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Abstract: For apple orchards cultivated in semi-arid climates, the study of rain water distribution into
the three main fractions - “throughfall”, “stemflow”, and “interception” by the trees - is very relevant to
enhance the sustainability of apple growing and water resources. This is particularly true in the current
climate change scenario. Therefore in this study, measurements of rainfall, throughfall, stemflow, and
interception were carried out between January and December 2022 in an apple orchard located in the
Aures (northeastern Algeria). The results revealed that the rain received by the orchard (200.7 mm)
were reduced by 40.7% compared to the 20-year average (2000-2019). In addition, the fraction of
throughfall and stemflow were around 78.8% and 2.5%, respectively, whereas, the average interception
fraction was 18.7% of the total rainfall with a significant difference between the leafed and leafless
phases of the annual tree cycle. The models generated in the present study showed that throughfall
occurred when the amount of rainfall was higher than 1.6 and 0.3 mm during leafed and leafless phases,
respectively. Furthermore, rainfall triggered the stemflow when its intensity was higher than 5.0 and
10.9 mm during the leafless and leafed phases, respectively. The results of our study revealed that rain-
fall with less than 5 mm produced little or no throughfall and stemflow in apple orchards, and this high-
lighted the necessity of adopting irrigation in these regions, particularly during the leafed phase.

Keywords: Algeria; Malus domestica; semi-arid; stemflow; water resources.

1. Introduction

Rainfall is the main input to the soil water balance and plays an important role in the water cycle, in
tree growth and yield (Llorens and Domingo, 2007; Yang et al., 2023; Zore et al., 2022), particularly in
arid and semi-arid environments, which represent a third of the world’s land area (Mirzabaev et al.,
2022). The success of crop production and the efficient use of water do not depend only on rainfall and
irrigation (Li et al., 2020; Wang et al., 2013; Zhang et al., 2021; Zhang et al., 2023; Zheng et al., 2018)
but also on the ability to redistribute the rainfall into three fractions: the first passes through the tree
crowns (throughfall), the second flows along the tree trunks (stemflow), and the third is lost either
through storage within the tree canopy or through evaporation (interception) (Llorens and Domingo,
2007; Benhizia et al., 2018). Plant canopy structure in agricultural settings differs markedly from forests
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and shrub lands, especially for herbaceous crops; therefore, croplands are expected to partition rainfall
and sprinkler-irrigation waters differently (Lin et al., 2020). Certainly, the vegetation cover controls the
amount of rainfall reaching the ground, affects the amount of water recharging groundwater, and consti-
tutes an important component of the regional water cycle (Wang et al., 2022; Zhang et al., 2021; Zore et
al., 2022).

Air temperature, rainfall, the frequency of extreme weather events, and the amounts of net through-
fall recharging groundwater aquifers may be affected by climate change, and this may have a significant
impact on water dynamics, rainfall interception, plant water requirements, and plant phenology (Yang et
al., 2023; Zore et al., 2022). Fruit tree orchards are not immune to climate change particularly in the
Mediterranean basin (Abed et al., 2019). In Algeria, and in some apple production areas, the analysis of
average annual air temperatures over 36 years (1980 to 2016) revealed a significant warming (Abed et
al., 2019). In recent years, apple orchards have widespread considerably in Algeria, passing from 14040
ha of area harvested in 2001 to 31171 ha in 2021 (FAOstat, 2023). This gradual evolution of apple tree
cultivation area can significantly increase rainfall interception and change hydrological regimes at the
regional scale (Dzikiti et al., 2018). The expansion of apple cultivation strongly depends on irrigation,
which is one of the major cultural practices to ensure fruit quality and productivity, especially in arid
and semi-arid regions (Dzikiti et al., 2018). Unfortunately, the small water availability, of which rainfall
is the main source (Wang et al., 2022), are subject to strong and increasing pressure and competition
between the different users (forest ecosystems, agriculture, population, and industry) (Midgley et al.,
2014). For example, blue and green water are highly requested by apple growers to ensure the irrigation
of their orchard (Bakhtache and Hadjene, 2023; Zella, 2012). In fact, the lack of a global vision of water
use is reflected on the ground by the overexploitation of water wells and boreholes (Zella 2012;
Bakhtache and Hadjene 2023) and this situation can lead to the depletion of water resources.

