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Abstract

Agroforestry (AF) systems improve ecological interactions and reduce environmental stresses in semiarid regions, thereby
improving food security and livelihood. While many AF trees benefit crop growth, some may have inhibitory effects.
Hence, assessing tree-crop interactions is essential to optimizing AF practices in semiarid regions. This study examines
the allelopathic effects of Dodonaea angustifolia and Populus deltoides leaf powder on wheat (Triticum aestivum L.) and
barley (Hordeum vulgare L.) germination, growth, and yield. A pot experiment was conducted in Ganta Afeshum district,
northern Ethiopia, using four concentrations of leaf powder (50, 100, 150, and 200 g per pot) mixed with soil, alongside
a control (without leaf powder). Wheat germination and yield decreased by 10% and 15%, and 16 and 13%, respectively,
as the concentrations of D. angustifolia and P. deltoides leaf powder increased to 200 g. Similarly, the addition of 200 g of
D. angustifolia and P. deltoides leaf powder reduced barley germination by 13% and 14%, and its yield by 18% and 15%,
respectively. These findings suggest that integrating D. angustifolia and P. deltoides into AF systems may reduce wheat
and barley productivity in semiarid regions. Further long-term field studies are needed to confirm and expand upon
these findings.

Article Highlights

e D.angustifolia and P. deltoides leaf-based allelopathy reduced wheat and barley germination and early growth
o Leaf-based allelopathic chemicals from D. angustifolia and P. deltoides reduced wheat and barley yields
e Integrating D. angustifolia and P. deltoides into wheat or barley fields may reduce productivity in semiarid regions
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1 Introduction

Agroforestry (AF) is the practice of integrating tree species into crop or pasture-based farming systems to improve agri-
cultural productivity while providing numerous ecological benefits. It improves soil health and biodiversity, reduces biotic
and abiotic stresses [1, 2], and increases the availability of food, fodder, firewood and timber, particularly in semiarid areas
[3]. As a result, AF enhances the livelihoods and food security of smallholder farmers [1, 2, 4]. Additionally, it strengthens
smallholder farmers’resilience and adaptation to climatic shocks, including recurrent drought and food shortages [2, 5,
6]. Despite its benefits, AF can also have negative effects on associated crops [7, 8, 46]. For example, the shade cast by
trees can reduce the amount of light available underneath crops, thus limiting photosynthetic activity and ultimately
decreasing crop yields [9, 42, 46]. Additionally, trees release allelopathic chemicals, such as phytotoxic substances, into
the soil through processes like leaching and the decomposition of leaf litter [10, 11]. While all plant parts of trees in AF
can produce allelopathic compounds, the leaves are particularly significant. This is because they tend to decompose
rapidly, releasing the highest concentrations of allelopathic chemicals, which can inhibit the growth of associated crops
[12, 13,44, 46]. While these chemicals may occasionally promote ecological complementarity in AF systems by stimulat-
ing soil microbial activity [14, 15], they more commonly exert inhibitory effects. These effects manifest both directly, by
interfering with photosynthesis and metabolic processes in crops, and indirectly, by altering soil properties that affect
crop growth and development [12, 13, 16, 17, 44-46, 48].

Parklands are prominent type of AF practices in semiarid regions of Ethiopia, characterized by scattered trees and
shrubs integrated into cultivated croplands [18]. Both Dodonaea angustifolia L.f. and Populus deltoides Bartr. ex Marsh.
are among the most integrated tree species with crops in the parklands [17, 19]. D. angustifolia is a small evergreen tree
or shrub, typically reaching up to 8 m in height. It mainly grows at altitudes between 800 and 2650 m in regions with
annual rainfall ranging between 500 and 1500 mm [20]. P. deltoides is a deciduous, short-lived tree that can grow up to
30 m tall. It thrives in various climates, including semiarid regions, with annual rainfall ranging from 600 to 2000 mm
[19]. Agroforestry systems that integrating D. angustifolia and P. deltoides have been shown to enhance crop productiv-
ity and income [21-23], while also providing several ecosystem services such as soil fertility improvement and carbon
sequestration [20, 23]. Additionally, both species are valued for their medicinal uses, firewood, poles, fences, soil and
water conservation, and their role in climate change adaptation [19, 20].

