
With increasing population and agricultural produc-
tion, water and land will become precious resources in 
South Africa. Already, large areas in South Africa are un-
der intensive cultivation, providing an important quantity 
of food for South Africa and agricultural products for the 
world market. Consequently, more and more agricultural 
fields are converted into highly productive agricultural 
production systems. Therefore, agricultural produc-

tion is also extended into the dry areas in the northern 
part of the Western Cape Province. Presently, there is 
a remarkable shift from grain production to grapes in the 
Swartland area (Halpern and Meadow 2013) and an ex-
tension of irrigated grapevine production into the Little 
Karoo region and along the Orange river. As Southern 
Africa is a water-scarce region challenged by substantial 
biophysical and socio-economic issues in agricultural 
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production, fluctuations in rainfall are particularly rel-
evant for agricultural production. Another important 
climatic parameter, which affects evapotranspiration 
and soil erosion, is the high wind speed along the coastal 
regions of the Western Cape Province (mean annual 
wind speed is 5–8 m/s at 10 m above ground in the 
cultivated areas of the Winelands area, and up to 20 m/s 
along the r idges ;  Western Cape Department of 
Agriculture 2016). Currently, after severe drought 
periods (Yuan et al. 2018), the reduction of crop water 
consumption is an important challenge for sustainable 
agriculture in Southern Africa (Mafongoya et al. 2018). 
Following the climate change predictions for Southern 
Africa, it is particularly the Western Cape that will 
become warmer (Fauchereau et al. 2003, Midgley et al. 
2005, Christensen et al. 2007) with drastic implications 
for agricultural production and especially for intensive 
viticulture and horticulture (Benhin 2008, Araujo et al. 
2016). Increased temperatures imply increased evapo-
ration as a result of increased vapour pressure deficits. 
It has also been shown that the number of dry days 
between rainfall events has increased in the Western 
Cape (Carter 2006), and the changes in evaporation rates 
may reduce soil moisture and the availability of water 
resources in the long term. In the context of ongoing 
climate change and increasing population, there is an 
urgent need to optimize the water consumption of 
surface and groundwater in agricultural production in 
the Western Cape. Environmental friendly innovations 
are required to enhance the livelihood of farmers and 
to reduce negative environmental impacts. Climate-
smart agricultural technological innovations at the 
farm level have the potential to address climate-related 
challenges (Senyolo et al. 2018). Meanwhile, various 
management approaches like drip-irrigation systems 
and the replacement of water source, and reuse of 
wastewater and lower water quality (Ben-Gal et al. 
2008) were developed to minimize the usage of rain 
and groundwater resources.

A major approach to reduce water demands is 
eco-engineering measures influencing directly soil 
evaporation and crop transpiration. The redesign of 
the agricultural landscape by the introduction of spe-
cially designed obstacles to airflow will significantly 
influence the near-ground wind field. For centuries 
it is a well-known fact that the establishment of tree 
shelterbelts is an appropriate method to reduce wind 
speeds to minimize soil erosion and to enhance soil 
quality (Burel 1996, Cui et al. 2012). This applies 
especially to crops with high water demand, such as 
vineyards and fruit orchards (Sheridan et al. 2005). 

While the overall effect of shelterbelts is common 
knowledge, it is still not clear what the possible positive 
effects on crop production and water use efficiency 
maybe since only a few studies were conducted in 
agroforestry systems in Europe (Campi et al. 2009, 
Kanzler et al. 2019). It is generally accepted that 
agroforestry can provide various ecosystem services 
and can mitigate climate change effects (Hérnandez-
Morcillo et al. 2018), but understanding the direct 
effects on microclimatic boundary conditions needs 
more detailed and process-oriented information about 
the interactions between trees and crops. Therefore, 
the approach of this study focusses on the effects of 
hedgerows on the field level and to provide a measure 
to support climate-resilient development planning 
on the farm and landscape level (Scherr et al. 2012). 
In a first step for the optimisation of the water use 
efficiency, we analysed the influence of a planted 
tree hedgerow within the vineyard on the reduction 
of near-ground wind speed and evapotranspiration.