Therefore, the sustainability of water resources and their efficient use are a very important topics for
the scientific community, especially in semi-arid and arid climates. Indeed, several researchers around
the world recently agreed on the importance of finding a balance between the demand for water by pop-
ulation, agriculture, and land cover (Wang and Wang, 2019; Yang et al., 2022). This balance can be
achieved if the efforts focus better on water interception in order to understand the action of the main
land covers in each region (Wang et al., 2022; Yang et al., 2023; Zhang et al., 2023). Despite the impor-
tance of rainfall interception by fruit tree orchards, few studies have been carried out on this topic
(Calheiros de Miranda and Butler, 1986; Wang et al., 2022; Wang and Wang, 2019; Zhang et al., 2021;
Zhang et al., 2023). Besides, in Algeria there are no previous research conducted to investigate the rain-
fall interception by apple trees, although the socio-economic importance of this crop.

Thus, the purpose of this work is (i) to determine, for the first time, the different rainfall fractions
and their variations, in an apple orchard located in the Aures region (northeastern Algeria) characterized
by a semi-arid climate, and (ii) to exploit the obtained data to develop mathematical models predicting
the interception of rainfalls, during the leafed and leafless phases of the apple tree annual cycle. This
information can be used to predict the rainfall volumes that can contribute to the water and mineral
demand of apple trees.

2. Materials and Methods
2.1. Study site

The present study was carried out between January and December 2022 in Tazoult, province of Batna
(Northeast Algeria) (Latitude: 35.499281N; Longitude: 6.24907E; Altitude: 1099 m above sea level). The
measurements were taken in an orchard of ‘Golden Delicious’/MM106 apple (Malus domestica Borkh.)
trees planted in 1994 with a spacing of 4 x 3 m. ‘Golden Delicious’ is one of the three varieties dominat-
ing the Algerian apple growing (Abed et al., 2019). Apple is the most cultivated fruit tree in the province
of Batna with an area of 5338 ha and an average apple yield of 3.1 metric tons/ha (DSA Batna, 2022).
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In the studied orchard, the trees had a height ranging between 2.5 and 3.0 m, and they were charac-
terized by an open-vase training system. We estimated by allometry the following canopy architectural
parameters: a mean brunch width of around 8-17 cm; an average brunch length of about 160-240 cm; a
basal area of the apple orchard of 29.58 m?/ha. The experimental site was located in a semi-arid climate
region characterized by an average rainfall of 338.3 mm and mean annual temperature of 15.7 °C

according to the data recorded at the Batna meteorological station over a 20-year long period (2000-
2019).

2.2. Measurements of rainfall, throughfall, stemflow and interception

In order to quantify the rainfall (P), throughfall (TF), stemflow (SF) and rainfall interception (I),
100 plastic containers equipped with a top collection funnel were installed under the crowns of the trees
to measure the TF. The number of containers and the reception surface (2.2 m?) adopted in the present
study, were sufficient for a correct estimation of TF waters (Llorens and Domingo, 2007; Yang et al.,
2023). Moreover, 14 plastic collars were fixed with mastic on the tree trunks to measure SF, whereas P
volumes were evaluated by placing 25 plastic containers randomly distributed in an area of bare ground
(without trees), approximately 10 m away from the apple trees. The top collection area of each contain-
er was 227 cm?’.

After each rainfall event, the volumes of water (P, TF, and SF) were measured in the orchard with a

test tube. The volumes of water collected were then converted into millimeter using the equation
(Vialard-Goudou and Richard, 1956):

P (mm)=10xV/S (eq. 1)

Where S is the receiving surface (cm?) and V is the volume of water collected (cm?). The surfaces
of apple tree crowns were considered as receiving surfaces for TF water (Livesley et al., 2014).
The percentage of TF and SF (%TF and %SF) were calculated using the following equations:

%TF = (TF/P) x 100 (eq. 2)

%SF = (SF /P) x 100 (eq. 3)

The quantity of water intercepted (mm) was estimated using the following equation (Llorens and
Domingo, 2007; Yang et al., 2023):

I (mm) =P — (TF + SF) (eq. 4).

Regular field observations of the apple orchard allowed the identification of the leafed from the
leafless phase. The number of rainfall events during the two stages (leafed: from late March to early

November 2022; leafless: from January to early March and from late November to December 2022) was
recorded separately.

2.3. Data analysis

P, TF, SF, and I data were subjected to the analysis of variance (ANOVA), using SPSS version
10.0.5 (IBM). The relationships between P and TF, SF, and I were studied by linear regression, carried
out with Excel 2013 (Microsoft, Redmond, WA, U.S.A.).

