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system can optimize nutrient cycling and improve soil 
chemical and physical properties (Pinho et al. 2012) by add-
ing tree leaves, roots, flowers and fruit biomass to the soil 
(Sarvade et al. 2019). However, a productive agroforestry 
system relies on tree-crop-soil interactions that minimize 
competition and maximize complementarity in the use of 
available natural resources (Rathore et al. 2022). It also 
requires soil physical and chemical properties that under-
pin nutrient availability and accessibility for absorption by 
plants (Freitas and Silva 2022).

Avocado cultivars can grow in tropical and subtropical 
areas and have been adapted for cultivation in more than 
60 countries worldwide (Araújo et al. 2018; Nyakang’i et 
al. 2023). Cultivars found in Ethiopia were initially brought 
from Israel in 1986 (EIAR, 2010) and are now commonly 
grown as part of coffee and enset systems in home garden 
agroforestry in Ethiopia (Emire et al. 2021). However, there 
is increasing interest among smallholder farmers in integrat-
ing avocado cultivars onto their farmland, alongside annual 
crops such as maize. Therefore, it is crucial to research the 

1 Introduction

Sustainable agroforestry produces a range of economic, 
environmental and social benefits beyond those provided by 
sole-crop farming (Catacutan et al. 2017; Do et al. 2020). 
Integrated fruit tree-crop agroforestry can enhance soil fer-
tility by adding organic matter to the soil organic carbon 
pool (Tsufac et al. 2021). Tree inclusion in the cropping 
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Abstract
This study investigated the impact of three avocado cultivars on selected soil physicochemical properties in Central 
Ethiopia, to enhance the knowledge on the influence of avocado cultivars on soil physicochemical properties, and assist 
smallholders in cultivar selection in agroforestry. Trees planted in farmers´ fields 8 years earlier were revisited. Soil 
samples were collected from 0–20 cm and 20–40 cm depth at three radial distances from trees (1 m and 2 m from tree 
trunk, and at 5 m from the canopy edge as a control). Soil texture, bulk density, moisture content, pH, electrical conduc-
tivity, soil organic carbon, total nitrogen and available phosphorus were determined. Soil moisture content and electrical 
conductivity were overall higher and bulk density was lower (p < 0.05) under the canopies of the avocado trees than in 
the control and soil organic carbon, total nitrogen and available phosphorus tended to increase in spite of nutrient inputs 
to the control whilst the trees were unfertilized. Differences between the studied cultivars were small, but Hass tended to 
have the largest impact on soil nutrient levels, whilst Ettinger and Nabal tended to have a somewhat larger effect on the 
soil organic carbon concentration. Integrating these avocado cultivars on farms can improve soil fertility in the study area. 
However, for optimal agricultural soil health and sustainable avocado production, cultivar and site-specific soil manage-
ment practices must be applied.
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effect of avocado trees on soil, to ensure the sustainability of 
on-farm productivity.

Avocado naturally accumulates litter on the soil sur-
face and thus provides organic matter, which can improve 
soil structure and water-holding capacity (Grunennvaldt 
2022). In addition, the dense shallow root system of avo-
cados strongly promotes accumulation of organic matter 
in the topsoil (Crowley 2007). This is an important effect, 
as high evapotranspiration in avocado cultivation leads to 
high water consumption in the dry season. Although avo-
cado growers in tropical and subtropical climates often 
use irrigation, information on the water footprint and exact 
requirement of avocado production is not accessible in most 
countries (Sommaruga and Eldridge 2021). However, it has 
been shown to limit access to water for subsistence agricul-
ture (De la Vega-Rivera and Merino-Pérez 2021).

The elderly avocado cultivar ‘Hass’ has a relatively high 
canopy density and litter accumulates over time, which can 
continuously improve soil structure in the tree root zone 
(Kotze 2022). However, while the litter contains nutrients, 
avocado trees also take up soil nutrients, which are exported 
from the field through fruit harvesting (Crowley 2007). For 
instance, Hass has been shown to remove 0.22 kg of nitro-
gen, 0.04 kg of phosphorus and 0.3 kg of potassium per 
100 kg of fruit (Rosecrance et al. 2012). Therefore, a better 
understanding of the net effect of avocado cultivars on the 
soil is important to support rational crop and soil manage-
ment decisions, in order to maintain nutrient levels and soil 
physical properties and increase avocado production and 
quality on farms (Selladurai and Awachare 2020; Wolsten-
holme 2004).

