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A B S T R A C T   

Soil fertility management has been a great challenge to smallholder farmers in the Northern Tanzania, especially 
in the Maasai landscape. Therefore understanding the nutrient status become important to forecast productivity, 
promote sustainability, and propose an appropriate technique for crop productivity sustainability. The study 
examines soil fertility status of the Maasai landscape. Systematic approach known as the Land Degradation 
Surveillance Framework (LDSF) were used to identify soil sampling points. A total of 604 soil samples from two 
soil depth (0 – 30 and 30 – 50 cm) were collected for physiochemical properties analysis using Mid-infrared 
(MIR) spectroscopy. The chosen level for determining statistical significance, was set at P = 0.05. Results 
showed a significant differences (P < 0.01) for particle size distribution, SOC, EC, CEC, TN, pH, N, P, K, Ca, S, 
Mg, Mn and Zn across the landscape zones. It was observed that soil parameters such as pH (6.62 – 7.44), CEC 
(27.59 – 32.82 meq/100 g), and EC (90.12 - 121.93 µS/cm) were in the adequate and acceptable range while 
SOC (0.89 – 1.89 %) was observed to be in low amount. Other nutrients such as N (0.09 – 0.14 %), P (9.46 – 
14.87 mg/kg), and K (175.91 - 293.5 mg/kg) were in inadequate amounts except for the S (12.9 – 15.43 mg/kg) 
which was in optimum, Ca (3117.5 - 4155.31 mg/kg) ranged between low to optimum, and Mg (556.95 - 603.26 
mg/kg) was in excessive amounts. However, Mn (114.13 mg/kg – 128.95 mg/kg) was in excess. This study found 
that, there is a significance difference on soil fertility status across the landscape. Major soil nutrient fertility 
constraints found were N, P, Ca, and K for some soils. The study recommends that interventions to address the 
issue of soil fertility in the northeast Maasai landscape should consider the altitude issue due to variations in soil 
health and nutrient content.   

1. Introduction 

Global demand for food, livestock feeds, fiber, and fuel has increased 
as a result of population growth and shifting dietary trends (Daszkie
wicz, 2022). Global soil degradation and detrimental ecological effects 
have been exacerbated by the rising demand for land-based goods and 
services, which has a severe influence on sustainability (Coulibaly and 
Li, 2020; Mng’ong’o et al., 2021). Globally, the least developed coun
tries have been reported to have the highest rates of soil erosion, with 
Sub-Saharan Africa (SSA), South America, and Southeast Asia regions 

projected to have higher rates of degradation (Borrelli et al., 2017; 
Kalonga et al., 2023). The estimate predicts that during the next three 
decades, there will be a loss of 30 to 60 million hectares of arable land 
and a conversion of 100 to 200 million hectares of reserved area to 
agriculture and other man-made uses (Borrelli et al., 2017). Arable land 
is a crucial resource for rural livelihood initiatives in many SSA coun
tries. Due to land-use competition, high population densities, and rapid 
population growth rates, land is a scarce resource in highlands in many 
parts of Sub-Saharan Africa. The extent of soil degradation in the SSA 
region is attributed to different factors including biophysical factors, 
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socioeconomic factors, and low adoption of soil fertility management 
techniques (Mairura et al., 2022; Utonga et al., 2023). According to 
Powlson et al. (2011), wind and water erosion processes are the major 
causes of the progressive effects of soil degradation processes on soil 
productivity. According to Diop et al. (2022), soil management systems 
significantly reduce soil erosion and sustain soil productivity. Despite 
the efforts and interventions made by national and international 
development partners to scale up soil fertility management technology, 
the adoption of soil fertility management technologies has remained low 
in East Africa, hence land degradation is increasing especially in the 
Maasai landscape of Arusha Tanzania (Wawire et al., 2021). 

Maasai landscape is located in the northeast of Arusha region, in the 
northern part of Tanzania, and is an important catchment for ecological 
services. This landscape is known for its rich biodiversity and traditional 
pastoralists which are currently facing the biggest problem due to a vast 
increase in agricultural activities, overgrazing, and unsustainable land 
management practices (Blake et al., 2018). These factors contributed to 
land degradation in the form of soil erosion, nutrient depletion, and loss 
of vegetation cover which threaten the ecosystem balance and liveli
hood of the Maasai communities (Kelly et al., 2020). The continuously 
increased land degradation in the Maasai landscape impacted crop yield 
and productivity and increased water sedimentation and pollution 
which raises the costs of water treatments. 

Due to continuous cropping and overgrazing, farming areas in the 
Maasai landscape face a significant decline in soil fertility as a result of 
soil erosion (Rabinovich et al., 2019). The extent of land degradation 
varies depending on soil types, altitude, slope gradients, land manage
ment practices, and socioeconomic (Mebrate et al., 2022; Negasa et al., 
2017). Tanzania’s northern region especially the Arusha region has a 
diverse range of altitudes, climatic conditions, and geology which leads 
to variations in its natural resources like soils and vegetation (Heck
mann, 2012). Altitude plays a critical role in creating regional and local 
differences in soil types and characteristics. Currently, it is recom
mended to manage soil fertility uniformly across the country, for 
instance, by applying chemical fertilizers, but this approach does not 
consider local soil types and other environmental factors. The different 
temperatures and moisture levels caused by variations in elevation and 
aspect gradients might have a significant impact on the formation of soil 
humus and the decomposition of organic matter. Evidence suggests that 
the effectiveness of soil fertility management depends on environmental 
factors and soil fertility status (Kiunsi and Meadows, 2006). 