3. Results and Discussion
3.1. Rainfall (P)

The total rainfall events received by the orchard during the year 2022 were 31, with a total rain
water amount of 200.7 mm (an average of 6.7 mm per event) (Table 1). Throughout the study, rainfall
events varied between 0.5 and 23.0 mm (Table 1).

47



Italus Hortus 2025, 32(2), pp 45-54

Table 1. Daily rainfall frequency and accumulation during the study.

Cumulative rainfall

Daily rainfall range Frequency (Days)

mm %
0-5 mm 16 40.0 20.0
5-10 mm 9 65.6 32.6
10-20 mm 4 50.1 25.0
20-40 mm 2 45.0 22.4
Total 31 200.7 100.0

The total rainfall recorded in the present study (200.7 mm) was 40.9% lower than the regional aver-
age measured between 2000 and 2019. Out of the 31 rainfall events, most of them had an intensity
lower than 5 mm (16 rainfall events), whereas 13 events had an intensity between 5 and 20 mm. The
total rainfall events recorded for this study were very low compared to the results of Benhizia et al.
(2018; 2023) who revealed, between 2011 and 2020, more rainfall events (51-135) in the same region.
In this context, Zhang et al. (2023) reported that because of climate change, rainfalls can be concentrat-
ed in a short period. In the present study, the number of rainfall events with amounts greater than 20
mm was very low (2 days only) which is consistent with the results of previous studies (Benhizia et al.,
2018; Benhizia et al., 2023; Pérez-Sudrez et al., 2013) indicating that P values above 20 mm are rare in
semi-arid climates.

Rainfall effectiveness for apple orchards depends on many factors such as the number of events
occurring and their intensity, the characteristics of the soil, the climate, and the soil slope (Ali and
Mubarak, 2017). Indeed, intense rainfalls cannot be fully utilized by the apple orchards, especially when
they are located on steep slopes due to the runoff and the migration of underground rainwater, while
light rains are often intercepted by tree canopies and do not reach the orchard floor. According to previ-
ous studies (Calheiros de Miranda and Butler, 1986; Zheng et al., 2018), daily rainfalls between 2.5 and
5 mm do not have any significant impact on soil moisture, and they do not even reach the 15-25 cm soil
layer, especially during dry periods. Conversely, only daily rainfall above 30 mm significantly increases
water content in the 15-25 cm soil layer (Klamkowski et al., 2011). Assuming that effective rainfalls
should have an intensity of minimum 5 mm, we can hypothesize that among 31 rain events recorded
during the present study, only 15 events could have been beneficial for the apple orchard.

3.2. Throughfall (TF)

Out of 31 rain events, 29 were able to trigger TF that fluctuated between 0.8 and 18.9 mm with
an average of 5.1 mm. The average %TF was 78.8%. This result is in agreement with Zhang et al.
(2021) who reported, for apple trees grown in a semi-arid climate in China, that %TF fluctuated
between 0.0 and 97.9%.

On the other hand, differences were found in the average TF between the leafed and the leafless
phases. The TF amount during the leafless phase (6.8 mm) was higher than that measured during the
leafed phase (3.55 mm). When separating the two phases, the results showed that %TF was higher dur-
ing the leafless phase than during the leafed phase (85.9% and 67.1%, respectively). These results are
consistent with Sun et al. (2017), who previously reported that the TF in apple orchards increases when
leaf area index (LAI) decreases.

TF is affected by the amount of rainfall and the time between two successive rains, the canopy
density and architecture (Wang and Wang, 2019; Yang et al., 2023), and the apple tree phenological
stage (leafed and leafless phases). Leaves and flowers appearance (occurring typically in late March to
early April for ‘Golden Delicious’) contributes to the change in %TF. Indeed, apple tree phenology
depends on climatic parameters such as temperature, rainfall, and sunlight (Hamdani et al., 2018). It is
relevant to point out here that during the leafed phase, the TF brings water and nutrients to the orchard
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soil, and can also affect various biological processes, such as the dispersal of pathogens (Boutry et al.,
2022; Tyagi et al., 2017).

The results obtained in our experiment on P events and TF are in agreement with the study of
Zhang et al. (2021). Rainfall events with less than 5 mm produce little or no TF in apple orchards. Our
results on TF and those of previous studies (Calheiros de Miranda and Butler, 1986; Zhang et al., 2021;
Zheng et al., 2018) suggest that rainfalls between 5 and 7 mm are not beneficial for apple orchards.
Small intensity rainfall, especially when they occur just after pesticide sprayings, can reduce the effec-
tiveness of phytosanitary products and provide the soil with chemical elements that can be toxic at high
concentrations. In this context a rational application of apple tree pruning plays a major role to (a)
increase %TF (Wang et al., 2022) and (b) improve canopy aeration that can decrease the risk of
pathogen attacks (Dzikiti et al., 2018; Zhang et al., 2021).