Previous studies on avocado production have focused 
mainly on the commercial cultivar Hass, with emphasis on 
the effects of soil conditions, low soil oxygen due to flood-
ing or low soil aeration (Wolstenholme 2013) and soil type 
(Kaneko et al. 2022) on tree growth. Others have examined 
the effects of soil texture on calcium absorption by Hass 
avocados (Bonomelli et al. 2019), waterlogged conditions 
on the nutritional status of avocados (Tzatzani et al. 2020) 
and soil water content on fruit yield and mineral nutrition 
in avocados (Gil et al., 2012; Ferreyra et al. 2014). A few 
studies have also examined the effect of local avocado (non-
grafted) on soil properties (Kassa et al. 2014; Ketema and 
Abayineh 2015). However, the effect of improved avocado 
cultivars on soil properties has rarely been investigated.

Recently, Abebe et al. (2022) and Sora (2023) investi-
gated growth and fruit yield of six improved avocado cul-
tivars (Hass, Bacon, Ettinger, Pinkerton, Nabal and Fuerte) 
in the lowland and warm-humid agroecological zone 
in Ethiopia. In addition, the World Agroforestry Centre 
(CIFOR-ICRAF) has tested the ecological adaptation of five 
improved avocado cultivars (Hass, Ettinger, Nabal, Fuerte 

and Reed) in the mid-highland zone of Ethiopia (Mokria et 
al. 2022). However, the influence of these avocado cultivars 
on soil physicochemical properties has not been studied to 
date. Therefore, the aim of the present study was to exam-
ine the effect on selected soil physicochemical properties of 
the three avocado cultivars most preferred by local farmers 
in Ethiopia. The hypothesis tested was that improved avo-
cado cultivars have differing effects on soil physicochemi-
cal properties. The intention was to contribute to existing 
knowledge on the influence of avocado cultivars on soil 
physical and chemical properties, and thus assist smallhold-
ers in cultivar selection and cultivar-specific soil manage-
ment in agroforestry.

2 Materials and Methods

2.1 Site Description

The study was conducted in the central southern region of 
Ethiopia, in Jewe kebele (the lowest administrative unit in 
the country) and Upper Gana kebele, Lemo district (Fig. 1a, 
b). This region is geographically located at 7°22’00”-
7°39’59 N, 37°40’00”-38°00’00"E and has rugged topog-
raphy, with 2–35% slope. In Jewe (altitude 2,100-2,244 
m a.s.l.), annual rainfall is normally 900-1,400 mm, while 
Upper Gana (altitude 2,129-2,400 m a.s.l) normally receives 
900-1,300 mm. Both sites have a bimodal rainfall pattern. 
Mean annual maximum temperatures in Jewe and Upper 
Gana is 23℃ and 18℃, respectively. Nitisols are the pre-
dominant soil type in Jewe, whereas in Upper Gana, Nitisols 
and Cambisols are the primary soil types (ILRI 2015). The 
mean percentage of clay, silt, and sand in soils at the farms 
of both study sites was 20, 34 and 46%, respectively, and 
the soils at both sites were classified as loams (Table 1). The 
clay content at both sites was higher at 20–40 cm depth than 
at 0–20 cm depth (Table 1).

2.2 Cultivar and Farm Selection

The World Agroforestry Centre (CIFOR-ICRAF), through 
the Africa RISING project, conducted participatory research 
on integration of avocado trees with annual crops in Jewe 
and Upper Gana in 2014. One tree each of five improved 
avocado cultivars (Hass, Ettinger, Nabal, Fuerte and Reed) 
were introduced to 70 households at both sites (Mokria et 
al. 2022), planted with 8 m spacing between trees. At the 
time of the present study, in 2022, these avocado trees were 
eight years old, which allowed analysis of their effect on 
soil fertility parameters. Of the five cultivars present, Hass, 
Ettinger and Nabal were selected based on a reconnais-
sance survey of farmers’ preferences. To minimize variation 
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between farms, neighboring farms with similar agronomic 
practices and no fertilizer applied to the trees were purpo-
sively chosen. In each area, four farms on which all three 
selected cultivars were still present were selected for partici-
pation in the study (Fig. 1b). Common crops intercropped 
with the avocado trees in the home gardens of the study 
were maize, faba beans and vegetables which were rotated 
over the years in both study sites.

2.3 Sample Tree Growth Performance

All avocado cultivars studied were growing under rainfed 
conditions. Fencing, weeding, supplementary watering, 
mulching, litterfall retention and manual harvesting were 
used on all farms to improve tree performance. Basic growth 
parameters for avocado cultivars were assessed, as a basis 
for deciding the soil sampling pattern. The results revealed 
that stem diameter growth was comparable in all trees, but 
that Nabal had a higher and wider canopy than Ettinger and 
Hass (Table 2).

