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Is canopy interception increased in semiarid tree plantations?
Evidence from a field investigation in Tehran, Iran
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Abstract: From 30 January 2011 to 30 January 2012, we measured the rainfall interception (I) and canopy storage capacity (S) of
individual trees of Pinus eldarica and Cupressus arizonica planted in the Chitgar Forest Park near Tehran, Iran. Gross rainfall (GR) in
this semiarid region was measured using the mean of 6 plastic rain gauges placed in an open area adjacent to the trees. To measure
throughfall (TF), 20 plastic rain gauges were installed beneath the crowns of 5 individual trees of each species. I was calculated as GR
minus TF. S was estimated using indirect methods: the minimum, Gash and Morton, mean, and Pereira methods. The cumulative mean
values of relative percentage of I (I:GR) for P. eldarica and C. arizonica trees averaged 44.2% and 34.4%, respectively. Significant negative
relationships were observed between the percent of I:GR and GR for P. eldarica (R2 = 0.63) and C. arizonica (R2 = 0.67) trees. For P.
eldarica, S was estimated to be 1.10 mm, 1.00 mm, 1.09 mm, and 1.05 mm using the minimum, Gash and Morton, mean, and Pereira
methods, respectively. For C. arizonica, the corresponding values are 0.58 mm, 0.52 mm, 0.56 mm, and 0.55 mm. This study proposes
that in this climate dominated by small storms, planting C. arizonica is preferable to planting P. eldarica. However, the differences in the
transpiration of these species should be quantified. Our results also indicated that the I value in this semiarid climate was higher than
that of a humid climate.
Key words: Canopy storage capacity, Cupressus arizonica, Pinus eldarica, plantation, rainfall interception, semiarid climate

1. Introduction
Forest plantations cause major changes in the abiotic
and biotic components of an ecosystem and provide a
wide range of economic, ecological, and social benefits.
Plantations have been reported to positively alter soil
properties, soil protection, vegetation composition,
carbon sequestration, and the hydrological cycle, as
well as combat desertification and support recreation
(George et al., 1999; Xiao and McPherson, 2002; Bellot
et al., 2004; Chang, 2006; Oxbrough et al., 2006; Nosetto
et al., 2007; Shachnovich et al., 2008; Jobbágy et al.,
2012). The negative impacts of forest plantations on the
function of an ecosystem, however, must also be taken
into consideration (Zhang et al., 2001; Iroumé and Huber,
2002). Establishing a forest plantation can have important
hydrological consequences. For example, establishing
a plantation may reduce groundwater recharging (e.g.,
Holmes and Colville, 1970; Allison and Hughes, 1972)
and result in an increase in canopy interception and
transpiration (Vose et al., 2011; Buttle and Farnsworth,
* Correspondence: attarod@ut.ac.ir
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2012). Forest canopy hydrology strongly influences
ecosystem processes. Hence, changes in the forest canopy
structure can alter the hydrology of the forest (Geiger et
al., 2003; Renaud and Rebetez, 2009).
On an event basis, rainfall interception loss (I), or wet
canopy evaporation, is the proportion of gross rainfall
(GR) that is intercepted and stored on the branches,
leaves/needles, and trunks and then evaporated into the
atmosphere after or during a rainfall event or longer
period (Dunkerley, 2000; Muzylo et al., 2009). Much of the
remaining water reaches the forest floor either by dripping
from the forest canopy (canopy drip), or falling directly to
the forest floor through canopy gaps as direct throughfall
(p) (direct throughfall + canopy drip = TF) (Crockford
and Richardson, 2000; Chappell et al., 2001). Rainwater
that reaches the forest floor by running down the trunks/
stems of the trees is defined as stemflow (SF) (Shachnovich
et al., 2008). I can be simply described as the difference
between GR and net rainfall (NR), where NR is the sum of
TF and SF (Xiao et al., 2000).
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It is necessary to consider the heterogeneity of I
since it controls the water input to a forest plantation
and, therefore, impacts ecological, hydrological, and
biogeochemical processes. I is a rather complicated process;
interception models, for instance, need information from
up to 39 variables (Muzylo et al., 2009). Past research has
demonstrated that needle-leaved trees produced less TF
in comparison to broad-leaved trees (e.g., Aussenac, 1968;
Aussenac and Boulangeat, 1980; Bryant et al., 2005; Cao et
al., 2008). In needle-leaved forests the relative percentage
of I (I:GR)% can range from 14% to 60% (Forgeard et al.,
1980; Huber and Iroumé, 2001), whereas in broad-leaved
forests it can range from 18% to 36% (Rutter et al., 1975).
Canopy storage capacity (S) is the amount of water the
canopy can hold while saturated. S is a key parameter of
rainfall interception and other ecohydrological processes
(Rutter et al., 1971; Gash, 1979; Bruijnzeel et al., 1987; Liu
1997; Crockford and Richardson, 2000; Dunkerley, 2000,
2008; Link et al., 2004, Pypker et al., 2005). In needle-leaved
forest ecosystems, S can be considerable, ranging between
0.3 mm (Lankreijer et al., 1993) and 3.8 mm (Aussenac,
1968). In broad-leaved forests, S can range from 0.26 mm
(David et al., 2006) to 1.7 mm (Gash et al., 1980).
To accurately study the processes controlling I, an
accurate estimate of S is necessary. Several direct and
indirect methods have been used to estimate S. Direct
methods include the cantilever deflection method
(Hancock and Crowther, 1979; Huang et al., 2005), the
ray-attenuation methods (Calder and Wright, 1986;
Bouten et al., 1991), remote sensing (Liu, 1998; Vegas
Galdos et al., 2012), and the artificial wetting of vegetative
surfaces (Aston, 1979; Herwitz, 1985; Hutchings et al.,
1988; Liu, 1998; Keim et al., 2006). These methods need
specific, advanced, and expensive instrumentation, and
difficulties may arise in scaling S from the specific storage
capacities determined for the different plant parts. Indirect
methods include graphical estimation of S (Leyton et al.,
1967) and model optimizations (Rutter and Morton, 1977;
Gash 1979; Gash et al., 1995; Whelan and Anderson,
1996; Pereira et al., 2009). Indirect methods are relatively
inexpensive and require no complex instruments;
however, a long measurement period is needed. Several
common indirect methods include the minimum (Leyton)
method (Leyton et al., 1967, Llorens and Gallart, 2000),
the Gash and Morton method (Gash and Morton, 1978),
and the mean method (e.g., Jackson, 1975; Klaassen et al.,
1998). A relatively new indirect method for estimation of
S by individual trees was proposed by Pereira et al. (2009).
Compared to the minimum, Gash and Morton, and mean
methods, the Pereira method is less sensitive to spatial
variability in TF.