After a long time of implementation and promotion of soil conser
vation practices in the Maasai landscape, it is important to know the 
land degradation status to provide a comprehensive understanding of 
the problem, guide restoration efforts, enable monitoring of the progress 
of implemented interventions, inform sector-specific planning, and fa
cilitates evidence-based decision-making (T. Vågen et al., 2015). By 
addressing land degradation will be possible to safeguard ecosystems, 
enhance ecosystem services, and ensure sustainable land use for the 
present and future generations. This study applied a systematic 
approach known as the Land Degradation Surveillance Framework 
(LDSF) to collect data. LDSF was developed by the World Agroforestry 
center (Vagen and Winowiecki, 2020) to characterize land degradation 
status which is useful for monitoring and assessing changes in land 
degradation indicators such as soil erosion, soil fertility decline, soil 
carbon depletion, and vegetation cover loss, and the effectiveness of 
restoration interventions over time to establish soil and land health 
across different altitude zones in the Massai landscape of Arusha 
Tanzania. LDSF has been successiful used in a number of land degra
dation assessment projects in Tanzania and other east African countries 
sucha Kenya Uganda, Runda (T. G. Vågen et al., 2018). 

Therefore understanding the nutrient status of the Maasai landscape 
is important to forecast productivity, promote sustainability, and pro
pose an appropriate technique for crop productivity sustainability. 
Recent assessments of soil nutrient status in Tanzania have been 
restricted to a few particular locations since they are expensive and 

difficult to obtain in most areas, leaving many soils and land potential 
unknown (Mng’ong’o et al., 2021; Mowo et al., 2006). Lack of data on 
soil fertility status from soil sciences laboratories and other reputable 
sources for the Maasai landscape and other areas in Tanzania constrain 
soil fertility management plans needed for sustainable land use man
agement systems. To ascertain the trend of soil fertility status in Tan
zanian agricultural soils, detailed time series data are needed, however, 
they are not currently readily available. The study hypothesized that 
land degradation in the form of a decline in soil fertility varies 
depending on the altitude in the Maasai landscape. Therefore this study 
aims to examine the soil fertility status of the Maasai landscape in the 
northeast of the Arusha region in Tanzania to create the baseline in
formation needed for future monitoring studies to ensure sustainable 
land productivity. 

2. Materials and methods 

2.1. Site descriptions 

The study was conducted in the northeast part of Arusha region in 
two districts Arusha district and Monduli district in Northern Tanzania 
located South of the equator in between Latitudes ‘3010- 4 000′ and 
Longitudes 34,047′− 350 56′ East, respectively. The Arusha district is 
distinguished by its climate, it has a long dry season and two distinct rain 
seasons, a long and short rain season. The long rain period occurs from 
April to early June, while the short rain takes place between October and 
December, bringing annual precipitation ranging from 800  - 1000 mm 
as reported by Kihupi et al. (2015). The district’s average annual rainfall 
is 900 mm, and the temperature fluctuates between 17 ◦C and 33 ◦C 
year-round. Notably, cooler conditions prevail from June to August, 
with temperatures ranging from 16 ◦C to 28 ◦C. The district’s average 
altitude is approximately 1400 m above sea level, and its topography 
consists of gently sloping hills interspersed with low granitic valleys. 
Originally, the area featured savannah vegetation and some gallery 
forests. In terms of economic activity, the district relies primarily on 
agriculture, livestock farming, cultural tourism, and small-scale busi
nesses (Nkata, 2021). Arusha District encompasses two key agricultural 
zones: the green belt, situated on the southern slopes of Mount Meru, 
holds significant potential for cultivating horticultural crops such as 
coffee and bananas. Conversely, the lowlands belt, another agricultural 
zone within the district, is capable of producing a diverse array of 15 
crops, including maize, beans, cassava, peas, rice, pigeon peas, and 
others. Notably, livestock keeping in the green belt follows the practice 
of zero-grazing methods. 

Monduli DC is characterized by one long dry season and bimodal rain 
seasons. A long rain begins in mid-March to late May while short rains 
begin in early November to early January and ranges between 500 mm 
to 900 mm per annum. The mean annual rainfall is 900 mm with a 
temperature range from 20 ◦C to 35 ◦C throughout the year, cool 
weather is experienced from June to August with temperatures ranging 
between 17 ◦C and 28 ◦C. The average altitude is 1400 m above sea level. 
It consists of gently sloping hills separated by low granitic valleys. The 
region is dominated by shallow silty or silty clay soils. Isolated Moun
tains (Monduli, Lepurko, Loosimingori, and Lengai) and flat rolling 
plains characterize the land surface. Forest, bushland, wooded grass
land, and grasslands make up the vegetation in the area. The area is 
dominated by the Maasai people, who traditionally are pastoralists 
(Khamis et al., 2022). It is an important area for wildlife conservation 
since much of it is divided into game-controlled areas and it is also 
bordered by National Parks such as Manyara and Tarangire National 
Parks and the Ngorongoro Conservation Area (MDC, 1997). This area 
experienced significant environmental and socioeconomic change 
including population increase and changes in land cover and land-use. 
The increase in agricultural activities through both small and 
large-scale farming has been cited as the most significant land-use 
change in recent years. 

