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The protected areas of Rwanda are facing various challenges resulting from the anthropogenic 

activities of the surrounding communities, especially in the adjacent area to Cyamudongo isolated 

rain forest, which results in soil degradation. Therefore, this study aims to broaden current 

knowledge on the impact of sustainable Agroforestry (AF) on soil-selected chemical and physical 

properties. To understand this, the permanent sample plots (PSPs) were established mainly in the 

designed four transects of four km long originating on the boundary of the Cyamudongo isolated 

rain forest following the slope gradient ranging from 1286 to 2015 m asl. A total number of 73 PSPs 

were established in the Cyamudongo study area. The Arc Map GIS 10.4 was used to design and 

map the sampling areas while GPS was used for localization of plots centers. Statistical significance 

was analyzed through R-software. The recorded soil pH means value across in Cyamudongo study 

area is 4.2, which is strongly acidic. The tests revealed that the soil pH, C, N, C: N ratio, OM, NH4
+, 

NO3
-+NO2

-, PO4
3-, and CEC were significantly different in various soil depths. The pH, N, C: N 

ratio, CEC, NH4
+, PO4

3-, and Al3
+ showed a significant difference across land uses whereas the C 

and NO3
-+NO2

- did not show any statistical difference. All tested chemical elements showed a 

statistical difference as far as altitude ranges are concerned. The only NH4
+, PO4

3-, and CEC showed 

significant differences with time whereas all other remaining chemical elements did not show any 

statistical significance. The soil pH was very strongly correlated with CEC, Mg, and Ca in cropland 

(CL) whereas it was strongly correlated in both AF and natural forest (NF) except for Mg, which 

was moderately correlated in AF. Furthermore, its correlation with K was strong in CL, and 

moderate in AF while it was weak in NF. Finally, the pH correlation with Na was weak in both AF 

and CL whereas it was negligible in NF.  
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Introduction 

Background  
In Rwanda, Agroforestry (AF) was seen as a net 

positive that could generate a flow of concrete benefits for 

smallholder farmers and make a significant contribution 

both to rural development and environmental protection 

and enhancement (Stainback et al., 2012). The adoption of 

AF and trees outside forest techniques will be enhanced to 

contribute to overall forest resources and agriculture 

productivity. AF is the most wide-reaching restoration 

opportunity in Rwanda. The agriculture sector holds a key 

role in sustaining efforts to improve agricultural 

productivity and addresses the challenge of soil 

degradation through the promotion of AF practices and 

forest management. The countries with a high population 

density especially Rwanda, experience the problems 

associated with the management of soil including poor soil 

productivity and the increase of erosion if no action is taken 

(König, 1994). Furthermore, Olson and Berry, (2003) 

pointed out that land degradation has long been recognized 

as a major problem in Rwanda, especially impacting the 

Southwest of the country, but important everywhere. 

http://creativecommons.org/licenses/by-nc/4.0/
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The broader agriculture community and policymakers 

must pay increased attention to AF as a viable strategy to 

restore and sustain soil health (Dollinger and Jose, 2018). 

According to König, (1994), erosion control by the use of 

biological measures such as multi-purpose hedges, and 

transformation of traditional land-use systems into 

appropriate AF systems is better than mechanical erosion 

control such as erosion control ditches.  

 

AF For Soil Properties Improvement and Nutrients 

Availability  
Changes in land use can significantly affect soil 

properties (Haghighi et al., 2010). The soil exchangeable 

bases in AF systems are higher than in natural forests (NF) 

due to the adoption of adequate soil conservation measures 

and scheduled fertilizer application, which contribute to 

the increase in the available macro and micronutrient status 

throughout the soil profile (Majumdar et al., 2016). The 

term soil fertility has been used by Lundgren and Nair, 

(1985) to refer to “the capacity of soil to support the growth 

of plants, on a sustained basis, under given conditions of 

climate and other relevant properties of the land”. The 

well-managed AF system helps to address soil-related 

issues such as soil degradation and fertility depletion 

(Lundgren and Nair, 1985). The proper selection of tree 

species in the AF system that can fix the atmospheric N 

may help the soil to receive a considerable amount of N 

and other essential nutrients needed by associated crops 

(Lundgren and Nair, 1985). Both N-fixing and non-N-

fixing trees are an AF that is general practice in tropical 

Africa. The AF practice positively affects soil health 

through nutrient recycling through the system (Jose, 2009). 

The AF tree species have been shown to significantly affect 

the soil properties and nutrients (pH, OC, NH4, P, Na, K, 

Ca, and Mg) with different magnitudes according to 

species. It is recommended that tree planting or Farmer 

Managed Natural Regeneration (FMNR) in AF parklands 

is guided not only by the common objectives of improving 

soil fertility and producing food and fodder, but also 

consider the selection of the appropriate tree species 

(Diallo et al., 2019). The AF trees provide the soil organic 

matter (OM) that is the energy source of soil organisms and 

influences both soil biodiversity and associated soil 

biological functions. As a result, SOC is one of the 

important indicators used in assessing soil health 

(Dollinger and Jose, 2018). AF is a practice that offers 

great promise to improve soil and soil health for current 

and future generations. The broader agriculture community 

and policymakers must pay increased attention to AF as a 

viable strategy to restore and sustain soil health (Dollinger 

and Jose, 2018).  

This study assessed the impacts of sustainable AF land 

use on the selected soil chemical properties through time, 

in different ranges of soil depths (0-20, 20-40, and 40-60 

cm) and altitudes (>1200 m asl and <2100 m asl). It 

evaluated the change of selected soil chemicals properties 

(pH, C, N, C: N ratio, OM, NH4
+, NO3

-+NO2
-, PO4

3-, and 

CEC) of ongoing land-use of sustainable AF in the study 

area of Cyamudongo Project intervention. The study 

alternatively hypothesized that There is a significant 

difference of selected soil chemical properties in different 

soil depths, land uses, altitude ranges, and throughout the 

time in the study area.  

Materials and Methods 

 

Description of the Study Area 

Rusizi District is located in the South-West of Rwanda 

and is one of seven districts of the Western Province. The 

area of the Rusizi district is 959 km2. In its south, it is 

bordered by two countries including the Democratic 

Republic of Congo (DRC) and the Republic of Burundi 

whereas, in its north, it is bordered by Nyamasheke and 

Nyamagabe districts. Furthermore, in its East, it borders 

with Nyamagabe and Nyaruguru districts. The estimated 

population density is 420 inhabitants km2-. Three sectors of 

Rusizi District including Gitambi, Nkungu, and 

Nyakabuye of Rusizi District located in the community 

around Cyamudongo isolated forest were selected because 

they were the main intervention area of the Cyamudongo 

Project. Cyamudongo fragmented rain forest (02°33.12’S 

28°59.49’E) is a small dense forest patch (300 Ha) around 

8 km away from Nyungwe National Park (NNP) in its 

South and western parts (Figure 1). 

 

 
Figure 1. Location of Cyamudongo study area 

 

Sampling design 

In this study, four transects were designed by the use of 

ArcMap software 10.4 in the way that each transect has 4 

km originating from Cyamudongo fragmented rain forest 

boundary towards Bugarama downhill via the high 

mountains of Nyakabuye and Gitambi sectors of Rusizi 

district. Its orientation towards Bugarama downhill was 

made to integrate all possible variations across the field 

since the field is characterized by the big mountains with 

steeper slopes with altitude ranging between 2015 at the 

top and 1282 m asl at their bottoms (Figure 2). The initial 

point of the transect was randomly selected. The four km 

transect corresponds to the width of the buffer established 

by the Cyamudongo Project. The distance of 600 m was 

kept between two consecutive transects. Systematically, 

the distance from one plot to the next within the transect 

was respected corresponding to 250 meters that were 

consistently measured to represent the variability of the 

field across the study area. The plots fallen in AF land use 

were counted while those fallen in forest land use were 

removed from the scope of our study. A total of 61 plots 

were established with a 17.84 m radius equivalent to 

approximately 1000 m2 to take soil samples. The sampling 

design for soil sample collection inside Cyamudongo 

fragmented rain forest was established along transects by 
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counting 250 m from the boundary of the forest. The 

starting point of transects of both inside and outside 

Cyamudongo fragmented rain forest was the same (Figure 

2). The distance between and within transects was 

respected. The sampling plots were established on 3 

transects constituting the undisturbed forest by human 

activity. Therefore, 12 plots for soil sampling were 

established along 3 transects. The ArcMap software 10.4 

was used to establish transects, GPS to take geographic 

coordinates of plots every 250 meters along the transect, 

and Hipchain to measure ground distance. 