Despite the well-documented economic and ecological benefits of D. angustifolia and P. deltoides-based AF practices
in semiarid regions [19, 21-23], recent studies have highlighted potential negative impacts on associated crops due to
allelopathic effects [10, 17, 19, 24, 47, 48]. For example, allelopathic chemicals found in the leaves of the trees may inhibit
the photosynthesis and metabolic processes of associated crops, thereby reducing their growth and yield [13, 17, 33, 34,
47, 48]. These chemicals can also alter soil physical, chemical, and biological properties, which may impair the growth
and development of associated crops [17, 25, 34, 48]. Besides, phytotoxic chemicals released from P, deltoides through
leaching and litter decomposition can reduce the growth of associated crops such as rice [25, 47]. However, studies on
the effects of these trees on other crops, particularly wheat and barley, remain limited. Furthermore, the interaction
between tree leaf-derived allelopathic compounds and crop performance under varying environmental conditions has
not been thoroughly explored. Given the importance of identifying tree species that are compatible with crops in AF
systems, understanding the full scope of allelopathic effects is essential for optimizing these systems for both productiv-
ity and sustainability [48]. Thus, a comprehensive study on the allelopathic impacts of D. angustifolia and P. deltoides on
staple crops like wheat and barley is needed to bridge this knowledge gap. This study aims to investigate the inhibitory
effects of D. angustifolia and P. deltoides leaf powder on seed germination, growth, yield and yield components of wheat
(Triticum aestivum L.) and barley (Hordeum vulgare L.) in the semiarid region of northern Ethiopia. We hypothesized that
crop germination, growth, and yield will decrease as the concentration of tree leaf powder in the soil increases.

The findings of the study have significant implications for the design and management of AF systems in semiarid
regions. By identifying the potential allelopathic effects of D. angustifolia and P. deltoides on staple crops, the study will
inform the selection of tree species that can be integrated into AF systems without compromising crop productivity.
Moreover, understanding the interaction between tree-derived chemicals and crop growth could lead to better man-
agement practices that enhance the sustainability of AF systems and improve food security in resource-limited areas.
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2 Methods
2.1 Studyarea

Pot experiment for the study was carried out in 2020 at a nursery site, located in Adigrat town, Ganta Afeshum district,
northern Ethiopia (Fig. 1). The area is found 120 km north of Mekelle city, the capital of Tigray, and is 921 km away from
Addis Ababa, the capital city of Ethiopia. The study district is geographically located at 14°08'00”"-14°17'20” N and
39016'00"-39°33'20" E (Fig. 1) with an altitude range of 1400-3200 m. The area is characterized by semiarid climatic
conditions, with annual rainfall of 450-850 mm, and the monthly temperature varies between 10-32 °C [4]. The area
includes various land-use types such as cropland, pastureland, home garden, woodland, evergreen scrub and bare land.
Rhamnus prinoides [4], D. angustifolia and P. deltoides are among the common AF tree species integrated with staple crops
such as wheat and barley in the area. Agriculture, particularly the mixed crop-livestock farming system, is the primary
economic activity of the study area [4].

2.2 Soil sampling and laboratory analyses

To obtain baseline soil fertility data before the experiment, soil samples (0-30 cm depth) were collected from 20 randomly
selected spots near the nursery area, where D. angustifolia and P. deltoides-based AF systems are commonly practiced.
The collected samples were thoroughly mixed, and a 300 g composite soil sample was taken for analysis. The samples
were air-dried and sieved before undergoing physical and chemical analyses in the soil laboratory at Mekelle University,
Ethiopia. Soil texture was determined using the hydrometer method [28]. Soil pH and electrical conductivity (EC) were
determined by the suspension of the 1:2.5 ratio of soil to water. Soil pH was measured with a digital pH meter while
EC was determined by conductivity meter following the methods of [29]. Soil organic carbon (OC) was analyzed using
the Walkley and Black methods [30]. Total nitrogen (TN) and available soil Phosphorus (Av. P) were determined using
the Micro-Kjeldhahl and Olsen methods [31, 32], respectively. The Error! Reference source not found. soil physical and
chemical properties of the study area are presented in Error! Reference source not found.

