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ABSTRACT: The efficiency of three structures of rainwater harvesting namely: terraces, quadrangular and semicircular bunds was investigated in Al Souda National Park (southwestern Saudi Arabia, 18° 17´ 59´´ N 42° 21 47´´ E).
The study area was dominated by Juniperus procera Hochst. ex Endlicher trees. Terraces, quadrangular and semicircular bunds significantly reduced runoff (8.6, 12.3 and 8.8 L/ha, respectively) as compared to control (19.6 L/ha).
Also terraces, semi-circular and quadrangular bunds significantly reduced soil erosion (87.1, 75.3 and 31.0 kg/ha,
respectively) as compared to control (109.6 kg/ha). Porosity percent was significantly higher in quadrangular, and
semi-circular bunds and terraces (38.9, 38.8, and 37.4%, respectively) than in control (26.3%). Similarly, soil bulk
density was maximum in control (1.90 g/cm³) as compared to repaired terraces (1.62 g/cm³), quadrangular and semicircular bunds (1.69 and 1.66 g/cm³, respectively). Soil moisture content percent (MC %) significantly increased in all
microcatchments compared to control. The increase in soil MC % was maximum at 5 cm soil depth, moderate at 15
cm and least at 30 cm soil depth. Improvement of soil and water conservation by microcatchments caused
significantly more growth and survival of seedlings of J. procera as compared to control ( 7.0 and 4.8 cm in diameter;
46.3 and 24.8 cm in height; and 86.8 and 55.4% survival rate in seedlings in microcatchments and control,
respectively).
Key Words: Juniper: Runoff; Soil erosion; Bulk density; Porosity; Soil moisture content

INTRODUCTION
Juniperus procera Hochst. ex Endlicher is the dominant tree species at 1600 m.a.s.l. or higher in southwestern Saudi
Arabia. It occupies approximately 95% of the natural forest area [1]. These forests provide construction wood,
firewood, grazing, beekeeping, reduction of water runoff in the mountainous areas thus protecting watersheds, reduce
soil erosion on steep slopes, as well as reduce silting and damage to dams at the foothills [2]. In addition, they are
important carbon sinks in their biomass and soil [3]. Due to the mountainous topography of the region, terraces are the
main form of rainwater harvesting [4]. Most terraces in the juniper ecosystem have been destroyed and abandoned [5].
A widespread die-back and general deterioration of J. procera have been reported [6] [7] [8] [9] [10] [5]. This decline
was associated with soil erosion, and surface runoff. Most juniper forests are fragile and with inadequate regeneration
[11]. The frequency of abandoning agricultural land in the Middle East has been increasing. Abandoned fields in
semi-arid areas are more subjected to gully erosion. Soil compaction and the limited vegetation cover caused the
formation of soil crusts which were characterized with low infiltration and runoff [12]. In southwestern Saudi Arabia
national parks are characterized with severe soil compaction that reduced water infiltration into the soil. Soil depth
decreases dramatically with increasing distance from Juniper trees [7]. Terraces are important tools for rainwater
harvesting in southwestern Saudi Arabia, whereas their destruction increased soil loss, surface runoff, bulk density
and reduced infiltration. Junipers growing along intact terraces showed better performance [5]. The conversion of
sloping lands to terraces in China, had significantly reduced soil erosion, bulk density and nutrient loss [44]. Terraces
cover an area of approximately 13,200,000 ha in China [13]. In southeastern Spain terraces increased plant growth by
reducing runoff [14].
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Middle East and North Africa are the driest regions on Earth, containing only 1% of the world’s freshwater resources.
Countries in this region ran out of renewable freshwater decades ago, caused them unable to meet their requirements
using the available water resources [15]. In arid and semi-arid areas the high rate of evaporation usually happens in
growing seasons, and characterized by heavy rain-storms which made the soil unable to absorb the large amount of
water in such a short period of time which resulted in high surface runoff [16]. This problem can be minimized by
utilizing the limited amount of rainfall as efficiently as possible, by using the surface runoff through water harvesting
[16]. Water harvesting is a method of collecting surface runoff from catchment areas and storing it in surface
reservoirs or in the root zone of a cultivated area, and it is an ancient art practiced in the past in many parts of the
world [17]. Terrace is one of several types of mechanical methods to control erosion, in the form of earth
embankment constructed across the slope to intercept surface runoff, convey it to a stable outlet at a non-erosive
velocity and shorten slope length [18]. Terrace alters topographic surface because its primary purpose is to create
stable flat surfaces for agriculture on steep terrain otherwise unsuitable for sustained farming [19]. Terracing has been
reported as causing positive effects by reducing runoff coefficient and soil loss, and maintaining soil moisture content.
Runoff and soil loss in terraces in Likhu Khola drainage basin, Middle Hills, Nepal in the majority were lower than
the rates that commonly perceived in other areas in the Middle Hills of the Himalaya [20]. The study was conducted
in Al Souda National Park (southwestern Saudi Arabia: 18° 17´ 59´´ N 42° 21 47´´ E) during the period March 2011March 2012. The study area (4 ha) was demarcated and fenced by iron poles and wire mesh. Al Souda National park
(Aseer region) was chosen because it is characterized by heavy yearly traffic including both vehicles and humans
especially in summer time (June-September). Apparently there is severe soil compaction, little or nil regeneration of
J. procera. It also contains abandoned terraces and a wide spread mortality of Juniper trees. As such it represents a
good site for intervention and improvement of rainfall harvesting which is the core objective of the current study.
Most locations in the study area contained old, abandoned and damaged terraces.
The present study aimed at determining the comparative efficiency of terraces, semi-circular and quadrangular bunds
as tools to harvest rainwater and their effect on growth performance and survival of 2-year-old seedlings of J. procera.