 

 
Figure 2. Soil sampling design both in and outside 

Cyamudongo fragmented rain forest 

 

Collection of Soil Samples  
Through the use of the soil Auger 305.05, I was able to 

gather the samples of soil in various sampling depths (0-20 

cm, 20-40, and 40-60 cm) to test the chemical variables of 

the soil. For each plot, three samples were systematically 

taken for each depth to make a composite sample. The soil 

samples were put in open paper bags in the room for about 

three weeks to allow them naturally to be dried. Later the 

soil was put in plastic and paper bags, sealed, labeled, and 

transported to the laboratory of the University of Koblenz-

Landau for analysis. A total number of 475 soil samples 

were collected at different times of data collection with 

respect to sampling various depths both in the forest and 

outside the forest.  

 

Description of Laboratory Work 

The Soil Organic Carbon (SOC) was tested following 

Walkley and Black, (1934) and was converted into the Soil 

Organic Matter (SOM) by the use of a default factor of 

1.724 that was multiplied by the % of SOC. Total N was 

tested following Bremner & Mulvaney, (1982).  

The C: N ratio was calculated from the following 

equations:  

 

[C: N=(Soil organic C: Total N)]   (1) 

 

Soil pH was measured potentiometrically in Cacl2 at a 

ratio of 1:7.5 Soil: Cacl2 following the procedure of 

(Okalebo et al., 2002). Available phosphorus was extracted 

from the soil using Bray No 1 solution as an extractant. 

Furthermore, extractable nitrate was determined by the 

colorimetric method. Soil samples were extracted with 

potassium sulfate after which salicylic acid and sodium 

hydroxide were added and then analyzed by the 

molybdenum blue method. The exchangeable bases were 

analyzed following Chapman, (1965). The CEC was 

determined using a similar procedure as for exchangeable 

bases.  

 

Statistical Analysis 

The software package used to analyze the data was R 

software. A Kruskal Wallis test (the non-parametric 

equivalent of an ANOVA) was used to compare soil 

nutrients in different soil depths. As the automatic contrast 

procedure which exists for ANOVA is not developed for 

Kruskal Wallis tests, a pairwise difference between soil 

depths using a separate Mann Whitney Wilcoxon test was 

used at the P < 0.05 level. Spearman correlation test was 

used to detect the relationship between selected soil 

variables. The soil depths, land use, altitude ranges, and 

time were considered as independent variables and various 

variables of soil as dependent factors.  

 

Results and Discussions 

 

The average means of pH, C, N, C: N ratio, OM, NO3
- 

+ NO2
-, NH4

+, PO4
3-, CEC, and Al3+ in different soil depths, 

land uses, and altitudes ranges were obtained from the 

analysis. The averaged pH values are 4.51, 4.41, and 4.34 

in 0-20 cm, 20-40 cm, and 40-60 cm respectively and the 

averaged pH value in all soil depths is 4.42. For all plots in 

the study area, a pH decreased downward with soil depths 

where the subsurface soils are more likely to be acidic than 

in topsoil. There was a significant difference in pH value 

among soil layers (p-value = 0.022). The obtained pH 

values were strongly acidic according to Horneck, et al., 

(2011). This is in complete agreement with Adhikari et al., 

(2014) who reported more pH averaged values on surface 

layers that decreased with the increase of soil depths. This 

result also fits well with Reeves & Liebig, (2016) who 

reported a pH that varied significantly with soil depths. The 

tests highlighted the difference in pH values for various 

land uses. The soil pH mean values in AF, CL, and NF were 

4.47, 4.10, and 4.15 respectively. This concurs well with 

Endalew, (2016) who found that the land-use type affects 

significantly the pH level and the lowest pH values were 

observed in CL and NF. He further confirmed that the low 

pH level in CL might be due to the poor management of 

the soil such as the gathering of crop residues and 

application of acidic fertilizers among others. This result 

shares a number of similarities with Tkassahun et al., 

(2009) who indicated a significant statistical difference 

among various land uses with strong acidic pH for CL and 

browsing areas. On the other hand, Tkassahun et al., (2009) 

found that the NF contains more pH values. The soil pH 

values of the Cyamudongo study region augmented to 

some extent with time and were lower in deep layers 

compared to the soil surface layer. It was found that the 

land-use types coupled with their management activities 

with time affected the soil pH in various soil depths. The 

soil pH at the beginning (2018) of the Cyamudongo Project 

in various soil depths was lower compared to the recorded 

values at the end of the study (2019). In AF land use, it was 

4.55 and slightly increased to 4.56 at 0–20 cm, 4.37 to 4.53 

at 20–40 cm, and 4.30 to 4.45 at 40-60 cm. Besides, the soil 

pH at the start of the project in CL was gradually increased 
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in various soil depths from the beginning of the study 

(2018) to the termination of the study (2019). It was 4.04 

and increased to 4.26 at 0–20 cm, 3.94 to 4.28 at 20–40 cm, 

and 3.86 to 4.17 at 40-60 cm. Likewise, the soil pH values 

in the NF were decreased from the surface or upper layers 

toward sub-surface or deeper layers and were 4.27 at 0–20 

cm, 4.17 at 20–40 cm, and 3.99 at 40-60 cm. Our 

experiments are in line with the U. S Department of 

Agriculture, (2006) that proved that the forest area has 

lower pH values (more acidic levels) than CL, and 

transformation of land use from forest to CL can affect the 

soil pH values within a short period. 

The most remarkable result to emerge from the data is 

that the soil content in terms of OM and its decomposition 

speed contributed to differences in pH values in various 

land uses. Hence, the pick values were recorded in AF. 

Effectively, the implemented AF technologies in the area 

around Cyamudongo isolated forest influenced the pH 

increase. Therefore, the mixture of various AF species, 

which are associated with crops and other growing plants 

within the system, provides abundant mulches, which 

contribute to the regulation of soil moisture content, an 

increase of organic matter, and surface erosion control. 

Also, the application of fertilizers in the region together 

with the removal of crop residues for firewood and 

collecting fodder and mulches for livestock from the farm 

may contribute to the soil acidity. This result shares a 

number of similarities with Arévalo-Gardini et al., (2015) 

who reported more pH values in AF systems than in the old 

native secondary forest. Moreover, in agreement with our 

results, Krstic and Djalovic, (2001) reported the soil pH of 

forest profiles lower in comparison with meadows and 

arable lands. Therefore, the leaching of exchangeable bases 

(Ca 2+, Mg 2+, K1+, and Na 1+) or nutrients from surface to 

subsurface soils coupled with high rainfall in the study area 

(1835 mm in 2018 and 1638 in 2019) were found also to 

be the source of low level of pH corresponding to the soil 

acidic.  

Hereafter, the AF practices contributed to the uptake of 

leached nutrients from the soil deep layers where it is 

unreachable for the shallow rooting systems of crops. This 

confirms substantiates previous findings in the literature. 

The obtained values are barely distinguishable from Emiru 

and Gebrekidan, (2013) who found that land use and soil 

depths significantly influence soil pH. The pH variability 

is due to erosion of base cations, which are replaced by Al3+ 

and H+ to diminish the soil pH. The application of 

fertilizers with nitrogen content is another source of soil 

acidity. Upon its oxidation by soil microbes, it produces 

strong inorganic acids, which in turn releases H+ ions to the 

soil solution that in turn lowers soil pH. McCauley et al., 

(2017), reported that acidic conditions occur in soil with 

low buffering capacities (ability to resist pH change), and 

in regions with higher amounts of precipitation. High 

precipitation causes the leaching of base-forming cations 

and the lowering of soil pH. 

