur 

on the tree (Newenhouse, 1991; Hodges and Brandle, 2006). The smaller leaves may 

result in a reduction of the leaf area index and accompanying reduced photosynthetic 

capacity of the tree (Wilson, 1984; Hodges and Brandle, 2006). The new leaf flush 

seen on trees during spring and early summer will be damaged first when exposed to 

a day of high wind speeds or gust periods. 

Shoot growth of citrus trees may be reduced in the presence of strong winds 

during the active shoot growth flushes in spring and early summer (Tarara et al., 2005). 

The tree volume in wind-exposed areas of an orchard tends to be smaller and these 

trees have a lower potential light interception (Cleugh et al., 1998; Gardiner et al., 

2016). This can reduce the rate at which trees fill their allotted space in the rows 

(Outspan, 1997).  

In citrus, during the physiological fruit drop period (November/December, 

Southern Hemisphere), the presence of strong winds may increase fruit drop and 

cultivars like ‘Nadorcott’, which are self-incompatible, are very susceptible (Outspan, 

1997). Wind speeds exceeding 4.5 m.s-1, for 1 h, within the first 12 weeks after petal 

drop may result in 90% of fruit being damaged (Outspan, 1997; Turner and Hardy, 

2006; Cataldo et al., 2013). Small, immature fruit is most susceptible to wind damage 
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during spring and summer. Plum production in the Western Cape is very susceptible 

to wind scar damage, resulting in massive losses on the export market (Malik, 2020). 

In plums, the fruit is most susceptible to wind scarring during the first three weeks after 

full bloom, if wind speed exceeds 5.8 m.s-1 (Michailides and Morgan, 1992). 

Research regarding spatially optimized shelterbelts is still in progress to ensure 

the best combination of windbreak species for a specific region, climate and crop being 

cultivated. There are certain criteria considered when designing the optimal 

windbreak, and there is no ‘perfect’ windbreak that meets all of them. The goal is to 

meet as many of the following criteria as possible by using different species 

combinations in parallel rows next to the orchard (Hodges and Brandle, 2006). Trees 

must be fast-growing, maintain lower branches with age, have an upright growth habit, 

not take up excessive production space, have low input and maintenance cost, have 

a low water requirement and low root competition, and be adaptable to local climate 

and soils (Kort, 1988; Norton, 1988; Outspan, 1997; Hamlet, 2000; Turner and Hardy, 

2006; Hansen et al., 2020). 

 Populus species (Poplar trees) are chosen for their rapid growth rate, cheap 

establishment and low water use, but they have a very high mortality rate (Hansen et 

al., 2020). They are deciduous trees and have less wind protection during the winter 

months, compared to an evergreen species like Casuarina cunninghamiana 

(Beefwood) which are commonly used for citrus orchards. This deciduous 

characteristic is not necessarily a problem for citrus since fruit are less susceptible to 

wind damage during winter and sufficient airflow can have a positive effect on drying 

fruit and leaves (Turner and Hardy, 2006, Taguchi et al., 2014). As plum trees are also 

deciduous, wind protection of fruit or leaves is not required during the leafless period. 

Eucalyptus species lose their lower branches when they mature, so they are usually 

planted in double rows to prevent this from becoming a problem, but their very high 

water use and invasive nature are not ideal for South African growing conditions 

(Hamlet, 2000; Albaugh et al., 2013). The use of indigenous species is recommended 

when designing a new planting to ensure adaptability to local soils and climate (Turner 

and Hardy, 2006). 

In this paper, the efficiency of newly established multi-row windbreaks were 

investigated by recording the impact of wind on Citrus reticulata ('Nadorcott' mandarin) 

and Prunus salicina ('Ruby Star' plum) trees, for different windbreak type species. The 

light interception, leaf area, tree volume and yield were quantified during the season. 
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Wind scar damage was also recorded for summer (early strip – 2020/21 season) and 

winter (harvest – both seasons). As the windbreaks were recently established, the 

information generated in this trial will serve as a baseline for future evaluation during 

the development of the windbreak. 

 

6.2 Materials and Methods 

6.2.1 Experimental site and plant selection 
The trials were conducted on two experimental orchards in Stellenbosch, Western 

Cape Province, South Africa. The experimental orchards were located at Welgevallen 

Experimental Farm of Stellenbosch University (33°56'57"S, 18°52'20"E, 180m 

elevation). This region has a Mediterranean-type climate, with wet winters and dry 

summers. In Stellenbosch, the mean annual rainfall is 787 mm (www.Climate-

Data.org). February is the driest month with an average of 20 mm and June has the 

most precipitation, up to an average of 141 mm (www.Climate-Data.org). The average 

yearly temperature is 17.1 °C, with the highest monthly average of 21.6 °C during 

February and the lowest monthly average of 10.9 °C during July (www.Climate-

Data.org). Soil type at the experimental site was classified as an Oakleaf (Soil 

Classification Working Group, 1991). 

An automatic weather station (AWS) (Campbell Scientific, Logan, Utah, USA) 

in the vicinity (located 300 m and 250 m from the citrus and plum orchard respectively), 

recorded air temperature and relative humidity, solar radiation, precipitation, wind 

speed and wind direction (degrees) at 2 m height on an hourly basis. Data from the 

AWS was available from 4 November 2019 onwards. The experiments were 

conducted during two consecutive seasons, 2019/20 (season 1) and 2020/21 (season 

2). 

In both orchards, a multi-row windbreak was planted on the 6th of June 2019, 

parallel to the orchards, in the prevailing southeast wind direction (Fig 6.1). The 

windbreak height at the beginning of the trials (14/01/2020) was 2 m for the Populus 

simonii (Chinese Poplar) trees (trial 1) and 1 m for the Eucalyptus species (trial 2). 