Most previous attempts to measure I and S in natural
and plantation forests have occurred at the stand level (e.g.,
Rutter et al., 1975; Carlyle-Moses and Price, 1999; Bryant et
al., 2005; Andrè et al., 2008; Ahmadi et al., 2009; Brauman
et al., 2010; Shi et al., 2010; Buttle and Farnsworth, 2012)
and few reports are available concerning the I and S of
individual trees in forest plantation ecosystems (Gómez
et al., 2001; Pereira et al., 2009). Moreover, a direct
comparison of the I and S of 2 different tree species under
similar meteorological conditions is rare. Pinus eldarica
and Cupressus arizonica are popular species for plantations
in arid and semiarid zones of Iran as well as in other
countries with identical climatic conditions since both
tolerate drought and high temperatures (Fink and Ehrler,
1986; Fisher et al., 1986; Sardabi, 1998; Harrington et al.,
2005). Furthermore, C. arizonica is vital for controlling
erosion (Vines, 1960) and is able to grow in calcareous,
clayish, dry, and poor soils (Gallis et al., 2006). The aim of
this study was to estimate the I and S of individual trees of
P. eldarica and C. arizonica in a semiarid climate zone of
Iran.
2. Materials and methods
2.1. Experimental site
The study area is located in the Chitgar Forest Park
(35°42′N, 51°08′E, mean elevation 1250 m above sea level),
on a southern-facing slope of the Alborz mountain chains,
near Tehran, Iran (Figure 1). The park was established in
1968 after a combination of deciduous and coniferous tree
species were planted. The park area is 1450 ha and was
established to mitigate air pollution and provide green
space for the Tehran megacity. When this study occurred,
48% of the park was covered by 42-year-old even-aged,
homogeneous stands of either P. eldarica or C. arizonica
trees.
2.2. Meteorological parameters
Climatic data from 1997 to 2012 were obtained from a
meteorological station located within 4 km of the study
site at 1215 m above sea level (Chitgar Meteorological
Station, 35°42′N, 51°08′E). The mean annual rainfall in
the region is 271 mm (standard error: ±15.3 mm), with
March (46.6 mm; SE: ±5.5 mm) and August (1.4 mm; SE:
±0.3 mm) representing the wettest and driest months,
respectively. The wet period extends from November
to May, and historically accounts for 92% of the total
annual precipitation (249.3 mm). Measureable rainfall
occurs on approximately 71 days (SE: ±4 days) and snow
in this region accounts for only a small fraction of the
annual precipitation. The mean annual air temperature is
17 °C (SE: ±0.1 °C). August is the warmest month, with
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Figure 1. Map showing the location of the study area in the Tehran Province of
Iran.

an average temperature of 29.9 °C (SE: ±0.3 °C), and
January is the coldest month (3.9 °C; SE: ±0.3 °C). The “de
Martonne” climate classification categorizes the study site
as a semiarid climate type (de Martonne Aridity Index =
10.0). The prevailing wind direction is from the west to the
northwest.
2.3. Tree selection
Measurements were conducted in separated flat plantations
of P. eldarica and C. arizonica inside the Chitgar Forest
Park. The elevation difference between the P. eldarica and
C. arizonica plantations was only 16 m. Five individual,
even-aged, healthy trees of each species with similar

morphologies, i.e. tree height, diameter at breast height
(DBH), height under branch, crown area, and crown
closure were selected (Table 1). The crowns of the trees
did not overlap with the neighboring trees (Owens et al.,
2006).
2.4. Field measurements
The measurement period was between 30 January 2011
and 30 January 2012. Individual rain events were defined
as having at least a 3-h-long dry period between rainfalls,
which was long enough to allow the canopy to dry out
completely (Carlyle-Moses et al., 2004). A total of 53
rainfall events occurred during this period and there was

Table 1. Characteristics of 5 individual Pinus eldarica (P) and Cupressus arizonica (C) trees.
Species

Diameter at breast height
(cm)

Diameter of crown
(m)

Height
(m)

Height under branch
(m)

Crown area
(m2)

P1

25

4.8

7

2.7

7.5

P2

29

5.1

7.4

3.2

8

P3

21

4.6

6.8

3

7.2

P4

22

4.7

6.5

2.9

7.4

P5

23

4.5

6.6

3.1

7.1

Mean

24

4.7

6.9

3

7.4

C1

24

4.9

5.8

3.8

7.7

C2

19

4.6

5.3

3.4

7.2

C3

17

4.6

5.4

3.3

7.2

C4

20

4.7

5.1

3.4

7.4

C5

22

4.4

5.2

3.6

6.9

Mean

20

4.6

5.4

3.5

7.3
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no measureable snowfall during the measurement period.
Previous studies demonstrated that an above-canopy
GR volume is similar to the GR measured in an adjacent
clearing (Loustau et al., 1992; Brauman et al., 2010).
Hence, GR was measured using 6 plastic rain gauges 9 cm
in diameter placed in a clearing about 100 m away from
the P. eldarica and C. arizonica plantations (Shachnovich
et al., 2008). The quantity of water collected was manually
measured using a graduated cylinder with an accuracy of 1
mL. The average of the 6 rain gauges was used to measure
GR.
TF was measured under each tree using 20 rain gauges
of the same design as the rain gauges used to quantify
GR (Shachnovich et al., 2008). The rain gauges were
randomly located in a radial layout centered at the tree
trunk. Past research has shown that separated trees have
high spatial variability of TF (Lloyd et al., 1988). Therefore,
we minimized the impact of the spatial variability on TF
estimates by randomly locating TF collectors beneath each
tree species. TF for each tree was obtained from the mean
of the 20 rain gauges. All the TF and GR rain gauges were
emptied and dried after each rainfall event. There was no
understory vegetation in the vicinity of any of the rainfall
collectors.
Equivalent TF was assumed to be equal to TF = GR –
I – SF. No attempt was made to measure SF, since it was
likely to be a very small fraction of GR for both P. eldarica
and C. arizonica. Both of these species have very rough
bark that likely limits SF (e.g., Helvey and Patric 1965;
Geiger et al., 2003). In addition, other coniferous species
that have similar canopy architecture as P. eldarica and
C. arizonica experience little SF (Helvey and Patric, 1965;
Crockford and Richardson, 1990; Lankreijer et al., 1993;
Llorens, 1997; Llorens and Galart, 2000; Geiger et al., 2003;
Link et al., 2004, Llorens and Domingo 2007; Asadian and
Weiler, 2009; Bagheri et al., 2011; Motahari et al., 2013).
The Duncan test was also employed to compare the I:GR
for individual trees.
2.5. Canopy storage capacity (S)
The canopy saturation point (mm) is the amount of GR
required to saturate the canopy. The canopy saturation
point is always higher than S (or equal to S if direct
throughfall (p) is zero). S was estimated through the
following indirect methods that compare GR and TF:
1. The minimum method, or Leyton method (Leyton
et al., 1967; Llorens and Gallart, 2000): S is determined by
extrapolating the linear relationship between GR and TF
for individual continuous rainfall events that are sufficient
to saturate the canopy and have low evaporation rates
during the storm. TF begins at the beginning of the storm
if p is greater than zero, i.e. GR at TF = 0 is equal to S.