J. Kalonga et al.                                                                                                                                                                                                                                 



�(�Q�Y�L�U�R�Q�P�H�Q�W�D�O �&�K�D�O�O�H�Q�J�H�V ���� ������������ ������������

2.2. Research design and sampling procedures 

This study applied a systematic approach known as the Land 
Degradation Surveillance Framework (LDSF) to identify soil sampling 
points. LDSF was developed by the World Agroforestry center (Vagen 
and Winowiecki, 2020) to characterize the status of land degradation is 
important for tracking and evaluating changes in land degradation in
dicators like soil erosion, soil fertility decline, soil carbon depletion, and 
vegetation cover loss, as well as the success of restoration efforts over 
time to establish soil and land health in various environments. The 
benchmark sites were characterized using the LDSF (Vågen et al., 2010) 
which was conducted in November 2021. The LDSF was used in the 
current study because it has been successfully applied to a variety of 
tropical landscapes and has been proven to be reliable for evaluating 
land degradation especially soil health in landscapes. It employs a 
collection of indicators that are uniformly sampled and quantified, 

enabling comparisons between locations or landscapes. Its 
cost-effectiveness and less time demand are among the advantages of 
using LDSF in monitoring land degradation and conservation strategies 
(Winowiecki et al., 2021). 

The LDSF is a spatially stratified, random sampling design frame
work based on a hierarchical field survey and sampling methodology 
with "Blocks" and "Clusters" (Winowiecki et al., 2021). Two (2) sampling 
“Blocks” totaling 100 km2 were established at Monduli district (Monduli 
Juu) and Arusha district (Musa) as part of the larger study to capture the 
differences in various altitude zones in land uses, namely grazing land, 
agricultural land forestry and conservation areas. Each Block was 
stratified into 16 clusters of 1 km2 each, each cluster contained ten (10) 
plots of 1000 m2 each and four (4) 100 m2 subplots. 

Fig. 1. Map of a study site showing the study area and sampling points at Maasai Landscape.  

Fig. 2. The Land Degradation Surveillance Framework (LDSF), showing the sampling design layout of a study site.  
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2.3. Sampling method 

Soil sampling was done at the subplot (100 m2) level, A total of 604 
soil samples were collected from 320 sampling sites (plots) in two sites 
(Monduli and Musa- Arusha DC) within the Maasai landscape. At each 
sampling site, four (4) soil samples were collected 12.2 m from the 
center of each sampling point then mixed thoroughly and divided into 
four quarters where other soils were discarded to remain with 1 kg. Soil 
samples were collected using a soil auger at two depths (0–20 cm, 
topsoil, and 20–50 cm, subsoil). Soil samples from the four subplots were 
merged into a single composite sample and stored in a plastic bag. 

2.4. Soil sample processing and analysis 

All the samples were submitted to the ICRAF Soil and Plant Spectral 
Diagnostics Laboratory in Nairobi Kenya for prediction where they were 
scanned on a Bruker Invenio-S Fourier-Transform Infrared (FT-IR) 
spectrometer. A subset of 64 samples (32 samples from each site) were 
sent for reference analysis using conventional wet chemistry in the same 
laboratory. The spectra were predicted for the CIFOR-ICRAF standard 
soil parameters suite using the AfSIS global models spiked with 40 
samples from the subset that was analyzed for wet chemistry (reference 
set). The remaining 24 samples of the reference set were used to validate 
the models. The models are developed using the Random Forest (RF) 
method. 

The performance of the model was based on a 30 % hold-out vali
dation set. Different properties were predicted: pH, EC-Electrical Con
ductivity, SOC-Soil Organic Carbon, m3.P-Phosphorus by Mehlich 3 
extraction, TN Total Nitrogen content, where Al-Exchangeable 
Aluminum, B-Boron, Ca-Exchangeable calcium, Cu-Copper, Fe-Iron, K- 

Potassium, Mg-Exchangeable Magnesium, Na-Exchangeable Sodium, S- 
Sulphur, and Zn-Zinc were determined by Mehlich 3 extraction method 
while, CEC–Cation exchange capacity by ammonium saturation 
method, Clay, and Sand were determined by hydrometer method. 

2.5. Quality control and data analysis 

Validation Random Forest (R2) above 0.6 and Ratio of Performance 
to Interquartile Distance (RPIQ) values above 2 indicate that CEC, m3. 
Ca, SOC, m3.Al, Sand, m3.Mg, TN, Clay, PSI, pH, m3.Cu, m3.B, and Silt 
were reliably predicted. On the other hand, validation R2 below 0.6 and 
RPIQ values below 2 indicate that ExAc, m3.Na, m3.P, and m3.Zn was 
not reliably predicted. 

Statistical method was used to analyze data of the examined pa
rameters. Collected data were statistically analyzed using Jamovi 
2.3.2.1 software. Descriptive statistics for mean were performed to 
analyze data generated from the study site. The calculated mean values 
were compared to critical and recommended values to assess the status 
of soil fertility and soil health for agricultural activities. To determine 
the difference of studied parameters across the landscape zones, one- 
way ANOVA and Tukey post hoc tests were conducted at a 5 % level 
of significance (P<0.05). 

3. Results and discussion 

The present study characterized different chemical and physical soil 
parameters in three distinct landscape gradients (i.e., Upper landscape, 
middle landscape, and lower landscape zone) in the northeast part of the 
Arusha region. The studied parameters aimed to establish associations 
between elevations and chemical soil degradations. The study findings 

Fig. 3. Schematic diagram showing study methodology.  
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for each chemical soil parameter are presented in figures and details of 
each parameter are outlined hereunder. 

