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ARTICLE INFO ABSTRACT
Keywords: Despite termite-induced soil mixing, summarizing termite-affected soil horizons is difficult, while
Clustering the lack of accurate information on the pedogenic processes featured by termite bioturbation,
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topography, and land use limits an effort to address land degradation. A study was therefore
carried out to quantitatively classify the soils and describe them based on rangeland uses. Based
on cluster analysis, five representative soil profiles were studied at different topographical po-
sitions. Soil samples were collected from mounds and adjacent soils under enclosure, cultivated,
and open-grazing land at the summit and foot slope positions. Agglomerative clustering showed
low Ca*, CEC, pH, and Mger that described cambic horizons formed Cambisols at the summit
and back slope. Eluviation-illuviation processes formed Luvisols on the toe slope and foot slope,
whereas clay and high CEC described argic horizons. High Ca2+, CEC, pH, and Mngr described
calcic horizons that formed Calcisols on the bottom slope. Divisive clustering showed that soil
properties varied slightly between Cambisols and Luvisols at different topographies. However, the
Luvisols on the toe slope were differentiated from the soil on the foot slope by predominant
pedogenetic clay formation and a distinctly increased CEC. Calcisols are placed in other clusters
due to their distinct properties. Agglomerative clustering reflected pedogenic processes and
differentiated diagnostic horizons, while divisive clustering matched WRB classification. The
results of this study also showed that termite-mediated soil properties were dictated by rangeland
use, and pedogenesis was more noticeable on open-grazing land than on enclosure or cultivated
land.

1. Introduction

Termites are an important agent of pedogenesis, affecting soil ecosystem functioning in arid and semi-arid regions [1-4]. As key
bioturbators, termites affect soils by loosening, selecting, translocating, and mixing various soil particles to maintain the functional
properties of their mounds [5]. Termites also influence the amount of soil mixed and the rate at which materials are deposited on the
surface, the amount of accumulated soil materials, and their redistribution over the surface as outwash pediments [6,7].
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Vertical and horizontal movements of ingested and transported material within the soil mediated by burrowing invertebrates are
less influential in modifying pedogenesis in the short term [8]. However, termites modify soil and mound properties depending on
several environmental factors [5,9]. For instance, topography, which affects soil formation, determines the structural formation of
termite mounds [10]. According to Muvengwi and Wilkowski [11], termite-driven heterogeneity and topography play a major role in
the variation of soil properties. As an anthropogenic activity, the type of land use practices in a given area is important in controlling
soil heterogeneity at the landscape level [12,13]. Landscape heterogeneity strongly influences termite activities. According to Leclare
et al. [2], termite activities are promoted by diverse habitat patches while being reduced by a fragmented landscape. For Odontotermes
and Macrotermes species, Kaiser et al. [14] estimated about 216 and 32 t of soil material per ha per month on rehabilitative and barren
land, respectively. This is because land use change results in termite species and diversity alterations [15]. Accordingly, when termites
are involved in surface deposition and subsequent erosion from the mounds [16] with further downslope displacement, the soil
ecosystem will be complex at the landscape scale, and termite pedoturbation will become more apparent.

A better mechanism to obtain sufficient soil information in complex landscapes is through proxy environmental characteristics that
reveal soil properties, topographical positions, and vegetation compositions [17,18]. Frequently, soil information is obtained through
the most widely used soil taxonomy, the USDA soil taxonomy (ST) [19] and the World Reference Base (WRB) [20]. In these classi-
fication systems, high variability has been reported for many soil orders [21]. For example, Esfandiarpour-Boroujenia et al. [22]
reported a poor correlation between these two systems in arid and semi-arid Iranian soils. According to Balla et al. [23], qualifiers
applied to certain ST soil groups are limited in WRB. Although these classification systems take into account the soil-forming processes
in diagnostic characteristics, they do not accentuate the role of soil-forming processes in soil classification [20,24].