MATERIALS AND METHODS
Meteorological data
A Vantage pro2 weather station (solar operated) was installed in the study area and the console was connected to a
laptop via data logger. Collection of meteorological data started in March 2011. It included rainfall, minimum,
maximum, and mean temperature, humidity, solar radiation and wind speed.

Repair of damaged terraces
A total of 10 damaged terraces which have slope angles less than 10º were selected, hence slope is not a major factor
influencing water runoff and soil erosion [20]. The selected terraces were treated as follows:
1. Six were repaired by maintenance of the terrace wall (using stones in the study area), sub-soiled and ploughed.
2. Four were left damaged (control).

Construction of semicircular bunds
Four semi circular soil bunds [21] around groups of juniper trees (5-10 trees) were constructed from earth. The radius
of the bund was 3-5 m and 0.5-1 m high. Each bund was left open against the direction of the slope to allow entrance
of rainwater. Excess water will overflow on the sides when the bunds are fully filled with water. The soil hard crust
was broken mechanically. Dead and dying branches of J. procera were removed.

Construction of quadrangular bunds
Quadrangular bunds (1 x 1 m) were constructed inside semi-circular bunds. A total of 60 two-year-old J. procera
seedlings were planted in quadrangular bunds in such a way that the depth of the bund after planting was 20 cm to act
as a small catchment. A similar number of seedlings were planted in control area. The seedlings were monitored for
one year by the measurement of height, diameter and survival.
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The study plots
Two x one m plots [22] [23] [24] were prepared from galvanized iron and inserted 10 cm deep into the soil in terraces
and semi-circular bunds. They were connected to a plastic container via a plastic hose for the collection of runoff and
sediment and measurements of infiltration and bulk density (Fig. 1). The plots were replicated thrice/treatment [24].
Rain intensity, infiltration and soil physical properties could be affected by the plot parameters [25]. However, the
results from small plots (1 m 2) were comparable to larger plots (30-40 m 2) and small plots are recommended for
exploratory soil erosion studies [22]. Treated and control plots (terraces and semi-circular bunds) were monitored
during March 2011-March 2012 and the following parameters were measured/plot:

Fig. 1 The study plot

Total rainfall
Total rainfall in mm was measured by a Davis pro 2 weather station installed at the study area.
Runoff and erosion
After every rain the sediment and water running off from the plot were collected in the plastic containers attached to
the plot via a hose. A well-mixed sample of the suspended sediment was collected, filtered, dried and weighed. In this
way runoff and soil loss were determined in each plot [24].

Infiltration rate
The infiltration rate was measured in mm per 15 minutes, later converted to one hour, using a double ring
infiltrometer. The infiltrometer had an inner ring of 30cm and outer ring of 50cm diameter and a height of 30cm
above the ground [26].The infiltration rate was measured after every rain event.

Soil moisture content
Soil moisture content was measured inside each study plot by using a soil moisture meter (Delta-T Devices Ltd Type
HH2). Soil moisture content was measured at 5 cm depth on oven dry basis initially before the onset of rains in all
types of microcatchments. Soil moisture content was then measured after every rain at 5, 15 and 30 cm soil depth
using a soil moisture meter.
In addition, bulk density and soil porosity were measured periodically every three months.