2. The Gash and Morton method: Gash and Morton
(1978) demonstrated that the minimum (Leyton)
method tends to underestimate S as a result of random
measurement error. The Gash and Morton method, like the
minimum method, determines S by plotting GR versus TF
for individual continuous rainfall events that saturate the
canopy and have minimum evaporation. However, instead
of using the x-intercept, S is estimated as the absolute value
of TF when GR = 0.
3. The mean method (e.g., Jackson, 1975; Klaassen et
al., 1998): The mean method estimates S by generating
2 linear regressions (R1 and R2) that relate TF to GR
(Klaassen et al., 1998). The first regression line (R1) is fit to
all the storm events where GR is insufficient to saturate the
canopy. The second regression line (R2) is fit to all rainfall
events where GR is sufficient to saturate the canopy. To
determine which rainfall events were applied to R1 or R2,
the regression lines were visually fit. When using the mean
method, the slope of R1 provides an estimate of the direct
throughfall coefficient (p), 1 – the slope of R2 provides an
estimate of the ratio of the mean evaporation rate from the
wet canopy (mm h–1) to the mean rainfall intensity (mm
h–1) ( E / R ), the value of GR at the intersection point of R1
and R2 provides an estimate of the canopy saturation point
(inflection point), and the difference between GR and TF
at the intersection point provides the estimate of S.
4. The Pereira et al. method (2009): This method
estimates S using a tree-based equation that is an
adaptation of the mean method (Klaassen et al., 1998).
Based on this method, a linear relationship between TF
and GR for rainfall events that are large enough to saturate
the canopy is generated:
TF = aGR + b,

(1)

where a is the slope of TF vs. GR and b is an intercept of
the regression line. S is determined with the following
equation (Eq. (2)):
S=−

E
1
b
,
⎡⎛ E ⎞ ⎤ R ⎡ ⎛ E ⎞⎤
⎢⎜ ⎟ −1⎥ ln ⎢1− ⎜ ⎟⎥
⎣⎝ R ⎠ ⎦
⎣ ⎝ R ⎠⎦

(2)

where E / R was estimated as 1 – the slope of the abovementioned regression line (Leyton et al., 1967; Klaassen et
al., 1998; Pypker et al., 2005).
2.6. Direct throughfall coefficient (p)
As p cannot be directly determined, several indirect
methods have been used to estimate p, such as a graphical
method, a regression method, and an optical method
(Leyton et al., 1967; Llorens and Gallart, 2000). In this
study, p was estimated using the mean method. The slope
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3. Results
3.1. Long-term mean and observed meteorological
parameters
The cumulative rainfall for the study period was 307.3 mm,
slightly more than the long-term average (271 mm). During
the study period, the highest and lowest monthly rainfall
occurred in February (56.1 mm) and June (1.6 mm),
respectively (Figure 2). Mean air temperature was 17.0 °C
during the study period, which matched the historic record.
August was the warmest month both historically (29.9 °C)
and during the study period (29.4 °C).
3.2. Gross rainfall (GR)
From 30 January 2011 to 30 January 2012, 232.5 mm of
rain fell in 59 individual rainfall events. GR ranged from
0.4 mm to 15.2 mm and had a mean of 3.9 mm (SE: ±0.72
mm).
3.3. Interception (I)
During the measurement period, I under the P. eldarica
and C. arizonica trees was 30.3% (cumulative: 70.51 mm),
and 22.0% (cumulative: 51.16 mm) of GR, respectively
(Figure 3). I depended on storm size, with the percentage
varying from 12.2% for large storms (GR = 13.3 mm) to
71.8% for small storms (GR = 0.4 mm) under P. eldarica
Long-term Rainfall
Long-term Temperature

64

Current Year Rainfall
Current Year Temperature

32

8

8

4

0

0

Dec

16

Nov

12

Oct

24

Sep

16

Aug

32

Jul

20

Jun

40

May

24

Apr

48

Mar

28

Feb

56

Jan

Rainfall (mm)

trees. In contrast, I under the C. arizonica trees ranged
from 7.1% mm to 71.8% for the largest (GR = 10 mm) and
smallest (GR = 0.7 mm) GR values.
The mean I (±SE) for an individual rainfall event was
1.19 mm (±0.10 mm) and 0.87 mm (±0.07 mm) under the
P. eldarica and C. arizonica trees, respectively (Table 2).
The mathematical relationships between I:GR and GR
for all the trees are shown in Table 3 and were obtained
from scatter plots of GR against the corresponding I (not
shown).
Duncan tests suggest that there was no significant
difference between I:GR ratios for the P. eldarica trees;
however, the I:GR ratios were significantly different among
some of the C. arizonica trees (Table 4).
The mean percentage of I:GR was 44.6% under the P.
eldarica trees and 34.2 under the C. arizonica trees. I:GR
decreased as GR increased for P. eldarica and C. arizonica,
as reported by previous studies (e.g., Xiao et al., 2000; David
et al., 2006) (Figure 4). Significant negative logarithmic
relationships were observed between the mean values of
(I:GR)% and GR for the 5 P. eldarica and the 5 C. arizonica
individual trees (P. eldarica (I:GR = –14.39ln(GR) + 57.44,
R2 = 0.63), C. arizonica (I:GR = –14.07ln(GR) + 46.64, R2
= 0.67)). The mean values of I:GR for the P. eldarica and
C. arizonica trees were significantly different (t = 2.93, P
< 0.001).
3.4. Direct throughfall coefficient (p) and canopy storage
capacity (S)
In this study, the canopy saturation points for the P.
eldarica and C. arizonica trees were GR = 1.4 mm and GR
= 1.2 mm, respectively. Based on the canopy saturation
point, p was calculated as 0.17 for P. eldarica and as 0.24
for C. arizonica (Figure 5).

Air Temperature (°C)

of the regression line that relates TF to GR for rainfall
events that are insufficient to saturate the canopy provides
an estimate of p (Leyton et al., 1967; Shi et al., 2010). In
general, storms that are insufficient to saturate the canopy
are determined by subjectively identifying the inflection
point on a graph that relates TF against GR for all measured
rainfall events (Motahari et al., 2013). All points below the
inflection point are used to quantify p.