MATERIAL AND METHODS

Site description. The study site is located in the 
Paarl wine district of the Cape Winelands (Meadows 
2015) on the commercial vineyard Babylonstoren 
(Western Cape, South Africa; 33°49'27.69''S, 
18°55'19.38''E, altitude 194 m a.s.l.). The climate in 
the Western Cape of South Africa is regarded as the 
Mediterranean, with wet winters and dry summers. 
In Paarl, the average annual rainfall is 770 mm, and in 
Stellenbosch 742 mm, respectively (Meadows 2015,  
CSAG 2016, Climate-Data.org). Most rainfall is 
in June, which has an average of 132 mm, while 
January is typically the driest month with an av-
erage of only 16 mm. In Paarl, the average yearly 
temperature is 17.6 °C, with February being the 
hottest month with an average temperature of 
23 °C and July the coldest month with an aver-
age of 12 °C (Climate-Data.org). However, the 
temperature in Paarl during summer ( Jan–Feb) 
regularly exceeds 30 °C. The Simonsberg vine-
yard area is characterised by granites, conglomer-
ates, and loamy soils (Bargmann 2003). The clay 
content is < 15% with soil depth ≥ 450 mm and 
< 750 mm (Western Cape Department of Agriculture 
2018). The poplar windbreak was planted in a single 
row with 1 m spacing and reached a height of 5 m.

Microclimatic measurement set-up. Microclimatic 
measurements were installed within a 4.2 ha trickle-
irrigated vineyard with an NW-SE row orientation 
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and a spacing of 2 m. The mast was located (i) 18 m 
north (hedge-station) of the existing poplar hedgerow 
(Populus simonii (Carrière) Wesm.) parallel to the 
vineyard rows and (ii) as a reference in approxi-
mately 100 m distance in the open field. Parameters 
measured are horizontal wind speed at 2 m and 6 m 
and wind direction at 6 m (RM Young Wind Sentry, 
USA), ambient temperature, and relative humidity 
(Vaisala HMP60, Vantaa, Finland), and precipitation 
(Texas Electronics Rain Gauge, USA) at 2 m. Global 
irradiation and albedo are measured directly above 
canopy level with an albedometer (Kipp and Zonen 
CMA11, Delft, the Netherlands). Heat-flux plates 
manufactured by Hukseflux (HFP01Sc, Delft, the 
Netherlands) were installed at 20 cm soil depth. 
All microclimatic data were sampled at 1 Hz and 
were recorded as 5 min averages by a data-logger 
(Campbell Scientific CR1000, Logan, USA). The data 
were transferred from the data-logger to a server at 
Stellenbosch University by GSM-data-modem. Data 
availability over the measurement period was 100% 
in all cases. The measurement period was April 
2015 to March 2016 (12 months) and was sufficient 
for further data analysis and the generation of a 
statistical basis for small scale wind field modeling.

METHODOLOGY

There is a wide range of physical and empirical 
approaches to estimate actual evapotranspiration and 
crop-specific evapotranspiration (Novák 2012). Some 
are based on the radiative energy balance and the 
saturation deficit only, such as the original Penman 
and Penman-Monteith equations; others include 
water vapor and wind gradients above ground or 
a stand of crops such as the Thornthwaite-Holzman 
equation or focus on turbulent water vapor exchange 
above the crop canopy such as eddy covariance ap-
proaches (Littmann and Veste 2008). In an extensive 
overview, Allen et al. (1998) recommended the FAO 
combined Penman-Monteith approach as the sole 
method for determining reference evapotranspira-
tion. In the FAO approach, the bulk surface and 
aerodynamic resistances rs and ra of the original 
Penman-Monteith equation (1):

are transformed into explicit terms of momentum 
(wind) and heat transfer (2):

where: ra – aerodynamic resistance (s/m); zm – height of 
wind measurements (m); zh – height of humidity measure-
ments (m); d – zero plane displacement height (m); zom – 
roughness length governing momentum transfer (m); zoh – 
roughness length governing transfer of heat and vapour 
(m); k – von Karman‘s constant, 0.41 (–); uz – wind speed at 
height z (m/s), normally 2 m above ground.

where: rs – (bulk) surface resistance (s/m); rl – bulk stoma-
tal resistance of the well-illuminated leaf (s/m); LAIactive – 
active (sunlit) leaf area index (m2 (leaf area)/m2 (soil sur-
face)).

Reference values for irrigated crops are rs = 70 s/m 
and ra = 208/u2m s/m (Allen et al. 1998). The re-
sulting combined FAO Penman-Monteith equation 
(3) (Allen et al. 1998) provides an explicit tool to 
compute reference evapotranspiration values on 
different time scales (hour, day, month), depending 
on the measured input data resolution:

where: ETo – evapotranspiration (mm/day); Rn – net radia-
tion at the crop surface (MJ/m2/day); G – soil heat flux density 
(MJ/m2/day); T – air temperature at 2 m height (°C); u2 – wind 
speed at 2 m height (m/s); es – saturation vapour pressure 
(kPa); ea – actual vapour pressure (kPa); es – ea – saturation 
vapour pressure deficit (kPa); Δ – slope vapour pressure curve 
(kPa/°C); γ – psychrometric constant (kPa/°C).