 

 
Figure 3. Comparison of soil pH in various sampling depths, land uses, and altitude ranges in different times 

 



Nsengumuremyi et al. / Turkish Journal of Agriculture - Food Science and Technology, 10(12): 2516-2530, 2022 

2520 

 

 
Figure 4. Comparison of soil SOM in various sampling depths, land uses, and altitude ranges in different times 

 

 

The pH value under NF on the surface soil (0-20) was 

4.27. This is consistent with (Lundgren and Nair, 1985) who 

reported the soil pH belongs between 4.0-4.5 in NF with 

substantial rain. Taken as a whole, the pH value was acidic. 

The extent of soil acidification, as measured by a decrease in 

soil pH, depends mainly on the pH buffering capacity of the 

soil (Bolan and Hedley, 2003). These results are in the line 

with those of Lundgren and Nair, (1985) who stated that a pH 

value < 5 is considered to be strong where Al3+ slowly 

exchange with H+ and the phenomenon is very serious at H= 

4.0. These tests revealed that the pH value reduced according 

to the augmentation of altitude and they were found to be 

inconstant. It was found that the soil acidity was higher in high 

altitude ranges (>1800 – 2100 m asl) while it was moderately 

acidic to slightly acidic in low altitude ranges especially 

ranging from >1200 to < 1800 m asl (Figure 3). The same 

results were reported by Vaysse and Lagacherie, (2015) who 

found that the highest predicted pH values were located in the 

lowest elevations where alkalization and salinization 

processes raise the pH. Contrariwise, the smallest pH values 

were located in the highest parts of the mountains with granitic 

rocks that produce coarsely textured alterations and are prone 

to podsolization processes. The biodiversity indicator species 

including ferns and flowering plants among others can help to 

describe the soil status of a given area. For example, the ferns 

indicate eroded and acidic soils (Miccolis et al., 2016). This is 

in complete agreement with the result of this study where 

different species of ferns were observed in the area outside 

Cyamudongo isolated rain forest. 

It was found that the soil SOC and SOM were 

extremely low (<0.40 and <0.70 respectively) to very high 

(>3.00 and >5.15 respectively) based on interpreting soil 

test results adapted by Hazelton and Murphy, (2007). The 

low level of SOC and SOM with extremely low content 

found in some areas of the study is probably due to the 

intensive use of soil by cultivating in all seasons of the year 

and removing all crop residues after harvesting. 

Consequently, this leads to declining of both SOC and 

SOM, which accelerates soil erosion, which in turn 

contributes to the depletion of nutrients. On the other hand, 

the SOC and SOM with very high contents in some areas 

were characterized by good structural condition, high 

structural stability, and soils probably water repellent. The 

results showed a significant difference between soil depths 

as far as SOC (p-value = 0.0013) and SOM (p-value = 

0.0013) are concerned. Therefore, the SOC and SOM 

contents significantly decreased as the soil sampling depth 

increased for all land uses (Figure 4). Hence, the SOC 

mean values (in percentage) in AF were 2.62, 2.13, and 

0.17 in 0-20 cm, 20-40 cm, and 40-60 cm respectively 

while the SOM was 4.52, 4.047, and 3.68 respectively in 

the aforementioned sampling depths. Moreover, the mean 

values of SOC in CL were 2.8, 2.38, and 2.22 in 0-20 cm, 

20-40 cm, and 40-60 cm respectively while SOM was 4.84, 

4.11, and 3.83 respectively from the surface, middle, and 

subsurface soil. Besides, the mean values of SOC in NF 

were 3.7, 2.39, and 2.02 in 0-20 cm, 20-40 cm, and 40-60 

cm respectively whereas the mean values of SOM were 

6.3, 4.12, and 3.49 respectively in 0-20 cm, 20-40 cm, and 

40-60 cm. By comparing SOM across various land uses, 

there was no significant difference with p-value = 0.4228. 

As the percentage changes in SOM content were higher at 

the surface soil compared to subsoil sampling depths in all 

land uses, this implies that the surface soil layer is the most 

biologically active of the soil profiles. The litter on the soil 

surface resulted from AF practices, crop production and 

high biomass production from NF caused high biological 

activity in the topsoil layers. Similarly, Adugna and 
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Abegaz, (2015), reported a higher percentage of OM at the 

surface layer and a small percentage in the subsoil layer across 

various land uses. Further, (Zhang et al., 2018), stated that the 

soil organic C and OM contents decreased as the soil depth 

increased and they were insufficient in most areas with low 

vegetation cover because of scarce litter in the surface layer. 

Similarly, Filiz et al., (2013) and reported the mean total N 

and OM content significantly decreased according to 

sampling depths. In conformity with this, Lantz et al., (2001) 

and Sheikh et al., (2009) reported that SOC contents decreased 

consistently with depths. 

Referring to the different times (2018 and 2019), the 

samples were collected, there was no significant difference 

for both SOC and SOM with p-value = 0.238. Therefore, 

one year was not enough to facilitate the accumulation and 

decomposition of a significant amount of OM on the soil 

across various land uses. The OM value significantly 

increased with the increase of altitude even though it was 

not consistent and consequently the soil OM lower values 

were found in low altitude levels (>1200-1500 masl) while 

the high values were found in high altitude ranges (>1500 

– 2100 m asl) (Figure 4). In connection with this, the OM 

is highly accumulated in high altitudes ranges than in low 

altitude ranges of the study area.  

Generally, a large part of both CL and AF land uses are 

located in low altitude ranges while the NF is only found 

in high elevations (>1800 m asl). The high soil OM in NF 

is due to high rainfall of Cyamudongo isolated rain forest 

(1835 mm in 2018 and 1638 in 2019), which promotes 

plant growth; cooler temperature, and high soil acidity of 

the area, which could decrease the rate of decomposition 

and mineralization of soil OM. Besides, the cooler 

temperature is in the relation to higher altitude ranges. 

However, the lower accumulation of soil OM in low 

altitude ranges might be attributed to the high temperature 

and frequent tillage activities which prevent the 

accumulation of OM. Usually, lower altitudes areas are 

having a higher temperature than areas with high altitudes 

(Kidanemariam et al., 2012). 

The N mean value decreased with the increase of soil 

depth. The recorded percentage of N mean values are 0.23, 

0.20, and 0.12 in 0-20 cm, 20-40 cm, and 40-60 cm 

respectively. The averaged N mean value in all soil depths 

is 0.20. For soil total Nitrogen, there was a significant 

difference in N among soil depths, land uses, altitude 

ranges with p-value = 2.159e-05, p-value = 0.01567 and p-

value < 2.2e-16 respectively. Besides, the result shows that 

there is no significant change (p-value = 0.2725) for N 

percentage with a one-year time interval. The N percentage 

decreased significantly, as the soil sampling depth 

increases across various land uses whereas it was 

significantly increased as the altitude level increased 

(Figure 5). The substantial amount of precipitation of the 

study area coupled with the low temperature in high 

altitude may decrease the soil organic matter 

decomposition. Consequently, the percentage of the total 

Nitrogen was higher in the high-altitude ranges than in the 

lower altitude ranges. These results are in the line with Filiz 

et al. (2013), who reported the total N content increased 

along the altitudinal gradient and it is likely that differences 

in soil nitrogen storage were also caused by differences in 

decomposition and nitrogen turnover rates. It was also 

reported that the nitrogen increased with increasing altitude 

(S. Kumar et al., 2010). 