Trees had thus not filled the space sufficiently (porosity) to serve as a windbreak, but 

measurements indicated the initial stages of establishment for future projects. In 

addition, adjacent to the Chinese Poplar windbreak (trial 1), existing natural woody 

vegetation protected one section of the citrus orchard (Fig 6.1). 
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In trial 1, ‘Nadorcott’ mandarin trees were planted on an MHAFLS/RCC rootstock in a 

NE – SW row direction in 2015, with a between row spacing of 5.5 m and a between 

tree spacing of 3 m. Micro-sprinklers were used for irrigation in the citrus orchard. The 

newly established windbreak for this trial comprised a double row of Chinese Poplar 

trees (Populus simonii). Previously established natural woody vegetation (deciduous) 

adjacent to the planted windbreak served as a control windbreak (Fig 6.2). 

 

In trial 2, 'Ruby Star' plum trees were planted on a Marianna rootstock with ‘Songold' 

as cross-pollinator in a NE – SW row direction in 2017, with a between row spacing of 

4 m and a between tree spacing of 1.5 m. Micro-sprinklers were used for irrigation in 

the plum orchard. Trees were trained according to the palmette system on a trellis. 

The newly established windbreak for this trial comprised of parallel rows of two 

Eucalyptus species: rose gum/red mahogany hybrid (Eucalyptus. grandis x resinifera) 

and sugar gum hybrid (Eucalyptus. grandis x urophylla) planted in alternating positions 

(Fig 6.3). 

 

6.2.2  Experimental layout and treatments 

The experimental layout for trial 1 consisted of two treatments, with selection of 10 

experimental trees at random within the two treatment blocks, perpendicular to the 

windbreak, starting at 7 m towards 55 m from the windbreak. Individual trees served 

as experimental units. The treatments for trial 1 consisted of the windbreak type 

(natural woody vegetation (NV) and a planted multi-row windbreak (MRW)), and the 

tree side (wind and leeward). 

The experimental layout for trial 2 consisted of two treatments, with selection 

of 15 experimental trees per treatment, at random within the two treatment blocks. The 

treatments comprised the distance from the windbreak (10 m or 50 m). 
 

6.3 Data collection 
6.3.1 Fractional light interception 
A ceptometer (AccuPAR LP-80, Decagon Devices Inc., Pullmanm, USA) was used to 

record the photosynthetically active radiation (PAR, µmol m-2s-1) for individual trees. 

The above canopy measurement was taken first, and then measurements per tree 
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were taken in four directions (N, E, S and W), and an average calculated to represent 

the below canopy light interception. The readings were taken between 11h00 and 

13h00, on a clear, sunny day to ensure sufficiently high PAR values (>600 µmol.m-2s-

1) for calibration. PAR values of the above canopy and below canopy measurements 

were used to calculate the fractional light interception (FLI) using the following 

equation: FLI (%) = 100 – (below canopy PAR/above canopy PAR x 100). 

 

In trial 1, PAR was recorded during autumn (30/05/2020), just before harvest for both 

seasons (winter) (21/07/2020 and 16/06/2021), and after the summer flush 

(18/02/2021). In trial 2, PAR measurements were recorded after harvest (before leaf 

drop) for both seasons (30/05/2020 and 23/03/2021). 

 

6.3.2 Trunk circumference and tree volume 
The trunk circumference was measured 5 cm above the bud/graft union in both trials, 

just before harvest, for both seasons, with a standard measuring tape. The tree height, 

in-row width and across-row width were also recorded to calculate canopy volume 

(21/07/2020 and 16/06/2021).   

The canopy volume was calculated using the following equation (Burger et al., 1970): 

V = R2 (πh – 1.046R) 

R = canopy radius [((in row width + across row width)/2)/2]  

h = canopy height  

 

6.3.3 Yield 
At harvest, citrus (28/07/2020 and 18/06/2021) and plum (24/02/2021) yields were 

determined by strip picking individual trees and recording weight with an orchard scale 

(W22 Series, UWE, South Africa). The fruit was transported to the Department of 

Horticultural Science, Stellenbosch, for quality analyses. External quality evaluation 

for visual wind scar damage was performed on all fruit. Yield efficiency was calculated 

per tree (kg.cm2). 

 

6.3.4 Leaf size and wind damage  
In trial 2, after harvest (23/03/2021) 10 random leaf samples were collected from each 

experimental tree to determine the leaf area and physical damage caused by wind. 
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Leaves were sampled from the middle of horizontally trained branches at shoulder 

height. The leaves were classified as ‘damaged’ or ‘healthy’ and expressed as 

percentage leaf damage. Before the leaf area measurement, individual leaves were 

visually inspected for wind damage. The same 10 leaves evaluated for physical 

damage was then used to measure their size. The leaf area (cm2) was determined 

with a leaf area meter (LI-3050C area meter, LI-COR Biosciences, Lincoln, Nebraska, 

USA). 

 

6.3.5 External fruit quality 
The wind damage scales ranged from 1 (no blemish) to 8 (very severe wind scar 

damage) (Figs 6.4 and 6.5). Fruit with blemishes 1, 2 and 3 were classified as Class 

1 (no wind damage) and were suitable for export. However, there is a zero-tolerance 

for major fruit damage (> 12 mm2) and fruit with number 3 wind damage can still be 

downgraded to Class 2 in this case. Fruit with number 4 and 5 damage was classified 

as Class 2 (light wind damage), being still marketable as fresh produce, but not for 

export. The fruit with numbers 6, 7 and 8 was classified as Class 3 (severe wind 

damage) and was only suitable for juicing or the local market. 

To determine wind damage intensity, the wind mark was covered with an index 

finger and when covered completely, it was still classified as Class 1. If the mark was 

bigger than the finger, fruit was classified as Class 2 and when there were marks on 

both sides of the fruit, it was classified as Class 3. The percentage of fruit for each 

class distribution was calculated for each treatment.  

 Individual fruit was visually inspected for wind scar damage according to the 

No. 7 CRI chart for wind scarring of soft citrus (trial 1) and the Unifruco wind damage 

score chart PL3 (trial 2). 

 

6.3.6 Early harvest of fruit 
During the second season for trial 1, immature fruit was harvested during the mid-

summer period (25 January 2021) to determine the incidence of early-season wind 

damage after SE wind periods during late spring and early summer. For this 

evaluation, 10 additional trees adjacent to the experimental trees were selected. All 

the fruit were stripped from the wind and leeward side of individual trees, for both 

treatments, and scored according to the procedure described in chapter 6.3.5 (Fig 
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6.6). This data represents the wind scar damage during phase one of the citrus growth 

stages. 

