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Abstract 

Background:  As compared to natural forest ecosystems, soils under agroecosystems are more subjected to changes 
in physical and biochemical attributes. But, tree species that are retained and/or planted on these agroecosystems 
replenish soil fertility through the influence of leaves litterfall quantity and quality. Tree species-related differences 
in the quantity and seasonality of leaves litterfall and the associated amounts of annual returns of nutrient elements 
were assessed from four multipurpose tree/shrub species (Erythrina brucei Schweinf, Cordia africana Lam., Grevillea 
robusta R. Br. and Malus sylvestris Mill.) in homegarden agroforestry systems. Five replicates of two leaf litterfall traps 
per species were randomly positioned beneath the subcanopy area for 12 months, totaling 40 litterfall traps distrib-
uted among the four species.

Results:  The results of this study suggested that total annual leaves litterfall varied significantly among species 
(ranging from 171.18 to 962 kg ha− 1), with the combined per tree mean monthly (28.13 kg tree− 1), per tree annual 
(331.10 kg tree− 1 year− 1) and per area basis total annual (9439.33 kg ha− 1) leaves litterfall production. A clear sea-
sonal leaves litterfall pattern with varying peaks was observed for the multipurpose tree/shrub species in the present 
study, with a bimodal distribution pattern for E. brucei and C. africana and a unimodal distribution pattern for G. 
robusta and M. sylvestris. Similarly, both the concentrations and inputs of nutrients from the leaves᾽ litterfall showed 
considerable variations among species (p < 0.05). Among the investigated species, C. africana and E. brucei were found 
to be the best in terms of carbon (C) and nitrogen (N) return, G. robusta the best in terms of phosphorous (P) return, 
and C. africana as well best for potassium (K) return. The combined mean annual nutrient inputs recorded for all the 
species were 3125.32 kg C ha− 1 year− 1, 149.70 kg N ha− 1 year− 1, 54.86 kg K ha− 1 year− 1, and 3.56 kg P ha− 1 year− 1.

Conclusions:  Leaves litterfall amount differed among tree species as influenced by tree species characteristics (can-
opy area, diameter at breast height (DBH), height), but no cause-effect relationship with age and climate (monthly 
precipitation and temperature).
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Introduction
Homegarden agroforestry systems are increasingly 
extended parcels of land surrounding homesteads in 
which diverse mixtures of plant species are set up in 
multi-layered configurations, often integrating annual 
and perennial agricultural crops with multipurpose trees 
and/or shrubs, and livestock components (Fernandes and 
Nair 1986; Nair 1993; Abebe et al. 2006; Kehlenbeck et al. 
2007; Castro et  al. 2018). They are tree-based land use 
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systems that stood the test of time and are more efficient 
in maintaining soil fertility than annual cropping sys-
tems (Schroth et al. 2001; Kumar and Nair 2004). Tropi-
cal agroforestry systems, including homegardens, are 
managed under different ecological and cultural settings 
where the stocking levels and soil fertility contribution 
of most indigenous farm trees are limited to farmers᾽ 
knowledge (Asfaw 2007; Teklay 2007; Yadav et  al. 2008; 
Triadiati et al. 2011).

On account of understanding the ecological ration-
alities behind the harmony between humans and the 
homegardens environment (Gajaseni and Gajaseni 1999), 
it appears crucial to consider the amount and pattern of 
litterfall, and the associated nutrient fluxes and the impli-
cation it had on soil organic matter formation and bioge-
ochemical cycles (Triadiati et al. 2011; Negash and Starr 
2021; Wu et al. 2021). However, the scientific selection of 
farm tree species that possessed efficient nutrient return 
capabilities remains to be a challenge ahead in these 
agroecosystems (Hossain et al. 2011; Verma et al. 2021).

Prior experiences did reflect that farm household tradi-
tionally improve their homegardens soil fertility by apply-
ing litter or green leaves, animal manure, and household 
refuse (Fernandes and Nair 1986; Kumar and Nair 2004; 
Kehlenbeck and Mass 2004; Kehlenbeck 2007; Wiehle 
et al. 2014; Abebe and Bongers 2012) or through remov-
ing detritus from the plantation or forest floor for use in 
their homegardens or field (Kumar 2008). Among those 
extensively retained and/or planted agroforestry tree 
species, the combined effect of selected species annual 
litter inputs and nutrient additions in the homegardens 
were reported in different parts of the world (Isaac and 
Nair 2006; Yadav et al. 2008; Das and Das 2010; Hossain 
et al. 2011), including Ethiopia (Negash and Starr 2013). 
Some of the most commonly investigated multipurpose 
tree species by different workers under an agroforestry 
setting include Mangifera indica L. (Isaac and Nair 2006; 
Das and Das 2010; Hasanuzzaman and Hossain 2014; 
Negash and Starr 2021); Artocarpus spp., Ailanthus spp. 
(Jamaludheen and Kumar 1999; Isaac and Nair 2006); 
Dalbergia sissoo Roxb., Melia azedarach L. (Isaac and 
Nair 2006; Hossain et al. 2011; Hasanuzzaman and Hos-
sain 2014), cacao and shade trees (Sari et al. 2022; Dawoe 
et al. 2010; Asigbaase et  al. 2021); and coffee and shade 
trees (Hairiah et al. 2006; Negash and Starr 2013; López-
Rodríguez et al. 2015). In this paper, we focused on four 
agroforestry tree species of E. brucei, C. africana, G. 
robusta, and M. sylvestris because of farmers᾽ selection 
criteria and their dominance in the respective homegar-
den agroforestry systems. Because there is little generali-
zation at the national or continental level on the effects of 
litterfall quantity and quality in different tree species and 

their contribution to the biogeochemical cycles (Hansen 
et al. 2009).

Litterfall plays a fundamental role in better under-
standing the tree-soil relationship (Andivia et  al. 2010), 
and the long-term functioning and appropriate man-
agement of modified ecosystems (Kunhamu et  al. 2009; 
Zhou et  al. 2016). However, quantitative litterfall data 
as a key parameter in the biogeochemical processes in 
tropical homegardens are inadequate (Isaac and Nair 
2006; Das and Das 2010; Negash and Starr 2013). And, 
the quantity and quality of litterfall can be influenced 
by factors such as species composition, density, size and 
age, climatic and edaphic conditions, season, and man-
agement practices (Ashagrie and Zech 2013; Negash and 
Starr 2013; Negash and Starr 2022). Furthermore, Lebret 
et  al. (2001) demonstrated that age and basal area were 
closely related to quantities of litterfall in an Atlantic 
beech. Although annual litterfall rates increase as crown 
coverage increases (Kumar 2008), to the contrary, no 
proper relation between the leaf litter amount and DBH 
or height of the tree was observed by Yang et al. (2021).