Soil Bulk Density
The bulk density was calculated as the ratio between the mass of dry soil to the total volume for each sample [27] as
follows:
Ρb = Ms / Vt = Ms / (Vs + Va + Vw)
Where :
Pb = Bulk density(g/cm3)
Ms = Mass of soil
Vs = Volume of soil
Va = volume of air
Vw = volume of water
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Statistical analysis
Data were analyzed by ANOVA (GLM, general linear model) and means were compared at P=0.05, and T-test using
SAS statistical package [28].

RESULTS AND DISCUSSION
Meteorological data
Fig. 2. summarizes the rainfall in the study area (March 2011-March 2012). A dry spell was recorded in the period
March-June 2011. However, the rain onset started in July and increased gradually through August – Nov. This was
followed by a dry spell from Dec-March 2012. No considerable fluctuations in temperature were recorded. Maximum
temperature recorded was below 25 °C and can go down to approximately 10 °C at night (Fig. 3). Generally,
temperature was mild over the study period. The lowest temperature was recorded during Nov. - Jan. and the
maximum occurred in May-Aug. The results of humidity and solar radiation were summarized in table 1. Humidity %
ranged from 19.8 to 60.42% and solar radiation 131.18-264.7 (W/m2). The results of wind speed were summarized in
Fig. 4. Relatively wind speed was maximum in Oct., Jan, Feb. and March as compared to Apr.-Aug. The dry spell that
occurred during March-June 2011 was characterized by no rains and consequently no runoff or soil erosion was
recorded.

Fig. 2. Rainfall (mm) in the study area (2011)

Fig. 3. Temperature in the study
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Rainwater harvesting
All types of microcatchments were very successful in harvesting a good deal of rainwater i.e. repaired terraces, semicircular and quadrangular bunds as compared to damaged (control) terraces (Fig. 5-6). As a result trees were
flourished and rich ground vegetation was recorded in different types of microcatchments (Fig. 7) as compared to
damaged terraces (Fig. 8) which showed poor ground vegetation. These results are in agreement with those of El Atta
and Aref [5] who reported that repaired terraces in Abha and Al Namas (south western Saudi Arabia) have caused
significant increase in infiltration rate and reduced runoff, soil loss and soil bulk density. Rainwater harvesting, plays
an important role in reducing negative impacts on the environment [29]. Despite the fact that many areas have
experienced water scarcity but paradoxically, rainwater is mostly considered as a risk [30] rather than as a valuable
resource. The role of microcatchments on water harvesting has been reported globally. In Balukhistan which is a
mountainous and dry province bunds are constructed across the slopes to force the runoff to infiltrate. The situation is
similar in China with its vast population [31]. Most countries in the Middle East fall in the arid and semi-arid climates
with very limited water resources [32].Water shortage in the Arab World may be indicated by the fact that more than
650 dams of variable size have been constructed in Saudi Arabia, Qatar, Oman and United Arab Emirates [33] [34].
Therefore, rainwater harvesting is crucial for present and future needs.
Series 1= Minimum temp.; Series2= Mean temp.; Series3= Maximum temp.

Fig. 4 Wind speed in the study area

Fig. 5 Rainwater harvested in a repaired terrace
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Fig. 6 Rainwater harvested in a semi-circular bund

Fig. 7. Rainwater harvesting in a quadrangular bund

Fig. 8. Dense ground vegetation on a repaired terrace.

Fig. 9. Damaged terrace with poor ground vegetation.
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Measurement of runoff and soil erosion
All microcatchments had highly significant (P=0.0001) effect on runoff. Repaired terraces significantly reduced
runoff by 56% (9.5 L/ha) as compared to damaged terraces (21.6 L/ha). Similarly, quadrangular and semi-circular
bunds significantly reduced runoff. The lowest runoff occurred in semi-circular bunds and repaired terraces (8.7 and
9.5L/ha, respectively). The highest runoff occurred in damaged terraces (21.6 L/ha) (Table 2). Also microcatchments
significantly (P=0.001) reduced soil erosion as compared to damaged terraces (Table 2). The highest erosion was
recorded in damaged terraces (120.2 kg/ha) as compared to repaired terraces (82.5 kg/ha), whereas erosion was
minimum in quadrangular bunds (27.0 kg/ha) (Table 2). These results are in line with those of Hammad et al. [35]
who reported that terrace conservation system reduced the negative effect of intense rainfall, resulting in a lower
amount of runoff and erosion than in the non-terraced system under Mediterranean conditions. Similarly, Barth and
Strunk [7] reported that soil erosion was evident in the abandoned terraces where soil depth decreases dramatically
with increasing distance from Juniper trees in Al Souda National Park. El Atta and Aref [5] who investigated water
harvesting by terraces in the same region (Aseer), found similar results. They reported that maintained terraces served
as important means for rainwater harvesting, whereas abandoning of terraces resulted in increased soil loss, surface
runoff, and soil bulk density and reduced infiltration rates. When surface runoff occurs it means that the infiltration
rate is less than the intensity of rainfall. Infiltration rate was correlated to the bulk density, total porosity, air-filled
porosity and capillary porosity [37].
It has been well established that runoff from a watershed had a significant effect on soil erosion.