 

 
Figure 5. Comparison of soil total N in various sampling depths, land uses, and altitude ranges in different times 
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Figure 6. Evaluation of soil C: N ratio in soil depths, land use, and altitude range with time 

 

 

The mean N value in the study area was rated from 

medium (0.15–0.25) to high (0.25–0.50) according to the 

soil test interpreting results reported by Hazelton and 

Murphy, (2007). The mean N was tested in different soil 

sampling depths, land uses, altitudes range for different 

times of data collection. The N mean value was higher in 

NF, followed by CL and AF. Starting with soil depths in 

AF, the mean N value was 0.21, 0.19, and 0.17 in 0-20 cm, 

20-40 cm, and 40-60 cm respectively. The N means value 

in CL was 0.23, 0.2, and 0.19 respectively from the top to 

down of the soil depth. The N means value in NF was 0.4, 

0.22, and 0.19 in the surface, medium, and soil subsurface. 

The high amount of total N found in the natural forestland 

use is in the relation to the high amount of OM recorded in 

the natural forest especially on the soil surface layer. As the 

percentage of N increased with the increase of altitude, this 

also indicates the positive relationship between N values 

with altitudinal gradient. In forestland, a large number of 

mulches on the soil surface produced by the mixture of 

plants, trees, shrubs contribute significantly to the high 

amount of N at the soil surface. As the decomposition of 

OM in the high altitude coupled with low temperature and 

a substantial amount of rainfall contributed significantly to 

the difference of tested N in various soil depths. It may take 

a long time beyond a one-year interval to facilitate a 

significant change of N and OM in similar environmental 

conditions. The continuous cropping of the whole year in 

AF and CL resulted from a small percentage of total N 

compared to the recorded N in NF. 

These results are consistent with Demiss and Beyene, 

(2010) who reported the high amount of organic C and total 

N at the soil surface that declined with soil depths. In their 

study, the total N on the soil surface along altitudinal 

gradient had also a comparable tendency of OM. Similarly, 

Filiz et al. (2013), reported that the OM and Total N 

decreased along with the soil depth while they increased 

along the altitudinal gradient. Emiru and Gebrekidan, 

(2013), reported total N contents of soils demonstrated 

significant variation between land uses (P≤0.01), soil 

layers (P≤0.01), and interaction between the two factors 

(P≤0.01). Total nitrogen content declined with a shift of 

land uses from the natural forest into agricultural fields, 

and with increasing soil depth from 0-20 cm to 20-40 cm. 

The C: N ratio of the study area was rated from very 

low (<10) to low (10–15) according to the soil test 

interpreting results reported by Hazelton and Murphy 

(2007). They further interpreted the C: N ratio < 25 

indicates that the decomposition of OM may proceed at the 

maximum rate possible under environmental conditions. 

This is in complete agreement with Jiang et al. (2019), who 

stated that the C: N lower than 25:1 indicates that there is 

enough percentage of C and N in soil that is important to 

sustain the soil productivity and nutrient availability. No 

significant difference was observed between soil depths (p-

value = 0.6425), land use (p-value = 0.6425) and altitude 



Nsengumuremyi et al. / Turkish Journal of Agriculture - Food Science and Technology, 10(12): 2516-2530, 2022 

2523 

 

ranges (p-value = 0.2725) in various periods of data 

collection as with regard to C: N ratio. Further, the analysis 

tests showed a significant difference in C: N ratio for 

different altitudes ranges and land use with p-value < 2.2e-

16 and p-value = 2.099e-08 separately. The C: N ratio 

mean values on the soil surface layer (0-20 cm) were 11.95, 

12.03, and 10.3 in AF, CL, and NF respectively. Also, on 

the medium soil layer (20-40 cm), its mean values were 

11.91, 11.89, and 10.3 in AF, CL, and NF distinctly. 

Moreover, in the dipper sampling soil layer (40-60 cm), the 

mean values in AF, CL, and NF were 11.77, 11.6, and 9.9 

respectively.  

Generally speaking, the C: N ratio declined with the 

augmentation of soil depths crosswise land uses. Kafle 

(2019) noted that C: N ratio of the soil increased with the 

increase of soil depths. The result of my study to not 

support his observation in the fact that the trend of the C: 

N ratio is different from our current findings. The high 

mean values were recorded in CL followed by AF and NF 

(Figure 6). This is in good agreement with Toru and Kibret, 

(2019) who reported the pick values in terms of soil C: N 

ratio in CL and compared AF and NF soils. Fetene and 

Amera, (2018) reported a small amount of C: N ratio in 

uncultivated areas than in cropped areas. On one hand, it 

agrees with the results of Emiru and Gebrekidan, (2013) 

where they found the numerical values for land uses that 

are highest for cultivated soils and lowest for forest soils, 

which can be due to the rapid loss of N (the denominator) 

in the former. On the other hand, it disagrees in the way 

that the variation in C: N ratios between land use did not 

reveal significant (P>0.05) differences but varied across 

soil depth significantly (P≤0.05). 

It was found that the observed NO3
-+NO2

- is between 

9.8 and 21.24 mg/Kg. This range falls in the 100% (7–15 

mg/Kg) to 60% (16–22 mg/Kg) probability of a profitable 

response to nitrogen fertilizer based on soil test interpreting 

results adapted by Hazelton and Murphy, (2007) 

understudy carried out by Holford and Doyle (1992). Their 

study was about yield responses and nitrogen fertilizer 

requirements of wheat about soil nitrate levels at various 

depths. Furthermore, the recorded NO3
-+NO2

- was ranked 

from low (<10), medium (10-20) to high (20-30) about the 

soil interpretation guide of Marx and Hart (1999). 

Eventually, they were classified with the current 

information as deficient for most crops (<10 ppm), Low 

(10-20 ppm), and moderate (20-30 ppm) (Flynn, 2015). 

The NO3
-+NO2

- shows a significant difference for both 

sampling depths and altitude ranges with p-value = 5.165e-

08 and P-value = 1.675e-05 respectively. No significant 

difference highlighted between land uses and data 

collection periods with P-value = 0.4364 and P-value = 

0.08637. 

 

 

 
Figure 7. Comparison of soil NO3- + NO2- ratio in various sampling depths, land uses, and altitude ranges in different times 
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Figure 8. Assessment of soil NH4+ ratio in soil depths, land uses, and altitude ranges with time 

 

 

The NO3
-+NO2

- mean values in mg/Kg across various 

soil depths in AF land use were 18.94 (0-20 cm), 12.72 (20-

40 cm), and 9.8 (4 0-60 cm). In CL, they were 15.07, 10.81, 

and 13.58. In NF, they were 21.24, 19.30, and 18.82. The 

NO3
- + NO2

- mean values decreased as the soil depth 

increased in all land uses. Generally, the high mean values 

are ranked in the following order: NF >AF >CL (Figure 7). 

This result concurs with Xue et al., (2013). In their study, 

significant effects were observed in the concentration of 

soil nitrate-nitrogen (NO3−N), depending on soil profile 

depths. Compared to the natural grassland areas, the soil 

nitrate-nitrogen contents decreased in the manmade 

grassland, abandoned farmland, farmland, and orchard. 

In Cyamudongo, the land-use conversion and variation 

in altitude patterns marked with high slopes associated with 

erosion result in a high variation among N concentrations. 

In general, soil nitrate-N is removed from the upper layers 

by leaching after rainfall; indeed, the soil nitrate-N in the 

0-20 cm layer was significantly greater than in the 20–40-

cm layer. Nitrate is highly reached from the soil with high 

rainfall or excessive irrigation (Marx and Hart, 1999). The 

recorded amount of NO3−N in the Cyamudongo study area 

is due to the sampled depth, intensive rainfall, and high 

elevations remarkable in the region. Nitrate-N, however, is 

the form most common in arable soils and is a measure of 

readily available nitrogen for plant use. Because NO3-N is 

highly soluble and has a negative charge, it is subject to 

leaching in all soils, but especially in coarse- to medium-

textured soils (Flynn, 2015). Plant available form of 

nitrogen is Nitrate and ammonium. Soil concentration of 

Nitrate and ammonium depend on biological activities and 

therefore fluctuate in the conditions such as temperature 

and soil moisture (Marx and Hart, 1999). 