Estimates of crop-specific evapotranspiration over 
the crop growth period introduce the crop coef-
ficient Kc which is used as a multiplication factor 
for reference ET0 of the FAO Penman-Monteith 
equation. Kc depends on crop species, crop height, 
the albedo of the crop/soil surface, and on the total 
canopy resistance and is thus divided into the initial, 
mid, and late growing season. While Kc ini and Kc late 
may be derived from tabulated FAO values (Allen et 
al. 1998), Kc mid should be computed following (4):

where: RHmin – 45% relative humidity; h – crop height (m).

As the Western Cape area is characterised by 
Mediterranean climate conditions, well-irrigated 
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crops such as grapevine may show higher mid-season 
Kc values, as indicated in the FAO approach (Williams 
et al. 2003, Lazzara and Rana 2010). Therefore, we 
apply the following Kc values: initial growing season 
(October–November) 0.3, mid-season with continu-
ous trickle irrigation (December to February) 1.0, 
and late season (March) 0.45. All computations were 
made based on daily mean measured values.

RESULTS

Effects on wind speed. During the observational 
period, April 2015 to March 2016, most frequent 
winds came from southern directions. Moreover, the 
typical bimodal seasonal wind regime over the area 
with southeasterly wind directions in summer and 
northwesterly airflow in winter was not pronounced 
over the measurement period as the prevailing wind 
direction measured was East-Southeast at both sea-
sons. Under normal climatic conditions, the local 
wind regime in the area is characterised by southerly 
winds over the summer period when the Kalahari 
depression dominates the larger region, whereas 
during the winter period winds may prevail from 
northerly directions, especially when there is a higher 
frequency of cyclonic activity in the South Atlantic. 
Consequently, the winter period of 2016 showed 
a lower frequency of rain bringing cyclones (Western 
Cape Department of Agriculture 2016) and, conse-
quently, a low frequency of northerly winds.

A generally weaker wind field is also shown in 
a comparison of long-term monthly wind speeds and 
wind speeds over the measurement period derived 
from MERRA 2 reanalysis data interpolated from 
a 0.5° × 0.5° grid for the study site at a height of 10 m 
above ground (NASA Langley Research Center 2020) 
shown in Table 1. While the measurement period 
was 4.2% below the long-term average, the summer 
season was 4.7% below, while the winter season was 
only 3.6% below the long-term average. Although 
the absolute MERRA 2 wind speeds cannot be di-
rectly compared to measured near-ground values, 
a computational downscaling of MERRA 2 wind speed 
from 10 m to 6 m above ground revealed the seasonal 
change of the power law’s Hellmann exponent with 
values > 0.4 in the summer half-year and < 0.3 over 
the winter months when the grapevine is leafless 
and aerodynamic roughness is reduced.

Depending on the development of a strong thermal 
depression over the Kalahari Desert, the seasonal 
pattern at the study site generally showed higher 

mean wind speeds at 6 m above ground over the 
summer half-year (Figure 1). During the summer 
season (October to March), average wind speeds were 
33.8% higher in the open field and 29.8% at the hedge 
(Table 2). Close to the canopy layer of the vineyard 
at 2 m measuring height (approx. 0.9 m above the 
canopy), the seasonal differences of wind speed are 
less pronounced. During summer, the average wind 
speed in the open field was 16.9% higher than in 
winter. The sheltering effect of the hedgerow was 
also apparent in the seasonal difference (Figure 1). 
Here, summer means wind speed was even lower than 
in winter (Table 2) because of the lee side position 
of the measurement relative to the prevailing wind 
directions. The overall difference in wind speed 
between the open field and the hedge was 6.4% at 
6 m height and 27.6% at 2 m height, respectively. 
These differences were even more pronounced over 
the summer half-year, i.e., over the irrigation period 
and wind speed at the hedge in 2 m height was 39% 
lower as compared to the open field.