3.1. Physical properties of the soil (Soil particle size distribution) 

Based on the present study, there is a significant difference (P <0.01) 
in soil particle distribution (Clay, Silt, and Sand) across the landscape 
zone. The results of the study revealed that soils in the lower landscape 
zone had higher clay content (61.22 % topsoil and 62.34 % subsoil) 
compared to the middle (55.25 % topsoil and 56.45 % subsoil) and 
upper landscape (48.47 % topsoil and 51.3 % subsoil) for both topsoil 
and subsoil (Fig. 4). These results indicate that there is a clay migration 
from the upland areas to the lowland areas caused by runoff during the 
rainy season. Furthermore, there is a significant variation in soil particle 
distribution along soil depth, where the subsoil across the landscape 
zones was observed to have higher clay content than the top soils. 
(Fig. 4). Generally, the same trend was observed for sand and silt across 
the landscape zones and soil depth. Differences in soil texture can stem 
from several factors, including the parent material, physiography, in situ 
weathering, and clay translocation (Hailemariam et al., 2023; Siahaan 
et al., 2022). Particle size distribution plays a crucial role in determining 
porosity, with sand particles being the most porous and unable to retain 
water, while clay has excellent water retention capabilities. This feature 
is a vital component of soil fertility and makes clay particles more stable 
than other types of soil particles. It is why they are often referred to as 
the nutrient storehouse, as they retain nutrient cations, facilitating 
nutrient exchange in the soil for plant absorption. 

3.2. Chemical properties of the soil 

3.2.1. Soil pH, soil organic carbon (SOC), electric conductivity (EC), and 
cation exchange capacity (CEC) 

Soil pH is an excellent indicator of the suitability of the soil for plant 
growth, as it controls the biological, chemical, and physical properties of 
the soil. It influences the availability of plant nutrients, plant growth, 
and productivity. Soil pH influences the availability and mobility of 
nutrients. Based on the present study, there is a significant difference (P 
<0.01) in soil pH across the Maasi landscape, where soils in the lower 
landscape were observed to have higher pH levels compared to those in 
the middle and upper landscape zones (topsoil 6.56 and 6.62 subsoils), 
middle landscape zone (Top 6.74 and subsoil 6.79), and Lower land
scape zone (Top 7.36 and subsoil 7.44) (Fig. 5a). All landscape zone soils 
had a pH ranging between 6.62 – 7.44 indicating a wide range of vari
ations from moderately acidic to moderately alkaline. Only the subsoil 

from the upper landscape zone had a pH below 6.5 which indicates 
moderately acidic hence it may affect the availability of some nutrients 
such as N, P, Ca, Mg, S, K, and other bases. The other soils have a pH 
ranging between 6.5 – 7.6 which is favorable and recommended for the 
production of many crops grown in the Maasai landscape. 

Soil pH is a function of parent materials, climate, vegetation, and 
time of weathering. Since the time of weathering across all the landscape 
gradients does not differ, the variations of pH level within the Maasai 
landscape zones could be due to the high leaching of basic cations such 
as Ca2+, Mg2+, and K+in the upper landscape due to greater precipita
tion and increased ions such as Al3+ and H+ which cause nitrifications. 
Also, these variations could be due to rhizosphere effects from different 
vegetation across the landscape gradients. The decrease in soil pH with 
the increasing elevation was also reported by Smith et al. (2002) on soil 
properties and microbial activity across a 500 m elevation gradient in a 
semi-arid environment in the USA and (Backes et al., al.2021) on the 
effects of soil properties, temperature and disturbance on diversity and 
functional composition of plant communities along a steep elevational 
gradient on Tenerife. 

Soil organic carbon (SOC) plays an important role in the physical, 
chemical, and biological components of the soils. Based on the present 
study, the results in Fig. 5b show that there was a significant difference 
(P <0.01) in soil organic carbon across the landscape, where soils in the 
upper landscape zone were observed to have a higher percentage of soil 
organic carbon (Top 1.89 and subsoil 1.85) compared to those in the 
middle landscape (Top 1.71 and subsoil 1.61) and lower landscape zones 
(Top 0.95 and subsoil 0.89). The range of SOC is 0.89 – 1.89 %, and the 
optimum level of SOC as recommended by Lelago et al. (2016) is 3 – 7 %. 
Therefore the level of SOC in the Maasai landscape was below the rec
ommended level, indicating there was soil quality degradation and 
reduced soil microbial activities in the landscape. The low content of 
SOC in the landscape could be attributed to poor management practices 
such as removal of crop residues by feeding livestock, intensive cropping 
which facilitates oxidation reaction, inadequate application of organic 
fertilizers, and accelerated mineralization rate. This has led to a drastic 
decline in crop productivity in the Maasai landscape. To overcome this 
problem, it is recommended to apply organic residues and incorporate 
crop residues in the soil as a source of organic matter. These results are 
similar to the results reported by Ndakidemi and Semoka (2006) in 
northern Tanzania. 