It remains unclear how agricultural land use affects 
nutrient balances and their interrelation with litter quan-
tity, quality, and element cycles in tropical agroecosys-
tems (Becker et al. 2015). Similarly, earlier investigations 
on the characteristics of litterfall nutrient release, and 
seasonal dynamics set their primary focus on a few non-
native plantation species while paying less attention to 
those used in traditional farming systems (Teklay 2007). 
Furthermore, there has also been little assessment of lit-
terfall production as related to tree characteristics (crown 
area, DBH, height, age) and climate variables (tempera-
ture and rainfall) in tropical agroforestry systems (Isaac 
and Nair 2006; Dawoe et  al. 2010; Paudel et  al. 2015; 
Negash and Starr 2021). Therefore, the objectives of this 
study were to investigate the following three aspects; (1) 
to analyze tree species-related differences in the quan-
tity and seasonality of leaves litterfall; (2) to quantify the 
concentration and amounts of annual returns of nutrient 
elements from leaves litterfall of four multipurpose trees/
shrubs species; and, (3) to determine if tree species char-
acteristics (canopy area, DBH, height, age), and climate 
variables (monthly precipitation and temperature) corre-
late with leaves litterfall.

Materials and methods
Study areas
The field research was conducted in the Gamo zone 
(Chencha woreda), and Yem special woreda, both located 
in southern and southwestern parts of the country within 
the Southern Nation, Nationalities, and Peoples᾽ Region 
(SNNPR) (Fig. 1). All two studies woredas and sites were 
purposefully selected based on their potential suitability 
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for the study objectives, predominance of enset-based 
homegarden agroforestry systems, agroclimatic varia-
tions, and remoteness and nearness to major roads/mar-
kets (Table 1).

Chencha (6°05’ N latitude, 37°30’ E longitude; Col-
torti et al. 2019) woreda is confined within the Western 
Ethiopian Escarpment (WEE) part of the main Ethio-
pian Rift system [MER] (Wana and Woldu 2005; Abbate 
et  al. 2015), while that of Yem special woreda (7°37’N 
and 37°40’ E; Kassa et  al. 2015) is located in the south-
ern Ethiopian plateau (Abbate et  al. 2015), all in south-
ern and southwestern Ethiopia. Chencha is located about 
ca. 37 km north of Arba Minch, at an elevation ranging 
from 2000 to 3000 m above sea level (m a.s.l.) (Mazengia 
et al. 2016). While that Yem special woreda is located ca. 
242 km southwest of Addis Ababa, on the Addis Ababa-
Jimma tarmac highway, with elevations ranging from 920 
to 2939 m a.s.l.

Climatic and soil condition
Based on 10  years of data (2007–2016) obtained from 
the National Meteorological Service Agency (NMSA), 
the climate diagram of Chencha and Saja Laften (repre-
sented by Sokoru the nearest recording station) wore-
das (Figs.  2 and 3) was computed using R version 4.0.1 
(R Development Core Team, 2020). The diagram depicts 

Fig. 1  A map showing the study sites

Table 1  Main characteristic of sampled homegarden agroforestry sites in southern and southwestern Ethiopia

Characteristic Sites

Yoyra/Chencha woreda Saja Laftern/Yem woreda

Biophysical

 Altitude (m asl.) 2695 1964

 Annual rainfall (mm) 1263 1365

 Slope (%) 9.32 9.82

 Geographic location 690431 881969

 Easting 37.5307 37.4682

 Northing 6.2832 7.9993

Socioeconomic

 Woreda population by 2021 (projected based on 2007 
census and 2.9% rate of growth for SNNPR)

166,644 120,338

 Population density (Km– 2) 445.57 166.1

 Mean farm sizes (ha) 0. 27 1.35

 Homegarden size (m2) 2374.88 2748.64

 Livelihood zone Enset and barley are complemented by wheat, sweet or 
Irish potatoes, horse beans, and field-peas

A cereal and enset

 Distance to major markets (hr) 0.6 1.24

Production system

 Major food crops Enset and barley enset and maize

 Major cash crops Wheat, sweet or Irish potatoes, Teff, maize, sorghum, wheat

 Livestock types Cow, oxen, sheep, horses, mule Cow, oxen, sheep, goats

 Dominant ethnic group Gamo Yem



Page 4 of 16Kassa et al. Environmental Systems Research           (2022) 11:29 

that Chencha woreda receives a bimodal rainfall pattern 
from the beginning of mid-March to May and September 
to October. While a unimodal rainfall pattern extending 
from April to October was recorded for that of Saja Laf-
ten, with minimum rainfall from December to February. 
The mean annual minimum and maximum temperature 
records for Chencha range from 9.5–21.6  °C, and 12.3–
29.3  °C for Saja Laften. And, the mean annual rainfall 

recorded for Chencha, and Saja Laften were 1263 and 
1365 mm, respectively. The major soil types observed in 
the Chencha area include Immature Cambisols, Nitisols, 
Luvisols, Leptosols, Cambisols, and Andosols (Berhanu 
et al. 2013; Coltorti et al. 2019), while that of Yem include 
Nitisols, Acrisols, Ferralsols, Vertisols, and Planosols 
(van Ranst et al. 2011).

Based on the 2007 census and the 2.9% rate of popula-
tion growth for SNNPR, in 2021 the human population 
density of Chencha, and Yem are estimated at 445.57, 
and 166.1 persons/km2, respectively (FDRE PCC 2008; 
Debebe and Ayele 2013). Taking into account the method 
developed by Gerhardt and Hytteborn (1992) and 
adopted by Bekele (1993), the native vegetations of Chen-
cha are characterized by dry Afromontane forests in the 
highlands where there appeared to be serious deforesta-
tion, with extensive areas being changed into bushlands 
(Friis et al. 2010; Samberg et al. 2010; Demissew and Nor-
dal 2010). Belonging to the Afromontane vegetation of 
certain high mountains, the area has been identified as 
part of the Somalia-Masai Regional Centre of Endemism 
(White 1983). The ubiquitous existence of individual 
forest trees such as Juniperus procera Hochst. ex Endl., 
Olea europaea subsp. cuspidata (Wall. ex G.Don) Cif., 
and Croton macrostachyus Del., a scattered relict, and 
few remnant forest patches in most highlands of Yem are 
indicative of a long history of forest exploitation (Bekele 
1993; Senbeta and Denich 2006), and deforestation for 
thousands of years (Bekele 1994) which can be outcomes 
of sociocultural activities of the local people (Senbeta 
and Denich 2006). In the lowlands of Yem, the part of 
the basin where the Ghibe-Omo lies, wooded grasslands, 
and bushland of Somalia-Masai type is found (Friis 1992; 
Bekele 1993).