Standard deviations of wind speed show a similar 
pattern. While the annual averages are only slightly 
lower at the hedge position and winter half-year values 
are generally higher, implicating stronger fluctuations 
over the months with a higher porosity of the hedge, 

Table 1. Mean monthly MERRA 2 wind speeds for the 
study site (10 m), and downscaled and measured wind 
speeds at 6 m above ground

MERRA 2 Diffe- 
rence

MERRA 2 
scaled to 

6 m

Measured 
field 6 m1994–2019 2015–2016

(m/s) (%) (m/s)

Apr 4.1 3.9 –3.9 3.1 2.7

May 3.8 3.6 –4.8 2.9 1.8

Jun 4.1 3.8 –6.1 3.3 2.0

Jul 3.9 3.9 –1.0 3.5 2.7

Aug 4.1 3.8 –6.9 3.4 2.5

Sep 4.1 4.2 1.3 3.7 3.1

Oct 4.4 4.0 –9.7 3.4 2.9

Nov 4.9 4.7 –3.9 3.7 3.2

Dec 5.0 4.2 –15.6 3.3 2.9

Jan 5.2 5.6 6.8 4.5 4.5

Feb 5.0 4.6 –8.4 3.6 3.1

Mar 4.5 4.6 2.4 3.6 3.2

Year 4.4 4.2 –4.2 3.5 2.9
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summer shows less fluctuations and the lowest values 
at the hedge at 2 m above ground (Table 2).

Seasonal variations of rainfall and evapotran-
spiration. Rainfall in the Winelands of the Western 
Cape primarily occurs during the winter season 
(Figure 2A). Over the measuring period, April 2015 
to March 2016, the annual rainfall at the test site 
was only 511 mm, which was drastically below the 
long-term annual averages (Figure 2B) at the test site 
and in the Western Cape regions. The ET0 values 
were computed as monthly mean values (Figure 2C) 
following the FAO 56 approach (Allen et al. 1998) 
based on daily averages of all relevant measured pa-
rameters. Annual evapotranspiration was 1 199 mm, 
while rainfall was 511 mm only, which implies 
a water balance deficit of 688 mm over the entire 
year. The calculation does not consider runoff and 
groundwater storage. Typical for a dry year with 
low winter rainfall, high rainfall intensities occurred 
almost exclusively over the summer half-year (sin-
gular maximum rainfall intensity was 63 mm/day). 
A comparison was performed for the calculated ET 
values (Figure 2B) based on long-term values gener-
ated for the Paarl area by a GIS-based mapping tool 
of Western Cape Department of Agriculture (Cape 

Farm Mapper, www.elsenburg.com), which indicated 
an average rainfall of 727 mm per year with annual 
reference evapotranspiration of about 1 270 mm. 
The calculated water deficit was only 543.5 mm 
compared to the 27% higher water balance deficit in 
2015/2016, which resulted in higher water demand 
and crop irrigation.

The implication of the shelterbelt for evapotran-
spiration. The influence of the hedge on the reference 
ET0 during the different seasons is shown in Figure 3. 
The hedge reduced the reference evapotranspiration 
by 18.4% over the summer irrigation season at the 
hedge position as compared to the open field situ-
ation and by 15.5% over the year, respectively. The 
positive effect is the lower calculated water deficit 
of 502 mm (annual ET0 = 1 013 mm) compared to 
a deficit of 543.5 mm at the open field.

When applying the crop-specific Kc values for the 
early, mid, and late growing season of the grapes, we 
arrive at ETc values about 33% lower than the annual 
ET0 values and about 40% lower over the summer 
season (Figure 4). The reduction in crop evapotran-
spiration by the hedgerow is even slightly greater 
than the reduction in reference evapotranspiration 
during the summer growing season. Between October 

Figure 1. Monthly average of wind speed near 
the hedge (height 5 m) in a distance of 18 m 
north and in the open field and as a reference 
in approximately 100 m distance in the open 
field at Babylonstoren, Western Cape during 
the investigation period April 2015–March 
2016. Predominantly southerly winds over 
the summer period

Table 2. Seasonal averages for wind speed (m/s) at the Babylonstoren study site

Position/height 
of sensor

Winter (Apr–Sep) Summer (Oct–Mar) Year (Apr 2015–Mar 2016)
mean stddev mean stddev mean stddev

Field
6 m

2.47 1.30 3.30 1.24 2.88 1.27
Hedge 2.36 1.21 3.06 1.11 2.71 1.16

Field
2 m

1.76 1.01 2.06 0.86 1.91 0.93
Hedge 1.52 0.82 1.48 0.48 1.50 0.65

stddev – standard deviation
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and January, which is the main growing season, the 
reduction of crop evapotranspiration is between 18.4% 
and 20.4% compared to the reference site (Figure 5). 
In total, the water-saving by the integration of the 
hedgerow was 147.9 mm during the summer period 
and additionally 38.0 mm, which implies a reduction 
of the evapotranspiration of 15.1% over the year and 
of 18.9% over the summer irrigation season.