Nitrate-N (NO3
-) is a negatively charged anion and is 

therefore not held by the soil but remains highly mobile in 

the soil solution. This mobility means that nitrate-N is 

readily available for plant uptake, but (in high rainfall 

events and free-draining soils) is more easily leached out 

of reach of the plant root system (Botta, 2016).  

 

The NH4
+ shows a significant difference for sampling 

depths, land uses, altitude ranges and times of data 
collection with p-value = 0.0083, p-value < 2.2e-16, p-
value < 2.2e-16 and p-value = 4.531e-08 correspondingly. 
According to Marx and Hart (1999), the observed amount 
of Ammonium-nitrogen of the study area were in the range 
of < 10 (typical concentration) and > 10 ppm (occur in the 
cold or extremely wet soils). The NH4

+ average values 
were computed in targeted land uses. For AF, the results in 
mg/Kg were 1.46, 1.16, and 1.005 separately in 0-20 cm, 
20-40 cm, and 40-60 cm. Thereafter, with CL the mean 
values were 1.91, 1.49, and 1.23 chronologically in the 
consistent soil depths. Finally, for NF, they were 16.62, 
8.61, and 8.1 consistently with soil depth. The highest 
values were observed on the surface layer and the mean 
value of NH4+ increased significantly and consistently 
with the increase of altitude. The observed ammonium 
nitrate in the high altitude is concerning the high amount 
of OM and N percentage recorded in the high altitudes, 
which are dominated by the NF land use where the high 
precipitation is dominant. The precipitation usually 
distributed in the whole year advantaged microbial 
processes that allowed greater ammonium mineralization. 

It was observed that the pick averages were in NF, 
followed by CL and AF, and declined as the soil depth 
augmented (Figure 8). Our results agree with the findings 
of Xue et al., (2013) who found the significant effects that 
were observed for the concentrations of soil ammonium 
nitrogen (NH4

+-N), depending on the different land uses 
and soil profile depths. Compared to the natural grassland 
areas, the soil nitrate-nitrogen contents decreased in the 
manmade grassland, abandoned farmland, farmland, and 
orchard. In their study, the surface layer exhibited the 
greatest soil ammonium-nitrogen concentration in various 
land uses. This result concurs with Xue et al., (2013), In 
their study, significant effects were observed in the 
concentration of soil nitrate-nitrogen (NO3−N), depending 
on the different land uses and soil profile depths. Compared 
to the natural grassland areas, the soil nitrate-nitrogen 
contents decreased in the manmade grassland, abandoned 
farmland, farmland, and orchard. 
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The NH4
+ of the study area was significantly highly 

influenced by various factors including soil depth, land use, 

altitude, and precipitation. Unlike nitrate-N, ammonium-N 

(NH4
+ is a positively charged cation and can be chemically 

bonded onto the (negatively charged) surfaces of clays and 

organic matter. Agronomists use levels of ammonium-N 

on soil tests to indicate how much N is likely to become 

available (Botta, 2016). Ammonium-N does not 

accumulate in soil due to the effects of soil temperature and 

moisture that favor the conversion of NH4
+ N to NO3

-N 

(Flynn, 2015). 

Mainly, the soil PO4
3- was found to be very low (<5) to 

very high (17-25) in accordance to Hazelton and Murphy, 

2007). Generally, the minimum value was 0.1 mg/L 

whereas the maximum value was 19.62 mg/L and the 

averaged mean value was 2.1 mg/L considering all the 

records made for soil depths, land uses, altitude ranges, and 

times of the data collection. The soil PO4
3- average values 

reduced with the rise of soil depth (Figure 9): 0-20 cm (2.78 

mg/L), 20-40 cm (1.84 mg/L), and 40-60 cm (1.71 mg/L), 

and the difference was significant. Our results agree with 

Emiru and Gebrekidan, (2013) who reported the high soil 

PO4
3- value on surface soil while decreased with the 

increase of soil depth though not statistically significant. 

This result is shown a significant difference between land 

uses with a peak average in NF (2.98 mg/L), followed by 

AF (2.12 mg/L) and CL (0.59 mg/L). As anticipated, this 

result demonstrates the impact of land-use change from NF 

to CL reduced significantly the P availability compared to 

AF. The tests did not confirm any significant difference 

between NF and AF (P>0.05). On the other hand, 

Bizuhoraho et al., (2018) reported the highest AP in the 

farmland with the value of 84 ppm, followed by cultivated 

land with a value of 76 ppm, and finally, the lowest AP was 

found in the forested land with a value of 70 ppm.  

Climatic conditions, such as rainfall and air 

temperature, and site conditions including soil moisture, 

aeration, and salinity affect the rate of mineralization of P 

because of the decomposition of organic matter. The soil 

pH value of 6 to 7.5 is perfect for P to support the 

vegetation growth. Values of less than 5.5 and 7.5-to 8.5 

limit availability of P because of fixation by aluminum, 

iron, or calcium, which commonly are associated with soil 

parent material (USDA, 2006). The small amount of 

recorded P is due to the experienced high amount of rainfall 

in the Cyamudongo area that causes the loss of P at the soil 

surface through leaching. This is consistent with  Zhang et 

al., (2018), who informed the loss of P caused by 

precipitation. The overall pH means the value of the study 

area was low and strongly acidic (4.41) and this value 

limits the availability of soil available P. The pH level of 

the study area especially in AF and cropland land use 

should be increased and maintained at a range of 5.5–7.2 

for optimal availability and uptake by plants (Cerozi ans 

Fitzsimmons, 2016).  

The results showed a significant difference between 

altitude ranges (P>0.05) and the averaged mean value was 

2.1 mg/L. The available P has neither decreased nor 

increased with the altitudinal gradient. 

Initially, the CEC was estimated by summing the 

exchangeable base cations or alkaline-forming (or base) 

cations (Calcium (Ca2+), Magnesium (Mg2+), Potassium 

(K+), and Sodium (Na+) (‘CEC by bases’) (Botta, 2016). 

The Effective Cation Exchange Capacity ECEC (base and 

acid cations) was calculated by considering the Al3+. 

Aluminum is a predominant cation in many soils and can 

be a critical variable in establishing ECEC values. For 

ECEC determinations it is not necessary to differentiate 

between exchangeable A1+3 and H+ (Robertson and Ellis, 

1999). 

 

 
Figure 9. Comparison of soil PO43- ratio in various sampling depths, land uses, and altitude ranges in different times 
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Figure 10. Evaluation of soil PO43- in sampling depths, land uses, and altitude ranges with time 

 

Therefore, the CEC of the study area was ranked as 

very low (<6 cmol (+)/kg) to very high (>40 cmol (+)/kg) 

according to the interpreting soil results of Hazeltonand 

Murphy, (2007). The general average was 49.23 and it is 

an indicator of very high CEC of the study area. The lowest 

minimum value was 3.7 mg/L while the highest value was 

234.76 mg/L. The CEC mean value was significantly 

decreased with the increase of soil depth (Figure 10). Our 

results concur with Adugna and Abegaz, (2015) who found 

the decrease of CEC with the increase of soil depth. The 

CEC increased significantly with increasing years. This 

last is in agreement with Arévalo-Gardini et al., (2015) 

who reported the increase of CEC with increasing years. 

The CEC was also significantly influenced by land uses 

(P<0.05). The tests revealed a significant difference 

between AF and CL, CL and NF. No significant difference 

was detected between AF and NF. The CEC high values 

were recorded in AF (50.7 mg/L), followed by NF (49.2 

mg/L) and CL (28.9 mg/L). The high CEC value in AF 

especially on the surface layer is associated with OM. Our 

results conform with Sharma et al. (2009) who found that 

the CEC and organic carbon (OC) were significantly 

influenced by the land-use systems and AF system resulted 

in the highest pH (7.5), CEC (13.6 cmol/ kg), and organic 

carbon (C) content (9.6 g/ kg). The overall ECEC mean 

value was 56.8 mg/L. 