Unlike ST and WRB classification systems, numerical soil taxonomy has been advocated for a century, and the future soil classi-
fication system is likely geared toward the quantitative approach, aiming to avoid subjectivity and look at natural grouping [25].
Numerical soil taxonomy is used to create homogeneous, geographically distinct classes and reveal relationships between soil prop-
erties and landforms [21]. According to Deressa et al. [26], variability within and between profiles would be more pronounced by
numerical classification. This classification approach would instead reinforce and consider pedogenetic processes [24]. In addition,
assessing intra- and inter-profile similarity could improve the precision and accuracy of soil classification [27].

Numerical soil taxonomy employs metrics to calculate the distance among pairs of soil samples, and samples with a closer distance
will be classified into the same soil class [28]. However, it may not always be easy to adhere to this system since many numerical soil
classifications rely on distance metrics, which are not consistent as measures of classification uncertainty [29]. Accordingly, a given
soil profile could be classified into more than one class at a time. It is also not always easy to visualize and interpret numerical soil
taxonomy results [30]. On the other hand, Beaudette et al. [27] have devised an algorithm for quantitative pedology (apq) to overcome
these limitations. A distance-based algorithm is then used to classify unknown samples into soil classes [31,32]. Numerical soil
classification algorithms could also help identify soil classes and describe differences between soils [29,33].

The use of soil sequences is usually limited to studying soil processes where only one factor varies between sites, which makes it
difficult to determine the defining soil-forming factors when several factors act simultaneously [34]. In this regard, employing
appropriate multivariate analyses on soil attributes could reveal key environmental factors that govern spatial soil property distri-
bution at the landscape scale [34,35]. Principal component analysis (PCA) and redundancy analysis are among the most commonly
applied multivariate analyses for characterizing spatial soil property distribution [36]. PCA is used to explore the multivariate rela-
tionship between soil physicochemical properties and group these variables into a statistical factor that causes soil variability. The
groups may then be used to establish relationships between soil properties and environmental factors [34,35], infer the underlying
soil-forming processes [37,38], and generalize patterns of soil behavior in response to anthropogenic disturbance [29]. PCA provides a
weighted distance matrix [31]. The most influential soil properties identified through PCA rotation represent a cluster and can be used
to navigate soil taxonomy [39].

As the mechanisms and vectors of soil mixing, the homogenization of the soil caused by termites may not result in a clear textural
change [40]. The nature of soil horizons could change, making it difficult to assign termite-mediated soils to ST or WRB soil classes.
Since termite activities regulate pedogenesis and play a critical role depending on various soil conditions [41,42], it may be difficult to
identify the key pedogenic processes in termite-mediated soils. This is because soil characterization through these systems assumes that
pedogenic processes move vertically up or down, i.e., unidirectional. The previously limited research relating termite bioturbation to
soil [43,44] was classified following the ST, WRB, or other classification systems. In these studies, the pedogenetic processes that form
soils are neglected. Gorres [45] also mentioned that soil features, which are generally surged by soil invertebrates, are often ignored in
these soil taxonomies. In general, prior work in this area is limited, and at the time of undertaking the current study, only a few studies
examined termite-mediated soil in the study area. A new suffix was adopted recently only by Salvucci et al. [46] to describe soil
horizons formed by termite bioturbation, suggesting that further research is needed.

As termites usually inhabit degraded land in the study area and elsewhere in the world, accurate soil information is required to
mitigate further land degradation [29,47]. The lack of accurate basic information on the pedogenic processes featured by termite
bioturbation, topography, and land use limits an effort to address land degradation. On the other hand, as intrinsic termite bioturbation
along with anthropogenic factors may lead the existing soil classification system in use to great uncertainty, allocating
termite-mediated soils to a given soil class may raise the issue of reliability. Proper allocation of soil profiles into soil classes requires
accurate identification of diagnostic characteristics, while few soil profile descriptions and some soil properties are measured where
funds are limited. Thus, numerical classification as complementary to common soil taxonomy can improve allocation accuracy and
enhance soil classification efficiency. However, quantitative soil classification has not been explored previously for termite-mediated
soils, and the extent to which it differentiates the established soil classes is not known. Since termite-inhabited areas in southeast
Ethiopia are characterized by gently undulating landscapes [1], several studies have highlighted the influence of topographic positions
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at sub-watershed and watershed levels in the country [17,18,48]. On the other hand, while addressing soil spatial variability at the
continent scale, a global soil classification system excludes topsoil variability and may only contribute a small amount to soil vari-
ability at the micrometer scale [49]. In this context, termite-induced fine-scale soil variability that proportionally expands with slope
gradient needs further study, and this could be more adequately captured by a quantitative approach than the commonly used system.
Knowledge of even subtle changes due to topography and bioturbation is critical to understanding soil heterogeneity at the landscape
level [50].