DISCUSSION

Our experimental results emphasised the impor-
tance of the introduction of tree shelterbelts to reduce 
wind speed in the Western Cape up to 39%. Wind 
speeds near the ground or near the crop canopy can 
be effectively reduced by flow obstacles, i.e., planted 
strips of vegetation as windbreaks and shelterbelts 
(Cleugh et al. 2002). Some explicit investigations have 
shown the reduction of wind speed on the downwind 
side of a shelterbelt as a function of distance, aero-
dynamic porosity, and height (Cleugh 1998, Foereid 

et al. 2002, Frank and Ruck 2005, Campi et al. 2009). 
Effective reductions of wind speed were measured 
within the distance of four to six times the height 
of the shelterbelt; minor reductions are effective 
up to 35 times the height (Wang and Tackle 1995, 
1997). Our measured effects of the windbreak are 
in accordance with the literature with reductions 
of wind speed of 40% at a distance of 4.7 times of 
the hedgerow height (Marshall 1967, Cleugh and 
Hughes 2002). While distance to a shelterbelt is 
a parameter dependent on height and porosity, it 
has great significance for the planning of the width 
between two rows of shelterbelts in the field (Vigiak 
et al. 2003). Existing empirical approaches applying 
such parameterisation focus on the reduction of 
wind erosion but do not consider evapotranspira-
tion (Fryrear et al. 1998, Böhm et al. 2014). The 
physical processes of evapotranspiration are mainly 
driven by the saturation deficit of the air depending 
on temperatures and the radiation balance, and the 
near-ground wind speed (Littmann and Veste 2008). 

Figure 2. (A) Monthly mean rainfall; (B) evapotranspira-
tion (ETP) and (C) water deficit (rainfall-ETP) at Paarl 
between April and March

Figure 3. (A) Monthly rainfall; (B) evapotranspiration 
(ETP) and (C) water deficit (rainfall-ETP) at Babylon-
storen between April 2015 and March 2016
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Agro-engineering measures cannot directly influence 
the processes based on the saturation deficit of the 
air, but they can drastically reduce wind speeds. In 
a Spanish study area with a Mediterranean climate, 
the hedgerows modify boundary layer climates and 
had higher soil water content, lower wind speeds, 
and higher total soil organic matter (Sánchez and 
McCollin 2015). The evapotranspiration processes 
are also depending on the turbulent exchange and 
increase exponentially with wind speed over the 
canopy of a crop stand. ET is particularly important 
in environments with long hot, arid periods, such 
as the Mediterranean region, where a lack of water 
resources is the main factor limiting agricultural de-
velopment. Campi et al. (2012) showed a remarkable 

reduction of the evapotranspiration up to 20% for 
durum wheat and 31% for beans for a low porosity 
barrier (20%). In our case, we observed a comparable 
reduction of the crop evaporation between 18.4% and 
20.4% during the main growing season. There is a 
feedback between the reduced evaporation and crop 
water use efficiency, which can increase crop leaf area 
index and yields (Campi et al. 2009, Kanzler et al. 
2019), which is triggered by improved microclimate 
conditions between the shelterbelts. Investigations 
by Lang et al. (2018) showed that agroforestry could 
improve water relations of grapevines. In that case 
study, leaf water potential and the corresponding 
available water reserves increased in the soil area 
for Riesling wine when cultivated in oak/poplar 
agroforestry systems, where Sauvignon Blanc wines 
are not influenced by the trees.

However, the sustainable design of shelterbelts to 
improve microclimatic conditions and crop yields 
needs to take the local wind field conditions into 
account. Shelterbelts should reduce wind speed and 
evapotranspiration, but an increase in air temperature 
and overheating should be avoided. This is espe-
cially important in mountainous landscapes like the 
Winelands of the Western Cape. Sea breezes with the 
associated increase in wind speed in the afternoon 
and concomitant increase in relative humidity and 
reduction in temperature (Bonnardot et al. 2005) 
are of interest in the improvement of wine character 
and quality, and therefore it is from agro-economic 
relevance for the wine industry. Chemical composi-
tion and the related wine quality is not influenced 
by the interactions of grapevines and trees (Lang 
et al. 2018). Therefore, shelterbelt design should 
be modified to the specific local conditions and 
specific needs to ensure yields and wine quality, but 

Figure 4. Monthly evapotranspiration (ETP) 
near the hedge (height 5 m) in a distance of 18 m 
north and the open field and as a reference 
in approximately 100 m distance in the open 
field at Babylonstoren, Western Cape during 
the investigation period April 2015–March 
2016. Predominantly southerly winds over the 
summer period