Soil bulk density and porosity
Soil bulk density was significantly (P=0.01) different in various microcatchments. Soil bulk density was significantly
(P=0.01) higher in damaged terraces (1.96 g/cm³) than in repaired terraces (1.58 g/cm³) and quadrangular and semicircular bunds (1.68 and 1.7 g/cm³, respectively) (Table 2). Damaged terraces had significantly (P=0.01) the least
porosity percent as compared to other microcatchments (Table 3). The least porosity percent occurred in damaged
terraces (26.3 %) as compared to repaired terraces (37.4%) (Table 3). However, the highest porosity percent was
recorded in quadrangular; semi-circular bunds and repaired terraces (38.9, 38.8 and 37.4%, respectively) (Table 3). It
is apparent that as the soil bulk density increased, the soil porosity decreased which limited the depth of water flowing
through the soil and thereby increasing the depth of water flowing on the surface as runoff [38]. Soil compaction is a
serious problem for plant growth. Compacted soils are characterized by poor root growth and root zone aeration, poor
drainage that results in less soil aeration, less oxygen in the root zone, and more losses of nitrogen from denitrification
[39].
Table 1. Meteorological data in the study area (March 2011-March 2012)
Month
Mar. 2011
Apr.
May
June
July
Aug.
Sep.
Oct.
Nov.
Dec.
Jan. 2012
Feb.
Mar.
Mean
Range

Humidity (%)
46.96
50.19
53.30
41.78
60.42
49.29
54.25
34.5
38.2
25.6
19.8
45.6
35.6
42.7
19.8-60.42

Solar Radiation (W/m2)
131.18
160.96
185.38
255.77
150.40
238.09
180.45
160.2
243.5
264.7
257.6
245.5
255.8
210.0
131.18-264.7
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It is evident that increased soil compaction breaks down aggregates and lead to decreased soil water content due to
reduction of air-filled capillary porosity [36]. Yang and Zhang [37] reported that as the bulk density increased,
infiltration rate and air-filled pores decreased. Therefore, runoff coefficients were high in such compacted soils.
Consequently Juniper trees growing in maintained terraces showed better growth compared to those in abandoned
terraces [5].
Table 2. Water and soil conservation in microcatchments
Runoff
L/ha
Damaged terraces
21.6 a
Quadrangular bunds
11.4 b
Semi-circular bunds
8.7 c
Repaired terraces
9.5 c
Soil erosion
kg/ha
Damaged terraces
120.2a
Repaired terraces
82.5 b
Semi-circular bunds
75.3 b
Quadrangular bunds
27.0 c
Soil bulk density
g/cm3
Damaged terraces
1.96 a
Quadrangular bunds
1.68 b
Semi-circular bunds
1.70 cb
Repaired terraces
1.58 c
Means followed by the same letter are not significantly different at P=0.05