Leaves litter production
Individual trees and shrubs that were growing inside 
homegarden agroforestry but isolated from the can-
opy of other trees were randomly chosen to quantify 
leaves litterfall deposited. The homegardens were cho-
sen because they are the most important agroforestry 
systems that support the livelihoods of a large majority 
of rural society in the southern and southwestern Ethio-
pia (Abebe 2013; Mellisse et  al. 2018). The main reason 
that aroused our interest to focus on leaves was that 
chlorophyll-rich parts (leaves) are the essential compo-
nents and quick sources of organic matter and nutrients 
to the soil compared to other parts of litter (Lebret et al. 
2001; Hasanuzzaman and Hossain 2014; Lalremsang 
et  al. 2022). Selection of the most important and com-
monly found tree/shrub species for the leaves litterfall 
study was determined based on farmers᾽ understanding 
and consensus in their locality using a pairwise ranking 

Fig. 2  Climate diagram showing the mean monthly rainfall and 
temperature distribution records of the study area taking 10 years 
(2007–2016)  (Source: NMSA)

Fig. 3  Climate diagram showing the mean monthly rainfall and 
temperature distribution records of Saja Laften taking 10 years 
(2007–2016)  (Source: Unpublished Ethiopian National Meteorological 
Services Agency NMSA)
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technique (Appendix Table 6 and Table 7). Accordingly, 
the four multipurpose tree/shrub species nominated 
in the present study were Erythrina brucei Schweinf., 
Malus sylvestris Mill., Grevillea robusta R.Br., and Cordia 
africana Lam. E. brucei and C. africana are indigenous 
popular upper storey trees that have been retained and 
planted particularly with enset and coffee plants in mul-
tistrata agroforestry systems (Asfaw 2007; Negash et  al. 
2012). M. sylvestris and G. robusta are the most common 
exotic fast-growing trees grown in association with crops 
on farmlands or homegardens for fruits and wood pro-
duction, and could serve as important sources of income 
(Takaoka 2008; Currey 2009; Kuyah et  al. 2020). Leaves 
litterfall samples were collected from these four selected 
tree/shrub species under subcanopy sampling area at 
monthly intervals for 12 months using litter traps (each 
1 × 1 m2 wide). The litter traps made up of 1 mm nylon 
mesh size were mounted on wooden-framed open boxes 
(Singh et al. 1999). Each trap was raised 15 cm above the 
ground but modified following Dawoe et  al. (2010) and 
Yang et  al. (2004) to avoid any contact with the ground 
soil. Five replicates of two leaf litterfall traps per species 
were randomly positioned beneath subcanopy area, total-
ing 40 litter traps distributed among the four species. The 
litter traps were placed in opposite directions (north–
south and east–west) under the subcanopy area to cap-
ture varying wind effects and maintain uniformity on 
the quantity of leaves litterfall being collected per each 
sample tree species (Schroth 2003, cited in Dawoe et al. 
2010). Some parameters that were recorded before the 
placement of litter traps include diameter at breast height 
(DBH), crown area (CA), total height (H), and age (Yadav 
et al. 2008; Negash and Starr 2013). These characteristics 
of tree/shrub species selected for leaves litterfall produc-
tion study in the homegarden agroforestry systems are 
given in Table 2.

Leaves litterfall sample preparation and chemical analysis
After collection, monthly leaves litterfall from each sam-
ple trap was composited by species for each replicated 

individual to create one sub-sample and was oven-dried 
at 105 °C for 24 h to constant weights (Andivia et al. 2010; 
Tangjang et al. 2015). Leaves litterfall was calculated on 
the unit area of crown (g m− 2) for each month and spe-
cies, and monthly leaves litterfall data were summed to 
obtain the annual leaves litterfall yield of each species. 
Annual leaves litterfall deposition was calculated as the 
average from traps over one year period. The crown area 
(ca) in m2 was calculated assuming an elliptical crown 
shape using the formula ca = π(l/2) × (w/2), where l is 
the crown diameter at its widest point and w is the per-
pendicular crown extent at the same height (Kuyah et al. 
2012).

The oven-dried leaf litterfall samples were finally 
subjected to chemical analysis to assess the nutrient 
contents. Accordingly, a chemical analysis of four sub-
samples of nutrients (organic carbon [OC], nitrogen [N], 
phosphorus [P], and potassium [K]) from leaf litterfalls 
for each species was undertaken. Organic matter content 
was determined as loss-on-ignition (ignition at 550 °C for 
2 h) (Anderson and Ingram 1993) and values were con-
verted to a C content by considering 50% C in ash-free 
litter material (Schlesinger 1977; Gallardo and Merino 
1993). The N and P contents were analyzed accord-
ing to the micro-Kjeldahl method. Potassium was also 
determined by atomic absorption spectrophotometry as 
outlined by Jackson (1958). Mean annual nutrient input 
through leaf litterfall by different species was estimated 
by multiplying the mean annual values of each leaves 
litterfall mass by its corresponding mean nutrient con-
centrations (Yang et al. 2004, 2005; Ukonmaanaho et al. 
2008; Dawoe et al. 2010).