The general pH values were low and ranked as strongly 

acidic (pH = 4.41). Therefore, soils with low pH should be 

tested for exchangeable Al as a measure of potential Al 

toxicity (Landon, 2017). The Al 3+ coupled with substantial 

rainfall were found to be the main source of soil acidity of 

the study area. The Al 3+ mean value was 6.9 and is rated 

as high according to Pekin, (2013). Our results agree with 

other researchers ‘findings. Initially, Botta (2016) reported 

that in acid soils the positive cations such as H and 

aluminum replace the soil basic cations such as calcium, 

magnesium, and potassium. This can be especially 

significant in high rainfall environments (greater than 600 

mm) due to the potential leaching of the basic cations (Ca 
2+, Mg 2+, K1+). Further, Landon, (2017), stated that for 

acidic soils (pH < 5.5), there are possibly Al toxicity and 

excess Co, Cu, Fe, Mn, Zn; and deficient in Ca, K, Mg, 

Mo, P, S. Al ions are released from clay lattices at pH 

values below about 5.5 and become established on the clay 

complex. Therefore, as a principle, “in soils of low pH 

(<5.5) it is not the hydrogen ions (H+) that operate as a 

direct constraint to plant productivity, but rather the 

abundance of toxic cations, primarily Al3+ and to a lesser 

extent Mn2+” (Marschner, 1986). In tropical soils, the 

exchangeable acidic cations in soils between pH 3 and 5.5 

values are only made by Al (Okalebo et al., 2002). The Al 

saturation in the Cyamudongo study area was high 

(63.13%) which may prevent the soil productivity as the 

recorded available P and organic C were low. 

Figure 12 shows how the pH is correlated with, CEC 

and alkaline-forming cations in various land use including 

AF, CL, and NF. As a result, the pH was very strongly 

correlated with CEC, Mg, and Ca in CL whereas it was 

strongly correlated in both AF and NF except for Mg, 

which was moderately correlated in AF. Furthermore, its 

correlation with K was strong in CL, moderate in AF while 

it was weak in NF. Finally, the pH correlation with Na was 

weak in both AF and CL whereas it was negligible in NF 

(Figure 12. 

The tests showed that the soil CEC was strongly 

correlated with soil pH in various soil depths. Soil pH is 

frequently called the master soil variable because it affects 

soil productivity (Minasny et al., 2016) and (Botta, 2016). 

As the pH increases, the CEC tends to increase.  
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Figure 11. Relationship between soil pH, CEC, and exchangeable cations in different sampling depths 

 

 

Our findings coincide with the correlations reported by 

(omašić et al., (2013) where they found the correlation 

coefficient between base saturation (V %) and pH for all 

soils was r=0.79 that is a strong correlation for the studied 

soils according to the used correlation intensity scale used 

for our study. As the pH increases, the CEC tends to 

increase. Our findings coincide with the correlations 

reported by Tomašić et al., (2013) where they found the 

correlation coefficient between base saturation (V %) and 

pH for all soils was r=0.79 that is a strong correlation for 

the studied soils according to the used correlation intensity 

scale used for our study. The observed correlation 

coefficients were similar to those of Muraoka, (2001) who 

reported the positive correlations between the values of P, 

Ca2+, Mg2+, K+, SB, CEC and V%, and soil pH, and a 

negative correlation between aluminum saturation (m%), 

showing the importance of soil reaction on soil fertility and 

the conditions for crop production.  

The Al was negatively strongly correlated with pH in 

all soil depths. It meant that as the pH decreases, the Al 

increases. The observed correlation coefficients were 

similar to those of Muraoka, (2001) who reported the 

positive correlations between the values of P, Ca 2+, Mg 2+, 

K+, SB, CEC and V%, and soil pH, and a negative 

correlation between aluminum saturation (m%), showing 

the importance of soil reaction on soil fertility and the 

conditions for crop production. Therefore, the leaching of 

exchangeable bases (Ca 2+, Mg 2+, K 1+ and Na 1+) or 

nutrients from surface to subsurface soils coupled with 

high rainfall in the study area (1835 mm in 2018 and 1638 

in 2019) were identified to be the main sources of high soil 

acidity in the area around Cyamudongo isolated rain forest. 

Another possible reason is the application of nitrogen 

fertilizers, which result in soil acidification. As soil pH 

decreases, aluminum (Al) is solubilized and the proportion 

of phytotoxic aluminum ions increases in the soil solution 

(Krstic and Djalovic, 2001). Strongly acidic Al can have 

Ca, Mg, and K deficiency (due to possible leaching) which 

affects the soil's biological function. Several factors 

contribute to acid soil toxicity depending on soil 

composition. In acid soils with high mineral content, the 

primary factor limiting plant growth is Al toxicity. The Al 

released from soil minerals under acid conditions occurs as 

Al (OH)2+, Al (OH), and Al (H2O)3+, the latter commonly 

referred to as Al (Kinraide, 1991). He further stated that, 

for most agriculturally important plants, Al ions rapidly 

inhibit root growth at micromolar concentration. 
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Figure 12. Relationship between soil pH, CEC, and alkaline-
forming cations in different land uses.  

The values of CEC and base exchangeable cations (Ca 
2+, Mg 2+, K +, and Na +) significantly vary depending on 

soil type and their horizons, which can be seen in the 

obtained values of CEC and each base cation. Cation 

exchange capacity is under the influence of numerous 

chemical and physical parameters of soil, which, with 

climate and relief, influence its values (Tomašić et al., 

2013). The particularity of Al was only one element to be 

strongly correlated with CEC compared to other elements. 

It is different from K, Mg, Ca, and Mg as it was found to 

increase with the pH decrease while the others increase 

with pH increases (Figure 11). Its correlation with pH was 

found to be negative with a very strong correlation in 

>1200-1300 m and >1900-200 m, moderate correlation in 

>1300-1400 m, and strong correlation in all other 

remaining altitude ranges. The topography can be the basis 

to characterize and describe the soil productivity of a 

particular area(Jiang et al., 2019). Elevation, or vertical 

distance, represents the integration of geographic distance 

and a variety of abiotic and biotic factors including light, 

temperature, water, and vegetation that change along the 

elevation (B. Zhang et al., 2019). The 8°C fluctuations at 

ground level, reducing to 4°C at 200 m and less than 2°C 

at 800 m (THOM, 1975). A progressive decrease in the 

temperature of the soil can happen with the augmentation 

of altitude (Jiang et al., 2019). The soil pH was correlated 

with other nutrients, as it is an important indicator of soil 

health. It affects crop yields, crop suitability, plant nutrient 

availability, and soil microorganism activity and influences 

key soil processes. The test revealed that the recorded soil 

pH means value across the study area is 4.2, which is very 

strongly acidic. Figure 11 illustrates the association among 

various selected soil variables such as pH, CEC, and 

exchangeable cations in depths using regression analysis to 

determine how the soil has been cared for. The regression 

coefficients, lines, and p-values were provided. The results 

were interpreted about appropriate use and interpretation 

of correlation coefficients described by (Schober et al., 

2018). The tests showed that the soil CEC was strongly 

correlated with soil pH in various soil depths. The tests 

highlighted that the CEC tends to increase with the pH 

increase. The K was moderately positively correlated with 

pH in different soil depths. Mg was moderately positively 

correlated with pH in 0-20 cm and 40-60 cm soil depths 

whereas it was strongly correlated with pH in 20-40 soil 

depth. The Ca was strongly correlated with pH in various 

soil depths. There was a negligible correlation between Na 

and pH in 40-60 cm soil depth found in various land uses 

whereas the correlation was a week for 0-20 cm and 20-40 

cm sol depths. The Al was negatively strongly correlated 

with pH in all soil depths. It meant that as the pH decreases, 

the AL increases.  

 

Conclusion  
 

Our work has led us to the conclusion that sustainable 

AF can contribute to the improvement of soil properties. 