2.3 Leaf collection and powder preparation
Forty healthy, fully matured and fresh green leaves of D. angustifolia and P. deltoides were randomly collected from AF-

based systems of these species, located near to the nursery, in August 2020, when the trees had reached the flowering
stage. The leaves from each tree were thoroughly mixed, then washed, air-dried, and sun-dried for about two weeks
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Fig. 1 Location of the study area
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Table.1 Soil phys.ical and Parameter Value Parameter Value
chemical properties of the
study area Sand (%) 49 EC (dSm™) 0.1
Silt (%) 30 OC (%) 1.56
Clay (%) 21 TN (%) 0.147
Texture Sandy loam Av.P (mgkg™) 3.61
Soil pH (1:2.5 H,0) 7.9

Fig.2 The study crops at different growth stages: a) early growth of wheat, and b) barley at physiological maturity, in Adigrat town nursery
site, Ganta Afeshum district, northern Ethiopia

under shaded conditions, following the procedure of Satapathy et al. [27]. The leaves were crushed into a fine powder by
using a mechanical grinder, passed through a 2 mm mesh sieve, and the powder of each tree were kept in plastic bags
for the experiment. The allelopathic compounds present in the leaf of D. angustifolia and P. deltoides primarily consist of
phenols and flavonoids. Previous studies have reported that the phenolic and flavonoid content in D. angustifolia leaf
ranges from 0.02 to 0.04 mg per gram dry weight [33, 34]. In contrast, the phenolic content in P. deltoides leaf is consid-
erably higher, ranging between 0.59 and 0.67 mg per gram of dry weight [17]. These compounds are thought to play a
significant role in the allelopathic effects of these tree species on associated crops.

2.4 Experimental design and management

Pure seeds of the commonly grown wheat (Picaflor variety) and barley (landrace) in the area were obtained from Ganta
Afeshum district, northern Ethiopia for the experiment. The Picaflor wheat variety is known for its early maturity, requir-
ing approximately 95-105 days from sowing to reach physiological maturity. This variety typically grows to a height of
90-100 cm, making it well-suited for the study area’s climate and growing conditions. The barley landrace variety, also
characterized by early maturity, takes around 100-110 days from sowing to maturity. It generally reaches a height of
85-95 cm. Each crop (wheat and barley) was sown with ten seeds in pre-prepared pots, each covering a surface area of
0.25 m2. The pots were filled with 21 kg of soil collected from areas adjacent to the nursery. The physical and chemical
properties of the soil are provided in Table 1. To assess the allelopathic effects of tree leaf powder, the subsurface soil
(3-5 cm) of each pot was thoroughly mixed with leaf powder from either D. angustifolia or P. deltoides, applied at four
concentration levels: 50, 100, 150, and 200 g per pot, following the procedure of Igbal et al. [48]. A control treatment was
included, where no leaf powder was added to the soil. The experiment followed a completely randomized design with
three replications. Crop seeds were sown on September 2, 2020. To maintain optimal moisture levels, 0.8 L of water was
added to each pot every two days. Hand weeding and hoeing were performed manually at four and eight weeks after
sowing to ensure proper crop growth and minimize weed competition. At the end of the growing period, the crops were
manually harvested on December 15, 2020. The experimental pots at different growth stages of the crops are depicted
in Fig. 2.
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2.5 Data collection

The germination percentage in each pot was determined ten days after sowing using the formula developed by Bewley
and Black [35]. After 30 days of sowing, three seedlings were randomly uprooted from each pot to measure seedling
sizes (shoot and root lengths), and seedling dry biomass. Shoot and root lengths were measured using a tape meter.
The uprooted seedlings were thoroughly washed and air-dried. The shoot and root dry weights of each seedling were
separated and then weighed using a digital balance after being oven-dried for 24 h at a temperature of 73 °C [27, 47,
48]. Besides, at physiological maturity, the remaining plants in each pot were harvested to measure spike length, and
counted the number of tilles per plant. The plants were then oven-dried for 72 h at 60 °C, and manually threshed, and
their seeds were adjusted to a constant moisture level of 12% to determine grain yields.

Number of germinated seeds

Germination (%) = X 100 (1)

Total number of sown sees

2.6 Statistical analyses

Data were analyzed using analysis of variance (ANOVA) with general linear models [36]. Prior to analyses, the normality of
the data was tested using the Shapiro-Wilk test at the 5% significance level. In the model, the leaf powder concentrations
of each tree species were treated as fixed factors, while replication was considered a random effect. The F-test from the
ANOVA was used to determine if significant differences existed between the treatments. When the F-test indicated sig-
nificant differences, Fischer’s Least Significant Difference (LSD) test at the 5% probability level was employed to compare
the means of the treatments, and identify which specific concentrations differed from each other. This approach ensured
robust analyses of the effects of varying leaf powder concentrations on germination, growth and yield of the crops.