Statistical analyses
Using Statistical Package for Social Sciences (SPSS, 
Version 16) and R software, data were subjected to one-
way analysis of variance (ANOVA) to analyze variation 
in monthly and annual leaves litterfall production, and 
annual leaves litterfall nutrient returns from each spe-
cies. The relationships between leaves litterfall amounts 

Table 2  Characteristics of tree/shrub species in the homegarden agroforestry systems of the study sites, southern and southwestern 
Ethiopia (n = 20)

Parameters Tree/shrub species

Cordia africana Grevillea robusta Erythrina brucei Malvus sylvestris

Mean height (m) 17.55 12.72 23.19 4.03

Mean dbh (cm) 41.70 30.18 84.67 6.88

Crown area (m2) 56.22 30.51 127.43 6.97

Density (stems ha –1) 40.14 18.67 17.95 186.41

Mean age (years) 10.40 7.00 30.80 15.00
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and tree characteristics (crown area, dbh, height, and 
age), and climatic variables (such as monthly precipita-
tion and temperature) were carried out using the curve 
estimation method. Assumptions of normal distribu-
tion and homogeneity of variances were checked by 
using Kolmogorov–Smirnov and Levene᾽s tests (Field 
2009). Appropriate post hoc pairwise comparisons 
were made with Fisher’s Least Significance Difference 
(LSD) tests at α = 0.05 to isolate group means that show 
significant differences. Where necessary, data were log-
transformed to meet assumptions of normality and 
homogeneity of variance.

Results
Leaves litterfall input from multipurpose tree/shrub 
species in the homegarden agroforestry systems
In the studied homegarden agroforestry systems, the 
combined annual litterfall production for all the species 
investigated was 9439.33  kg  ha−  1. There were signifi-
cant differences in mean annual leaf litterfall produc-
tion between species per individual tree (F3, 19 = 6.91; 
p = 0.003) and total per hectare basis (F3, 19 = 8.842; 
p = 0.001) (Table  3). Leaves litterfall contributed from 
C. africana (23.96  kg tree−  1), G. robusta (17.43  kg 
tree−  1), and E. brucei (23.91  kg tree–1) showed higher 
mean values than that of M. sylvestris (0.91 kg tree− 1). 
On an area basis, a comparison of annual leaves lit-
terfall indicated that C. africana (962.00 kg  ha− 1) had 
the highest mean value, varying between 504.32 to 
1496.37 kg ha− 1 (Table 3). The sequence of the relative 
total annual leaves litterfall contribution of multipur-
pose tree/shrub species with higher mean values was C. 
africana > E. brucei > G. robusta > M. sylvestris.

Seasonal variation of leaves litterfall
Monthly leaves litterfall values also differed significantly 
between species (X2 = 27.062, df = 3, p = 0.000), where it 
varied widely from 9.99 kg tree− 1 in C. africana to a dis-
tinctly lower 0.38  kg tree–1 in M. sylvestris (Table  3). In 
general, the monthly leaf litterfall followed a bimodal dis-
tribution pattern for E. brucei and C. africana and a uni-
modal pattern for G. robusta and M. sylvestris, each with 
varying peaks (Fig. 4). The quantity of leaf litterfall mass-
produced was highest in September to October for most 
species, and the least coincided with the months between 
April to May, except for E. brucei litterfall.

Leaves litterfall nutrient concentrations and returns
Leaves litterfall macronutrient concentrations did show 
significant differences between species (F3, 19 = 8.842; 
p = 0.001), especially for C and N, but for P and K it 
proved to be non-significant (Table  4). C concentra-
tion of leaves litterfall for C. africana (42.65%), varying 
between 41.70 to 43.75%, was significantly lower than 
that of the other three tree/shrub species. On the whole, 
C concentration decreased in the order G. robusta > E. 
brucei > M. sylvestris > C. africana. Leaves litterfall of E. 
brucei (3.32%) had significantly higher N concentration 
compared with the other three tree/shrub species, and its 
overall concentration declined in the order E. brucei > C. 
africana > M. sylvestris > G. robusta (Table 4).

The mean annual nutrient input through leaves litter-
fall by all the species combined contributed 3125.32  kg 
C ha−  1  year−  1, 149.70  kg  N  ha−  1  year−  1, 3.56  kg P 
ha−  1  year−  1, and 54.86  kg  K  ha−  1  year−  1 (Table  5). 
Leaves litterfall C, N, and K inputs differed significantly 
(P < 0.05) between species, with the highest addition by 
C. africana, followed by E. brucei for each respective 
nutrient (Table 5). Except for leaves litterfall N input, the 
lowest return of C, P, and K was associated with M. syl-
vestris (Table 5). Although the observed differences were 
not significant between species, the mean annual P input 
was relatively higher in G. robusta, followed by C. afri-
cana, but with much lower P values in the other species.

Effect of tree characteristics (crown area, DBH, 
height, and age) and climate variables (precipitation 
and temperature) on leaves litterfall deposition
Among the different factors affecting leaves litterfall 
amounts, the results of the present study did seem to 
indicate that annual leaves litterfall deposition (dry mat-
ter kg tree−  1  year−  1) corresponds to tree/vegetation 
variables such as crown area (positive; R2 = 0. 508, F(1, 

18) = 18.615, p = 0.000); DBH (positive; R2 = 0. 404, F(1, 

18) = 12. 196, p = 0.003); total height (positive; R2 = 0. 
480, F(1, 18) = 16.639, p = 0.001), except for the age of trees 

Table 3  Monthly (Kg tree−  1), annual (Kg tree−  1  year−  1), 
and total (Kg ha−  1  year−  1) leaves litterfall production by 
multipurpose woody species in the homegarden agroforestry 
systems in southern and southwestern Ethiopia

Different superscript letters in a column represent significant differences 
between species (P < 0.05) as determined by the Fisher’s Protected LSD.

Source: Survey data.

Tree/shrub 
species

Leaves litterfall production

Monthly 
litterfall

Annual litterfall Total litterfall

C. africana 9.99a 23.96a 962.00a

G. robusta 7.26a 17.43a 325.47bc

E. brucei 9.96a 23.91a 429.20b

M. sylvestris 0.38b 0.92b 171.18c

Total 28.13 331.10 9439.33
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(R2 = 0.035, F(1, 18) = 0.651, p = 0.430) (Fig. 5). No signifi-
cant effect of mean monthly precipitation (R2 = 0.010, F(1, 

46) = 0.461, p = 0.501) and temperature (R2 = 0.046, F(1, 

46) = 2.194, p = 0.145) was also detected on the monthly 
leaves litterfall production (Fig. 5).