Electrical conductivity (EC) is an important parameter in soil quality 
as it indicates the availability of nutrients and loss, soil texture, and 
available water capacity. It affects crop yields, the suitability of the soil 
for certain crops, the amount of water and nutrients available for plant 

Fig. 4. Box plots showing soil particle distribution for the topsoil and subsoil in different landscape zones in the Maasai landscape. ULZ – Upper Landscape zone, MLZ 
– Middle Landscape Zone, and LLZ – Lower Landscape Zone. 
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use, and the activities of soil microorganisms. Based on the present 
study, the result in Fig. 5c shows that there is a significant difference (P 
<0.01) in soil EC across the Maasai landscape, where the highest EC was 
observed in the lower landscape zone (subsoil 121.93 µS/cm). The 
lowest EC was observed in the middle landscape (subsoil 90.12 µS/cm). 
All the soils in the landscape had EC below 2000 µS/cm which is a 
critical point below it the soil is free from salt (Lelago et al., 2016). 
Therefore this indicates that this soil is free from salts. Hence plants 
grown in the soil will not have a problem of water absorption due to the 
low osmotic effect of dissolved salt content. The variations of the EC 
content within the landscape may be due to variations in moisture 
content which are associated with the high amount of precipitation in 
some areas, especially the upper landscape zones. Increased moisture 
content leads to higher soil electrical conductivity due to the dissolved 
ions in the water. As water infiltrates the soil, it carries ions with it, 
contributing to the overall conductivity of the soil. A similar result was 
reported by Dai et al. (2022) in their research conducted at Huangshui 
Watershed. 

The Cation Exchange capacity (CEC) had a significant difference (P 
<0.01) across the landscape for both topsoil and subsoil, with a high 
value of CEC recorded in the lower landscape zone (topsoil 31.55 meq/ 
100 g and subsoil 32.82meq/100 g) followed by the middle landscape 
zone (topsoil 27.83meq/100 g and subsoil 27.35meq/g) and the lowest 
was recorded in the upper landscape zone (topsoil 27.59 meq/100 g and 
subsoil 27.72 meq/100 g) (Fig. 5d). The CEC of the Maasai landscape 
ranges from 27.59 – 32.82 meq/100 g and according to Landon (2014), 
this is categorized as a high amount of CEC. These variations of CEC 
observed in the landscape might be due to different soil types, different 
soil fertility management practices, and land use types. The high value of 
CEC in the soil might be due to the high clay content of the soil found in 
all the landscape zones. This is the same according to Mujiyo et al. 
(2022), that CEC tends to decrease as the altitude increases in central 
Java Indonesia. 

3.2.2. Total Nitrogen (TN) and Phosphorus (P) 
Based on the present study, there is a significant difference (P <0.01) 

in Total Nitrogen (TN) across the landscape gradient for both topsoil and 
subsoil, the high percentage of TN was observed in the upper landscape 
zone (topsoil 14 mg/kg and subsoil 13 mg/kg) followed by middle 
landscape zone (topsoil 12 mg/kg and subsoil 12 mg/kg) and the lower 
landscape zone (sub-soil 1 mg/kg and topsoil 9 mg/kg) (Fig. 6a). 
Comparatively, the result shows that in landscape zones the amount of 
TN is higher in the topsoil than in the subsoil. The amount of TN in the 
landscape ranges between 9 mg/kg – 14 mg/k, and according to Lelago 
et al. (2016), the optimum level of TN in the soil is 15 – 0.30 mg/kg 
where none of the soil in the landscape had reached. Therefore, this 
indicates a low content of TN in the Maasai landscape soils. However, 
this level is enough to recommend immediate ecological and restoration 
adaptation in the Maasai landscape. The low content of TN in the 
landscape may be due to a result of continuous cereal-based mono
cropping that could be attributed to the rapid decomposition of organic 
matter following cultivation, adequate N external input such as incor
poration of crop residues, and animal manure, nitrate ions leaching as a 
result of high rainfall, complete removal of biomass from cultivated 
fields. To improve N in the soil to the optimum level, nitrogenous fer
tilizers in both organic and inorganic forms should be applied in the soil. 
Likewise, the introduction of leguminous species into the farming sys
tem by either crop rotation or intercropping may improve the TN in the 
soil. The potential benefits of incorporating legumes in farming systems 
have been reported by many authors (Kalonga et al., 2017; Lelago et al., 
2016; Mkonda, 2023). 

Results in Fig. 6b show a significant difference (P <0.01) in phos
phorus (P) across the soils in the Maasai landscape zones for both topsoil 
and subsoil. A high percentage of P was observed in the upper landscape 
zone (topsoil at 14.87 mg/kg and subsoil at 13.15 mg/kg) followed by 
the middle landscape zone (topsoil at 11.51 mg/kg and subsoil 10.05 
mg/kg) and the lowest amount was recorded on the lower landscape 
(9.59 mg/kg topsoil and subsoil 9.46 mg/kg). According to the results in 
Fig. 6b, P concentration ranges between 9.46 and 14.87 mg/kg. Based 
on Federal Ministry of Agriculture and Natural Resources, 1990 the 
recommended P for agricultural soils ranges between 15 − 50 mg P /kg, 
all the soils from the Maasai landscape had P concentration less than 15 