 

6.4 Statistical analysis 
Statistical analysis software (SAS) Enterprise Guide 7.1 (SAS Institute Inc., Cary, 

North Carolina, USA) and the GLM (General Linear Models) procedure was used for 

analyses. Data was subjected to a one-way ANOVA to compare means. Interpretation 

of the results should thus reflect the layout of the trials. 

A logit function was used to analyse the percentage of wind damage. For post 

hoc testing, means were separated at a 5 % significance level (p-value < 0.05) using 

the Fisher least significant difference (LSD) test. 

 

6.5 Results 
6.5.1 Microclimate 
6.5.1.1 Wind speed 
The highest mean wind speeds were recorded from November until end of January, 

and the lowest from May until end of July (Fig 6.7). The prevailing wind direction was 

south and northeast during summer and winter, respectively (Fig 6.8). The months 

with the greatest number of hours where wind speed exceeded 4.5 m.s-1 were 

December (2019/20) and January (2020/21) (Figs 6.9 and 6.10). Figure 6.11 presents 

the diurnal pattern for a typical windy summer’s (31/01/20) and winter’s (07/07/20) day. 

During winter, the wind speed rarely reached values recorded in summer. The highest 

recorded values were 10.7 m.s-1 and 7.0 m.s-1 for the summer and winter days, 

respectively. 

 

6.5.1.2 Air temperature 
The highest maximum air temperatures were observed during February (30.0 °C) and 

January (29.2 °C) for the 2019/20 and 2020/21 seasons, respectively (Fig 6.12). The 

lowest minimum air temperatures were observed during July for both seasons with 

values of 6.5 °C (2019/20) and 7.5 °C (2020/21), respectively (Fig 6.12). 
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6.5.2 Fractional light interception 

In trial 1, no significant differences were recorded between windbreak treatments for 

FLI on any of the dates, in either of the seasons (Table 6.1).In trial 2, treatment 2 (50 

m from windbreak) had a significantly higher FLI (58.1% and 71.7%) compared to 

treatment 1 (10 m from the windbreak) (49.6% and 61.8%), at both dates (30/05/20 

and 23/03/21) (Table 6.2). 

 

6.5.3 Trunk circumference and tree volume 
In trial 1, trunk circumference did not differ significantly between the treatments in 

either of the seasons (Table 6.3). However, trunk circumference did increase in 

2020/21 (29.4 cm) compared to 2019/20 (25.9 cm). Tree volume just before harvest 

(21/07/20 and 16/06/21) did not differ significantly between treatments (Table 6.3). 

Similar to trunk circumference, tree volume increased in the second season (7.14 m3) 

compared to the first (5.59 m3), but data was not analyzed statistically between 

seasons. 

In trial 2, no significant differences were recorded between the distance 

treatments for trunk circumference in either of the seasons (Table 6.2). 

 

6.5.4 Yield and yield efficiency 

In trial 1, the yield data in 2019/20 did not accurately represent the performance of the 

orchard due to fruit theft. Nevertheless, in both seasons, no significant differences 

were recorded between treatments with regard to yield efficiency (Table 6.4). In 

2020/21, there was no significant difference between treatments for the average 

number of fruit per tree (Table 6.4). 

The 2020/21 season was the first year the plum trees in trial 2 yielded a crop. 

There was no significant difference between treatments with regard to yield efficiency 

(Table 6.5). 
 

6.5.5 Leaf size and wind damage 
In trial 2, significant differences were recorded between distance treatments for leaf 

size (Table 6.5). Leaves from treatment 2 (18.0 cm2) had a significantly higher surface 

area (bigger) compared to treatment 1 (16.6 cm2). Treatment 1 (40.7%) showed 

significantly more leaf damage compared to treatment 2 (32.7%) (Table 6.5, Fig 6.13). 
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6.5.6 External fruit quality 
In 2019/20, the only significant difference between treatments were recorded in Class 

1, with classes 2 and 3 not differing significantly between treatments (Table 6.6). Trees 

protected by the natural woody vegetation (NV, 43.7%) had significantly more Class 1 

fruit than the MRW (37.0%). 

 In the NV treatment, there was a significantly higher percentage of Class 1 and 

Class 2 fruit in the leeward than windward tree side, with no significant difference 

between treatments for Class 3 (Table 6.7). In the MRW treatment, there was only a 

significant difference between the wind and leeward side for Class 1 (Table 6.7). Fruit 

from the leeward side showed a significantly higher percentage of Class 1 fruit (38.9%) 

than the wind side (34.6%), with no significant differences in classes 2 and 3. 

In 2020/21, there were no significant differences between treatments for any of 

the three classes in trial 2 (Table 6.8). There were no significant differences between 

treatments in any of the classes in trial 1 (Table 6.9). When comparing the tree sides 

for the NV, there was a significant difference between the wind and leeward side for 

both classes 1 and 3, but not Class 2 (Table 6.10). The leeward side (40.4%) had 

significantly more Class 1 fruit than the wind side (27.9%). The wind side (37.3%) had 

significantly more Class 3 fruit compared to the leeward side (25.7%). In the MRW 

treatment, there was only a significant difference in Class 1 (Table 6.10), with the 

leeward side showing a significantly higher percentage of Class 1 fruit. No significant 

differences were recorded for classes 2 and 3. 

 

6.5.7 Early harvest of fruit 
For the early harvest in 2020/21, no significant differences in any of the fruit classes 

were recorded between treatments (Table 6.9). 

With reference to tree side, for the NV, the wind side (28.6%) showed a 

significantly higher percentage Class 3 compared to the leeward side (24.6%), with no 

significant differences in classes 1 and 2 (Table 6.11). In the MRW treatment, no 

significant differences were observed in any of the fruit class distributions (Table 6.11). 