Discussion
Leaves litterfall input from multipurpose tree/shrub 
species in homegarden agroforestry systems
Although leaves litterfall-only values were reported from 
this study, the combined annual leaves litterfall produc-
tion for all the four species investigated (9439.33 kg ha− 1) 
was much higher than the mean annual litterfall pro-
duction (6277.66  kg  ha−  1) documented in the forested 
areas of traditional homegardens at Barak Valley, Assam, 
northeast India (Das and Das 2010). But comparable lit-
terfall rates have been reported for different tree/shrub 
species grown in different agroforestry combinations 
elsewhere around the world, including Ethiopia (Dawoe 
et  al. 2010; Silva et  al. 2011; Negash and Starr, 2013). 
Although generally lower litterfall mean values were 
documented in agroforestry than in tropical forest eco-
systems (George and Kumar 1998), some previous inves-
tigations indicated lower annual mean litterfall values for 
coniferous and Podocarpus-dominated natural forests 
(2200–4400  kg  ha−  1  year−  1; Ashagrie and Zech 2013) 
and coniferous species (4900–6600  kg  ha−  1  year−  1; 
Demessie et  al. 2012) in different parts of Ethiopia as 
compared to the present study. In general, the values 

Fig. 4  Monthly variations in leaves litterfall for tree/shrub species in homegarden agroforestry systems in southern and southwestern Ethiopia. 
Symbols represent: “● (filled circle)”—E. brucei; “□ (opened squares)”– C. africana; “∆ (opened triangle)”– G. robusta; and “○ (opened circle)”– M. 
sylvestris 

Table 4  Annual macro nutrient (N, P, K) concentration 
(mean ± SD) in litterfall from different tree/shrub species in the 
homegarden agroforestry systems in southern and southwestern 
Ethiopia

Means followed by different letters on the same rows indicate significant 
differences at P < 0.05.

Source: Survey data.

Parameters Tree/shrub species

C. africana G. robusta E. brucei M. sylvestris

C (%) 42.65a 45.95b 45.47b 45.28b

N (%) 2.01a 0.77b 3.32c 1.49d

P (%) 0.03 0.02 0.02 0.03

K (%) 0.89 0.70 0.60 0.74

Table 5  Annual estimated nutrient inputs (mean ± SD, kg 
ha−  1  year−  1) in leaf litterfall by tree/shrub species type in the 
homegarden agroforestry systems in southern and southwestern 
Ethiopia

Means followed by different letters on the same rows indicate significant 
differences at P < 0.05.log transformed data.

Source: Survey data.

Element Mean annual nutrient input

C. africana G. robusta E. brucei M. sylvestris Total

C 377.08a 110.03bc 202.66ab 91.56c 3125.32

N 17.77a 1.84bc 14.79a 3.01c 149.70

P 0.26 0.48 0.09 0.06 3.56

K 7.86a 1.67b 2.67b 1.50b 54.86
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of leaves litterfall reported in the present homegarden 
agroforestry (9439.33  kg  ha−  1  year−  1) are comparable 
with the mean global estimates of rainforest litterfall 
that ranged between 6000 and 12000  kg  ha−  1  year−  1 
(Edwards et al. 2018). Although the full extent of diverse 
tree species and various litterfall fractions were not con-
sidered in the present homegardens, the present paper 
results also appeared to indicate that litterfall produc-
tion was somewhat in line with global litterfall data in 
tropical seasonal forest (9470  kg  ha−  1  year−  1; Tang 
et  al. 2010), but remarkably higher than man-made 
tropical forest (9230  kg  ha−  1  year−  1; Tang et  al. 2010), 
evergreen talweg forest (9200  kg  ha−  1  year−  1), dry 
evergreen forest (9100  kg  ha−  1  year−  1), Heath forest 
(9100 kg ha− 1 year− 1; Vitousek 1984), and cool temper-
ate coniferous tree species (2250–6200 kg  ha−  1  year−  1; 
Hansen et al. 2009).

Taking into account monthly litterfall, the mean val-
ues of C. africana (9.99  kg tree−  1), E. brucei (9.96  kg 

tree− 1), and G. robusta (7.26 kg tree− 1) were found to 
be higher than that reported for D. sissoo (Roxb.) ex 
DC (4.52  kg tree−  1), Prosopis cineraria (L.) (4.24  kg 
tree−  1), Acacia leucophloea (Roxb.) Willd. (3.45  kg 
tree−  1) and Acacia nilotica (L.) Del. (2.98  kg tree−  1) 
grown under agroecosystems in a semi-arid region 
of Rajasthan, India (Yadav et  al. 2008). A remark-
ably lower mean value was recorded for M. sylvestris 
(0.38  kg tree−  1) in this study as compared to other 
workers᾽ reports (Yadav et  al. 2008). Except M. syl-
vestris, the average annual leaves litterfall amount per 
tree for the other three tree species was also gener-
ally in the higher range of the values (17.43–23.96  kg 
tree−  1  year−  1) as compared to that reported by Yang 
et  al. (2021) in the main Channel of the Tarim River, 
China (10.2–14.83 kg tree− 1). On an area basis, C. afri-
cana contributed a significantly higher amount of total 
litter (962 kg  ha− 1  year− 1) to the system as compared 

Fig. 5  a-f; 5. Relationships of leaves litterfall amounts with a crown area, b DBH, c total heught, d age, e precipitation, and f temperature. Numbers 
in each graph are coefficients of determination (R2 values), trend lines are shown for significant relationships only. **p < 0.05, **p < 0.001
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to that of E. brucei (429.20  kg  ha−  1  year−  1), though 
they had almost equal amount of annual litter 23.96 kg 
tree− 1 year− 1 and 23.91 kg tree− 1 year− 1, respectively. 
Despite higher mean annual leaves litter production on 
a per tree basis (kg tree−  1  year−  1), E. brucei contrib-
uted lower total leaves litterfall to the system owing to 
its low tree density (17.95 trees ha−  1) as compared to 
that C. africana (40.14 trees ha−  1), which is twice the 
stocking level of the former species. In general, the 
amount of leaves litterfall input varies in quantity and 
quality may be due to different factors such as climate, 
floristic composition, tree management, the density of 
different tree species, canopy characteristics, stand age, 
and soil factors (Jamaludheen and Kumar 1999; Yadav 
et al. 2008; Negash and Starr 2013; Zhou et al. 2016).