Conversely, soil properties are vertically distributed within the soil profile according to management [51]. Though information on
soil classification is inadequate to answer interdisciplinary questions, quantitative approaches require the expression of soil man-
agement effects on the properties of a particular soil type [52]. In this regard, pastoralists in the southeast area of the country own
fragmented rangeland with few management practices [53,54]. Numerous studies have addressed the influence of land use on soil
properties in Ethiopia [13,17,55]. However, the influence of rangeland use on termite activities and soil properties needs to be un-
derstood as land use changes continue to modify landscapes. Quantitative evidence on the heterogeneity of termite-affected soil
properties through rangeland use and the effective depth to which erosion from the mound reaches has been largely unknown, and
information is scanty for effective land use planning. According to Yao et al. [56], significant plant-soil property interactions occur in
the top soils, particularly within 20-30 cm depth, due to different plant-soil system-related factors along the soil profile. Knowledge of
soil properties under different land uses is important to determine soil characteristics, quality, and productivity [57]. Therefore, this
study aimed to: (1) morphologically classify soil representing termite-inhibited areas at different topographical positions and quan-
titatively reclassify those soils; (2) describe the important pedogenic processes and physicochemical properties of soils that better
describe and differentiate soil types; and (3) quantify the physicochemical properties of soil associated with different rangeland uses.
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Fig. 1. Schematic map of study sites, Dugda-Dawa and Miyo districts, Ethiopia.
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2. Materials and methods
2.1. Study area description

The study was conducted in two districts, namely Dugda-Dawa (5°22'46" to 5°23'9"N and 38°16'8" to 38°16'10"E) and Miyo (3°33'34"
to 3°53'41"N and 38°33'46" to 38°35'27"E). Both districts are found in Oromia Regional State, Ethiopia (Fig. 1). The average altitude
above sea level of these districts varies from 1305 to 1656 m. These areas are part of the southeast rangelands of Ethiopia and have hot
and dry semiarid climates (BSh), according to the KOppen climate classification system [20]. Rangelands are characterized by bimodal
precipitation, with 60% of rainfall occurring between March and May and 27% between September and November [58]. The 36-year
(1983-2018) data from the National Meteorological Agency of Ethiopia showed that Dugda-Dawa receives a mean annual rainfall of
711 mm, while Miyo district receives 345 mm. The average annual temperature of the former area was 19.9 °C and ranged from 13.3°C
to 26.6 °C, while the temperature in the latter area varied from 18.4 °C to 29.5 °C with an average value of 23.9 °C. The geographical
distribution of precipitation and temperature is prominent across the two areas; thereby, they are more variable in the Miyo district
than in Dugda-Dawa. Savannah vegetation, containing a mixture of perennial herbaceous and woody plants, dominates the rangeland
[58]. Quartzite and quartzitic sandstone are the geology of the underlying materials in Dugda-Dawa, whereas shales, sandstone, and
limestone are the geology of the area in the Miyo district [58,59]. The general topography of the study area is typically a plain
landscape with a slope gradient of <10%.