Fig. 5. Box plots showing different soil fertility components for the topsoil and subsoil in different landscape zones across the northeast Maasai landscape of the 
Arusha region (a) soil pH, (b) soil organic carbon (SOC), (c) Electric conductivity (EC), and (d) Cation exchange capacity (CEC). pH-Sub- pH for subsoil, pH-Top – pH 
for topsoil, SOC-Sub – Soil organic carbon for subsoil, SOC-Top – Soil organic carbon for topsoil, EC-Sub – Electric conductivity for subsoil, EC-Top – Electric 
conductivity for topsoil, CEC-Sub - Cation exchange capacity for subsoil and CEC-Top - Cation exchange capacity for topsoil. ULZ – Upper Landscape zone, MLZ – 
Middle Landscape Zone, and LLZ – Lower Landscape Zone. 
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mg/kg which indicates the status is very low. First, the variability of the 
P within the Maasai landscape may be due to different soil management 
practices, types, and rates of organic and inorganic fertilizers used in 
agricultural production. Besides these factors, variations in parent ma
terials, soil pH, slope gradient, and degree of P fixation may also 
contribute to the variations of P in the Maasai landscape. A similar result 
has been reported (Solomon and Lehmann, 2000) in Northern Tanzania. 
This study suggests that farmers should sustainably utilize their land to 
reduce the loss of P in the soil and addition of P in the form of organic or 
inorganic to raise the P level in the soil to the optimum level. 

3.2.3. Extractable Mg, Zn, Mn, and K 
There was a significant difference in Magnesium (Mg) concentration 

(P <0.01) across the landscape gradient for both topsoil and subsoil, 
with a higher amount of Mg recorded in the upper landscape zone 
(topsoil 599.86 mg/kg) followed by the middle landscape zone (topsoil 
599.74 mg/kg) and the lowest was recorded in the lower landscape zone 
(topsoil 522.96 mg/kg) (Fig. 7a). However, in subsoil the highest Mg soil 
was found in the middle landscape zone (603.26 mg/kg) followed by the 
lower landscape zone (587.19 mg/kg), and the lowest was found in the 
upper landscape zone (556.95 mg/kg). Therefore, Mg concentration in 
the Maasai landscape ranges between 556.95 mg/kg – 603.26 mg/kg. 
According to Landon (2014) critical level of Mg for most crops, is a high 
level of concentration in the soil. The soil in the upper landscape zone 

may have a greater concentration of magnesium compared to the middle 
and lower zones. This difference may be due to the process of leaching, 
which causes the magnesium concentration in middle and lower land
scape soils to decrease. Leaching happens when water consistently 
moves downward through the soil profile, dissolving magnesium in 
water and carrying it downward. In contrast, the accumulation of 
magnesium is relatively higher in the upper soil layers where there is less 
water movement downward. Additionally, geological formations or 
magnesium sources in the upper landscape could also contribute to this 
distribution pattern. It has been reported that, the Mg: K ratio de
termines the availability of Mg and K in the soil (Ndakidemi and Sem
oka, 2006). The calculated Mg: Ca ratio was observed to be above 2 
which is the recommended ratio for the availability of Mg and K in the 
soil (Mng’ong’o et al., 2021), hence Mg was recorded to be available in 
adequate amounts. To ensure the sustainability of the available Mg, a 
sustainable farming system that reduces the exploitation of these nu
trients and encourages nutrient replenishment in the soil should be 
applied. 

Zinc (Zn) had a significant difference (P <0.01) across the Maasai 
landscape zones for the topsoil and subsoil, with a high content of Zn 
recorded in the upper landscape zone (topsoil 1.91 mg/kg and subsoil 
1.8 mg/kg) followed by the middle landscape zone (topsoil 1.7 mg/kg 
and subsoil 1.59 mg/kg) and the lowest was recorded in the lower 
landscape zone with topsoil 1.46 mg/kg and subsoil 1.46 mg/kg 

Fig. 6. Box plots showing nutrient concentration for the topsoil and subsoil in different landscape zones across the northeast Maasai landscape of the Arusha region 
(a) Percentage of Total Nitrogen (TN) and (b) concentration of extractable Phosphorus (P). NT-Sub – Total nitrogen for subsoil, TN-Top – Total Nitrogen for Topsoil, 
P-Sub – Phosphorus for subsoil, and P-Top – Phosphorus for topsoil. ULZ – Upper Landscape zone, MLZ – Middle Landscape Zone and LLZ – Lower Landscape Zone. 

Fig. 7. Box plots showing the concentration of different extractable nutrients across the Northeast Maasai landscape of the Arusha region (a) concentration of 
Magnesium (mg/kg), (b) concentration of Potassium (mg/kg), (c) concentration of Zinc (mg/kg) and (d) concentration of Manganese (mg/kg). Mg-Sub – Magnesium 
for subsoil, Mg-Top – Magnesium for topsoil, K-Sub – Potassium for subsoil, K-Top – Potassium for topsoil, Zn-Sub – Zinc for subsoil, Zn-Top – Zinc for topsoil, Mn-Sub 
– Manganese for subsoil and Mn-Top – Manganese for topsoil. ULZ – Upper Landscape zone, MLZ – Middle Landscape Zone and LLZ – Lower Landscape Zone. 
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(Fig. 7c). Zn content in the Maasai landscape soils ranged from 1.46 – 
1.91 mg/kg which was above the recommended level of Zn deficiency 
0.4 mg/kg – 0.6 mg/kg where the amount exceeding 10 – 20 mg/kg is 
considered as an excess amount (Mng’ong’o et al., 2021). Therefore the 
status of Zn in the Maasai landscape is considered adequate. The high 
content of Zn in the soil may be due to certain rocks and minerals such as 
Zn-rich parent materials which release Zn into the soil through weath
ering. Moreover, this may be due to human activities which contribute 
to the addition of Zn-containing fertilizers in the soil. A similar result of 
the adequate amount of Zn in the soil of northern Tanzania has been 
reported by Ndakidemi & Semoka (2006). 