Months

Figure 2. Monthly mean rainfall and air temperature for the study period (Jan
2011 to Jan 2012) and the previous 15 years (1997–2011), as recorded by a nearby
meteorological station. Error bars show the standard error (SE) of the monthly
rainfall for the long-term period.
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Gross rainfall (GR) or rainfall interception (I) (mm)

240.0
GR
210.0
180.0
150.0
120.0
90.0
I (Pinus eldarica )
60.0
I (Cupressus arizonica )

30.0
0.0

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59
Number of rainfall event

Figure 3. Accumulated gross rainfall (GR) and interception (I) by Pinus eldarica and
Cupressus arizonica trees.
Table 2. The mean, maximum, minimum, standard error, and cumulative interception (I) of 5 individual
trees of Pinus eldarica (P) and Cupressus arizonica (C) for 59 rainfall events. The subscripts 1 to 5 refer
to each of the individual trees.

Species

I
Mean

Maximum

Minimum

Standard error

Cumulative

mm

mm

mm

mm

mm

P1

1.07

2.95

0.20

0.09

63.25

P2

1.23

3.50

0.15

0.11

72.35

P3

1.34

3.35

0.15

0.12

79.20

P4

1.16

3.15

0.15

0.09

68.60

P5

1.17

3.20

0.20

0.10

69.15

Mean

1.19

2.99

0.19

0.10

70.51

C1

0.70

1.75

0.10

0.05

41.55

C2

0.97

3.05

0.15

0.08

57.40

C3

0.81

3.10

0.15

0.07

47.55

C4

0.99

3.15

0.15

0.09

58.10

C5

0.87

3.00

0.15

0.08

51.20

Mean

0.87

2.31

0.16

0.07

51.16

*Gross rainfall (GR) value is 232.5 mm.
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Table 3. The logarithmic relationships between relative interception (I:GR) and gross rainfall (GR) for 5
individual trees of Pinus eldarica (P) and Cupressus arizonica (C). The subscripts 1 to 5 refer to each of
the individual trees. The R2 represents the correlation coefficient.
Species

Equation

R2

P value

P1

I:GR = –14.36ln(GR) + 53.79

0.55

0.012

P2

I:GR = –14.82ln(GR) + 58.60

0.53

0.046

P3

I:GR = –11.89ln(GR) + 57.49

0.44

0.095

P4

I:GR = –14.21ln(GR) + 56.93

0.55

0.060

P5

I:GR = –16.67ln(GR) + 60.41

0.62

0.009

C1

I:GR = –11.11ln(GR) + 37.59

0.52

0.071

C2

I:GR = –17.06ln(GR) + 53.89

0.61

0.023

C3

I:GR = –14.47ln(GR) + 45.91

0.61

0.042

C4

I:GR = –15.18ln(GR) + 52.09

0.54

0.019

C5

I:GR = –12.57ln(GR) + 44.27

0.58

0.048

Table 4. Summary of the Duncan tests comparing I:GR for individual Pinus eldarica (P) and Cupressus
arizonica (C) trees. The subscripts 1 to 5 refer to each of the individual trees. There was no significant
difference (α < 0.05) between trees denoted by the same letters.
I:GR (%)

Standard error (%)

Significant

P1

40.99

±2.57

a

P2

45.39

±2.70

a

P3

46.88

±2.37

P4

44.27

P5

45.55

C1

27.69

C2

38.69

C3

33.01

C4

38.55

C5

33.06

Pinus eldarica
I:GR = –14.39 Ln(GR) + 57.44

0

2

4

6

0. 63

8

a

I:GR = –14.39
a Ln(GR) + 57.44
Rc2 = 0. 63

100
90
80
70
60
50
40
30
20
10
0

b
bc
b
bc
2

4

6

10

GR (mm)
Cupressus arizonica

12

14

16

8

10

12

14

16

14

16

Cupressus arizonica
I:GR = –14 .07 Ln(GR ) + 46.64
R 2 = 0. 67

(I:GR )%

R2 =

a

Pinus eldarica

(I :GR )%

100
±2.53
90
80
±2.81
70
±2.04
60
±2.88
50
40
±2.45
30
±2.75
20
10
±2.19
0
0

(I :GR )%

100
90
80
70
60
50
40
30
20
10
0

Species

0

2

4

6

8

GR (mm)
GR (mm)

10

12

(I:GR )%

100
90 4. Scatter plots of percent of relative interception (I:GR)% versus gross rainfall (GR) for the mean of 5 individual Pinus eldarica
Figure
I:GRtrees
= –14
.07 Ln(GR
) + 46.64
and80
Cupressus arizonica
during
the study
period. Error bars represent the standard error (SE).
70
R 2 = 0. 67
60
79850
40
30
20

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

Pinus eldarica
TF = 0.17 GR
R 2 = 0.64

TF (mm)
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0
0
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0.3
0.25
0.2
0.15
0.1
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0.4

0.6

0.8

1

1.2

1.4
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Figure 5. The relationshipCupressus
between arizonica
gross rainfall (GR) and throughfall (TF) for rainfall where GR was less than the canopy saturation
0.45
point. The slope of the regression line represents the direct throughfall coefficient (p). Error bars represent the standard error (SE).
0.4
TF = 0.24 GR
0.35
R 2= 0.48
0.3
0.25estimated using 4 indirect methods that relate GR to
S was
in semiarid climate regions, research on I has been mostly
0.2
TF for each tree (Table 5; Figures 6 and 7). For P. eldarica,
limited to shrub vegetation (Guevara-Escobar et al., 2007)
0.15estimated to be 1.10 mm, 1.00 mm, 1.09 mm, and
and there are few reports available for individual trees.
S was
1.050.1mm using the minimum, Gash and Morton, mean,
Návar and Bryan (1994) studied I in a Prosopis levigata
0.05
and Acacia farnesiana forest within a semiarid climate
and Pereira
methods,
respectively.
For
C.
arizonica,
S
was
0
0 to be
0.2 0.58 mm,
0.4 0.52
0.6mm, 0.56
0.8 mm,
1 and 0.55
1.2
estimated
zone in Mexico, where they measured I to be 28% of GR.
0.2

0.4

TF (mm)

0

GR (mm)
mm, by the same methods, respectively.

4. Discussion
Llorens (1997) reported that the average value of I:GR
in a Pinus sylvestris forest in the Eastern Pyrenees, Spain
was 24% and Mahendrappa (1990) reported I:GR for a
Pinus strobus plantation in Canada to be 31%. However,

I also fluctuates among plantations grown in the same
climate (Calder, 1990; Valente et al., 1997; Chang, 2006).
The differences in I in the same climate may result from
differences in tree characteristics such as leaf size, leaf
area and shape, branch angle, phenological stage, crown
roughness, crown density, and crown architecture, which
can modify TF drop sizes (Lloyd et al., 1988, Marin et al.,

Table 5. Canopy storage capacity (S, in mm) calculated using 4 indirect methods and free throughfall coefficient (p) calculated using
the mean method for 5 Pinus eldarica (P) and Cupressus arizonica (C) trees. The subscripts 1 to 5 refer to each of the individual trees.