Figure 5. Monthly differences incrop-specific evapo-
transpiration (ETc) between (i) near the hedge (height 
5 m) in a distance of 18 m north and (ii) in the open field 
and as a reference in approximately 100 m distance in 
the open field at Babylonstoren, Western Cape between 
April 2015 and March 2016. Predominantly southerly 
winds over the summer period
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also contributes to the needs for saving water in the 
wine industry. However, an appropriate selection of 
tree species for shelterbelt plantations is needed. In 
general, fast-growing trees have high annual biomass 
production, but also a higher water consumption (Veste 
and Böhm 2018). At present, information about tree 
water use of trees in agroforestry systems is rare. But 
the water consumption by the trees can be considerable. 
However, further detailed information about tree water 
use is needed to optimise the water use efficiency and 
ecohydrological implications of the combined to tree-
grapevines systems or tree-crop interactions (Everson 
et al. 2011).

Our findings support the importance of the imple-
mentation of tree shelterbelt as a resource-preserving 
measure in viticulture in the Western Cape. The 
experimental results clearly showed that the inte-
gration of tree shelterbelts may reduce wind speed 
and evapotranspiration up to 20% within a range 
of about 5 times of the hedgerow height. This is 
a major implication for revisions of trickle irrigation 
control and planning of hedgerow plantings within 
the individual spatial pattern of fields at the farm 
level. However, these tree shelterbelts and hedgerows 
potentially reduce ETP to different extents with 
important implications for the ecosystem services 
that these systems provide in Mediterranean eco-
systems. The integration of managed agroforestry 
systems, tree shelterbelt, and hedges into climate-
smart agriculture can mitigate the effects of climate 
changes to a certain extent and improve the crop 
growth conditions.

Acknowledgment .  We thank the wine farm 
Babylonstoren for their technical support and for 
providing the experimental site.

REFERENCES

Allen R., Pereira L., Raes D., Smith M. (1998): Crop Evapotranspi-
ration – Guidelines for Computing Crop Water Requirements. 
Rome, FAO Irrigation and Drainage Papers, 56.

Araujo J.A., Abiodun B.J., Crespo O. (2016): Impacts of drought on 
grape yields in Western Cape, South Africa. Theoretical and Ap-
plied Climatology, 123: 117–130.

Ben-Gal A., Yermiyahu U., Shani U., Veste M. (2008): Irrigating 
table grapes in arid regions with low quality water: effects of sa-
linity and excess boron. ISHS Acta Horticulturae, 792: 107–114.

Benhin J.K.A. (2008): South African crop farming and climate 
change: an economic assessment of impacts. Global Environ-
mental Change, 18: 666–678.

Bargmann C.J. (2003): Geology and Wine 7. Geology and wine pro-
duction in the coastal region, Western Cape province, South Af-
rica. Geoscience Canada, 30: 161–182.

Böhm C., Kanzler M., Freese D. (2014): Wind speed reductions as influ-
enced by woody hedgerows grown for biomass in short rotation alley 
cropping systems in Germany. Agroforestry Systems, 88: 579–591.

Bonnardot V., Planchon O., Cautenet S. (2005): Sea breeze devel-
opment under an offshore synoptic wind in the South-Western 
Cape and implications for the Stellenbosch wine-producing area. 
Theoretical and Applied Climatology, 81: 203–218.

Burel F. (1996): Hedgerows and their role in agricultural land-
scapes. Critical Reviews in Plant Sciences, 15: 169–190.

Carter S. (2006): The projected influence of climate change on the 
South African wine industry. IIASA Interim Report, IR-06-043, 
33. Available at: http://pure.iiasa.ac.at/8054

Carey V.A., Archer E., Barbeau G., Saayman D. (2008): Viticultural 
terroirs in Stellenbosch, South Africa. II. The interaction of Ca-
bernet-Sauvignon and Sauvignon Blanc with environment. Jour-
nal International des Sciences de la Vigne et du Vin, 42: 185–201.

Campi P., Palumbo A.D., Mastrorilli M. (2009): Effects of tree wind-
break on microclimate and wheat productivity in a Mediterra-
nean environment. European Journal of Agronomy, 30: 220–227.

Campi P., Palumbo A.D., Mastrorilli M. (2012): Evapotranspiration 
estimation of crops protected by windbreak in a Mediterranean 
region. Agricultural Water Management, 104: 153–162.