2.2. Soil profile description

After a field survey, representative two-toposequences with widespread mounds, one in each district, were selected (Fig. 2). The
toposequence in Dugda-Dawa is located at the Ilala-Sara site and differentiated into the summit, back slope, and toe slope, whereas the
toposequence in Miyo is situated at the Silala site and identified as the foot slope and bottom slope. A total of five representative soil
profiles, designated as Profiles 1 to 5, were excavated at different topographic positions. Profiles 1, 2, and 3 are located at the Ilala-Sara
site in the Dugda-Dawa district, while Profiles 4 and 5 are found at the Silala site in the Miyo district. Profiles 1 and 2 were formed from
weak and light red saprolites overlying quartz-diorite parent materials, in which coarse fragments dominated the overlying materials,
and surface erosion was recurrently active around these soil profiles. Profile 3 was derived from alluvium deposits and near-seasonal
stream channels. Profile 4 was formed from acid-forming eluvium residuum, while Profile 5 was developed from calcium carbonate-
rich soils. All soil profiles were described in situ, and the volume of coarse fragments (>2 mm) was estimated in the field following the
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Fig. 2. Topographic map of the study toposequences along with soil profiles and corresponding termite mounds. Transect on the left and right show
the toposequence at Silala in Miyo and Ilala-Sara in the Dugda-Dawa district, respectively. The number in the bracket indicates the average elevation
of the topographical position above sea level.
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Guidelines for Soil Description [60]. Genetic horizon-wise samples were collected from all soil profiles. Based on the field description
and analysis of soil properties, the soil profiles were classified according to WRB [20]. All soil profiles were under open savanna used
for extensive grazing.

2.3. Mound and soil sampling

To study the influence of termite bioturbation on soil properties across rangeland use, the summit position in Dugda-Dawa and a
foot slope in Miyo district were stratified into enclosure, cultivated, and open-grazing land. Open-grazing land, which is commonly
allocated for extensive cattle grazing, has a total surface area covered by <5% scattered grass and herbaceous vegetation. Cultivated
land is mainly cropped with haricot beans and maize. The enclosure is mainly dominated by grasses and herbaceous vegetation, with
the total surface area covered ranging from 15% to 65% and fenced for controlled grazing.

Since termite influence can be determined by the biogenic structures they form, the morphological properties of mounds were
measured per rangeland use. The abundance of termite mounds was determined by counting the total number of mounds in each
rangeland use and dividing by the area surveyed. Active mounds were opened, and representative soldier and worker castes were
collected and preserved in 70% ethanol for genus-level identification. Accordingly, the genus Macroterms dominates the study land-
scape except where Odontoterms are recognized in cultivated land at the foot slope position in the Miyo district. The mounds of these
two genera were almost identical and showed cathedral shapes and a reddish-brown color.

Three active mounds per rangeland were selected and measured for height, basal diameter, volume, and mass of mounds. At each
rangeland use, soil samples were obtained from three representative active mounds and their immediate adjacent soils. The samples
from around the mounds were collected at a distance of 1.5 m from the base. The mound composite sample was collected at a depth of
30 cm after the entire mound soil was thoroughly mixed. The entire mound was considered because similar soil properties were
observed within different parts of the mounds [61]. The soil immediately adjacent to the mound was sampled at depths of 0-10, 10-20,
and 20-30 cm in a cardinal direction by centering the mound. The samples from four points of the same layer in the soil adjacent to the
mound were thoroughly mixed to form a composite sample. A sampling depth of up to 30 cm was considered, assuming land man-
agement extends to this depth. This was also designed to maximize the effect of redistribution from mound erosion without necessarily
sampling the nest and fungus garden. Furthermore, inadequate rainfall amounts do not detach particles from the mound and trans-
locate them beyond this soil depth. In addition, a composite sample of reference control soil was taken for each mound. The corre-
sponding reference control was located at a distance of 10 m from the mound, where evidence of termite influence is assumed to be
limited. Other than genetic horizons, a composite soil sample was made from four subsamples, and all samples were collected in
triplicate per rangeland use. The samples were separately tagged and transported.