Infiltration rate
Highly significant (P=0.0001) differences in infiltration rate in microcatchments were recorded. Infiltration rate was
maximum in quadrangular (179.0 mm/hr) and semi-circular bunds (157.5 mm/hr). The least infiltration rate occurred
in damaged terraces (87.7 mm/hr). Repaired terraces recorded a significantly (P=0.05) higher infiltration rate (122.7
mm/hr) than damaged terraces (Table 3). This might be attributed to the higher soil porosity in both quadrangular and
semi-circular bunds as compared to terraces. These results are in line with other investigators. Terracing has been the
main approach for water conservation in Loess Plateau (China) and it increased rain infiltration and reduced soil
erosion (Lu et al. 2009). Soil infiltration significantly affects the quantity of runoff and the soil water content [40].
Hence, soil infiltration rate was considered as a critical index that reflects the ability of soil for water management
[41]. Low infiltration leads to runoff which accelerates the process of soil erosion and flooding downstream [26] and
this is the case in the control site in the study area which is part of Al Souda National Park that receives about 2-3
million visitors annually with their vehicles. This situation explains the high bulk density, low infiltration, high runoff
and the consequent soil erosion in control.
Table 3. Porosity (%) and infiltration rate in microcatchments
Porosity
Mean porosity (%)
Quadrangular bunds
38.9 a
Semi-circular bunds
38.8 ab
Repaired terraces
37.4 b
Damaged terraces
26.3 c
Infiltration rate
Mean infiltration rate (mm/hr)
Quadrangular bunds
179.0 a
Semi-circular bunds
157.5 a
Repaired terraces
122.7 b
Damaged terraces
87.7 c
Means followed by the same letter are not significantly different at P=0.05
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Soil moisture content
After the rain onset and at 5 cm soil depth the maximum mean MC % was recorded in repaired terraces (35.8%)
which was more than double as compared to damaged terraces (14.5%) (Table 4). The minimum MC % was recorded
in quadrangular bunds (8.4%). At 15 cm soil depth also significant (P=0.001) differ rences in MC % were recorded.
No significant differences were found in MC % between repaired terraces, semi-circular bunds and damaged terraces
(11.5- 16.4%) (Table 4), nevertheless quadrangular bunds recorded the least MC % (5.7 %) (Table 4). Similarly at 30
cm soil depth significant (P=0.05) differences in soil MC % were recorded though not as significant as at 5 and 15
cm. Terraces whether repaired or damaged and semi-circular bunds recorded more or less similar MC % (8.0-9.7%),
whereas the least MC % occurred in quadrangular bunds (Table 4).
Table 4. Soil moisture content (%) in microcatchments
5 cm soil depth
Mean MC (%)
Repaired terraces
30.8 a
Semi-circular bunds
15.3 bc
Damaged terraces
11.8 bcd
Quadrangular bunds
8.6 d
15 cm soil depth
Repaired terraces
16.4 a
Semi-circular bunds
13.4 a
Damaged terraces
11.5 a
Quadrangular bunds
5.7 b
30 cm soil depth
Repaired terraces
9.5 a
Damaged terraces
9.2 a
Semi-circular bunds
8.0 ab
Quadrangular bunds
4.6 b
Means followed by the same letter at a soil depth are not significantly different at P=0.05
It is evident that MC % was maximum at 5 cm soil depth and decreased dramatically with soil depth. Taking the MC
% at 5 cm soil depth as an example, it is clear that all types of microcatchments resulted in highly significant increase
in MC % (Table 5). This might be attributed to reduced runoff and bulk density and increased infiltration as compared
to control. Terraces have played an important role in the conservation of soil and water in the Ethiopian Highlands
[42]. It has been reported significant increase in soil moisture and a reduction in the frequency of supplemental
irrigation of fruit trees as a result of terracing and semi-circle bunds in Jordan [43].
Table 5. Soil MC% at 5 cm depth before and after the onset of rains
Microcatchment

Mean MC (%)
Before rains
After rains
Repaired terraces
0.98 a
30.8 b
Semi-circular bunds
1.0 c
15.3 d
Damaged terraces
0.93 e
11.8 f
Quadrangular bunds
0.92 g
8.6 h
Means followed by the same letter in a row are not significantly different at P=0.05

Seedlings performance and survival
Growth parameters and the survival rate of J. procera seedlings planted in quadrangular bunds constructed inside
semi-circular bunds improved significantly (P = 0.0001) as compared to those planted in the control sites (Table 6)
and the values were 7.0 and 4.8 cm for diameter, and 46.3 and 24.8 cm for height, respectively. Also the survival rate
of seedlings was 86.8 and 55.4% in seedlings grown inside semi-circular bunds and in control sites, respectively
(Table 6). These results are in line with those of Bastida et al. [14] who reported a better growth of plants in repaired
terraces in Spain. This might be attributed to improved soil and water conservation in microcatchments.
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Table 6. Growth performance and survival of J. procera seedlings
Location
QSCB*
Control
QSCB
Control
QSCB
Control

Mean diameter (cm)
T-value
7.0
11.0
4.8
Mean Height (cm)
46.3
7.4
24.8
Seedlings survival (%)
86.8
55.4
*Quadrangular inside semi-circular bunds

P
0.0001
0.0001

CONCLUSION
Microcatchments in the form of terraces, quadrangular and semi-circular bunds played an important role in water
harvesting in the study area. They increased significantly soil porosity and moisture content and infiltration rate, and
significantly reduced soil bulk density, runoff and soil erosion. In conclusion microcatchments significantly improved
soil and water conservation. This was indicated by the better performance and survival of J. procera seedlings.
Therefore, construction of microcatchments especially in mountainous terrains is recommended to improve water
management and to conserve the soil against erosion which in turn created better growth conditions for plants.
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