Seasonal variation of leaves litterfall
The leaf litterfall production in this study remarkably 
evidenced a clear seasonal pattern, as reported by other 
studies in traditional homegardens, cocoa ecosystems, 
and lowland exclosures (Das and Das 2010; Dawoe et al. 
2010; Tesfay et al. 2020). In addition, there was also dis-
cernable variation in leaves litterfall between species 
in their monthly and total production like several other 
previous studies done elsewhere (George and Kumar 
1998; Isaac and Nair 2006; Yadav et  al. 2008; Das and 
Das 2010). The monthly litterfall in this study followed a 
bimodal distribution pattern for C. africana and E. bru-
cei, as suggested by Das and Das (2010) and Negash and 
Starr (2013) who indicated that tree/shrub species inves-
tigated yielded two major annual litterfall peaks. How-
ever, the two other species that were characterized by a 
unimodal distribution pattern in this study include G. 
robusta and M. sylvestris, and this agrees with Jamalud-
heen and Kumar (1999) and Verma et  al. (2021) who 
reported litterfall to have followed a unimodal distribu-
tion pattern for certain multipurpose tree species in Ker-
ala, India, and arid western region of India, respectively. 
Contrary to previous studies for woodlots, tropical and 
subtropical forest ecosystems, and traditional homegar-
dens (Jamaludheen and Kumar, 1999; Das and Das, 2010; 
Paudel et  al., 2015), but consistent with the findings of 
Spain (1984), Yadav et al. (2008), and Jackson (1978), the 
present study showed that most species followed a major 
peak season in the late rainy season (September to Octo-
ber), but for that of M. sylvestris a major peak took place 
during the early wet season (June to July). These vari-
ations of seasonal litterfall between species may be due 
to the differences in tree management, soil, and climatic 
conditions prevailing at different sites (Isaac and Nair 
2006; Negash and Starr 2013). Another possible reason 
for the litterfall peak distribution pattern during the early 
and late rainy seasons may be associated with strong wind 

and precipitation events, which in turn could mechani-
cally promote pulses of nutrient-rich green and senesced 
leaf tissue accumulation (Wood et al. 2005; Dawoe et al. 
2010; Parsons et al. 2014; Londe et al. 2016; Souza et al. 
2019). And, the proportion of senescent foliage biomass 
is closely linked to the quantity of above-ground litter-
fall which varies from year to year and between species 
(Ukonmaanaho et al. 2008). It is also remarkable to note 
that total leaf litter peaks may be linked to the density 
and phenological behavior of the species and the foliar 
strategies of dominant populations in the homegarden 
agroforestry systems (Facelli and Pickett 1991; Das and 
Das 2010).

Leaves litterfall nutrient concentrations and returns 
In the homegarden agroforestry systems investigated, the 
concentrations of nutrients in the leaves litterfall revealed 
considerable variations among species as demonstrated 
by Chaturvedi and Singh (1987) and Krishna and Mohan 
(2017). This may be because plant species define their lit-
ter value (Krishna and Mohan 2017) and the differences 
in the age and density of trees in turn determine the 
quantity of litterfall (Chaturvedi and Singh 1987), and soil 
nutrient status as well (Chaturvedi and Singh 1987; Wood 
et al. 2006). There is also greater interception capacity of 
one species over the other (Ukonmaanaho et al. 2008). At 
the same time, increasing evidence suggests that the pres-
ence of tree species influenced ecosystem biogeochemis-
try because of the differences in their litter quantity and 
chemistry returned to the soil and the associated impacts 
on the activities of diverse soil heterotrophic organisms 
(Reich et  al. 2005). The average C concentration of leaf 
litterfall in the studied species (42.65–45.95%) was found 
to be slightly higher than values recorded for five species 
(36.6–39.8%) in indigenous agroforestry systems in the 
south-eastern Rift Valley escarpment of Ethiopia (Negash 
and Starr 2013). However, the values of each C concen-
tration in this investigation were consistent with results 
from other studies (43–44.17%, Semwal et al. 2003; 48.7–
49.3%, Yadav et al. 2008) undertaken under different tree 
species at Banswara, Central Himalaya, and Jaipur dis-
trict, Rajasthan, India, respectively.

Based on the mean N concentration of leaves litter-
fall, and taking into consideration Jamaludheen and 
Kumar’s (1999) classification, the different species in this 
study can be grouped into high (> 1.5% N, e.g. E. brucei, 
C. africana), medium (1–1.5% N, e.g. M. sylvestris), and 
low (< 1.0% N, e.g. G. robusta) detritus nitrogen species. 
Leaves litterfall N concentrations in this study (0.77–
3.32%) were also comparable with those documented for 
trees/shrub species under agroforestry systems (Jamalud-
heen and Kumar 1999; Tripathi et  al. 2009; Das and 
Das 2010; Negash and Starr 2013), and plantation and 
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forest species (Demessie et  al. 2012), except with that 
far exceeding value of leguminous species in the pre-
sent study. The P concentrations in this study had lower 
mean values as compared to that reported by Yadav et al. 
(2008) and Tripathi et al. (2009), but it was comparable to 
the results of Isaac and Nair (2006), as reported for spe-
cies grown in combination under agroforestry systems. 
Concerning K concentration, the findings of the present 
study were consistent with the mean values suggested in 
the works of Semwal et al. (2003), Yadav et al. (2008), and 
Isaac and Nair (2006), but it was considerably higher than 
that reported by George and Kumar (1998). In general, 
the overall variation in foliage litterfall chemistry among 
tree species may have a resultant effect on soil properties 
(Reich et al. 2005).

Taking into account nutrient returns in homegarden 
agroforestry, C was found to be quite high for C. afri-
cana, followed by E. brucei may be due to a combination 
of high rates of return of leaves litterfall to the soil surface 
and high concentrations of nutrients in the fallen material 
(Zhou et al. 2016). The combined leaves litterfall C input 
from all the multipurpose trees/shrub species (3125.32 kg 
C ha− 1  year− 1) under investigation in the present study 
was comparable with the findings of Paudel et al. (2015) 
who reported 3162.29–3283.81  kg  ha−  1  year−  1 in sec-
ondary and mature forests along a disturbance gradient 
in a tropical montane forest, southwest China. Similarly, 
the mean C inputs in the present study were in the range 
of 3050–4900 kg C ha− 1 at the forest land use and 1860–
5130  kg C ha−  1 at the jelutung (Dyera costulata) plan-
tation reported in Central Kalimantan, Indonesia (Jaya 
et al. 2022). But this finding indicated remarkably higher 
C inputs for all the species investigated in the homegar-
den agroforestry as compared to Chagga homegardens 
(1454.1  kg C ha−  1  year−  1), Ocotea forest (1635.7  kg 
C ha−  1  year−  1), and Podocarpus forest (1600.8  kg C 
ha− 1 year− 1) at Mt. Kilimanjaro, Tanzania (Becker et al. 
2015). The combined leaf litterfall N input from all spe-
cies (149.70 kg N ha− 1  year− 1) in this study was higher 
than that reported in the native forest and four planta-
tions (ranging from 36.40 to 123.94  kg  N  ha−  1  year−  1, 
at the Curuá-Una forest reserve, Brazil; Smith et  al. 
1998); Chagga homegardens (87  kg  N  ha−  1  year−  1), 
shaded coffee plantation (110.3  kg  N  ha−  1  year−  1), 
lower montane forest (48.7  kg  N  ha−  1  year−  1), Ocotea 
forest (51.9  kg  N  ha−  1  year−  1), and Podocarpus forest 
(38.2  kg  N  ha−  1  year−  1) at Mt. Kilimanjaro, Tanzania 
(Becker et al. 2015). At the same time, higher mean leaf lit-
terfall N input was reported in the present study as com-
pared to the findings of Jaya et al. (2022) who documented 
mean values ranging from 21 to 59  kg  ha−  1  year−  1 
in secondary peat swamp forests in Central Kalim-
antan, Indonesia. But when considering individual 