 

6.6 Discussion 
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The wind speed was considerably higher from November to January (small and 

immature fruit) compared to April until June (fruit maturing), for both seasons, which 

correspond with the period (12 weeks after petal drop) when fruit are most susceptible 

to wind scar damage (Outspan, 1997; Turner and Hardy, 2006). During the 2020/21 

season, the prevailing wind directions were south (start November – end January) and 

northeast (start April – end June), which is similar to the conventional bimodal 

seasonal wind regime of SE during summer and NW during winter for the Western 

Cape (Hamlet, 2000). During summer, the average wind speed was 44.3% (2019/20) 

and 37.1% (2020/21) higher than in the winter. This difference between winter and 

summer wind speeds was much higher than the 16.9% reported by Veste et al. (2020) 

in Paarl, Western Cape. For the late autumn/winter period (April to July), maximum 

monthly wind speeds never exceeded the threshold value for wind scar damage for 

either season (Fig 6.10). Pienaar (2005) reported wind speeds of 3 – 6 m.s-1 and 

occasional strong winds (>6 m.s-1) in the South Western Cape region, similar to our 

study. Figure 6.9 illustrates the total number of hours per month when wind speed 

exceeded the threshold value for damage, according to literature (Turner and Hardy, 

2006; Cataldo et al., 2013). When comparing summer and winter 2019/20, December 

had the highest number of hours (449 h above 4.5 m.s-1) and May (176 h), the lowest. 

A similar observation was made in the second season, where January (394 h) 

experienced almost double the number of hours above the threshold compared to April 

(258 h). The diurnal pattern for a typical summer and winter day (Fig 6.11) confirmed 

the observations within a 24 h period. The maximum and minimum air temperature 

followed similar trends in 2019/20 and 2020/21. 

 For wind to have a significant effect on FLI, the tree volume, number of leaves 

and/or leaf size must change to the extent where the potential light interception area 

is reduced (Hodges and Brandle, 2006; Brandle et al., 2009). For wind to have a direct 

effect on tree volume and leaf size reduction, persistent winds of 6.7 m.s-1 has to be 

exceeded (Newenhouse, 1991; Tarara et al., 2005; Gardiner et al., 2016), which was 

not observed in our study (Fig 6.10). No significant differences were observed between 

treatments for either of the seasons in the ‘Nadorcott’ mandarin orchard. FLI of the NV 

treatment was higher at the end of the second season (16/06/21 – 76%) than initially 

(30/05/20 – 61%) (Table 6.1) and primarily due to trees still expanding, not a treatment 

effect. Plum trees at treatment 2 had a significantly higher percentage of light 
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interception compared to treatment 1 for both seasons (Table 6.2). The young, newly 

established Eucalyptus windbreak was not providing sufficient protection when the trial 

was started according to the calculation of effectiveness of a windbreak: 1.0H = 1 

windbreak tree height (Hamlet, 2000). According to Baldwin (1988) and Nuberg 

(1998), the maximum shelter effect is observed up to a distance of 10 times the height 

of the windbreak (10H). The average height of the windbreak was 1 m during the trial 

period, thus limited wind protection was expected for the entire orchard, and high 

damage was expected for both treatments. However, plum trees in the orchard also 

provided some degree of wind protection, with each row of plum trees acting as an 

additional barrier to incoming wind during spring and summer. The average leaf size 

of plum trees in treatment 2 was significantly bigger than for trees in treatment 1. This 

is most likely the reason for the difference in FLI (Brandle et al., 2009) between 

treatments. Trees of treatment 2 had a 15% higher light interception compared to 

treatment 1, for both the measurement dates (30/05/20 and 23/03/21). 

 The increase in trunk circumference and tree volume between the two seasons 

in trial 1 were due to an increase in tree size and did not reflect a direct influence of 

the treatments. Shoot growth data was not recorded, but Fig 6.13 shows the more 

compact/shorter shoots typical on the wind side compared to the leeward side of the 

trees (personal observation), confirmed by previous studies on grapevines (Pienaar, 

2005; Tarara et al., 2005). No statistical differences with regard to trunk circumference 

were observed between distance treatments for trial 2. The increase in trunk 

circumference between the two seasons indicates that the plum trees are still growing, 

and wind speeds never reached a point where dwarfing of trees occurred 

(Newenhouse, 1991). 

 The direct effect of wind on yield is via damage to and loss of flowers during 

spring, resulting in poor fruit set, but this was not quantified in our trials. There were 

however no significant differences between the windbreaks with regard to yield 

efficiency. Similarly, Norton (1988) found no significant effect for windbreaks on yield 

in 'Valencia' orange (Citrus sinensis). Pienaar (2005) reported that sheltered vines did 

not have a significantly higher yield, even though there were significantly more fruit 

bunches than exposed vines (open field), contrary to our results. These reports from 

the literature confirm the non-significant yield results for trial 1. In the second season, 
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the yield was much higher and comparable to industry standards. The potential 

photosynthetic capacity (greater light interception) for ‘Ruby Star’ suggested that trees 

of treatment 2 could outperform trees at treatment 1. This was not reflected in the yield, 

as there was no significant difference between treatments for yield efficiency. This also 

contradicts results from a study by Peri and Bloomberg (2002), who reported 

significantly higher yields for cherries in the most wind-protected area of the orchard 

where bee activity is the highest (Hastings, 2018). The flight activity of bees is reduced 

significantly at high wind speeds (> 8.89 m.s-1) and will reduce pollination in crops like 

plums and cherries (Tamang et al., 2010; Hastings, 2018). The wind speeds during 

spring never reached values (Fig 6.10) where bee activity could be reduced to the 

extent where yields would be significantly lower (Peri and Bloomberg, 2002), 

confirming our results. 

 In the ‘Ruby Star’ orchard, treatment 2 had significantly bigger leaves and less 

damage than treatment 1, confirming observations of Brandle et al. (2009), which 

could result in higher rates of photosynthesis (not recorded). As the distance from the 

young Eucalyptus windbreak increased, wind speed reductions became more evident 

in the reduced damage of leaves at treatment 2. Treatment 1 (40.7% of leaves 

damaged) had up to 20% more leaf damage compared to treatment 2 (32.7%). During 

the late spring/early summer, young plum leaves are much more susceptible to wind 

damage (Wilson, 1980) compared to mature leaves and this was also experienced in 

our trial. 