3 Results
3.1 Effects of leaf powder on wheat germination, growth and yield

The leaf powder concentrations from both AF tree species significantly (p < 0.05) affected germination, growth and yield
of wheat. Specifically, adding of 200 g of leaf powder to soil reduced the wheat germination rates by 10 and 15% when
the powder source was D. angustifolia and P. deltoides, respectively, compared to the control. At this concentration, the
application of D. angustifolia leaf powder led to a 33% decrease in shoot length and a 26% reduction in shoot dry weight
relative to the control (Table 2). Similarly, the addition of 200 g of P. deltoides leaf powder caused a 20% decrease in shoot
length and a 19% reduction in shoot dry weight compared to the control (Table 2). Furthermore, wheat plants grown in
soil mixed with 200 g of D. angustifolia and P. deltoides leaf powder exhibited a 24 and 23% decrease, respectively, in the

Table 2 Effects of leaf

powder of D, angustifolia Parameters Leaf powder sources  Treatments (g of leaf powder pot™') p-value
and P. deltoides on wheat 0 50 100 150 200
germination and early growth
parameters Germination (%) D. angustifolia 83.3° 812%® 783° 772 758" 0023
P. deltoides 9170 882%® 87.0°® 855° 795 0.034
Shoot length (cm) D. angustifolia 281 259°  23.3¢ 2134 2107 0014
P. deltoides 3060 294%  27.2%C  269° 256 0.028
Root length (cm) D. angustifolia 29.8 283 27.2 27.0 27.1 0.552
P. deltoides 304 292 28.3 289 286  0.946
Shoot dry weight (g)  D. angustifolia 1.00° 0.98®  0.89° 0.81° 079  0.029
P. deltoides 1.13% 098>  0.96° 0.95° 095 0.047
Root dry weight (g) D. angustifolia 0.60 0.58 0.57 0.58 0.56 0.563
P. deltoides 062 058 0.52 0.54 053  0.898

Means along row followed by the same letter(s) are not significantly different at p< 0.05
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Table 3 Effects of leaf powder
of D. angustifolia and P.

deltoides on yield and yield 0 50 100 150 200
components of wheat

Parameters Leaf powder sources  Treatments (g of leaf powder pot™) p-value

Spike length (cm) D. angustifolia 912 87 7.5 7.b 74° 0043
P. deltoides 97  95° 9.4? 89%®  7.8°  0.044
Number of tillers plant™  D. angustifolia 358 32 3.1 299 284 0037
P. deltoides 372 36® 33° 3.0¢ 3.0°  0.041
Grain yield (g pot™) D. angustifolia 30.0° 285° 261 264  259¢ 0.040
P. deltoides 352% 346%™ 338% 321°  31.1° 0048

Means along row followed by the same letter(s) are not significantly different at p < 0.05

Table 4 Effects of leaf

powder of D, angustifolia Parameters Leaf powder sources  Treatments (g of leaf powder pot™) p-value
and P. deltoides on barley 0 50 100 150 200
germination and early growth
parameters Germination (%) D. angustifolia 93.8° 916%™ 892%° 855° 83.1° 0.047
P. deltoides 94,32 93.5° 89.6° 88.3? 82.5° 0.045
Shoot length (cm) D. angustifolia 3317 306°  28.7°¢ 261  256° 0.023
P. deltoides 3422 333%  312° 204> 288°  0.028
Root length (cm) D. angustifolia 34.8 335 33.1 327 32.8 0.589
P. deltoides 35.6 351 34.2 30.1 29.9 0.742
Shoot dry weight (g)  D. angustifolia 0.87° 081°  0.80° 071 070°  0.041
P. deltoides 1017 1.00° 1.00® 093" 090° 0.046
Root dry weight (g) D. angustifolia 0.67 0.64 0.62 0.60 0.58 0.637
P. deltoides 0.68 0.56 0.50 0.51 0.48 0.424

Means along row followed by the same letter(s) are not significantly different at p < 0.05

number of tillers compared to the control. Notably, wheat grain yield was also significantly reduced, with a 16% decrease
when D. angustifolia leaf powder was used, and a 13% reduction when P. deltoides leaf powder was applied (Table 3).
However, no significant differences were observed among the treatments in terms of root length and root dry weight
(Table 2). These results suggest that the allelopathic effects of leaf powder from both trees can inhibit various growth
parameters and yield components of wheat.