Christensen J.H., Hewitson B., Busuioc A., Chen A., Gao X., Held I., 
Jones R., Kolli R.K., Kwon W.-T., Laprise R., Magaña Rueda V., Mearns 
L., Menéndez C.G., Räisänen J., Rinke A., Whetton P. (2007): Regional 
climate projections. In: Solomon S., Qin D.H., Manning M., Marquis 
M., Averyt K., Tignor M.M.B., Miller H.L.Jr., Chen Z.L. (eds.): Climate 
Change 2007: The Physical Science Basis. Contribution of Working 
Group I to the Fourth Assessment Report of the Intergovernmental 
Panel on Climate Change, Cambridge, New York.

Cleugh H.A. (1998): Effects of windbreaks on airflow, microcli-
mates and crop yields. Agroforestry Systems, 41: 55–84.

Cleugh H.A., Hughes D.E. (2002): Impact of shelter on crop micro-
climates: a synthesis of results from wind tunnel and filed ex-
periments. Australian Journal of Experimental Agriculture, 42: 
679–701.

CSAG (2018): Climate Systems Analysis Group. Cape Town, Uni-
versity of Cape Town. Available at: http://www.csag.uct.ac.za/

Cui Q., Feng Z.S., Pfiz M., Veste M., Küppers M., He K.N., Gao J.R. 
(2012): Trade-off between shrub plantation and wind-breaking in 
the arid sandy lands of Ningxia, China. Pakistan Journal of Botany, 
44: 1639–1649.

Everson C.S., Dye P.J., Gush M.B., Everson T.M. (2011): Water use 
of grasslands, agroforestry systems and indigenous forests. Wa-
ter Research, 37: 781–788.

Frank C., Ruck B. (2005): Double-arranged mound-mounted shel-
terbelts: influence of porosity on wind reduction between the 
shelters. Environmental Fluid Mechanics, 5: 267–292.

126

Original Paper	 Plant, Soil and Environment, 66, 2020 (3): 119–127

https://doi.org/10.17221/616/2019-PSE



Fryear D., Saleh A., Bilbro J., Schomberg M. (1998): Revised wind 
erosion equation. Technical Bulletin No. 1, Agricultural Research 
Service, Lubbock.

Foereid B., Bro R., Mogensen V.O., Porter J.R. (2002): Effects of 
windbreak strips of willow coppice – modelling and field experi-
ment on barley in Denmark. Agriculture, Ecosystems and Envi-
ronment, 93: 25–32.

Fauchereau N., Trzaska S., Rouault M., Richard Y. (2003): Rainfall 
variability and changes in southern Africa during the 20th centu-
ry in the global warming context. Natural Hazards, 29: 139–154.

Halpern A.B.W., Meadows M.E. (2013): Fifty years of land use 
change in the Swartland, Western Cape, South Africa: charac-
teristics, causes and consequences. South African Geographical 
Journal, 95: 38–49.

Kanzler M., Böhm C., Mirck J., Schmitt D., Veste M. (2019): Micro-
climate effects on evapotranspiration and winter wheat (Triti-
cum aestivum L.) yield within a temperate agroforestry system. 
Agroforestry Systems, 93: 1821–1841.

Lang C.P., Merkt N., Geilfus C.-M., Graeff-Hönninger S., Simon J., 
Rennenberg H., Zörb C. (2018): Interaction between grapevines 
and trees: effects on water relations, nitrogen nutrition, and 
wine. Archives of Agronomy and Soil Science, 65: 224–239.

Lazzara P., Rana G. (2010): The use of crop coefficient approach 
to estimate actual evapotranspiration: a critical review for major 
crops under Mediterranean climate. Italian Journal of Agrome-
teorology, 15: 25–35.

Littmann T., Veste M. (2008): Evapotranspiration, transpiration and 
dewfall. In: Breckle S.-W., Yair A., Veste M. (eds): Arid Dune Eco-
systems. The Nizzana Sands in the Negev Desert. Ecological Studies 
200. Heidelberg, Springer, 183–200. ISBN-13: 978-3540754978

Peri P.L., Bloomberg M. (2002): Windbreaks in southern Patagonia, 
Argentina: a review of research on growth models, windspeed re-
duction, and effects on crops. Agroforestry Systems, 56: 129–144.

Mafongoya P.L., Peerbhay K., Jiri O., Nhamo N. (2018): Climate sce-
narios in relation to agricultural patterns of major crops in South-
ern Africa. In: Nhamo N., Chikoye D., Gondwe T. (eds): Smart 
Technologies for Sustainable Smallholder Agriculture: upscaling in 
Developing Countries. London, New York, Academic Press, 21–37. 
ISBN: 9780128105214

Hernández-Morcillo M., Burgess P., Mirck J., Pantera A., Plieninger 
T. (2018): Scanning agroforestry-based solutions for climate 
change mitigation and adaptation in Europe. Environmental Sci-
ence and Policy, 80: 44–52.