 Severe wind damage can vary between 10% and 70% (Outspan, 1997; Turner 

and Hardy, 2006). Quantitative data for soft citrus cultivars like ‘Nadorcott’ under South 

African conditions has not been reported for a multi-row windbreak system. In the first 

season, the NV treatment had a significantly higher percentage of Class 1 fruit 

compared to the MRW treatment. The percentage of light and severely damaged fruit 

(Class 2 and 3) was the same for both treatments. The percentage of severe damage 

confirms that reported for lemon trees (Cataldo et al., 2013). The percentage of Class 

1 fruit for both the NV (43.7%) and MRW (37%) closely reflected results for ‘Ellendale’ 

tangor in the most (44%) and least (31%) wind protected zones next an artificial 

windbreak (6.5 m height) (Gravina et al., 2011). The leeward side of trees had a 

significantly higher percentage of Class 1 fruit in the NV and MRW treatments, 
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confirming results from Pienaar (2005) and Tarara et al. (2005) who recorded 

significantly lower wind speeds on the leeward side of a tree canopy. During the 

second season, no significant differences were observed between the treatments, but 

the class distribution was similar to the previous season. Wind speeds (Figs 6.7, 6.9 

and 6.10) and hours above the threshold value (4.5 m.s-1) varied between seasons, 

but this was not reflected in the damage. Tree side damage trends in the second 

season were similar to the first season. The leeward side had a significantly higher 

percentage Class 1 and a lower Class 2 percentage compared to the wind-exposed 

side. 

The mean wind damage (Class 2 + 3) for trial 2 (‘Ruby Star’ plums) was 12.3%. 

Malik (2020) reported wind damage values of 22.4% and 12.4% for ‘Larry Ann’ and 

‘Midnight Gold’ plums grown without wind protection in the Worcester region, South 

Africa. The incidence of severe wind damage (Class 3) in plums was less than 10% 

with a considerably higher packout percentage (74.5%) compared to the citrus 

(33.9%). This can be attributed to the fact that for wind scar damage to develop on 

plums, a much higher threshold value has to be exceeded (5.8 m.s-1) (Michailides and 

Morgan, 1992) to cause damage. From Fig 6.10 (2020/21 season), it is clear that these 

values were very rarely reached during the first three weeks after full bloom (fruit most 

susceptible). As the young Chinese Poplar and Eucalyptus windbreaks are still 

growing, the percentage of Class 1 fruit is expected to increase along with the 

incidence of severe damage to decrease as the windbreaks become more effective in 

wind reduction in the coming seasons. 

 About 90% of the wind scar damage at harvest occurs within 12 weeks after 

fruit set, starting early November (SH) (Outspan, 1997; Turner and Hardy, 2006; 

Cataldo et al., 2013). There was an approximate 12% decrease in Class 1 and a 14 

% increase in Class 3 between the early strip and harvest. The percentage of Class 2 

fruit was very similar between the two sampling dates. Thus, approximately 86% of 

severe wind scar damage occurred during the first 12 weeks after petal fall (summer 

winds) and the remaining 14% occurred during the last 24 weeks of the growing 

season (winter winds). High wind speeds (> 4.5 m.s-1, Fig 6.10) during the period from 

November until the end of January confirmed the observed wind scar damage, at both 

sampling times (Figs 6.7, 6.9 and 6.10). 
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6.7 Conclusion  

The average wind speed at the site confirms what was reported in literature for the 

Western Cape fruit production region. The main wind directions were south and 

northeast during summer and winter, respectively, similar to the typical SE (summer) 

and NW (winter) directions reported previously. For both seasons, the highest mean 

wind speeds were recorded during late spring/early summer and this overlapped with 

the period where the fruit was most susceptible to wind scar damage. Threshold 

values (>4.5 m.s-1) were often exceeded during this period and was the main factor 

contributing to 86% fruit damage at the end of January. These results emphasised the 

importance of adequate wind protection (tree-based windbreak, artificial windbreak or 

shade net) 12 weeks after fruit set for soft citrus production in the Western Cape. 

For 'Nadorcott' mandarin trees, no significant differences were recorded 

between windbreak type treatments (natural vegetation vs no wind protection) for FLI, 

tree volume or yield efficiency, for both seasons. Thus, tree performance was not 

significantly improved by the presence of natural woody vegetation compared to a 

newly established multi-row windbreak. However, there was a significantly higher 

percentage of Class 1 fruit compared to no protection, indicating the benefit of natural 

woody vegetation. In addition, the more severe wind scar damage, higher than 20% 

needs to be addressed to produce a viable packout (Outspan, 1997). This can either 

be achieved by planting an alternative tree-based windbreak with higher protection, or 

immediately by considering shade nets. 

The small, developing Eucalyptus windbreaks did not provide adequate wind 

protection to fruit yet, but the presence of plum trees in the orchard provided some 

degree of protection for the ‘Star Ruby’ trees as was reflected in larger leaves and less 

leaf damage as the distance from the windbreak increased. Thus, the windbreak will 

eventually reduce wind damage. 

 Results from these trials serve as a baseline for future research on the efficacy 

of multi-row tree-based windbreaks and it would be important to continue with this 

study. It can be concluded that the efficiency of the newly established windbreak 

planting is still low. Monitoring wind parameters closer to these windbreaks and 

orchards will improve analyses of the efficiency of the windbreaks. 
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Tables and figures 
Table 6.1. Fractional light interception (FLI) of ‘Nadorcott’ mandarin trees (trial 1) at 

the Welgevallen Experimental Farm, Stellenbosch for 2019/20 and 2020/21. 

 Fractional light interception (%) 

Treatment 30/05/20 21/07/20 18/02/21 16/06/21 

NV 60.73 ns 66.42 ns 75.67 ns 76.41 ns 

MRW 58.04 62.56 72.01 74.73 

P-value 0.3179 0.1893 0.1893 0.3097 
ns Denotes non-significant differences within a column. 