Several authors suggested that the use of the rainproof covers can be very beneficial for modern
apple growing (Boutry et al., 2022; Tyagi et al., 2017). Our results on TF suggest that the use of covers
may be interesting especially when rainfall events with less than 7 mm occur. The use of the rainproof
covers may be very beneficial for several reasons. Firstly, rainfall events of small intensity are not use-
ful for recharging the water content in apple orchards, but they can cause the emergence of fungal infec-
tions such as apple scab and rotting diseases, especially when followed by high temperatures in dense
tree canopies (Boutry et al., 2022; Tyagi et al., 2017). In addition, several studies (Boutry et al., 2022;
Tyagi et al., 2017) claimed that the use of rainfall covers could reduce fungal infections, as most fungi
require water to infect plants. Furthermore, these low-intensity rainfall events can also cause the accu-
mulation of pesticides in the superficial soil layers when they occur after phytosanitary treatments.
Therefore, the use of rainproof covers can be advisable when low rainfall events are expected to occur.
Nevertheless, based on our results and those of Vicente et al. (2018) who reported that the rainfalls
capable of recharging the water table in the Mediterranean start from 15 mm, we suggest that the use of
rainproof for rainfalls greater than 15 mm is strongly discouraged in semi-arid climates, where water
resources are limited, and their use can affect negatively the recharge of groundwater and the sustain-
ability of water resources.

3.3 Stemflow (SF)

TF, SF, and I vary greatly across crop types, storm magnitudes, and crop growth stages; this is
especially true for SF (Lin et al., 2020). In our experiment, the number of rainfall events that generated
SF was 7 out of a total of 31 rainfalls occurred. The average SF was 0.31 mm. It should be noted that
the highest SF (1.8 mm) was obtained during a rainfall event of 23.0 mm. Moreover, the average SF
during the leafless phase was 0.3 mm, while it was 0.1 mm during the leafed phase. Nevertheless, the
ANOVA did not reveal a significant difference in this parameter between the two phases (Table 2).

Table 2. Effect of the phenological phase (leafless and leafed and phases) on total rainfall (P) and its
three fractions, throughfall (TF), stemflow (SF), and interception (I) measured in an apple orchard. The
significance of the effect of the phenological phase (ANOVA; p <0.05) was reported.

Rainfall fraction (mm)

Phase P (mm)

TF SF I
Leafless phase 7.5 6.4 0.3 0.8
Leafed phase 53 3.6 0.1 1.6
Significance 0.299 0.130 0.191 0.003"

* Significant at p < 0.05.

The average %SF represents only a small proportion of the rainfall falling on the orchard (2.5%),
whereas the comparison between the two studied apple phases indicated that the %SF during the leaf-
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less phase is almost three times greater than that in the leafed phase. According to Calheiros De
Miranda and Butler (1986), the redistribution of rainfall in the orchard is affected by foliage density and
orientation. %SF was 1.1% and 3.1% in the in leafed and in the leafless phase, respectively. These val-
ues are within the range found for apple trees in a semi-arid Chinese climate (0.0%-3.3%) (Wang and
Wang, 2019; Zhang et al., 2021). Zhang et al. (2021) claimed that the SF in apple orchards does not
increase significantly even with heavy rains.

3.4. Interception (1)

In the present study, %I was 18.7%. This parameter during the leafless phase was reduced by 11%
compared to that in the leafless phase. The %I measured in the present study was high compared to that
reported for apples by Wang et al. (2022) who reported an annual percentage ranging between 7.1% and
10.7%. The difference between the two studies can be attributed, in addition to the difference in total
rainfall (264.6-388.7 mm vs. 200.7 mm in the present study), to the difference in tree age (28-years in
our study and 8-18 years in the previous study). This may be related to thicker and taller branches and
trunks in mature trees compared to younger ones. Moreover, the annual water interception by apple
orchard canopy changes due to variations in rainfall, its incident distribution and intensity, and LAI
(Wang and Wang, 2019; Wang et al., 2022). He et al. (2022) reported that rainfall intensity was respon-
sible for more than 40% of variations in interception, whereas temperature contributed for more than
40%, particularly for arid and semi-arid regions. Other factors including wind speed, relative humidity,
solar radiation, and normalized difference vegetation index (NDVI) also contributed less than 20% to
the interception variation (He et al., 2022). In contrast, our results are consistent with the results by Ma
et al. (2012) indicating identical rainfall interception (18%) in apple orchards.