The study found that concentration of exchangeable Potassium (K) 
varied significant (P <0.01) across the landscape gradient for both 
topsoil and subsoil, with a high percentage recorded in the lower 
landscape zone topsoil 286.11 mg/kg and subsoil 293.5 mg/kg followed 
by the middle landscape zone with topsoil 184.99 mg/kg and subsoil 
197.49 mg/kg and the lowest was recorded in the upper landscape zone 
with topsoil 176.17 mg/kg and subsoil 175.91 mg/kg (Fig. 7b). K con
centration in the Maasai landscape ranges from 175.91 mg/kg - 293.5 
mg/kg which was low to high level based on the classification estab
lished by Mulugeta et al. (2019) that the rate of K as very low (< 55 mg 
kg− 1), low (55–210 mg kg− 1), medium (210–280 mg kg− 1), high 
(280–500 mg kg− 1) and very high (> 500 mg kg− 1). Based on the pro
posed critical level, the upper and middle landscape zone had a low level 
of K for the topsoil and subsoil. However, a high level of K was recorded 
in the lower landscape zone of the Maasai landscape. The variation of K 
concentration in the Maasai landscape may be due to different soil 
fertility management applied by farmers in their farms such as the 
application of organic and inorganic fertilizers to improve the produc
tivity of their farms. But for the low level may be due to the removal of 
the top fertile soil downwards to the lower landscape through soil 
erosion, removal, crop uptake, the use of non-K fertilizers (only N and P 
containing fertilizers used), and poor management practices. The high 
concentration of K in the lower landscape zone may be due to the high 
concentration of clay content in the lower landscape zone. The findings 
align with those of Mebrate et al. (2022) and Saini. (2014), suggesting 
that K had a positive correlation with soil clay content. 

Manganese (Mn) had a significant difference (P <0.01) across the 
Maasai landscape for both topsoil and subsoil, with a high content 
recorded in the lower landscape zone (topsoil 165.44 mg/kg and subsoil 

164.34 mg/kg) followed by the middle landscape zone (topsoil 128.95 
mg/kg and subsoil 128.22 mg/kg) and the lowest content was recorded 
in the upper landscape zone (topsoil 114.13 mg/kg and subsoil 114.47 
mg/kg) (Fig. 7d). The exchangeable Mn in the Maasai landscape soils 
ranges from 114.13 mg/kg – 128.95 mg/kg. According to Ndakidemi & 
Semoka,. (2006), deficiency level of Mn is varied from 2 to 5 mg/kg and 
a value greater than 140 – 200 mg/kg is regarded as excessive. In this 
study, all the soils across the Maasai landscape had excessive Mn content 
which could lead to toxicity for some crops. The high content of Mn in 
the soil may be due to certain rocks and minerals such as 
manganese-rich parent materials which release Mn into the soil through 
weathering and erosion processes. Moreover, this may be due to human 
activities which contribute to the addition of Mn-containing fertilizers in 
the soil. A similar result of the excessive content of Mn in the soil has 
been reported in northern Tanzania (Ndakidemi and Semoka, 2006). 

3.2.4. Exchangeable Al, Fe, and Ca 
The study examined the Aluminium (Al) content in the topsoil and 

subsoil within the Maasai landscape, and the results, as shown in Fig. 8a, 
revealed no significant difference (P = 0.752) in the Al content between 
the two layers. The Al content in the landscape ranged from 944.76 mg/ 
kg in the topsoil at the upper landscape zone to 962.36 mg/kg in the 
subsoil at the middle landscape zone. These findings align with the 
optimal concentration of Al for agricultural soils, as suggested by 
Landon (2014). The study attributes the observed optimal Al concen
tration to the effects of interventions carried out by farmers, such as 
fertilizer and manure application, as well as the weathering and 
breakdown of parent materials containing Al-containing rocks and 
minerals. The results of this study are consistent with other studies that 
have reported similar findings. For example, Mng’ong’o et al. (2021) 
reported an optimal level of Al in the Usangu basin when evaluating the 
nutrient status in different land uses. These findings suggest that the 
optimal Al concentration in soils can be achieved through appropriate 
farming practices. 

Iron (Fe) had a significant difference (P <0.01) across the landscape 
gradient for both topsoil and subsoil, with a high percentage recorded in 
the high altitude zone topsoil 136.85 mg/kg and subsoil 133.79 mg/kg 
followed by the medium altitude zone with topsoil 129.5 mg/kg and 
subsoil 125.36 mg/kg and the lowest was recorded in the low altitude 
zone with topsoil 96.43 mg/kg and subsoil 90.08 mg/kg (Fig. 8c). The 