NV – natural woody vegetation; MRW – multi-row windbreak 

 

Table 6.2. Trunk circumference and fractional light interception of ‘Ruby Star’ plum 

trees (trial 2) at the Welgevallen Experimental Farm, Stellenbosch for 2019/20 and 

2020/21. 

 Trunk circumference (cm) Fractional light interception (%) 

Treatment 30/05/20 24/02/21 30/05/20 23/03/21 

Treatment 1 (10 m)  19.7 ns 21.3 ns 49.55 b* 61.76 b* 

Treatment 2 (50 m) 19.3 21.2 58.07 a 71.66 a 

P-value 0.4244 0.8962 0.0040 <.0001 

*Means with a different letter within a column differ significantly at the 5% level. 
ns Denotes non-significant differences within a column. 

 

Table 6.3. Trunk circumference and tree volume of ‘Nadorcott’ mandarin trees (trial 

1) at the Welgevallen Experimental Farm, Stellenbosch for 2019/20 and 2020/21. 

 Trunk circumference (cm) Tree volume (m3) 

Treatment 21/07/20 16/06/21 21/07/20 16/06/21 

NV 25.9 ns 29.4 ns 5.59 ns 7.14 ns 

MRW 25.5 28.7 5.36 6.83 

P-value 0.6587 0.3327 0.3787 0.3175 
ns Denotes non-significant differences within a column. 

NV – natural woody vegetation; MRW – multi-row windbreak 
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Table 6.4. Average number of fruit per tree, yield and yield efficiency of ‘Nadorcott’ 

mandarin trees (trial 1) at the Welgevallen, Stellenbosch for 2019/20 and 2020/21. 

 No. of fruit per tree Yield (kg) 
Yield efficiency 

(kg.cm-2) 

Treatment 28/07/20 18/06/21 28/07/20 18/06/21 28/07/20 18/06/21 

NV - 245 ns  3.14 ns 21.70 ns 0.059 ns 0.315 ns 

MRW - 282 3.01 22.64 0.058 0.342 

P-value - 0.3980 0.7022 0.7728 0.9394 0.5417 
ns Denotes non-significant differences within a column. 

NV – natural woody vegetation; MRW – multi-row windbreak 

 

Table 6.5. Yield, yield efficiency, leaf size and damage of ‘Ruby Star’ plum trees (trial 

2) at the Welgevallen Experimental Farm, Stellenbosch for 2019/20 and 2020/21. 

 Yield (kg) 
Yield efficiency 

(kg.cm-2) 

Leaf size 

(cm2) 

Leaf 

damage (%) 

Treatment 24/02/21 24/02/21 23/03/21 23/03/21 

Treatment 1 (10 m)  3.91 ns 0.109 ns 16.59 b* 40.67 a* 

Treatment 2 (50 m) 3.75 0.105 17.98 a 32.67 b 

P-value 0.4502 0.6042 <.0001 0.0208 

*Means with a different letter within a column differ significantly at the 5% level. 
ns Denotes non-significant differences within a column. 

 

Table 6.6. Wind scar damage analysis for ‘Nadorcott’ mandarin trees (trial 1) at the 

Welgevallen Experimental Farm, Stellenbosch at harvest (28/07/2020). 

 Wind scar damage class distribution 

 
Class 1 %             

(no damage) 

Class 2 %                

(light wind damage) 

Class 3 %              

(severe wind damage) 

Treatment    

NV 43.7 a* 32.5 ns 23.8 ns 

MRW 37.0 b 35.9 27.1 

P-value 0.0343 0.0993 0.8619 

*Means with a different letter within a column differ significantly at the 5% level. 
ns Denotes non-significant differences within a column. 
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Table 6.7. Wind scar damage analysis for ‘Nadorcott’ mandarin fruit (trial 1) per tree 

side (wind vs leeward) at the Welgevallen Experimental Farm, Stellenbosch at 

harvest (28/07/2020). 

 Wind scar damage class distribution 

 
Class 1 %             

(no damage) 

Class 2 %                

(light wind damage) 

Class 3 %              

(severe wind damage) 

NV    

Wind 38.8 b* 36.4 a* 24.8 ns 

Leeward 48.7 a 28.5 b 22.8 

P-value <.0001 0.0013 0.2784 

MRW    

Wind  34.5 b* 37.0 ns 28.5 ns 

Leeward 38.9 a 35.1 26.0 

P-value 0.0494 0.6130 0.0946 

*Means with a different letter within a column differ significantly at the 5% level. 
ns Denotes non-significant differences within a column. 

 

 

Table 6.8. Wind scar damage analysis for ‘Ruby Star’ plum trees (trial 2) at the 

Welgevallen Experimental Farm, Stellenbosch at harvest (24/02/2021). 

 Wind scar damage class distribution 

 
Class 1 %              

(no damage) 

Class 2 %                

(light wind 

damage) 

Class 3 %              

(severe wind 

damage) 

Treatment    

Treatment 1 (10 m)  73.8 ns 16.3 ns 9.9 ns 

Treatment 2 (50 m) 76.9 14.5 8.6 

P-value 0.5613 0.1460 0.1586 
ns Denotes non-significant differences within a column. 
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Table 6.9. Wind scar damage analysis for ‘Nadorcott’ mandarin trees (trial 1) at the Welgevallen Experimental Farm, Stellenbosch – 

2021 early strip (25/01/2021) and harvest (18/06/2021). 

 

Wind scar damage class distribution 

Early strip (25 January 2021) Harvest (18 June 2021) 

Class 1 %             

(no damage) 

Class 2 %                

(light wind 

damage) 

Class 3 %              

(severe wind 

damage) 

Class 1 %             

(no damage) 

Class 2 %                

(light wind 

damage) 

Class 3 %              

(severe wind 

damage) 

Treatment       

NV 39.4 ns 34.0 ns 26.6 ns 34.7 ns 34.3 ns 31.0 ns 

MRW 37.9 35.0 27.1 33.1 35.3 31.6 

P-value 0.2525 0.1384 0.4439 0.5582 0.2135 0.2720 

*Means with a different letter within a column differ significantly at the 5% level. 
ns Denotes non-significant differences within a column. 