Species

S (mm)

p

Minimum method

Gash and Morton method

Mean method

Pereira method

P1

0.95

0.86

0.94

0.90

0.19

P2

0.98

0.85

0.96

0.91

0.15

P3

1.21

1.05

1.20

1.13

0.11

P4

1.22

1.15

1.22

1.19

0.18

P5

1.15

1.07

1.13

1.11

0.23

Mean

1.10

1.00

1.09

1.05

0.17

C1

0.48

0.44

0.47

0.46

0.24

C2

0.57

0.50

0.54

0.53

0.23

C3

0.57

0.51

0.55

0.54

0.26

C4

0.71

0.64

0.72

0.68

0.08

C5

0.57

0.51

0.53

0.54

0.38

Mean

0.58

0.52

0.56

0.55

0.24
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Figure 6. The relationship between gross rainfall (GR) and throughfall (TF) for all rainfall events with GR ≥
1.4 mm (open triangle) and GR < 1.4 mm (filled triangle) during the study period for the 5 individual Pinus
eldarica (P) trees. Subscripts 1 to 5 refer to each of the individual trees. Each triangle (∆) refers to a rainfall
event.

2000; Dunkerely, 2000, 2008; Carlyle-Moses et al., 2004;
Fleischbein et al., 2005; Toba and Ohta, 2005; Chang, 2006;
Deguchi et al., 2006; De Schrijver et al., 2007; Llorens and
Domingo, 2007; Muzylo et al., 2009). The results indicate
that the I value in this semiarid location was higher than
that of trees located in other humid climates (e.g., Rowe,
1983; Ahmadi et al., 2009).
In the present study, the different indirect methods for
estimating S provided estimates that varied from 1.00 mm

800

to 1.10 mm for P. eldarica trees and ranged from 0.52 mm
to 0.58 mm for C. arizonica trees (Table 5). The difference
in S likely results from differences in leaf area index (LAI)
because S typically increases with greater LAI (Marin et al.,
2000, Fleischbein et al., 2005; Staelens et al., 2006). The size
of S under the P. eldarica trees was similar to that found
for other pine forests (Table 6). The method of estimating
S was based on the proposed method by Pereira et al.
(2009) adapted for tree-based measurements (Pereira et
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Figure 7. The relationship between gross rainfall (GR) and throughfall (TF) for all rainfall events with
GR ≥ 1.2 mm (open circle) and GR < 1.2 mm (filled circle) during the study period for the 5 individual
Cupressus arizonica (C) trees. Subscripts 1 to 5 refer to each of the individual trees. Each triangle (∆)
refers to a rainfall event.

al., 2009; Fathizadeh et al., 2013). The calculated S values
for individual trees of P. eldarica and C. arizonica using the
minimum, mean, Gash and Morton, and Pereira methods
were similar. This suggests that all 4 methods could be used
for these tree types, as the Pereira method was designed to
calculate S at the tree level in semiarid environments.
Interception loss differed considerably between the
2 tree types, with the P. eldarica trees losing 10% more
rainfall to I than the C. arizonica trees during the study
period. The 2 main evaporative losses attributed to I result

from rainfall lost during the storm and after the storm.
During the storm, E / R largely controls the rainfall
interception loss, whereas evaporation after the storm
is controlled largely by S. E / R in both tree species was
strikingly similar, with both forest types averaging 0.10.
Therefore, the differences in I between the 2 forests can be
attributed to changes in S.
In the current research, p was estimated to be 0.17 and
0.24 for the P. eldarica and C. arizonica trees, respectively.
To our knowledge, there is no information on the values
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Table 6. Canopy storage capacity (S) and direct throughfall coefficient (p) measured in various research
studies for needle-leaved species using indirect methods.

S (mm)

Method

1.05

Pereira

1.10

Minimum

1.09

Mean

1.00

Gash and Morton

0.55

Pereira

0.58

Minimum

0.56

Mean

0.52

Gash and Morton

0.1

1.7

Minimum

Motahari et al. 2013

0.1

1.77

Mean

Motahari et al. 2013

0.1

1.4

Gash and Morton

Motahari et al. 2013

Pinus sylvestris

0.1

1.3

Minimum

Llorens 1997

Pinus pinaster

0.4

0.41

Minimum

Valente el al. 1997

Pinus pinaster

0.4

0.3

Minimum

Lankreijer et al. 1993

Pinus radiata

-

0.4

Gash and Morton

Kelliher et al. 1992

Pinus pinaster

0.6

0.5

Gash and Morton

Loustau et al. 1992

Pinus sylvestris

0.1

1

Gash and Morton

Gash et al. 1980

Pinus sylvesrtis

0.3

0.8

Gash and Morton

Gash and Morton 1978

Pinus nigra

0.3

1.1

Minimum

Rutter et al. 1971

Pinus sylvestris

-

1.6

Minimum

Rutter 1963

Tree species

Pinus eldarica

Cupressus arizonica

Pinus eldarica

p

0.17

0.24

of S or p for individual trees in semiarid environments.
Hence, we compared the results with those of other forests.
Jackson (1975) reported the p of montane tropical forests
to be 0.23. Llorens (1997) and Llorens and Gallart (2000)
reported p in a Pinus sylvestris forest to be 0.1 and 0.2,
respectively. Motahari et al. (2013) estimated p to be 0.14
for a Pinus eldarica afforestation in a semiarid climate zone
of Iran. The low values for p suggest that the canopy gap
fraction of P. eldarica and C. arizonica trees is fairly small.
On the other hand, the thickness of the tree canopies of
P. eldarica, which is greater than that of C. arizonica, can
result in higher values of I and S in P. eldarica.
As reported by many authors, I:GR values increased
as the size of GR events increased; however, as expected,
higher I:GR values were observed for smaller GR events in
both sites during the study period (Rowe, 1983; Lankreijer
et al., 1993; Xiao et al., 2000; Marin et al., 2000; Llorens
and Domingo, 2007; Ahmadi et al., 2009). The higher
I:GR values for the small GR events are a result of a large
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portion of incident rainfall retained on the canopy, which
evaporates during/after the rainfall. However, because of
the greater S for P. eldarica trees, the smaller storms lose
considerably more water to I under those trees than under
the C. arizonica trees.
The greater interception losses by the P. eldarica trees
suggest that in climates that are dominated by small storms,
the planting of P. eldarica trees relative to C. arizonica
trees will have a significant impact on the hydrology of
the watershed. Background meteorological data recorded
from 1997 to 2013 by the Chitgar Meteorological Station
show that average annual rainfall in this semiarid climate
is 271 mm and averages 3.82 mm per event. The historical
climate of the region also indicates that 25 rainfall events
(i.e. 34% of the total number of yearly storms) provide
less rainfall than the canopy saturation point of P. eldarica
trees, 1.4 mm. Furthermore, during the previous decade,
the number of rainfall events lower than 1.4 mm increased
from 20 days to 26 days. This implies that over the 10 years