Fig. 8. Box plots showing the concentration of different soil nutrients across the Northeast Maasai landscape of the Arusha region (a) Aluminum concentration (mg/ 
kg), (b) calcium concentration (mg/kg), and (c) Iron concentration (mg/kg) in different landscape zones. Al-Sub – Aluminium for subsoil, Al-Top – Aluminium for 
topsoil, Ca-Sub – Calcium for subsoil, Ca-Top – Calcium for topsoil, Fe-Sub – Iron for subsoil, and Fe-Top – Iron for topsoil. ULZ – Upper Landscape zone, MLZ – 
Middle Landscape Zone and LLZ – Lower Landscape Zone. 
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concentration of Fe in the Maasai landscape was observed to range from 
90.08 mg/kg to 136.855 mg/kg which indicates an optimum level. The 
high concentration of Fe in the high altitude zone could be attributed to 
several factors, including the use of organic and inorganic fertilizers 
during crop production and the natural weathering of rocks in the area. 
The medium altitude zone had a slightly lower concentration of Fe, 
which could be due to the location’s soil composition and vegetation. 
The low altitude zone had the lowest concentration of Fe, which could 
be due to several factors, including soil erosion and leaching of nutrients 
due to heavy rainfall. In conclusion, the study shows that the Maasai 
landscape has an optimum level of Fe, which is essential for crop pro
duction. The varying concentrations of Fe across the landscape gradient 
could be attributed to multiple factors, including soil composition, 
vegetation, and weathering of rocks. 

The study found a significant difference (P <0.01) of Calcium (Ca) 
across both topsoil and subsoil, with a high percentage recorded in the 
lower landscape zone topsoil 4006.06 mg/kg and subsoil 4155.31 mg/ 
kg followed by the middle landscape zone with topsoil 3196.28 mg/kg 
and subsoil 3127.32 mg/kg and the lowest was recorded in the upper 
landscape zone with topsoil 3117.75 mg/kg and subsoil 3130.31 mg/kg 
(Fig. 8b). The concentration of Ca in the Maasai landscape was observed 
to range from 3117.5 mg/kg to 4155.31 mg/kg which indicates a low 
status. The low amount of Ca in the Maasai landscape could be due to 
unsustainable farming practices which exploit the nutrients during 
farming with little or no replenishment which results in a decline in crop 
productivity. 

3.2.5. Sulfur (S) and Cupper 
Sulfur and Cupper are among the essential plant nutrients assessed in 

the Maasai landscape. The results showed that S had a significant dif
ference (P <0.01 and P = 0.017) across the Maasai landscape for the 
topsoil and subsoil respectively, with a high amount recorded in the 
upper landscape zone (topsoil 15.43 mg/kg and subsoil 14.79 mg/kg) 
followed by the lower landscape zone (topsoil 13.74 mg/kg and subsoil 
14.17 mg/kg) and the lowest was recorded in the middle landscape zone 
(topsoil 13.44 mg/kg and subsoil 12.9 mg/kg) (Fig. 9a). S in the land
scape ranges between 12.9 and 15.43 mg/kg, which indicates a wide 
range of variation. According to the recommendation of the available S 
by Lelago et al. (2016), this was rated as the optimum level of S for crop 
production. The high content of S in the soil may be due to certain rocks 
and minerals containing S-rich parent materials which release S into the 
soil through weathering. Moreover, this may be due to human activities 
which contribute to the addition of S-containing fertilizers and pesti
cides in the soil. 

Copper (Cu) had a significant difference (P <0.01) across the 
landscape gradient for both topsoil and subsoil, with a high amount of 
Cu recorded in the lower landscape zone (topsoil 2.69 mg/kg and subsoil 
2.66 mg/kg) followed by the middle landscape zone (topsoil 2.45 mg/kg 
and subsoil 2.44 mg/kg) and the lowest was recorded in the upper 
landscape zone (topsoil 2.26 mg/kg and subsoil 2.32 mg/kg) (Fig. 9b). 

The amount of Cu in the Maasai landscape ranges between 2.26 mg/kg – 
2.69 mg/kg, this range is above the critical range for many plant growth 
(0.2 mg/kg) (Mng’ong’o et al., 2021). Hence, the available concentra
tion of Cu indicates an adequate amount of Cu for crop production in the 
Maasai landscape. An adequate amount of Cu in the soil could be due to 
the repeated application of copper-based products over time which 
contributes to the accumulation of copper in agricultural soils. Addi
tionally, the use of copper-containing fertilizers or organic amendments 
can also introduce copper into the soil. Similar results indicating an 
adequate amount of Cu in the soil were reported by Ndakidemi & 
Semoka (2006) in west Usambara and Mng’ong’o et al. (2021) in Usangu 
basin Mbeya Tanzania. 

4. Conclusions 

The study aimed to assess soil health and nutrient status in the 
Maasai landscape of the northeast Arusha region using the Land 
Degradation Surveillance Framework (LDSF). The results indicated that 
the upper landscape zone had higher soil fertility compared to the 
middle and lower landscape zones. The major soil nutrient constraints 
were N, P, Ca, and K for some soils, with SOC, and EC for the soil health. 
Some soils had an adequate amount such as K, Mg, and S, while Al, Cu, 
Fe, Mn, Zn, and CEC were observed to be at optimum levels. These 
findings showed that the Maasai landscape struggles to maintain soil 
fertility, which limits agricultural productivity and sustainability. The 
study recommends that interventions to address soil fertility in the 
northeast Maasai landscape of the Arusha region and other related en
vironments should consider the issue of altitude due to variations in soil 
health and nutrient content. Furthermore, appropriate intervention 
strategies to restore deficient nutrients must be implemented in areas 
with deficiencies in mineral nutrients. If these efforts are not taken into 
consideration, land degradation due to nutrient mining will increase to a 
point where it may be very expensive to restore. 
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