NV – natural woody vegetation (windbreak) 

MRW – multi-row planted windbreak (species) 
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Table 6.10. Wind scar damage analysis for ‘Nadorcott’ mandarin fruit (trial 1) per tree 

side (wind vs leeward) at the Welgevallen Experimental Farm, Stellenbosch at 

harvest (18/06/2021). 

 Wind scar damage class distribution 

 
Class 1 %             

(no damage) 

Class 2 %                

(light wind damage) 

Class 3 %              

(severe wind damage) 

NV    

Wind 27.9 b* 34.8 ns 37.3 a* 

Leeward 40.4 a 33.9 25.7 b 

P-value 0.0002 0.9534 0.0015 

MRW    

Wind  29.6 b* 35.5 ns 34.9 ns 

Leeward 35.6 a 35.2 29.2 

P-value 0.0169 0.8297 0.0697 

*Means with a different letter within a column differ significantly at the 5% level. 
ns Denotes non-significant differences within a column. 

 

Table 6.11. Wind scar damage analysis for ‘Nadorcott’ mandarin fruit (trial 1) per tree 

side (wind vs leeward) at the Welgevallen Experimental Farm, Stellenbosch for early 

strip (25/01/2021). 

 Wind scar damage class distribution 

 
Class 1 %             

(no damage) 

Class 2 %                

(light wind damage) 

Class 3 %              

(severe wind damage) 

NV    

Wind 37.7 ns 33.7 ns 28.6 a* 

Leeward 41.1 34.3 24.6 b 

P-value 0.3440 0.7957 0.0366 

MRW    

Wind  36.5 ns 34.8 ns 28.7 ns 

Leeward 39.4 35.1 25.5 

P-value 0.0533 0.2845 0.2548 

*Means with a different letter within a column differ significantly at the 5% level. 
ns Denotes non-significant differences within a column. 
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Figure 6.1. Experimental site for trial 1 (left) and trial 2 (right). Trial 1, planted multi-

row windbreak – P. simonii (yellow) and control – established, natural woody 

vegetation (white). Trial 2, parallel row of Eucalyptus. grandis x resinifera and 

Eucalyptus. grandis x urophylla (red) with different distances from windbreak. 

 

 
Figure 6.2. Natural woody vegetation next to ‘Nadorcott’ citrus orchard at the 

Welgevallen Experimental Farm, Stellenbosch, for trial 1 (04/05/2021). 
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Figure 6.3. Multi-row windbreak planted next to plum orchard (trial 2) at the 

Welgevallen Experimental Farm, Stellenbosch, consisting of a parallel row of rose 

gum/red mahogany hybrid (Eucalyptus. grandis x resinifera) and sugar gum hybrid 

(Eucalyptus. grandis x urophylla) (photo taken on 04/05/2021). 

 

 
Figure 6.4. Wind scar damage scale for soft Citrus (‘Tango’) and fruit class 

distribution. 
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Figure 6.5. Wind scar damage scale for ‘Ruby Star’ Plum and fruit class distribution. 

 

 

 
Figure 6.6. Wind scar damage scale for soft Citrus (‘Tango’) and fruit class 

distribution for immature fruit. 
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Figure 6.7. Monthly mean wind speeds from August to July for 2019/20 (solid line) and 2020/21 (dashed line) for the Welgevallen 

Experimental Farm recorded by the AWS.
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Figure 6.8. Wind rose for late spring/early summer period (01/11/20 – 31/01/21) (Top) 

and winter period (01/04/21 – 30/06/21) (Bottom) for 2020/21 season. 
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Figure 6.9. Number of hours where maximum hourly wind speed exceeded 4.5 m.s-1 from December 2019 until July 2021 for the 

Welgevallen Experimental Farm recorded by the AWS.
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Figure 6.10. Monthly average maximum wind speeds from August to July for 2019/20 (solid line) and 2020/21 (dashed line) for the 
Welgevallen Experimental Farm recorded by the AWS. 
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Figure 6.11. Characteristic diurnal pattern of wind speed on a typical windy summer (31/01/20) (solid line) and winters day (07/07/20) 

(dashed line) at Welgevallen Experimental Farm.
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Figure 6.12. Monthly minimum (cube) and maximum (circle) air temperatures from August to July for 2019/20 (solid line) and 2020/21 

(dash line) for the Welgevallen Experimental Farm recorded by the AWS.
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Figure 6.13. Visual representation of a citrus tree with a small volume and compact 

vegetative growth on the wind side of the tree (left) and damaged leaves of a plum 

tree (right). 
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7. GENERAL DISCUSSION AND CONCLUSION 
Tree-based windbreaks have been researched extensively over the past few decades, 

but quantitative data for soft citrus production under South African conditions are 

limited. Our study aimed to determine the effect that windbreaks have on the 

microclimate, tree performance and fruit quality of bearing ‘Tango’ and ‘Nadorcott’ 

mandarin and ‘Ruby Star’ plum orchards in the Western Cape region. It is important 

to understand how various wind-protection mechanisms (woody tree windbreaks, 

artificial windbreaks and shade nets) affect fruit production, and in this study, valuable 

information was obtained on the impact of Beefwood, Poplar and Eucalyptus 

windbreaks on soft citrus and plum production. 

The microclimate was evidently altered at different distances from the 

established Beefwood and Poplar windbreaks. During spring and summer, the wind 

speed was 17% higher at 16H compared to 3H, confirming the non-uniform wind 

protection provided by tree-based windbreaks. The average wind speed during 

summer was 33% higher than winter, being noticeably higher than previous reports by 

Veste et al. (2020). Even though the leaf temperature differed significantly between 

distance treatments (due to changes in wind speed), threshold temperatures (> 35 °C) 

where optimal photosynthetic rates decline were not exceeded (Spiegel and 

Goldschmidt, 1996; Veste et al., 2000). The indirect effect of wind (RH and leaf 

temperature) had an apparent effect on gs at different distances from the windbreaks. 