2.4 Soil Sampling Method

Soil samples were collected in early April 2022 at 1 m (mid-
canopy) and 2 m from the tree trunk (approx. edge of the 
canopy), and at 5 m away from the edge of the tree canopy 
(control) (Fig. 1c). Samples were collected from the topsoil 
(0–20 cm) and subsoil (20–40 cm), using an Edelman com-
bination soil auger (10 cm core diameter). The sampling 
points were arranged in a design that encompassed the three 
cultivars and three distances from the tree trunk, with top-
soil and subsoil samples taken at the same sampling point. 
The control samples were pooled to give one sample per soil 
layer and farm. Farms functioned as blocks. Soil bulk den-
sity was measured by collecting undisturbed soil samples at 
each sampling point using a core sampler (6 cm diameter, 
4 cm height). All soil physical and chemical analyses were 
carried out at Debrezite National Agricultural Research 
Centre laboratory.

Table 1 Average soil texture at the study sites
Variable Description Clay % Silt % Sand % Texture class
Soil layer 0–20 cm 17 37 45 Loam

20–40 cm 21 31 46 Loam
Site Jewe 21 35 44 Loam

Upper Gana 18 34 48 Loam

Table 2 Growth parameters (mean ± SD) of the three selected avo-
cado cultivars at the time of soil sampling. Trunk ⌀ A = trunk diameter 
above the graft union point; trunk ⌀ B = trunk diameter below the graft 
union point
Cultivar Trunk ⌀ A1 

(cm)
Trunk ⌀ B 
(cm)

Height2 (m) Canopy 
diameter3 
(m)

Hass 17.9 ± 5.3a 14.4 ± 5.6a 3.8 ± 0.1b 3.7 ± 0.0b
Nabal 17.8 ± 4.8a 14.1 ± 2.7a 4.3 ± 0.2a 4.0 ± 0.1a
Ettinger 17.2 ± 4.0a 12.4 ± 2.0a 4.1 ± 0.1a 3.6 ± 0.0b
p-value 0.9415 0.5445 < 0.001*** < 0.001***
1 Trunk diameter was determined at 10 cm above and below the graft 
union using a digital calliper
2 Tree height was measured using a meter stick
3 Canopy diameter (east-west and north-south direction) was mea-
sured using a meter tape

Fig. 1 Experimental design 
applied in soil sampling. (a) 
Location of Lemo district; (b) 
locations of Jewe and Upper 
Gana kebele, and schematic nest-
ing of farms within the respec-
tive kebele; and (c) arrangement 
of the trees and soil sampling 
points within each farm. Different 
colours refer to different culti-
vars. 1 m represents mid-canopy, 
2 m represents canopy edge and 
7 m represents the control area, 
approx. 5 m from the canopy 
edge and unaffected by the 
canopy. The order in which the 
avocado cultivars were planted 
differed between farms, depend-
ing on the individual farmer’s 
decision when planting
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3 Results

3.1 Effects of Avocado Cultivars on Soil 
Physicochemical Properties

3.1.1 Soil Bulk Density

Soil bulk density under the avocado trees was significantly 
lower than in the control soil, while there was no difference 
between the mid-canopy (1 m) and canopy edge (2 m from 
the trunk) sampling points (Table 3). Soil bulk density was 
similar under the three different cultivars (Fig. 2a) and in 
both soil layers sampled (Fig. 2b).

3.1.2 Soil Moisture Content

Soil moisture content under the avocado tree canopy was 
overall higher than in the control soil (Table 3, top part), and 
was also significantly higher under the Ettinger canopy at 
1 m distance from the tree trunk than in the control (Fig. 3a). 
The topsoil was slightly drier than the subsoil under all three 
cultivars (Fig. 3b).

3.1.3 Soil pH

Soil pH under the avocado trees tended to be somewhat 
higher than in the control soil, but the difference was not 
significant (Table 3). Nevertheless, there was a trend for 
higher soil pH especially under Hass (at 1 and 2 m) and 
Nabal (at 1 m) canopies than in the control soil, while soil 
pH under Ettinger canopy at (1 m) was similar to that in the 
control (i.e. slightly acidic) (Fig. 4a). There was also a ten-
dency for soil pH to decrease successively from mid-canopy 
(1 m) to the open control area (Table 3). Soil pH was overall 
lower in the subsoil than in the topsoil (Fig. 4b).

3.1.4 Soil Electrical Conductivity

There was also a trend for soil under the avocado trees 
to have higher EC values than the control soil, and EC 
decreased significantly from mid-canopy (1 m from the tree 
trunk) to the control (5 m) (Table 3). There were also differ-
ences in soil EC between the three avocado cultivars, with 
Hass showing the highest average values (Fig. 5a). More-
over, the topsoil had higher EC than the subsoil (Fig. 5b).