The average | was 1.1 mm per rainfall event, with significant difference between the leafed and leaf-
less phases (Table 2). Indeed, the average interception in the leafless stage was 0.8 mm, while it rose to
1.7 mm in the leafed phase. Zhang et al. (2021) reported that, during the LAI peak phase, light rainfall
events contributed to the storage of water on the dense canopies. Several authors (Nanko et al., 2016;
Zabret et al., 2018; Zore et al., 2022) confirmed that this variation was affected by different factors
including the rainfall regime and kinetic energy, relative humidity, wind speed, temperature, and the veg-
etative characteristics of the specific phenophase (vegetation height, leaf properties during the leafless
and leafed phases). Significant changes in phenology lead to a change in the LAI and therefore in rainfall
interception. In Algeria, as a consequence of climate change, winters are less rainy, whereas autumns,
springs, and summers are warmer. This can affect apple phenology and consequently the monthly fluctu-
ation in rain-water interception by the trees (Bakhtache and Hadjene, 2023). These changes affect I and
the hydrological regime of the soil occupied by the apple trees, in addition to their productivity.

3.5. Relationship between rainfall and TF, SF

Among the total 29 TF events occurred at the experimental site, ten were recorded during the leafed
phase. The linear regressions of rainfall with TF events are presented in Figure 1. The regression line
reported in Figure 1 suggests that theoretically the TF may be triggered starting from 1.6 mm of rainfall
during the leafed phase. This amount is superior to those reported by Calheiros De Miranda and Butler
(1986) who worked on the rainfall interception by apple trees, for a period of three summer months.
These authors reported a rainfall amounts of 0.5 mm were enough to trigger TF. This difference may be
due to differences in rainfall frequency (42 rainfall events during three months against 31 events during
one year for the present study). Concerning the leafless phase, the equations presented in Figure 2 show
that the TF is triggered when rainfall intensity is higher than 0.28 mm.

On the other hand, no correlation was found between P and SF during the leafed phase (R?= 0.04; p
= (0.485), while there was a strong correlation between these two parameters during the leafless phase
(Figures 1 and 2). The equations shown in Figure 1 revealed that the rainfall ideally required to trigger
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SF in apple orchards during the leafed phase is approximately 10.9 mm. Whereas, this threshold is
around 5 mm during the leafless phase (Figure 2). These results are quite consistent with the results
reported by Calheiros De Miranda and Butler (1986). These authors claimed that no SF was recorded
with less than 1.5 mm of total rainfall.
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Figure 1. Relationship between P and the other parameters (TF and SF) at the apple orchard in the
leafed phase.
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Figure 2. Relationship between P and the other parameters (TF and SF) at the apple orchard in the leaf-
less phase.

The correlations found in the present study are consistent with the results of Wang and Wang
(2019) and Wang et al. (2022) who worked on the interception of rainfall in apple orchards grown in a
Chinese semi-arid climate.

4. Conclusions

The present study provides for the first time in the southern Mediterranean region, detailed data on
rainfall interception by apple trees. The results revealed that the average %TF and %SF were around
78.8 and 2.5%, respectively, whereas %I was 18.7% of total rainfall. Our results also revealed that the
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rainfall redistribution changes considerably in the apple orchard between the leafed and leafless phases.
Indeed, passing from the leafed to the leafless phases, %TF increased from 67.1% to 85.9% and %l
decreased from 31.0% to 11.0%. The regression equations obtained can be used to estimate the fractions
of rainfall that reach the orchard soil during the leafed and leafless phases.

Assessing and modeling rainfall interception for apple orchards provide useful information to (a)
allow a more effective selection of appropriate management practices to reduce unproductive water
flows (interception) and to recharge the groundwater and fully exploit the productive potential of apple
orchards; and (b) improve our understanding of the effect of planting apple orchards on regional water
management. We suggest that the use of rainproof is strongly discouraged in semi-arid climates when
heavy rainfalls are expected to occur, because in these conditions their use can disturb the recharge of
groundwater and the sustainability of water resources. The meteorological conditions examined in this
study were limited to rainfall quantities and the number of rainfall events; however, other parameters,
such as air temperature and wind, are known to influence the patterns of TF and SF and deserve future
investigation.
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