However, due to inconsistent results, no clear conclusions can be made regarding the 

effect of tree-based windbreaks on citrus stomatal aperture. The considerably lower 

soil moisture content at 2H and 3H resulted in significantly lower SWPMD values, but 

the ‘Tango’ trees in our study rarely experienced water stress at any of the treatments 

(Freeman et al., 1982). Valuable microclimate data were collected during this study to 

help interpret the yield and fruit quality results. 

 The distance treatments for both the Beefwood and Poplar windbreak had no 

definite effect on yield, tree volume, light interception, shoot growth and fruit size of 

‘Tango’ mandarin trees. Even though significant differences were observed on a 

microclimate level, it did not reflect on a macro scale. Tree-based windbreaks did not 

significantly affect the performance of soft citrus trees in the Western Cape production 

region. 
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 It was clear that the different distances from the established tree-based 

windbreaks had a significant effect on the incidence of wind scar damage. Our results 

confirmed previous reports by Nuberg (1998) and Cleugh (1998) that maximum wind 

protection occurs between 2H – 4H from the windbreak. This supports our results, with 

the highest percentage of Class 1 (export quality) fruit being observed closest to the 

windbreak (2H – 4H) and then decreasing as the distance increased up to 16H 

(McAneney et al., 1984). The highest incidence of wind scar damage (Class 2 + 3) 

was observed at 10H and 16H (most wind-exposed areas during summer), confirming 

reports by Gravina et al. (2011). The windbreaks in our study also significantly affected 

the internal quality, particularly TA, and resulted in the lowest TSS:TA ratio at 2H and 

3H. However, these significant differences did not influence the marketing of ‘Tango’ 

mandarin fruit (CRW, 2014). The highest wind speeds were recorded during late 

spring/early summer, which overlapped with the period when immature fruitlets are 

most susceptible to wind scar damage. This contributed to 87% of severe wind 

damage already present in January, highlighting the importance of adequate wind 

protection during the first 12 weeks after fruit set in the Western Cape. 

 It was apparent that newly established multi-row windbreaks did not provide 

adequate wind protection during the first two years after planting. This baseline 

quantitative data from our study is valuable for future research on soft citrus production 

in the Stellenbosch region. 

To conclude, tree-based windbreaks evidently affect soft citrus production in 

the Western Cape, with the biggest impact observed in the external quality. South 

Africa is export orientated, therefore the production of high-quality, blemish free fruit 

is of utmost importance. It is clear from our trials that tree-based windbreaks do not 

provide adequate wind protection, which reflects in the low pack out rates. Thus, it will 

be necessary to investigate alternative wind-protection options like other tree species 

and shade netting to ensure producers stay competitive on the export market. 
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Appendix 1: Supplementary figures (Paper 2)  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Monthly mean wind speeds from September 2020 until August 2021 at Rust en Vrede, Somerset West, recorded by the 
AWS at 3 m height, at different distances from an established Beefwood (9 m) windbreak. 
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Figure 2. Daily maximum and minimum air temperatures for the 2019/20 season at Rust en Vrede, Somerset West during fruit 

growth period (12/03/2020 until 27/07/2020) at two distances from the Beefwood windbreak. 
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Figure 3. Daily soil moisture content for the 2019/20 season at Rust en Vrede, Somerset West, during fruit growth period 

(12/03/2020 until 27/07/2020), at four depths, at two distances from the Beefwood windbreak. 

0

2

4

6

8

10

12

14

16
So

il 
m

oi
st

ur
e 

co
nt

en
t (

%
)

10 cm (3H) 20 cm (3H) 30 cm (3H) 40 cm (3H) 10 cm (16H) 20 cm (16H) 30 cm (16H) 40 cm (16H)

Stellenbosch University https://scholar.sun.ac.za



174 
 

   
 

 
Figure 4. Daily maximum and minimum air temperatures for the 2020/21 season at Rust en Vrede, Somerset West, during fruit 

growth period (11/02/2020 until 29/07/2020), at two distances from the Beefwood windbreak. 
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Figure 5. Daily soil moisture content for the 2020/21 season at Rust en Vrede, Somerset West, during fruit growth period 

(11/02/2020 until 29/07/2020), at four depths, at two distances from the Beefwood windbreak. 
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Figure 6. Daily mean wind speeds for the 2020/21 season at Rust en Vrede, Somerset West, and Babylonstoren, Klapmuts, during 

spring shoot growth (09/09/2020 until 19/11/2020), at two distances from the Beefwood (trial 1) and Poplar (trial 2) windbreak. 
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Figure 7. Daily maximum air temperature for the 2020/21 season at Rust en Vrede, Somerset West, and Babylonstoren, Klapmuts, 

during spring shoot growth (09/09/2020 until 19/11/2020), at two distances from the Beefwood (trial 1) and Poplar (trial 2) 

windbreak.
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Appendix 2: Supplementary figures (Paper 3) 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Daily mean air temperature for 2019/20 (A) and 2020/21 (B) season at Rust en Vrede during fruit maturation period (April 

until end of August) at two distances from the Beefwood windbreak. 

 

0

5

10

15

20

25

Ai
r t

em
pe

ra
tu

re
 (°

C
)

Axis Title

3H 16H

Axis Title

3H 16H

Apr ‘20 May ‘20 July ‘20 June ‘20 Aug ‘20 Apr ‘21 May ‘21 July ‘21 June ‘21 Aug ‘21 

A B 

Stellenbosch University https://scholar.sun.ac.za



179 
 

   
 

 
Figure 2. Daily mean air temperature for 2020/21 season at Babylonstoren during fruit maturation period (01/04/2021 until harvest, 

05/08/2021) at two distances from the Poplar windbreak. 
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Figure 3. Bi-hourly leaf temperature, air temperature and wind speed (2H – 3 m and 4H – 2m) at two distances from the Poplar 

windbreak on 10/05/21 at Babylonstoren. Leaf temperature means differ significantly at the 5% level (*).
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Figure 4. Diurnal wind speed pattern (15 March 2020) at 2 m (dash line) and 3 m 

(solid line) height for two wind exposed areas of the orchard, 10H and 16H for trial 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Maximum monthly wind speed gusts at 10 m height for Stellenbosch for the 

2019/20 and 2020/21 season (World Weather Online). 
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