2.4. Soil analysis

In the laboratory, soil samples were air-dried and sieved through a 2 mm sieve for soil physicochemical analysis, while a 0.5 mm
sieve was used for organic carbon (OC) determination. Soil particle size analysis was determined by the hydrometer method [62]. The
soil pH was determined in a 1:2.5 soil-to-water ratio (m/v) using a pH meter. Electrical conductivity (EC) was determined in the
supernatant used for soil pH. Soil OC was determined following the Walkley-Black method [63]. The available phosphorus (Avail. P)
content of the sample was determined by the Olsen method [64] and measured by a spectrophotometer at 882 nm. Cation exchange
capacity (CEC) was determined by the ammonium saturation method [65], while exchangeable cations (Ca, Mg, K, and Na) were
extracted by 1 M NH4OAc at pH 7.0 [66]. Exchangeable Ca?* and Mg?" were measured using atomic absorption, while K™ and Na*
were measured with a flame photometer. The soil calcium carbonate equivalent (CCE) was determined using the trimetric method
[671.

2.5. Data analysis

Cluster analysis was performed on PCA. PCA reduced multicollinearity and multidimensional quantitative soil properties [68].
Accordingly, more stable clustering was achieved [69]. In addition, PCA was also used to identify a few uncorrelated variables that
summarize the overall variations. Cluster analysis was performed for two main goals: first, to understand the structure of natural
grouping and compare the similarity of soil profiles through divisive clustering. Considering variability within a soil profile, a depth
weighting dissimilarities of 0.01 was used, and then divisive hierarchical clustering (top-down approach) using the Diana function was
used for soil profile comparison. This clustering approach successively splits the soil continuum into more homogeneous groups.

The second goal of clustering is to identify horizon groups using an agglomerative hierarchical approach, regardless of their
magnitude. Agglomerative hierarchical clustering (bottom-up) considers each individual as a group and decides on the next closest
similar group. In this approach, Euclidean distance on standardized data was used, and the most similar groups at each step were linked
by the ward’s minimum variance. To verify how faithfully a dendrogram preserves the original pair-wise distances, the linkage se-
lection was assessed quantitatively through the cophenetic correlation and agglomerative coefficient [69]. According to Kassambara
[69], the optimum number of clusters was determined by the silhouette width index. To understand the extent to which the obtained
horizon groups reflect the natural groupings, the centroid (the average location of the horizon group) was calculated for every cluster,
and the result was shown as the proximity of individual genetic horizons to the centroid on the clusters projected over the factor plane.

Both clustering methods were performed using selected soil profile parameters such as clay contents, soil pH, OC, CEC, Ca2+, and
Mg2". These soil variables are assumed to reflect soil development and are obtained through a multidimensional reduction technique.
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Table 1
Morphological characteristics of the soil pedons along the toposequences in southeast Ethiopia.
Horizon  Depth Horizon Munsell color Soil structural Consistence Rock fragment
(cm) boundary notation units abundance,
Moist b D Moist Sticki Plastici classification, and
ois ry ry ois ickiness asticity weathering

Pedon-1, located at the Summit, Dystric Skeletic Chromic Cambisols (Clayic, Cohesic, Humic, Isopteric, Saprolithic)