3.2 Effects of leaf powder on barley germination, growth and yield

The leaf powder concentrations of D. angustifolia and P. deltoides significantly impacted (p< 0.05) on germination, growth
and yield of barley. Compared to the control, 200 g of D. angustifolia and P. deltoides powder added to the soil, reduced
barley germination by 13 and 14%, respectively. Mixing 200 g of D. angustifolia and P. deltoides leaf powder also decreased
shoot length by 29 and 19%, respectively, compared to the control (Table 4). Barley grown in the soil mixed with 200
g of D. angustifolia and P. deltoides leaf powder had 24 and 12% lower shoot dry weight, respectively, compared to the
control (Table 4). In addition, at the 200 g of D. angustifolia and P. deltoides leaf powder concentrations, the number of
tillers was reduced by 20 and 23%, respectively, relative to the control. The grain yield of barley grown in soil with 200
g of D. angustifolia and P. deltoides leaf powder was 18 and 15% lower, respectively, compared to the control (Table 5).
However, no significant differences were observed among the treatments for root length, spike length, and root dry
weight (Tables 4 and 5).

4 Discussion
Our study highlighted that increasing the concentration of D. angustifolia and P. deltoides leaf-based allelopathic sub-

stances in the soil significantly reduced the germination, growth, and yield of wheat and barley. This effect could be
attributed to allelopathic chemicals present in the leaves, such as phenols and flavonoids [17, 33, 34, 47, 48], which may
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Table 5 Effe'cts.of leaf powder Parameters Leaf powder sources  Treatments (g of leaf powder pot™) p-value
of D. angustifolia and P.
deltoides on barley yield and 0 50 100 150 200
yield components
Spike length (cm) D. angustifolia 7.9 74 7.1 7.3 7.0 0.622
P. deltoides 8.1 8.0 8.1 8.1 7.8 0.678
Number of tillers plant™ D, angustifolia 36 35 357 3.1 3.0° 0001
P. deltoides 422 40 38 36  34° 0029
Grain yield (g pot™") D. angustifolia 240° 2400 21.1¢ 2049 2039 0.041
P. deltoides 262° 2617 243°  239° 227° 0.045

Means along row followed by the same letter(s) are not significantly different at p < 0.05

inhibit the metabolic and enzymatic processes of crops, thereby reducing their growth, development, and ultimately,
their yield and yield components [13, 17, 47, 48].

Furthermore, the phenolic compounds in P. deltoides leaves significantly inhibited the growth and yield of wheat and
barley by disrupting their photosynthetic systems. These compounds reduced the concentrations of essential pigments,
such as chlorophyll and carotenoids, which are crucial for efficient light absorption and photosynthesis. The decline in
these pigments impaired the photosynthetic capacity of the crops, leading to reduced energy production and stunted
growth [13, 43]. Additionally, phenolic compounds interfered with the synthesis of proteins and carbohydrates, processes
vital for cell division, development, and overall crop vitality, thereby directly affecting crop yield.

Moreover, these allelopathic chemicals may alter soil properties, including physical, chemical, and biological factors,
which play a critical role in regulating crop growth. Changes in soil pH, nutrient availability, microbial activity, and water
retention can further impair the crops’ability to absorb essential minerals, exacerbating the negative effects on growth
and yield [17, 25, 34, 48]. The combined impact of both direct physiological disruption and altered soil conditions high-
lights the complex interactions between P. deltoides leaf powder and the growth of wheat and barley crops. Similarly,
allelopathic substances found in Eucalyptus leaves influenced the phosphorylation pathway and Magnesium activation in
associated black gram crops. This, in turn, decreased the synthesis of carbohydrates, proteins, and nucleic acids, thereby
reducing the crop’s growth, early development, and yield [37, 45].