Marshall J.K. (1967): The effect of shelter on the productivity of 
grasslands and field crops. Field Crop Abstracts, 20: 1–14.

Meadows M.E. (2015): The cape winelands. In: Grab S., Knight J. 
(eds.): Landscapes and Landforms of South Africa, World Ge-
omorphological Landscapes. Springer, Heidelberg, 103–109. 
ISBN-13:  978-3319035598

Midgley G.F., Chapman R.A., Hewitson B., Johnston P., de Wit M., 
Ziervogel G., Mukheibir P., van Niekerk L., Tadross M., van Wil-

gen B.W., Kgope B., Morant P.D., Theron A., Scholes R.J., Forsyth G.G. 
(2005): A status quo, vulnerability and adaptation assessment of the 
physical and socio-economic effects of climate change in the Western 
Cape. Report to the Western Cape Government. Cape Town, CSIR Re-
port No. ENV-S-C 2005-073, Stellenbosch.

NASA Langley Research Center (2020): Retrieved from NASA Power. 
Available at: https://power.larc.nasa.gov/data-access-viewer

Novák V. (2012): Evapotranspiration in the Soil-Plant-Atmosphere Sys-
tem. Progress in Soil Science. Dordrecht, Springer Science and Busi-
ness Media. ISBN 978-94-007-3840-9

Sánchez I.A., McCollin D.M. (2015): A comparison of microclimate and 
environmental modification produced by hedgerows and dehesa in the 
Mediterranean region: a study in the Guadarrama region, Spain. Land-
scape and Urban Planning, 143: 230–237.

Scherr S.J., Shames S., Friedman R. (2012): From climate-smart agricul-
ture to climate-smart landscapes. Agriculture and Food Security, 1: 12.

Sheridan C.M., Bauer F.F., Burton S., Lorenzen L. (2005): A critical pro-
cess analysis of wine production to improve cost, quality and environ-
mental performance. Water Science and Technology, 51: 39–46.

Senyolo M.P., Long T.B., Block V., Omta O. (2018): How the characteris-
tics of innovations impact their adoption: an exploration of climate-
smart agricultural innovations in South Africa. Journal of Cleaner 
Production, 172: 3825–3840.

Veste M., Böhm C. (eds.) (2018): Agrarholz – Schnellwachsende Bäume 
in der Landwirtschaft. Heidelberg, Springer Spektrum, 490. ISBN 978-
3-662-49931-3

Vigiak O., Sterk G., Warren A., Hagen L.J. (2003): Spatial modeling of 
wind speed around windbreaks. Catena, 52: 273–288.

Vink N., Deloire A., Bonnardot V., Ewert J. (2012): Climate change and 
the future of South Africa‘s wine industry. International Journal of Cli-
mate Change Strategies and Management, 4: 420–441.

Wang H., Takle E.S. (1997): Momentum budget and shelter mechanism 
of boundary-layer flow near a shelterbelt. Boundary-Layer Meteorol-
ogy, 82: 417–435.

Wang H., Takle E.S. (1995): A numerical simulation of boundary-layer 
flows near shelterbelts. Boundary-Layer Meteorology, 75: 141–173.

Western Cape Department of Agriculture (2016): Western Cape weather 
reports. Available at: http://www.elsenburg.com/agri-tools/agri-outlook

Western Cape Department of Agriculture (2018): Cape Farm Mapper 
2.0.5. Available at: https://gis.elsenburg.com/apps/cfm/.

Williams L.E., Phene C.J., Grimes D., Trout T.J. (2003): Water use of ma-
ture Thomson Seedless grapevines in California. Irrigation Science, 22: 
11–18.

Yuan X., Wang L., Wood E.F. (2018): Anthropogenic intensification of 
southern African flash droughts as exemplified by the 2015/16 season. 
In: Herring S.C., Christidis N., Hoell A., Kossin J.P., Schreck C.J. III, 
Stott P.A. (eds.): Explaining Extreme Events of 2016 from a Climate Per-
spective. Bulletin of the American Meteorological Society, 99: 86–90.

Received: November 11, 2019
Accepted: February 25, 2020

Published online: March 23, 2020

127

Plant, Soil and Environment, 66, 2020 (3): 119–127	 Original Paper

https://doi.org/10.17221/616/2019-PSE