The tests revealed that the soil pH, C, N, C: N ratio, OM, 

NH4
+, NO3

-+NO2
-, PO4

3-, and CEC were significant in 

different soil depths. The pH, N, C: N ratio, CEC, NH4
+, 

PO4
3-, and Al3

+ showed a significant difference across land 

uses whereas the C and NO3
-+NO2

- did not show any 

statistical difference. All tested chemical elements showed 
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a statistical difference as far as altitude ranges are 

concerned. The only NH4
+, PO4

3-, and CEC showed 

significant differences with time whereas all other 

remaining chemical elements did not show any statistical 

significance.  

These results seem likely to confirm the hypothesis 

stating that there is a significant difference of selected soil 

properties throughout the time in the study area especially 

for NH4
+, PO4

3-, and CEC. Contrary to expectations, this 

assumption was rejected for pH, C, C: N ratio, OM, and 

NO3
-+NO2

-. As anticipated, this hypothesis was accepted 

also for all tested elements in different altitude ranges. The 

hypothesis was further accepted for various nutrients in 

different soil depths except for soil N which was not 

changed significantly. It may be assumed that the pH, N, 

C: N ratio, CEC, NH4
+, PO4

3-, and Al3
+ significantly change 

with different land uses which is not supported for the C 

and NO3
-+NO2

-. The pH level in AF and CL should be 

increased and maintained at a range of 5.5-7.2 for optimal 

availability and uptake by plants. 

 

Acknowledgement 

 

I acknowledge the University of Koblenz-Landau/ 

Germany and the Federal Ministry for Environment, 

Nature Conservation, and Nuclear Safety (BMU) for 

funding the Cyamudongo Project of the University of 

Koblenz-Landau under which I was granted and secured 

the research fees. The management of Integrated 

Polytechnic Regional College- Kitabi (IPRC Kitabi) led by 

Mr. Richard NASASIRA, for supporting me in conducting 

this research study. Government of Rwanda, through the 

Ministry of Agriculture, Ministry of Local Government, 

and the Rwanda Development Board for permitting me to 

conduct this research project and the export of the soil 

samples and wood biomass for laboratory analysis, and the 

National Meteo Agency to provide access to the online 

weather parameters used in this study. All my field and 

laboratory assistants for their cherished time spent together 

in the field, and laboratory.  

 

References 

 
Adhikari K, Bou Kheir R, Greve, MB, Greve, MH, Malone, BP, 

Minasny B, McBratney AB. 2014. Mapping soil pH and bulk 

density at multiple soil depths in Denmark. GlobalSoilMap: 

Basis of the Global Spatial Soil Information System - 

Proceedings of the 1st GlobalSoilMap Conference, January, 

155–160. https://doi.org/10.1201/b16500-31  

Adugna A, Abegaz A. 2015. Effects of soil depth on the dynamics 

of selected soil properties among the highland’s resources of 

Northeast Wollega, Ethiopia: are these signs of degradation? 

Solid Earth Discussions, 7(3), 2011–2035. 

https://doi.org/10.5194/sed-7-2011-2015  

Arévalo-Gardini E, Canto M, Alegre J, Loli O, Julca A, Baligar 

V. 2015. Changes in soil physical and chemical properties in 

long term improved natural and traditional agroforestry 

management systems of cacao genotypes in Peruvian 

Amazon. PLoS ONE, 10(7), 1–29. 

https://doi.org/10.1371/journal.pone.0132147  

Bizuhoraho T, Kayiranga A, Manirakiza N, Mourad KA. 2018. 

The Effect of Land Use Systems on Soil Properties; A case 

study from Rwanda. Sustainable Agriculture Research, 7(2), 

30. https://doi.org/10.5539/sar.v7n2p30  

 

Bolan NS, Hedley MJ. 2003. Role of carbon, nitrogen, and sulfur 

cycles in soil acidification. Handbook of Soil Acidity, 29–56. 

https://doi.org/10.1201/9780203912317 . 

Botta C. 2016. Understanding your soil test. Yea River 

Catchment Landcare Group. ISBN 978-0-646-94804-1 

Bremner JM, Mulvaney CS.1982. Nitrogen-Total. In: Methods of 

soil analysis. Part 2. Chemical and microbiological 

properties, American Society of Agronomy, Soil Science 

Society of America, Madison, Wisconsin, 595-624. 

ISBN:9780891180722. 

Cerozi S, Fitzsimmons K. 2016. The effect of pH on phosphorus 

availability and speciation in an aquaponics nutrient solution 

Bioresource Technology The effect of pH on phosphorus 

availability and speciation in an aquaponics nutrient solution. 

Bioresource Technology, 219(September), 778–781. 

https://doi.org/10.1016/j.biortech.2016.08.079 

Chapman HD. 1965. Cation Exchange Capacity. In: Black, C.A., 

Ed., Methods of Soil Analysis, American Society of 

Agronomy, Madison, 891-901. 

https://doi.org/10.2134/agronmonogr9.2.c6  

Demiss M, Beyene S. 2010. Characterization and classification of 

soils along the toposequence of Kindo Koye watershed in 

Southern Ethiopia. East African Journal of Sciences, 4(2), 

65–77.  

Dollinger J, Jose S. 2018. Agroforestry for soil health. 

Agroforestry Systems, 92(2), 213–219. 

https://doi.org/10.1007/s10457-018-0223-9  

Endalew BA. 2016. Impact of land use types on soil acidity in the 

highlands of Ethiopia: The case of Fagetalekoma district 

Impact of land use types on soil acidity in the highlands of 

Ethiopia: The case of Fagetalekoma district. January. 

https://doi.org/10.15413/ajes.2013.035  

Fetene EM, Amera MY. 2018. The effects of land use types and 

soil depth on soil properties of Agedit watershed, Northwest 

Ethiopia. Ethiopian Journal of Science and Technology, 

11(1), 39. https://doi.org/10.4314/ejst.v11i1.4  

Filiz Y, Lokman A, Ömer K, Kamil Ş, Turan Y, Mehmet K. 2013. 

The Effect of Altitude on Soil Properties and Leaf Traits in 

Wild Vaccinium arctostaphylos L. Populations in the Forest 

Understory in Fırtına River Basin.  

Flynn R. 2015. Interpreting soil tests: Unlock the secrets of your 

soil. College of Agriculture, Consumer and Environmental 

Sciences (ALCES) Circular 676, 12. 

Hazelton PA, Murphy BW. 2007. Interpreting Soil Test Results: 

What do all the Numbers mean? In European Journal of Soil 

Science (Vol. 58, Issue 5). https://doi.org/10.1111/j.1365-

2389.2007.00943_8.x  

Holford ICR, Doyle AD. 1992. Yield responses and nitrogen 

fertilizer requirements of wheat in relation to soil nitrate 

levels at various depths. Australian Journal of Soil Research, 

30(5), 683–694. https://doi.org/10.1071/SR9920683  

Horneck DA, Sullivan DM, Owen JS, Hart JM. 2011. Soil Test 

Interpretation Guide. Rehabilitation, 3, 1–8. 

https://doi.org/10.1017/CBO9781107415324.004  

Jiang L, He Z, Liu J, Xing C, Gu X, Wei C, Zhu J, Wang X. 2019. 

Elevation gradient altered soil C, N, and P Stoichiometry of 

Pinus taiwanensis forest on Daiyun Mountain. Forests, 

10(12), 1–15. https://doi.org/10.3390/F10121089  

Jose S. 2009. Agroforestry for ecosystem services and 

environmental benefits: An overview. Agroforestry Systems, 

76(1), 1–10. https://doi.org/10.1007/s10457-009-9229-7  

Kafle G. 2019. Vertical Distribution of Soil Organic Carbon and 

Nitrogen in a Tropical Community Forest of Nepal. 

International Journal of Forestry Research, 2019. 

https://doi.org/10.1155/2019/3087570  

Kidanemariam A, Gebrekidan H, Mamo T, Kibret K. 2012. 