3.1.5 Soil Organic Carbon

Soil organic carbon content was significantly higher under 
the avocado trees than in control soil, particularly at the 
tree mid-canopy (1 m from trunk) (Table 3). In soil under 
cv. Nabal canopy, mean soil carbon concentration was 

2.5 Soil Physiochemical Analysis

The soil samples were air-dried and sieved using a 2 mm 
mesh. The fine fraction was analyzed using the following 
methods: Soil texture was determined by hydrometric mea-
surements (Gee and Bauder 1986). Soil pH was measured in 
a 1:2.5 water suspension (soil:liquid ratio) (Jackson 1958). 
Soil electrical conductivity (EC) was determined from a sat-
urated paste extract, using an EC meter (FAO 2020). Total 
nitrogen was determined using a modified Kjeldahl method 
of digestion and distillation (Bremner 1965). Soil organic 
carbon was determined following the method by Walkley 
and Black (1934), with a correction factor of 1.29. Available 
phosphorus was determined using the Olsen method (Olsen 
1954). Soil moisture content was determined by oven-dry-
ing at 105℃ for 24 h (Benke and Kearfott 1999).

2.6 Statistical Analysis

Statistical tests were performed to determine the influence 
of independent factors (avocado cultivar, radial distance, 
soil depth) on dependent variables (soil physiochemical 
parameters). The data were analyzed using a linear mixed 
effect model. Soil properties (bulk density, moisture con-
tent, soil pH, organic carbon, EC, total nitrogen, available 
phosphorus, carbon:nitrogen (C:N) ratio) were treated as the 
response variable, avocado cultivar with seven levels (com-
bination of three cultivars with two radial distances + con-
trol) and soil depth (two levels) were treated as fixed effect 
factors, and site (two levels), farm (eight levels) and soil 
sampling point were treated as random effect factors to 
account for possible variations across different locations. 
Similarly, to compare the avocado-influenced sampling 
points overall with the control, soil properties were treated 
as the response variable, avocado cultivar with three levels 
(combination of all avocado cultivars with two radial dis-
tances + control) and soil depth (two levels) were treated as 
fixed effect factors, and site (two levels), farm (eight lev-
els) and soil sampling point were treated as random effect 
factors. To identify significant differences between cultivar 
interaction with soil depth and radial distance on soil total 
nitrogen and available phosphorus, total nitrogen and avail-
able phosphorus were treated as the response variable, avo-
cado cultivar with six levels (combination of three cultivar 
with two radial distance) and soil depth (two levels) were 
treated as fixed effect factors, and site (two levels), farm 
(eight levels) and soil sampling point were treated as ran-
dom effect factors. Means were compared using the Tukey 
post hoc test, with significance level set at p < 0.05. All sta-
tistical analyses were carried out using R version 4.2.2.
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soil under Nabal canopy, while soil under Ettinger canopy 
was intermediate (Fig. 7a). Concentrations of available 
phosphorus were lower in the subsoil than in the topsoil 
(Fig. 7b), but the average difference between the soil layers 
was smaller for Nabal than for the other cultivars (Table 4).

3.1.7 Total Nitrogen

Mean total nitrogen concentration in soil was similar under 
avocado trees and in the control (Table 3). However, there 
was some variation in soil total nitrogen content between 

approximately 20% higher than in the control, but the differ-
ence was not significant. There was no significant difference 
between the cultivars (Fig. 6a).

3.1.6 Available Phosphorus

Mean available phosphorus concentration in soil under 
the avocado cultivars was similar to that in the control soil 
(Table 3). However, there were differences between the 
cultivars (p = 0.032), with soil under Hass canopy tending 
to have higher available phosphorus concentrations than 

Table 3 Main effects of avocado trees, avocado cultivar, soil layer and radial distance from tree trunk, and the interactions of cultivar with radial 
distance and soil depth, on physicochemical properties of soil. Cultivar mean refers to the mean value at 1 and 2 m distance from tree trunk; 
BD = bulk density; MC = moisture content; pH = hydrogen ion concentration; OC = soil organic carbon; EC = electrical conductivity; TN = total 
nitrogen; av. P = available phosphorus; C:N = carbon to nitrogen ratio. Means within each comparison are significantly different (p < 0.05) if fol-
lowed by different letters
Treatment level BD (kg 

dm− 3) Mean 
(SE)

MC (%)
Mean (SE)

pH
Mean (SE)

EC (dS m− 1) 
Mean (SE)

OC (%)
Mean (SE)

Av. P (mg 
kg− 1) Mean 
(SE)

TN (%) 
Mean (SE)

C: N
Mean (SE)