The findings of this study demonstrated that increasing the allelopathic concentrations of D. angustifolia and P. del-
toides in the soil significantly decreased germination, growth and yield of wheat and barley. These results align with previ-
ous studies, which have similarly demonstrated the allelopathic effects of P. deltoides leaf powder on crop performance.
For instance, increasing the concentration of P. deltoides leaf allelopathy in the soil from 0 to 25 g significantly reduced
wheat germination rates, from 89% to 78%. This reduction in germination suggests that the allelopathic chemicals,
such as phenolic compounds, released to the soil through leaf decomposition, adversely affect the early developmental
stages of wheat, likely by interfering with seedling growth and metabolic processes necessary for successful germina-
tion. In addition to germination, the shoot biomass of wheat was also significantly impacted by higher leaf powder
concentrations. As the concentration of P. deltoides leaf powder increased from 0 to 25 g, the shoot biomass of the crop
decreased from 0.3 g to 0.16 g. This decline in shoot biomass indicates that the allelopathic compounds likely disrupt
essential physiological functions, such as photosynthesis and nutrient uptake, which are critical for growth and biomass
production. These results further emphasize the inhibitory effects of P. deltoides leaf allelopathy, suggesting that higher
concentrations of leaf powder in the soil could lead to substantial reductions in crop growth and productivity. Like the
current study, these observations highlight the significant impact of allelopathic chemicals on plant growth and yield,
particularly in AF systems where tree-leaf decomposition plays a key role in altering soil dynamics [17, 47, 48].

In addition, increasing the leaf allelopathic chemicals of P. deltoides in the soil from 0 to 10%, decreased wheat ger-
mination rates from 40 to 10%, and the shoot length from 9.4 to 4.6 cm. In association with the latter parameter, the
photosynthetic pigments like the carotenoids were found to decline from 61 to 23%, which significantly affected the
photosynthesis and enzymatic activities of the crop [13]. Similarly, decreased sorghum shoot length and dry shoot
weight, respectively from 8.5 to 5 cm, and 94 to 86 g when the D. viscosa (a species in the same genus as D. angustifolia)
allelopathic concentrations in the soil rose from 0 to 10 g [38]. The allelopathic chemicals of P. deltoides also significantly
affected germination, growth and yield of other crops such as maize, rice, sorghum and black gram [25, 39, 47]. Lower
growth and yield performance of wheat, barley, maize and sorghum have been reported elsewhere in semiarid areas,
where the crops are adjacently grown with the Eucalyptus species, which release allelopathic substances that inhibit crop
growth and development [40, 41, 45].
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The study demonstrated that the allelopathic chemicals from D. angustifolia and P. deltoides leaves had significant
inhibitory effects on the germination, growth, and yield of wheat and barley, consistent with previous research conducted
in semiarid regions [13, 17, 24, 38, 47]. These results support existing findings that allelopathic chemicals released by
these tree species in AF systems can negatively impact crop performance, particularly in resource-limited environments.
However, the findings contrast with studies emphasizing the economic and ecological benefits of D. angustifolia and P.
deltoides in AF systems, particularly regarding soil quality improvement, biodiversity enhancement, and economic ben-
efits for farmers [19, 21-23]. This discrepancy suggests that while these tree species may provide significant ecological
advantages under certain conditions, their allelopathic effects can pose challenges to crop productivity, especially in
semiarid regions. The conflicting outcomes highlight the need for a nuanced understanding of not only competition for
essential growth resources, such as water, nutrients, and light, but also allelopathic interactions between trees and crops
within AF systems. This underscores the importance of considering both ecological interactions and the specific compat-
ibility of tree species with crops when advising farmers on AF practices. Future research should adopt a comprehensive
approach that balances the ecological and economic benefits of tree species with their allelopathic effects to promote
more sustainable and productive AF practices in semiarid regions [17, 26, 38].

5 Conclusions

The study demonstrated that increasing the concentration of D. angustifolia and P. deltoides leaf-based allelopathic
chemicals from 0 to 200 g in the soil significantly reduced germination, growth, and yield of wheat and barley in the semi-
arid region of northern Ethiopia.These findings underscore the need for farmers and growers to exercise caution when
selecting these tree species for integration with staple crops, such as wheat and barley, particularly in resource-limited
environments. While the observed allelopathic effects are notable, it is important to recognize that tree-crop interactions
in AF systems can vary depending on site-specific conditions, including soil properties and climatic factors. Given the
potential for negative impacts on crop productivity, further investigation into the long-term effects of D. angustifolia and
P. deltoides in AF systems is essential. Future research should prioritize long-term field studies to explore the cumulative
effects of allelopathy over multiple growing seasons and to assess the ecological and economic sustainability of integrat-
ing these tree species with crops in semiarid areas. Additionally, future studies should examine the effects of different AF
management practices, such as tree spacing and crop rotation, to mitigate allelopathic impacts while maximizing the
benefits of tree integration. Comprehensive research is also needed to optimize tree-crop compatibility, enhance crop
yields, and ensure the sustainability of AF systems in semiarid regions.
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