trees species, higher average leaves litterfall N input 
contributed by C. africana (17.77  kg  N  ha−  1  year−  1) 
and E. brucei (14.79  kg  N  ha−  1  year−  1) reported 
here were remarkably higher than the mean total 
leaf litter values of all species (ranging from 0.001 to 
9.543  kg  N  ha−  1  year−  1) documented in traditional 
homegardens in Barak Valley, Assam, northeast India 
(Das and Das 2010). Furthermore, the combined total N 
fluxes (149.70  kg  ha−  1  year−  1) contributed by the four 
species under this study accounted for almost 2.5  times 
the magnitude of N input (60  kg  N  ha−  1  year−  1) from 
biological nitrogen fixation of legume shade trees, as 
reported by Beer (1988, cited in Schroth et al. 2001). The 
same author also indicated that the magnitude of 60 KgN 
ha−  1  year−  1 is a relevant amount in smallholder coffee 
plantations with little or no fertilization. This combined 
total N input in the present study was comparatively 
higher than that reported in secondary and mature for-
ests (94.74–100.64 kg  ha− 1  year− 1) along a disturbance 
gradient in a tropical montane forest, in southwest China 
(Paudel et al. 2015).

The combined mean values of leaves litterfall P and 
K fluxes documented for the four species in the pre-
sent homegarden agroforestry (3.56 kg P ha− 1  year− 1; 
54.86  kg  K  ha−  1  year−  1) were in the range of mean 
values of previous studies in respect to each P accre-
tion (2.9–6.5  kg P ha−  1  year−  1, Dawoe et  al. 2010; 
3.01–7.53  kg P ha−  1  year−  1, Celentano et  al 2011; 
3.06–8.11  kg P ha−  1  year−  1 Paudel et  al. 2015; 0.3– 
23.1 kg P ha− 1 year− 1, Froufe et al. 2020), but K accre-
tion was higher than that reported for multipurpose 
trees in Kerala, India and other types of agroforestry 
combinations and forests in different parts of the 
world (7.9–31.3  kg  K  ha−  1  year−  1, Dawoe et  al. 2010; 
14–23.1  kg  K  ha−  1  year−  1, Celentano et  al. 2011; 
10.87–39.25  kg  K  ha−  1  year−  1, Paudel et  al. 2015; 
0.8–41.1 kg K ha− 1 year− 1, Froufe et al. 2020). The low 
values of P may reflect that this is the main limiting ele-
ment in the systems evaluated and that the plants in 
the agroforestry systems returned a low litter result for 
P (Notaro et  al. 2014). The combined nutrient inputs 
from leaf litterfall by tree/shrub species in the stud-
ied homegardens followed the sequence, C > N > K > P 
somewhat similar to that reported in the homegardens 
by Isaac and Nair (2006) in Southern Kerala, India. The 
overall litterfall nutrient contents depend on the availa-
bility in the soil and/or the uptake capacity of the plants 
(Dawoe et al. 2010), or may vary due to the differences 
in litter quantity and biochemical elements of litter 
(Verma et  al. 2021), and seasonal patterns of litterfall 
production (Paudel et al. 2015).
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Effect of tree characteristics (crown area, DBH, 
height, and age) and climate variables (precipitation 
and temperature) on leaf litterfall deposition
When considering the effects of different factors on lit-
terfall amounts, the results of the present study estab-
lished significant relationships between leaf litterfall 
deposition and tree characteristics as revealed by sev-
eral other prior studies. For instance, the present paper 
clearly showed that leaves litterfall amount increased in 
direct proportion to the crown area (Cizungu et al. 2014; 
Asigbaase et  al. 2021; Yang et  al. 2021), DBH (Murovhi 
et  al. 2012; Negash and Starr 2013; Morffi-Mestre et  al. 
2020), and height (Murovhi et al. 2012; Negash and Starr 
2013; Morffi-Mestre et al. 2020) of tree species in Cocoa, 
sub-tropical fruit trees, and other shade tree dominated 
agroforestry systems and forests. Yang et  al. (2022), on 
the other hand, reported that higher litterfall production 
was observed under conditions of lower DBH and tree 
height in a Cypress plantation. In contrast to previous 
findings (Chaturvedi and Singh 1987; Lebret et al. 2001; 
Berg et al. 1999; Tripathi et al. 2009; Becker et al. 2015; 
Morffi-Mestre et al. 2020), the present study also dictates 
that no apparent relationship existed between leaves lit-
terfall deposition and age of trees, as revealed by Tang 
et al. (2010) in different tropical forest ecosystems.

The monthly leaf litterfall production in the present 
study did not detect a clear trend in monthly precipita-
tion and temperature, suggesting the need for long-term 
litterfall studies to confirm seasonal periodicity and 
establish relations between rainfall and litterfall peaks 
(Dezzeo and Chacón 2006). Furthermore, Chave et  al. 
(2010) revealed the absence of seasonality dependence of 
total annual litterfall on total annual rainfall at a global 
and forest-type level. Contrary to the data obtained, 
Wang et  al. (2013) suggested that there was a positive 
relationship between precipitation and the quantity of lit-
terfall. Similarly, Fuentes et al. (2018) and Vitousek (1984) 
also supported Caritat᾽s et  al. (2006) findings which 
dictated a significantly negative relationship between 
precipitation and the patterns of leaf litter production. 
Caritat et  al. (2006) also reported the strongest correla-
tion between rainfall precipitation and twig litterfall, 
implying a good concordance of peaks. Similar to this 
study, other wet season litterfall peaks were also reported 
by several other workers (Jackson 1978; Meentemeyer 
et al. 1982; De Moraes et al. 1999). The wet season’s high-
est litterfall peaks as compared to the dry season might 
be attributed to other confounding factors such as the 
presence of diseases and other pathogenic effects (Tesfay 
2020), as well as variation in the water holding capacity in 
soil (De Moraes et al. 1999) and the overlapping individ-
ual tree species phenology (Zalamea and Gonzalez 2008; 
Paudel et al. 2015; Tesfay 2020).