Between-overall avocado and control variation
Avocado 1.17 (0.01) b 19.2 (0.75) a 6.44 (0.11) a 0.21 (0.02) a 3.11 (0.10) a 11.9 (4.16) a 0.23 (0.01) a 13.5 (0.49) a
Control 1.25 (0.02) a 15.2 (1.45) b 6.17 (0.17) a 0.13 (0.04) a 2.68 (0.17) b 11.3 (4.51) a 0.24 (0.01) a 11.5 (0.88) b
p-value 0.007* 0.008* 0.137 0.070 0.014* 0.794 0.481 0.028 *
Between-cultivar variation
Control 5 m 1.25 (0.02) a 15.2 (1.43) b 6.17 (0.19 ) a 0.13 (0.04) b 2.68 (0.17) a 11.34 (4.54) 

a
0.24 (0.01) a 11.5 (0.87) a

Ettinger 1 m 1.17 (0.02) a 21.8 (1.43) a 6.13 (0.19 ) a 0.17 (0.04) 
ab

3.30 (0.17) a 12.69 (4.54) 
a

0.24 (0.01) a 13.6 (0.87) a

Ettinger 2 m 1.17 (0.02) a 17.4 (1.43) 
ab

6.33 (0.19 ) a 0.18 (0.04) 
ab

2.90 (0.17) a 9.92 (4.54) a 0.22 (0.01) a 13.0 (0.87) a

Hass 1 m 1.17 (0.02) a 19.5 (1.43) 
ab

6.81 (0.19 ) a 0.35 (0.04) a 3.18 (0.17) a 16.86 (4.54) 
a

0.26 (0.01) a 12.5 (0.87) a

Hass 2 m 1.16 (0.02) a 20.7 (1.43) 
ab

6.49 (0.19 ) a 0.20 (0.04) 
ab

2.82 (0.17) a 15.04 (4.54) 
a

0.22 (0.01) a 12.7 (0.87) a

Nabal 1 m 1.15 (0.02) a 18.4 (1.43) 
ab

6.53 (0.19 ) a 0.22 (0.04) 
ab

3.35 (0.17) a 8.12 (4.54) a 0.22 (0.01) a 15.1 (0.87) a

Nabal 2 m 1.19 (0.02) a 17.4 (1.43) 
ab

6.32 (0.19 ) a 0.16 (0.04) b 3.09 (0.17) a 8.85 (4.54) a 0.21 (0.01) a 14.0 (0.87) a

p-value 0.198 0.024* 0.090 0.008** 0.029* 0.032* 0.040* 0.070
Between-soil layer variation
0–20 cm 1.20 (0.02) a 18.6 (0.84) a 6.58(0.11) a 0.24 (0.02) a 3.62 (0.11) a 17.25 (4.17) 

a
0.26 (0.004) 
a

13.9 (0.54) a

20–40 cm 1.17 (0.02) a 18.6 (0.84) a 6.22 (0.11) b 0.16 (0.02) b 2.48 (0.11) b 6.42 (4.17) b 0.20 (0.004) 
b

12.6 (0.54) b

p-value 0.088 0.996 < 0.001*** < 0.001*** < 0.001*** < 0.001*** < 0.001*** 0.035*
Between-radial distance variation
Mid-canopy (1 m) 1.17 (0.02) b 19.9 (0.91) a 6.50 (0.13) a 0.25 (0.02) a 3.28 (0.12)a 12.6 (4.22) a 0.24 (0.01) a 13.8 (0.58) a
Canopy edge (2 m) 1.18 (0.02) b 18.5 (0.91) 

ab
6.38 (0.13) a 0.18 (0.02) 

ab
2.94 (0.12) ab 11.3 (4.22) a 0.22 (0.01) a 13.2 (0.58) a

Control (5 m) 1.25 (0.02) a 15.2 (1.45) b 6.17 (0.17) a 0.13 (0.04) b 2.68 (0.17) b 11.3 (4.51) a 0.24 (0.01) a 11.5 (0.87) a
p-value 0.026* 0.015* 0.235 0.021* 0.002* 0.714 0.045* 0.067
Cultivar: Radial distance: Soil depth interaction, p-value
Cultivar: Radial 
distance

0.777 0.137 0.382 0.063 0.111 0.726 0.025* 0.738

Cultivar: Depth 0.934 0.156 0.099 0.170 0.995 0.001** 0.014* 0.415
Cultivar: Radial 
distance: Depth

0.788 0.442 0.588 0.381 0.966 0.203 0.150 0.485

1 3



Journal of Soil Science and Plant Nutrition

3.1.8 Carbon to Nitrogen Ratio (C:N)

Overall, the C:N ratio was significantly higher under the 
avocado trees than in the control soil (Table 3), and the soil 
under Nabal canopy tended to have the highest C:N ratio 
(Fig. 9a). The C:N ratio was significantly higher in the top-
soil than in the subsoil (Fig. 9b).