SADEGHI et al. / Turk J Agric For
the number of small storms is increasing. Therefore, if the
future climate in the region results in more frequent and
smaller storms, then areas with P. eldarica will experience
more evaporative loss relative to areas with C. arizonica.
If P. eldarica is planted instead of C. arizonica within a
semiarid region with frequent small rainfall events, it
is plausible that these areas will experience reduction in
the available water because of increased evaporative loss.
However, to fully quantify the effect of the 2 species on
the loss of water to the atmosphere, the differences in
transpiration must be quantified (Motahari et al., 2013),
as in some cases the differences in interception loss are
offset by differences in transpiration losses (e.g., Licata et
al., 2010).
Vegetation cover has an important influence on
hydrological and biogeochemical cycles. The importance
of plantations on hydrology is recognized worldwide.
Thus, understanding the interaction between canopy

characteristics and I is essential for quantitative modeling
of the effects of forest plantations on water budgets.
The rainfall partitioning occurring in plantation forest
ecosystems of the semiarid climate zone is suffering
from insufficient information, especially information
from individual tree measurements. The present study
demonstrates that I represents a significant portion
of GR in P. eldarica (44.2%) and C. arizonica (34.4%)
plantations in the semiarid climate zone of Iran. Based on
I measurements alone, planting with C. arizonica would be
better for water yield.
The current study is the first to record I and S in a
semiarid climate zone at the individual tree level. The S of the
trees was averaged as 1.06 mm and 0.56 mm for P. eldarica
and C. arizonica via 4 indirect methods, respectively. Our
research confirmed that I should be considered in future
water budget plans and in the selection of tree species for
plantations in the semiarid arid climate zones.

References
Ahmadi MT, Attarod P, Marvi Mohadjer MR, Rahmani R, Fathi J
(2009). Partitioning rainfall into throughfall, stemflow, and
interception loss in an oriental beech (Fagus orientalis Lipsky)
forest during the growing season. Turk J Agric For 33: 557–568.

Brauman KA, Freyberg DL, Daily GC (2010). Forest structure
influences on rainfall partitioning and cloud interception: a
comparison of native forest sites in Kona, Hawai’i. Agric For
Meteorol 150: 265–275.

Allison GB, Hughes MW (1972). Comparison of recharge to
groundwater under pasture and forest using environmental
tritium. J Hydrol 17: 81–95.

Bruijnzeel LA, Sampurno SP, Wiersum KF (1987). Rainfall
interception by a young Acacia auriculiformis (a. cunn)
plantation forest in West Java, Indonesia: application of Gash’s
analytical model. Hydrol Process 1: 309–319.

Andrè F, Jonard M, Ponette Q (2008). Precipitation water storage
capacity in a temperate mixed oak–beech canopy. Hydrol
Process 22: 4130–4141.
Asadian Y, Weiler M (2009). A new approach in measuring rainfall
interception by urban trees in Coastal British Columbia. Water
Qual Res J Can 44: 16–25.
Aston AR (1979). Rainfall interception by eight small trees. J Hydrol
42: 383–396.
Aussenac G (1968). Interception des précipitations par le couvert
forestier. Ann For Sci 25: 135–156 (in French).
Aussenac G, Boulangeat C (1980). Interception des précipitations
et évapotranspiration réelle dans des peuplements de feuillus
(Fagus sylvatica L.) et de résineux. Ann For Sci 37: 91–107 (in
French).
Bagheri H, Attarod P, Etemaad V, Sharafieh H, Ahmadi MT (2011).
Rainfall interception loss by Cupressus arizonica and Pinus
eldarica in an arid zone afforestation of Iran (Biyarjomand,
Shahroud). Iranian J For Poplar Res 19: 314–325.
Bellot J, Maestre FT, Chirino E, Hernandez N, De Urbina JO (2004).
Afforestation with Pinus halepensis reduces native shrub
performance in a Mediterranean semi-arid area. Acta Oecol
25: 7–15.
Bouten W, Swart PJF, De Walter E (1991). Microwave transmission, a
new tool in forest hydrological research. J Hydrol 124: 119–130.

Bryant M, Bhata S, Jacobs J (2005). Measurement and modeling
of throughfall variability for five forest communities in the
southeastern US. J Hydrol 89: 65–71.
Buttle JM, Farnsworth AG (2012). Measurement and modeling
of canopy water partitioning in a reforested landscape: the
Ganaraska Forest, Southern Ontario, Canada. J Hydrol 466–
467: 103–114.
Calder IR, Wright IR (1986). Gamma ray attenuation studies of
interception from Sitka spruce: some evidence for an additional
transport mechanism. Water Resour Res 22: 409–417.
Calder IR (1990). Evaporation in the Uplands. New York, NY, USA:
Wiley.
Cao Y, Ouyang ZY, Zheng H, Huang ZG, Wang XK, Miao H (2008).
Effects of forest plantations on rainfall redistribution and
erosion in the red soil region of southern China. Land Degrad
Dev 19: 321–330.
Carlyle-Moses DE, Flores Laureano JS, Price AG (2004). Throughfall
and throughfall spatial variability in Madrean oak forest
communities of northeastern Mexico. J Hydrol 297: 124–135.
Carlyle-Moses DE, Price AG (1999). An evaluation of the Gash
interception model in a northern hardwood stand. J Hydrol
214: 103–110.
Chang M. (2006). Forest Hydrology: An Introduction to Water and
Forests. 2nd ed. Boca Raton, FL, USA: Taylor and Francis.

803

SADEGHI et al. / Turk J Agric For
Chappell NA, Bidin K, Tych W (2001). Modelling rainfall and
canopy controls on net-precipitation beneath selectivelylogged tropical forest. Plant Ecol 153: 215–229.

Gash JHC, Morton AJ (1978). An application of the Rutter model to
the estimation of the interception loss from Thetford Forest. J
Hydrol 38: 89–105.

Crockford RH, Richardson DP (1990). Partitioning of rainfall in a
eucalypt forest and pine plantation in southeastern Australia: I.
throughfall measurement in a eucalypt forest: effect of method
and species composition. Hydrol Process 4: 131–144.

Gash JHC, Wright IR, Lloyd CR (1980). Comparative estimates of
interception loss from three coniferous forests in Great Britain.
J Hydrol 48: 49–58.