The implication of nutrient return from leaf litterfall 
of multipurpose trees/shrubs for the sustainability 
of homegarden agroforestry systems
Litterfall is the main pathway for the return of organic 
matter and nutrients from plant components to the soil 
in an ecosystem through the decomposition cycle (Liu 
et al. 2002; Uriarte et al. 2015). This was proved to be a 
reality in multistrata agroforestry systems; where they are 
reported to be more than 50% of all nutrients of leaves 
that can be accessible to the soil system in less than one 
year (Froufe et al. 2020). The presence of a large amount 
of slowly decomposing litter may contribute to the accu-
mulation of a greater quantity of soil organic matter and a 
larger pool of slow-release nutrients which might sustain 
crop productivity (Dhanya et al. 2013). The availability of 
essential nutrients can thus be sustainably maintained by 
regulating the nutrient cycling processes (Getaneh et al. 
2022), which are strongly influenced by, for instance, spe-
cies composition, tree density, basal area, ages of trees 
structure (Liu et al. 2002; Tang et al. 2010), and altitude 
(Liu et al. 2002; Lopes et al. 2015).

Hence, appropriate management strategies that involve 
the introduction of diverse fast-growing multipurpose 
woody plants can help provide high-quality and quantity 
litter resources (Dawoe et al. 2010). The variation in spe-
cies composition along with the quantity and quality of 
litter produced can influence nutrient return to the soil, 
and thus the availability of soil nutrients, which in turn 
could have a direct effect on ecosystem processes (Par-
sons et  al. 2014; Uriarte et  al. 2015). This in turn may 
augment soil fertility in these systems (Yang et al. 2004; 
Dawoe et  al. 2010; Getaneh et  al. 2022). Therefore, lit-
ter production can serve as a major pathway by which 
nutrients are transferred from vegetation to soil (Par-
sons et al. 2014; Uriarte et al. 2015), and can thus act as 
an input–output system for nutrients where their vari-
ability can determine nutrient cycling, soil fertility and 
plant productivity in agroecosystems (Dawoe et al. 2010; 
Parsons et al. 2014). In general, the patterns of litter pro-
duction and its subsequent decomposition up on which 
bioelements are released endow sustainability to these 
homegardens (Kumar and Nair 2004). In addition, past 
research efforts also revealed that interspecific differ-
ences in leaf litter production and quality are expected to 
have a marked effect on variation in soil physical char-
acteristics and nutrient availability (Uriarte et  al. 2015). 
Together with proper silvicultural management such as 
pruning, leaf litter is also considered to be a potential 
source for obtaining organic matter that may highlight 
the right way for maintaining the long-term produc-
tive capacity of soils, and subsequent enhancement of 
homegarden agroforestry systems sustainability (Froufe 
et al. 2020; Gerke 2022).
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Conclusions
A comparably higher total annual quantity of leaf litterfall 
was registered in the present study as compared to other 
agroforestry systems, monocultural tree plantations, and 
natural forests confined elsewhere in tropical and sub-
tropical ecozones. The sequence of the relative leaf litter-
fall contribution of multipurpose tree/shrub species with 
higher mean values was Cordia africana > Erythrina bru-
cei > Grevillea robusta > Malus sylvestris. A clear seasonal 
leaf litterfall pattern with varying peaks was observed for 
the multipurpose tree/shrub species in the present study, 
with a bimodal distribution pattern for E. brucei and C. 
africana and a unimodal pattern for G. robusta and M. 
sylvestris. Similarly, both the concentrations and inputs 
of nutrients from the leaf litter showed considerable 
variations among species found in the homegarden agro-
forestry systems. Among the investigated species, C. afri-
cana and E. brucei were found to likely contribute better 
in terms of C and N return, G. robusta relatively the bet-
ter in terms of phosphorous return, and C. africana as 
well better for potassium return. However, E. brucei had a 
higher average concentration of N than the rest. The most 
important trees/shrubs in the studied sites that reflected 

differences in the quantity and quality (nutrient content) 
of leaf litter production imply that there existed varia-
tion in foliar nutrient content among each species, and 
its consequent effect for sustainably enhancing the pro-
ductive capacity of soils under homegarden agroforestry 
systems. Quantification of such leaf litterfall and nutrient 
flux may be essential in providing useful information and 
making decisions on the potential contributions of multi-
purpose woody plants for carefully evaluating its conse-
quent effect on nutrient cycling and restoring soil fertility 
of homegarden agroforestry systems. The amount of leaf 
litterfall differed among tree species as influenced by tree 
species characteristics (canopy area, DBH, height), but 
independent of age and climate variables (monthly pre-
cipitation and temperature). Further research on long-
term tree litter dynamics, decomposition, and associated 
nutrient release may be warranted in these homegardens, 
including the various relevant fractions of litterfall.

Appendix
See Tables 6 and 7

Table 6  Pairwise ranking of tree/shrub species nominated for litter study in the homegarden agroforestry systems of the study sites, 
southwestern and southern Ethiopia

Species Pairwise ranking

M.indica C. africana P.americana G. robusta C.macrostachyus

M.indica – C. africana P.americana G. robusta M.indica

C. africana – – C. africana G. robusta C. africana

P.americana – – – G. robusta P.americana

G. robusta – – – – G. robusta

C.macrostachyus – – – – –

Table 7  Pairwise ranking of tree/shrub species nominated for litter study in the homegarden agroforestry systems of the study sites, 
southwestern and southern Ethiopia

Species Pairwise ranking

C. macrostachyus H. abyssinica E. brucei M. sylvestris M. ferruginea

C. macrostachyus – C. macrostachyus E.brucei M. sylvestris C. macrostachyus

H. abyssinica – – E.brucei M. sylvestris H. abyssinica

E. brucei – – – M. sylvestris E. brucei

M. sylvestris – – – – M. sylvestris

M. ferruginea – – – – –
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