3.1.9 Soil Variable Correlation

Pearson correlation analysis revealed positive correlations 
between soil organic carbon and soil moisture content, 

the avocado cultivars (Fig. 8a), where soil under Hass can-
opy (at 1 m distance from the trunk) tended to have higher 
average values than soil under Nabal canopy. There was 
a general tendency for higher total nitrogen concentration 
in soil at mid-canopy (1 m) than at the canopy edge (2 m) 
(Table 3), but Hass was the only cultivar for which the 
effect was significant (Table 4). Total nitrogen concentra-
tion was significantly lower in the subsoil than in the topsoil 
(Fig. 8b), with soil under Hass canopy tending to show the 
largest difference (Table 4).

Fig. 3 Soil moisture content of 
(a) control + avocado cultivars (at 
different radial distances, across 
soil depths) and (b) the 0–20 cm 
and 20–40 cm soil layers (across 
cultivars + control and radial dis-
tances). Co 5 = control (5 m from 
tree canopy); Et = cv. Ettinger, 
Ha = cv. Hass, Na = cv. Nabal. 
1, 2 = 1 and 2 m distance from 
tree trunk. Boxes with different 
letters are significantly different 
(p < 0.05). The black line in the 
middle of each box refers to the 
median value

 

Fig. 2 Soil bulk density at (a) the 
control sampling point + points 
affected by avocado cultivars 
(at different radial distances, 
across soil depths) and (b) in the 
0–20 cm and 20–40 cm soil lay-
ers (across cultivars + control and 
radial distances). Co 5 = control 
(5 m from tree canopy); Et = cv. 
Ettinger, Ha = cv. Hass, Na = cv. 
Nabal. 1, 2 = 1 and 2 m distance 
from tree trunk. The black line in 
the middle of each box refers to 
the median value
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make more informed cultivar choices when integrating avo-
cado trees into their cropping system. The results revealed 
that soil beneath avocado tree canopy had a higher mois-
ture content and lower soil bulk density than the control. 
The mulch provided by the avocado leaf litter, and possibly 
the shade from the canopy, apparently reduced evaporation 
and helped retain soil moisture compared with the con-
trol, even though water consumption by the avocado trees 
themselves may be high since their cultivation is known to 
demand a reliable water supply (Frankowska et al. 2019). 
Soil organic matter content was elevated below the tree can-
opy, which can reduce soil bulk density (Fahad et al. 2022) 
and improve infiltration of precipitation through increased 

pH, EC, available phosphorus, and total nitrogen (Supple-
mentary Table S1). Similarly, available phosphorus, total 
nitrogen and EC were all positively correlated with soil pH 
(Table S1). However, soil organic carbon and soil bulk den-
sity showed a negative correlation.

4 Discussion

This study investigated the effects of three avocado cultivars 
most preferred by local farmers in Ethiopia on the physical 
and chemical properties of the soil, in order to understand 
the longer-term implications for farms and help farmers 

Fig. 5 Soil electrical conductivity 
of (a) control + avocado cultivars 
(at different radial distances, 
across soil depths) and (b) the 
0–20 cm and 20–40 cm soil lay-
ers (across cultivars + control and 
radial distances). Co 5 = control 
(5 m from tree canopy); Et = cv. 
Ettinger, Ha = cv. Hass, Na = cv. 
Nabal. 1, 2 = 1 and 2 m distance 
from tree trunk. Boxes with dif-
ferent letters are significantly dif-
ferent (p < 0.05). The black line 
in the middle of each box refers 
to the median value

 

Fig. 4 Soil pH of (a) con-
trol + avocado cultivars (at 
different radial distances, across 
soil depths) and (b) the 0–20 cm 
and 20–40 cm soil layers (across 
cultivars + control and radial dis-
tances). Co 5 = control (5 m from 
tree canopy); Et = cv. Ettinger, 
Ha = cv. Hass, Na = cv. Nabal. 
1, 2 = 1 and 2 m distance from 
tree trunk. Boxes with different 
letters are significantly different 
(p < 0.05). The black line in the 
middle of each box refers to the 
median value
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in improving soil physical properties and conserving water 
through high use efficiency in rainfed production areas 
could satisfy global demand for avocado without the nega-
tive consequences that arise in the many avocado-growing 
areas worldwide that require irrigation (Sommaruga and 
Eldridge 2021).