Crockford RH, Richardson DP (2000). Partitioning of rainfall into
throughfall, stemflow and interception: effect of forest type,
ground cover and climate. Hydrol Process 14: 2903–2920.
David TS, Gash JHC, Valente F, Pereira JS, Ferreira MI, David JS
(2006). Rainfall interception by an isolated evergreen oak tree
in a Mediterranean Savannah. Hydrol Process 20: 2713–2726.
Deguchi A, Hattori S, Park H (2006). The influence of seasonal
changes in canopy structure on interception loss: application
of the revised Gash model. J Hydrol 319: 80–102.
De Schrijver A, Geudens G, Augusto L, Staelens J, Mertens J, Wuyts
K, Gielis L, Verheyen K (2007). The effect of forest type on
throughfall deposition and seepage flux: a review. Oecologia
153: 663–674.
Dunkerley DL (2000). Measuring interception loss and canopy
storage in dryland vegetation: a brief review and evaluation of
available research strategies. Hydrol Process 14: 669–678.
Dunkerley DL (2008). Intra-storm evaporation as a component of
canopy interception loss in dryland shrubs: observations from
Fowlers Gap, Australia. Hydrol Process 22: 1985–1995.
Fathizadeh O, Attarod P, Pypker TG, Darvishsefat AA, Zahedi
Amiri G (2013). Seasonal variability of rainfall interception
and canopy storage capacity measured under individual oak
(Quercus brantii) trees in Western Iran. J Agric Sci Tech 15:
175–188.
Fink DH, Ehrler WL (1986). Christmas tree production using the
runoff farming system. HortScience 21: 459–461.
Fisher JT, Dudoich DJ, Fancher JA (1986). Efficacy of pre- and
postemergent herbicides in field-planted Pinus eldarica. Forest
Ecol Manage 16: 253–258.
Fleischbein K, Wilcke W, Goller R, Boy J, Valarezo C, Zech W,
Knoblich K (2005). Rainfall interception in a lower montane
forest in Ecuador: effects of canopy properties. Hydrol Process
19: 1355–1371.
Forgeard F, Gloaguen JC, Touffet J (1980). Interception des
précipitations et apports au sol d’éléments minéraux par les
eaux de pluie et les pluviolessivats dans une hêtraie atlantique
et dans quelques peuplements résineux de Bretagne. Ann For
Sci 37: 53–71 (in French).
Gallis AT, Doulis AG, Papageorgiou AC (2006). Variability of cortex
terpene composition in Cupressus sempervirens L. provenances
grown in Crete, Greece. Silvae Genet 56: 294–299.
Gash JHC (1979). An analytical model of rainfall interception by
forest. Q J R Meteorol Soc 105: 43–55.
Gash JHC, Lloyd CR, Lachaud G (1995). Estimating sparse forest
rainfall interception with an analytical model. J Hydrol 170:
79–86.

804

Geiger R, Aron RH, Todhunter P (2003). The Climate Near the
Ground. Lanham, MD, USA: Rowman and Littlefield.
George RJ, Nulsen RA, Ferdowsian R, Raper GP (1999). Interactions
between trees and groundwaters in recharge and discharge
areas – a survey of Western Australian sites. Agric Water
Manage 39: 91–113.
Gómez JA, Giráldez JV, Fereres E (2001). Rainfall interception by
olive trees in relation to leaf area. Agric Water Manage 49:
65–76.
Guevara-Escobar A, Gonzalez-Sosa E, Ramos Salinas M, HernandezDelgado GD (2007). Experimental analysis of drainage and
water storage of litter layers. Hydrol Earth Syst Sci 11: 1703–
1716.
Hancock NH, Crowther JM (1979). A technique for the direct
measurement of water storage on a forest canopy. J Hydrol 41:
105–122.
Harrington J, Loveall M, Kirksey R (2005). Establishment and early
growth of dryland plantings of Arizona cypress in New Mexico,
USA. Agrofor Syst 63: 183–192.
Helvey JD, Patric JH (1965). Design criteria for interception studies.
In: Proceedings of a Symposium on the Design of Hydrological
Networks, June 1965; Quebec City, Canada. International
Association of Scientific Hydrology, pp. 131–137.
Herwitz SR (1985). Interception storage capacities of tropical
rainforest canopy trees. J Hydrol 77: 237–252.
Holmes JW, Colville JS (1970). Forest hydrology in a karstic region of
southern Australia. J Hydrol 10: 59–74.
Huang YS, Chen SS, Lin TP (2005). Continuous monitoring of water
loading of trees and canopy rainfall interception using the
strain gauge method. J Hydrol 311: 1–7.
Huber A, Iroumé A (2001). Variability of annual rainfall partitioning
for different sites and forest cover in Chile. J Hydrol 248: 78–92.
Hutchings NJ, Milne R, Crowther JM (1988). Canopy storage
capacity and its vertical distribution in a Sitka spruce canopy. J
Hydrol 104: 161–171.
Iroumé A, Huber A (2002). Comparison of interception losses
in a broadleaved native forest and a Pseudotsuga menziesii
(Douglas fir) plantation in the Andes Mountains of southern
Chile. Hydrol Process 16: 2347–2361.
Jackson IJ (1975). Relationships between rainfall parameters and
interception by tropical forests. J Hydrol 24: 215–238.
Jobbágy EG, Baldi G, Nosetto MD (2012). Tree plantation in
South America and the water cycle: impacts and emergent
opportunities. In: Schlichter T, Montes L, editors. Forests in
Development: A Vital Balance. Berlin, Germany: Springer
Science, pp. 53–63.

SADEGHI et al. / Turk J Agric For
Keim RF, Skaugset AE, Weiler M (2006). Storage of water on
vegetation under simulated rainfall of varying intensity. Adv
Water Resour 26: 974–986.
Kelliher FM, Whitehead D, Pollock DS (1992). Rainfall interception
by trees and slash in a young Pinus radiata D. Don stand. J
Hydrol 131: 187–204.
Klaassen W, Bosveld F, De Water E (1998). Water storage and
evaporation as constituents of rainfall interception. J Hydrol
212–213: 36–50.
Lankreijer HJM, Hendriks MJ, Klaassen W (1993). A comparison
of models simulating rainfall interception of forests. Agric For
Meteorol 64: 187–199.
Leyton L, Reynolds ERC, Thompson FB (1967). Rainfall interception
in forest and moorland. In: Sopper WE, Lull HW, editors.
Proceedings of the International Symposium on Forest
Hydrology. New York, NY, USA: Pergamon Press, pp. 163–178.
Licata JA, Pypker TG, Weigandt M, Unsworth MH, Gyenge JE,
Fernández ME, Schichter TM, Bond BJ (2010). Decreased
rainfall interception balances increased transpiration in exotic
ponderosa pine plantations compared with native cypress
stands in Patagonia, Argentina. Ecohydrology 4: 83–93.
Link TE, Unsworth M, Marks D (2004). The dynamics of rainfall
interception by a seasonal temperate rainforest. Agric For
Meteorol 124: 171–191.
Liu SG (1997). A new model for the prediction of rainfall interception
in forest canopies. Ecol Model 99: 151–159.
Liu SG (1998). Estimation of rainfall storage capacity in the canopies
of cypress wetlands and slash pine uplands in North-Central
Florida. J Hydrol 207: 32–41.
Llorens P (1997). Rainfall interception by a Pinus sylvestris forest
patch overgrown in a Mediterranean mountainous abandoned
area. II. Assessment of the applicability of Gash’s analytical
model. J Hydrol 199: 346–359.
Llorens P, Domingo F (2007). Rainfall partitioning by vegetation
under Mediterranean conditions. A review of studies in
Europe. J Hydrol 335: 37–54.
Llorens P, Gallart F (2000). A simplified method for forest water
storage capacity measurement. J Hydrol 240: 131–144.
Lloyd CR, Gash JHC, Shuttleworth WJ (1988). The measurement
and modeling of rainfall interception by Amazonian rain
forest. Agric For Meteorol 43: 277–294.
Loustau D, Bergiger P, Granier P (1992). Interception loss, throughfall
and stemflow in a maritime pine stand. II. An application of
Gash’s analytical model of interception. J Hydrol 138: 469–485.
Mahendrappa MK (1990). Partitioning of rainwater and chemicals
into throughfall and stemflow in different forest stands. Forest
Ecol Manage 30: 65–72.
Marin TC, Bouten W, Sevink J (2000). Gross rainfall and its
partitioning into throughfall, stemflow and evaporation
of intercepted water in four forest ecosystems in Western
Amazonia. J Hydrol 237: 40–57.