Impact of Altitude and Land Use Type on Some Physical and 

Chemical Properties of Acidic Soils in Tsegede Highlands, 

Northern Ethiopia. Open Journal of Soil Science, 02(03), 

223–233. https://doi.org/10.4236/ojss.2012.23027  



Nsengumuremyi et al. / Turkish Journal of Agriculture - Food Science and Technology, 10(12): 2516-2530, 2022 

2530 

 

Kinraide TB, 1991. Identity of the rhizotoxic aluminium species. 

167–178. https://doi.org/10.1007/BF00010729  

König D. 1994. Dégradation et erosion des sols au Rwanda. 

Cahiers d’Outre-Mer, 47(185), 35–48. 

DOI:10.3406/caoum.1994.3503      

Krstic D, Djalovic I. 2001. Aluminium in Acid Soils: Chemistry, 

Toxicity and Impact on Maize Plants. DOI:10.5772/33077  

Kumar S, Kumar M, Sheikh MA. 2010. Effect of Altitudes on 

Soil and Vegetation Characteristics of Pinus roxburghii 

Forest in Garhwal Himalaya. 1(2). Available from: 

https://agris.fao.org/agris-

search/search.do?recordID=DJ2022091804 [Accessed 25 

December 2022] 

Landon JR. 2017. Booker Tropical Soil Manual. Routledge. 

ISBN 9781317902089  

Lantz A, Lal R, Kimble J. 2001. Land Use Effects on Soil Carbon 

Pools in Two Major Land Resource Areas of Ohio, USA. 

Organization, Table 1, 499–502. 

Lundgren B, Nair PKR. 1985. Agroforestry for soil conservation. 

Soil Erosion and Conservation, 703–717. 

https://doi.org/10.1016/0308-521x(91)90121-p 

Marx ES, Hart J, and Stevens RG. 1999. Soil Test Interpretation 

Guide w/ good Range Values. 3, 1–8. 

McCauley A, Jones C, Olson-Rutz K. 2017. Nutrient 

Management: Soil pH and Organic Matter. Nutrient 

Management, 8, 1–16. 

Miccolis A, Peneireiro FM, Marques HR, Vieira DLM, 

Arcoverde MF, Hoffmann MR, Rehder T, Pereira AVB. 

2016. Agroforestry systems for ecological restoration: how to 

reconcile conservation and production. Options for Brazil’s 

Cerrado and Caatinga biomes. 

Minasny B, Young S, Hartemink AE, Hak Y. 2016. Agriculture, 

Ecosystems, and Environment Soil pH increased under paddy 

in South Korea between 2000 and 2012. “Agriculture, 

Ecosystems and Environment,” 221, 205–213. 

https://doi.org/10.1016/j.agee.2016.01.042  

Muraoka T. 2001. Relationship between acidity and chemical 

properties of Brazilian soils. 3, 337–343.  

Nega E, Heluf G. 2013. Effect of Land Use Changes and Soil 

Depth on Soil Organic Matter, Total Nitrogen and Available 

Phosphorus Contents of Soils in Senbat Watershed, Western 

Ethiopia. ARPN Journal of Agricultural and Biological 

Science, 8(3), 206–212. 

Okalebo JR, Gathua KW, Woomer PL. 2002. Laboratory 

Methods of soil and plant analysis. TSBF Programme: 

UNESCO-ROSTA. ISBN 9966989218, 9789966989215   

Olson J, Berry L. 2003. Land Degradation in Ethiopia: Its Extent 

and Impact. Commissioned by Global Mechanism with 

support from the World Bank. January 2004, 1–29. 

Pekin K. 2013. Assessing soil quality and interpreting soil test 

results. Report, 3, 1–8. 

Reeves JL, Liebig MA. 2016. Depth Matters: Soil pH and 

Dilution Effects in the Northern Great Plains. Soil Science 

Society of America Journal, 80(5), 1424–1427. 

https://doi.org/10.2136/sssaj2016.02.0036n  

Robertson GP, Ellis BG. 1999. Exchangeable Ions, pH, and 

Cation Exchange Capacity. 106–115. 

Schober P, Boer C, Schwarte LA. 2018. Correlation Coefficients: 

Appropriate Use and Interpretation. 126(5), 1763–1768. 

https://doi.org/10.1213/ANE.0000000000002864  

Sharma KL, Ramachandra RK, Das SK, Prasad RBRC, Kulkarni 

BS, Srinivas K, Kusuma Grace J, Madhavi M, Gajbhiye PN. 

2009. Soil fertility and quality assessment under tree-, crop-, 

and pasture-based land-use systems in a rainfed environment. 

Communications in Soil Science and Plant Analysis, 40(9–

10), 1436–1461. 

https://doi.org/10.1080/00103620902818096  

Sheikh MA, Kumar M, Bussmann RW. 2009. Altitudinal 

variation in soil organic carbon stock in coniferous 

subtropical and broadleaf temperate forests in Garhwal 

himalaya. Carbon Balance and Management, 4, 6. 

https://doi.org/10.1186/1750-0680-4-6  

Stainback GA, Masozera M, Mukuralinda A, Dwivedi P. 2012. 

Smallholder Agroforestry in Rwanda: A SWOT-AHP 

Analysis. Small-Scale Forestry, 11(3), 285–300. 

https://doi.org/10.1007/s11842-011-9184-9 

Thom AS. 1975. Reviews. 741.i 

Tkassahun H, Engda T, Collick A, Oumer HA, Bayabil HK, 

Zewdie T, Solomon D, Nicholson CF, Steenhuis TS. 2009. 

The Effect of Land Use and Its Management Practices on 

Plant Nutrient Availability and Carbon Sequestration. 

Ethiopia Report. 

Tomašić M, Zgorelec Ţ, Jurišić A, Kisić I. 2013. Cation 

Exchange Capacity of Dominant Soil Types in the Republic 

of Croatia. 14(3), 937–951. 

https://doi.org/10.5513/JCEA01/14.3.1286  

Toru T, Kibret K. 2019. Carbon stock under major land use/land 

cover types of Hades sub-watershed, eastern Ethiopia. 

Carbon Balance and Management, 14(1), 1–14. 

https://doi.org/10.1186/s13021-019-0122-z  

U.S Department of Agriculture. 2006. Soil pH-Soil quality kit. 

U.S Department of Agriculture Natural Resources 

Conservation Service, Figure 1, 1–7. 

Vaysse K, Lagacherie P. 2015. Evaluating Digital Soil Mapping 

approaches for mapping GlobalSoilMap soil properties from 

legacy data in Languedoc-Roussillon (France). Geoderma 

Regional, 4, 20–30. 

https://doi.org/10.1016/j.geodrs.2014.11.003  

Xue Z, Cheng M, An S. 2013. Soil nitrogen distributions for 

different land uses and landscape positions in a small 

watershed on Loess Plateau, China. Ecological Engineering, 

60, 204–213. https://doi.org/10.1016/j.ecoleng.2013.07.045  

Zhang B, Xue K, Zhou S, Che R, Du J, Tang L, Pang Z, Wang F, 

Wang D, Cui X, Hao Y, Wang Y. 2019. Phosphorus mediates 

soil prokaryote distribution pattern along a small-scale 

elevation gradient in Noijin Kangsang Peak, Tibetan Plateau. 

May, 1–12. https://doi.org/10.1093/femsec/fiz076  

Zhang X, Zhang F, Wang D, Fan J, Hu Y, Kang H, Chang M, 

Pang Y, Yang Y, Feng Y. 2018. Effects of vegetation, terrain, 

and soil layer depth on eight soil chemical properties and soil 

fertility based on hybrid methods at urban forest scale in a 

typical loess hilly region of China. PLoS ONE, 13(10), 1–27. 

https://doi.org/10.1371/journal.pone.0205661 

Zhang Y, Li C, Wang M. 2018. Linkages of C: N: P stoichiometry 

between soil and leaf and their response to climatic factors 

along altitudinal gradients. https://doi.org/10.1007/s11368-

018-2173-2 

 

 

 

 

 

 