One of the most important findings in this study was that 
soil organic carbon content was higher under the avocado 
canopy than in the open control area. This can be attributed 
to high carbon inputs beneath the canopy through spontane-
ous litterfall from this vigorously growing species and its 
dense root system in the topsoil (Salazar-Garcia and Cortés-
Flores 1986; Durand and Claassens 2010). Avocado trees 

aggregate stability (Blanco-Canqui and Benjamin 2015). It 
is also likely to increase the water-holding capacity of the 
soil, further improving water availability. These differences 
suggest that avocado trees may perform well in terms of soil 
moisture retention under rainfed cultivation in the Ethio-
pian highlands. Soil moisture content was similar under all 
three cultivars studied, despite relatively large differences in 
tree size, suggesting that their water use efficiency may dif-
fer. Water use efficiency has been found previously to vary 
between avocado cultivars (Acosta-Rangel et al. 2018), 
while rainfed avocado cultivation has been found to use less 
water than irrigated avocado cultivation (Gómez-Tagle et 
al. 2022). Harnessing the potential of cultivar differences 

Fig. 7 Soil available phosphorus 
of (a) control + avocado cultivars 
(at different radial distances, 
across soil depths) and (b) the 
0–20 cm and 20–40 cm soil lay-
ers (across cultivars + control and 
radial distances). Co 5 = control 
(5 m from tree canopy); Et = cv. 
Ettinger, Ha = cv. Hass, Na = cv. 
Nabal. 1, 2 = 1 and 2 m distance 
from tree trunk. Boxes with dif-
ferent letters are significantly dif-
ferent (p < 0.05). The black line 
in the middle of each box refers 
to the median value

 

Fig. 6 Soil organic carbon of (a) 
control + avocado cultivars (at 
different radial distances, across 
soil depths) and (b) the 0–20 cm 
and 20–40 cm soil layers (across 
cultivars + control and radial dis-
tances). Co 5 = control (5 m from 
tree canopy); Et = cv. Ettinger, 
Ha = cv. Hass, Na = cv. Nabal. 
1, 2 = 1 and 2 m distance from 
tree trunk. Boxes with different 
letters are significantly different 
(p < 0.05). The black line in the 
middle of each box refers to the 
median value
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avocado plant (Montoya and Osorio 2009) owing to lack of 
root hairs or very small cell size (Lara-Chávez et al. 2013). 
Through these associations, AMF contribute to soil fertility 
by producing organic acids and glomalin, which protect soil 
from erosion, improve carbon sequestration and stabilize 
soil macro-aggregation (Fall et al. 2022). The lack of soil 
tillage also benefits the AMF, creating concurrent interac-
tions that boost overall soil fertility (Verbruggen et al. 2012).

Among the three avocado cultivars studied, Nabal tended 
to have higher soil organic carbon than the others. This may 
be due to the larger canopies of Nabal, leading to higher 
organic matter input than from Ettinger and Hass. The find-
ings in this study are in agreement with those in a study by 
Reddy et al. (2014), where soil organic carbon content under 
avocado cultivars ranged from 2.4 to 5.3%, and suggest 
that selection of cultivar can influence soil organic matter 
level and the multitude of related soil variables. However, 
the C:N ratio was still within the range where net nitrogen 
mineralization can be expected and, given the larger organic 
matter pool, this most likely did not affect nitrogen avail-
ability to the trees.

Soil pH was generally similar under the avocado culti-
vars and in the control and was within the optimal range for 
avocado production, indicating conditions supporting soil 
microbial biomass and activity (Msimbira and Smith 2020) 
and availability of nutrients in the soil (Penn and Camber-
ato 2019). Soil EC were higher under the central avocado 
tree canopy than in the control, while available phosphorus 
and total nitrogen concentrations did not differ. This sug-
gests that overall soil fertility under the tree canopy was 
similar to that in control soil, despite the fact that farmers 
applied no nutrient inputs to the trees, whereas the control 
area received e.g. domestic wastes and had a crop rotation 

often have two or three growth flushes per year (Silva et 
al. 2017; Thorp et al. 1995; Whiley 1994), while minimal 
soil disturbance through avoiding tillage under the trees 
decreases turnover of soil organic matter (Zikeli et al. 
2013). Furthermore, avocado trees form substantial arbus-
cular mycorrhizal fungi (AMF) associations (Bárcenas et 
al. 2007), which constitute another entry route of photosyn-
thates and thus carbon into the soil. These AMF associations 
are formed due to growth ‘dependence’ of the fungi on the 