Motahari M, Attarod P, Pypker TG, Etemad V, Shirvany A (2013).
Rainfall interception and canopy storage capacity of a Pinus
eldarica plantation in a semi-arid climate zone: an application
of the Gash model. J Agric Sci Tech 15: 981–994.
Muzylo A, Llorens P, Valente F (2009). A review of rainfall
interception modeling. J Hydrol 370: 191–206.
Návar J, Bryan RB (1994). Fitting the analytical model of rainfall
interception of Gash to individual shrubs of semi-arid
vegetation in northeastern Mexico. Agric For Meteorol 68:
133–143.
Nosetto MD, Jobbágy EG, Toth T, Di Bella CM (2007). The effects
of tree establishment on water and salts dynamics in naturally
salt-affected grasslands. Oecologia 152: 695–705.
Owens MK, Lyons KR, Alegandro CL (2006). Rainfall partitioning
within semiarid juniper communities: effects of event size and
canopy cover. Hydrol Process 20: 3179–3189.
Oxbrough AG, Gittings T, O’Halloran J, Giller PS, Kelly TC (2006).
The initial effects of afforestation on the ground-dwelling
spider fauna of Irish peatlands and grasslands. Forest Ecol
Manage 237: 478–491.
Pereira FL, Gash JHC, David JS, David TS, Monteiro PR, Valente
F (2009). Modelling interception loss from evergreen oak
Mediterranean savannas: application of a tree-based modelling
approach. Agric For Meteorol 149: 680–688.
Pypker TG, Bond BJ, Link TE, Marks D, Unsworth MH (2005). The
importance of canopy structure in controlling the interception
loss of rainfall: examples from a young and an old-growth
Douglas fir forest. Agric For Meteorol 130: 113–129.
Renaud V, Rebetez M (2009). Comparison between open-site and
below-canopy climatic conditions in Switzerland during the
exceptionally hot summer of 2003. Agric For Meteorol 149:
873–880.
Rowe L (1983). Rainfall interception by an evergreen beech forest,
Nelson, New Zealand. J Hydrol 66: 143–158.
Rutter AJ (1963). Studies in the water relations of Pinus sylvestris
in plantation conditions. I. Measurements of rainfall and
interception. J Ecol 51: 315–325.
Rutter AJ, Kershaw KA, Robins PC, Monton AJ (1971). A predictive
model of rainfall interception in forests. I. Derivation of the
model from observations in a plantation of Corsican pine.
Agric Meteorol 9: 367–384.
Rutter AJ, Morton AJ, Robins PC (1975). A predictive model of
rainfall interception in forests. II. Generalization of the model
and comparison with observations in some coniferous and
hardwood stands. J Appl Ecol 12: 367–380.
Rutter AJ, Morton AJ (1977). A predictive model of rainfall
interception in forests. III. Sensitivity of the model to stand
parameters and meteorological variables. J Appl Ecol 14: 567–
588.
Sardabi H (1998). Eucalypt and pine species trials on the Caspian
littoral and lowlands of Iran. Tehran, Iran: Research Institute of
Forests and Rangelands, Technical Publication No. 193.

805

SADEGHI et al. / Turk J Agric For
Shachnovich Y, Berliner PR, Bar P (2008). Rainfall interception and
spatial distribution of throughfall in a pine forest planted in an
arid zone. J Hydrol 349: 168–177.
Shi Z, Wang Y, Xu L, Xiong W, Yu P, Gao J, Zhang L (2010). Fraction
of incident rainfall within the canopy of a pure stand of Pinus
armandii with revised Gash model in the Liupan Mountains of
China. J Hydrol 385: 44–50.
Staelens J, De Schrijver A, Verheyen K, Verhoest N (2006). Spatial
variability and temporal stability of throughfall water under
a dominant beech (Fagus sylvatica L.) tree in relationship to
canopy cover. J Hydrol 330: 651–662.
Toba T, Ohta T (2005). An observational study of the factors that
influence interception loss in boreal and temperate forests. J
Hydrol 313: 208–220.
Valente F, David JS, Gash JHC (1997). Modelling interception loss
for sparse eucalypt and pine forest in central Portugal using
reformulated Rutter and Gash analytical models. J Hydrol 237:
40–57.
Vegas Galdos F, Álvarez C, García A, Revilla JA (2012). Estimated
distributed rainfall interception using a simple conceptual
model and moderate resolution imaging spectroradiometer
(MODIS). J Hydrol 468–469: 213–228.

806

Vines RA (1960). Trees, Shrubs, and Woody Vines of the Southwest.
Austin, TX, USA: University of Texas Press.
Vose JM, Sun G, Ford CR, Bredemeir M, Ostsuki K, Wei A, Zhang
Z, Zhang L (2011). Forest ecohydrological research in the 21st
century: what are the critical needs? Ecohydrology 4: 146–158.
Whelan MJ, Anderson JM (1996). Modelling spatial patterns of
throughfall and interception loss in a Norway spruce (Picea
abies) plantation at the plot scale. J Hydrol 186: 335–354.
Xiao QF, McPherson EG (2002). Rainfall interception by Santa
Monica’s municipal urban forest. Urban Ecosyst 6: 291–302.
Xiao Q, McPherson E, Ustin L, Grismer M, Simpson J (2000). Winter
rainfall interception by two mature open-grown trees in Davis,
California. Hydrol Process 14: 763–784.
Zhang L, Dawes WR, Walker GR (2001). Response of mean annual
evapotranspiration to vegetation changes at catchment scale.
Water Resour Res 37: 701–708.