Table 4 Interactive effects of avocado cultivar, soil layer and radial 
distance on available phosphorus (av. P) and total nitrogen (TN) con-
tent in soil. Means within cultivar are significantly different (p < 0.05) 
if followed by different letters. In the cultivar versus depth compari-
sons, cultivar mean refers to the mean value at 1 m and 2 m radial 
distance from the tree trunk. In the cultivar versus radial distance com-
parisons, depth mean refers to the mean value in the 0–20 cm and 
20–40 cm soil layer
Cultivar versus Depth (over radial distances) Cultivar versus 

Radial distance 
(over depths)

Cultivar Av. P (mg 
kg− 1)
Mean (SE)

TN (%)
Mean 
(SE)

Cultivar TN (%)
Mean 
(SE)

Ettinger 0–20 cm 18.27 (4.31) a 0.26 
(0.01) a

Ettinger 
1 m

0.24 
(0.01) a

Ettinger 
20–40 cm

4.34 (4.31) b 0.19 
(0.01) b

Ettinger 
2 m

0.22 
(0.01) a

Hass 0–20 cm 24.72 (4.31) a 0.29 
(0.01) a

Hass 1 m 0.26 
(0.01) a

Hass 20–40 cm 7.18 (4.31) b 0.19 
(0.01) b

Hass 2 m 0.22 
(0.01) b

Nabal 0–20 cm 11.35 (4.31) a 0.25 
(0.01) a

Nabal 1 m 0.22 
(0.01) a

Nabal 20–40 cm 5.62 (4.31) b 0.19 
(0.01) b

Nabal 2 m 0.21 
(0.01) a

p-value 0.001 ** 0.014 * p-value 0.025 *

Fig. 8 Soil total nitrogen of (a) 
control + avocado cultivars (at 
different radial distances, across 
soil depths) and (b) the 0–20 cm 
and 20–40 cm soil layers (across 
cultivars + control and radial dis-
tances). Co 5 = control (5 m from 
tree canopy); Et = cv. Ettinger, 
Ha = cv. Hass, Na = cv. Nabal. 
1, 2 = 1 and 2 m distance from 
tree trunk. Boxes with different 
letters are significantly different 
(p < 0.05). The black line in the 
middle of each box refers to the 
median value
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make the greatest contribution to the soil nutrient status (total 
nitrogen, available phosphorus), but Nabal tended to give 
the greatest increase in soil organic carbon. Hass and Nabal 
cultivars thus appear to have the potential to significantly 
increase physicochemical properties with time. Smallholder 
farmers in the study area in Ethiopia may thus benefit in par-
ticular from integration of Hass into their cropping system, 
as it may provide most benefits in terms of nutrient status 
of the soil and has relatively small trees. However, for opti-
mal soil nutrient balance and sustained avocado production, 
avocado cultivars with beneficial effects on soil properties 
should be combined with wider spacing and with cultivar 
and site-specific soil and tree management practices.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s42729-
024-01925-4.
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that included legumes. This might be due to nutrient mining 
by tree roots from deep layers and deposition in the top-
soil via litterfall decomposition (Agena et al. 2014; Kumar 
2011) and to the higher level of soil organic matter provid-
ing increased nutrient-holding capacity.

In general, this study showed that avocado trees have the 
potential to improve soil properties by increasing organic 
matter content and improving some other soil properties. 
Smallholder farmers can therefore include avocado produc-
tion for farm diversification without risking negative side-
effects on soil health. The effect of the three studied cultivars 
on the soil differed in some respects, with Hass tending to 
give higher soil nutrient concentrations and Nabal tending 
to give higher soil organic carbon concentration. Each farm-
er’s preferences for enhancing these aspects of soil quality 
may thus inform cultivar selection. However, farmers in the 
study area maintained close spacing when growing avoca-
dos on their small land-holdings. Therefore, other factors 
such as tree size, time of fruit set, yield potential, competi-
tion with companion crops and size of the growing area, 
proper spacing and tree density are likely to be more impor-
tant for farmers when selecting cultivars to plant.

5 Conclusions

In general, the three avocado cultivars studied had impor-
tant effects in improving the physicochemical properties of 
the soil through organic matter addition and can improve 
the soil nutrient availability under the canopy. However, the 
three cultivars apparently differed somewhat in their poten-
tial to improve soil properties. In general, Hass tended to 

Fig. 9 Carbon to nitrogen ratio of 
(a) control + avocado cultivars (at 
different radial distances, across 
soil depths) and (b) the 0–20 cm 
and 20–40 cm soil layers (across 
cultivars + control and radial dis-
tances). Co 5 = control (5 m from 
tree canopy); Et = cv. Ettinger, 
Ha = cv. Hass, Na = cv. Nabal. 
1, 2 = 1 and 2 m distance from 
tree trunk. Boxes with different 
letters are significantly different 
(p < 0.05). The black line in the 
middle of each box refers to the 
median value
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