A 0-12 Diffuse 2.5 2.5 Weak medium Soft Very Slightly Non- -
wavy YR3/ YR crumbly friable sticky plastic
4 4/8
AB 12-30 Clear 2.5 2.5 Weak coarse Soft Very Slightly Slightly Very few, medium
wavy YR3/ YR granular friable sticky plastic gravel, fresh or
6 4/8 slightly weathered
fragments
Bw 30-73 Clear 2.5 2.5 Strong fine to Extremely Extremely Slightly Plastic Many, coarse gravel
wavy YR 4/ YR coarse rock hard firm sticky and stones, fresh or
4 4/6 slightly weathered
fragments
BC 73-140 Gradual 7.5 7.5 Weak medium Slightly Extremely Slightly Slightly Few, medium and
wavy YR4/ R5/  sub-angular hard firm sticky plastic coarse gravel,
6 6 blocky weathered
fragments
Cr 140-200" 10R 10R  Weak very fine Soft Loose Non- Non- -
4/4 4/3 massive sticky plastic
Pedon-2, located at the back slope, Dystric Skeletic Chromic Cambisols (Clayic, Cohesic, Humic, Isopteric, Saprolithic)
A 0-7 Gradual 2.5 2.5 Weak very fine Soft Loose Non- Non- Very few, fine
wavy YR4/ YR crumbly sticky plastic gravel, fresh or
4 5/4 slightly weathered
fragments
AB 7-95 Clear 2.5 2.5 Strong coarse Hard Very firm Non- Slightly Abundant, coarse
wavy YR3/ YR rock sticky plastic gravel and stones,
6 4/8 fresh or slightly
weathered
fragments
Bw 95-140 Clear 2.5 2.5 Weak fine angular  Slightly Friable Slightly Slightly Few, fine and
wavy YR 4/ YR blocky hard sticky plastic medium gravel,
8 5/8 slightly weathered
fragments
BC 140-170 Gradual 2.5 2.5 Weak fine to Slightly Very Non- Slightly Very few, fine
wavy YR4/ YR medium angular hard friable sticky plastic gravel, weathered
8 5/8 blocky fragments
Cr 170-200" 2.5 2.5 Weak fine Soft Friable Non- Non- -
YR 5/ YR massive sticky plastic
8 5/8
Pedon-3, located at the toe slope, Chromic Gleyic Luvisols (Clayic, Neocambic, Differentic, Dystric, Humic)
A 0-10 Clear 2.5 2.5 Weak medium Soft Loose Slightly Non- -
wavy YR4/ YR sub-angular sticky plastic
4 5/4 blocky
AB 10-40 Clear 2.5 2.5 Weak fine to Soft Loose Non- Non- Very few, medium
wavy YR3/ YR medium sub- sticky plastic gravel, fresh or
6 4/8 angular blocky slightly weathered
fragments
Bg 40-70 Abrupt 7.5 7.5 Weak medium Slightly Very Slightly Slightly -
smooth YR4/ YR prismatic hard friable sticky plastic
1 5/3
Bt 70-200+ 7.5 7.5 Moderate very Hard Firm Very Very -
YR3/ YR coarse angular sticky plastic
1 4/1 blocky
Pedon-4, located at the foot slope, Chromic Luvisols (Clayic, Dystric, Humic)
A 0-10 Clear 2.5 2.5 Moderate Slightly Very Slightly Non- -
smooth YR4/ YR medium granular hard friable sticky plastic
4 4/6
AB 10-55 Gradual 10R 10R  Weak fine to Slightly Very Slightly Slightly -
smooth 3/6 4/6 medium sub- hard friable sticky plastic
angular blocky
Bt 55-90 Gradual 2.5 2.5 Weak fine to Slightly Very Slightly Slightly -
smooth YR5/ YR medium angular hard friable sticky plastic
4 3/6 blocky
Bo 90-200" 2.5 10R  Weak coarse Hard Friable Slightly Slightly -
YR3/ 3/6 prismatic sticky plastic
6 separated into

(continued on next page)
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Table 1 (continued)

Horizon  Depth Horizon Munsell color Soil structural Consistence Rock fragment
(cm) boundary notation units abundance,
— . . . classification, and
Moist Dry Dry Moist Stickiness Plasticity weathering
moderate
medium to coarse
angular blocky
Pedon-5, located at the bottom slope, Skeletic Cambic Calcisols (Loamic, Humic, Isopteric)
Ak 0-18 Clear 5YR 7.5 Weak fine to Soft Very Slightly Plastic -
smooth 4/2 YR medium sub- friable sticky
6/1 angular blocky
AB 18-42 Clear 2.5 10 Weak fine to Soft Loose Slightly Slightly Common, coarse
smooth YR5/ YR medium sub- sticky plastic gravel, fresh or
1 5/2 angular blocky slightly weathered
fragments
Bk 42-70 Clear 5Y 6/ 5Y Weak medium to Soft Very Slightly Slightly Very few, fine
smooth 1 8/1 coarse sub- friable sticky plastic gravel, fresh or
angular blocky slightly weathered
fragments
Ck 70-120 Gradual 2.5Y 5Y Strong coarse Hard Firm Non- Non- Dominant, medium
smooth 8/2 8/1 massive sticky plastic gravel, weathered
fragments
Ckm 120-200" - 2.5Y 5Y Strong coarse Hard Firm Non- Non- Dominant, coarse
7/1 8/1 massive sticky plastic gravel, fresh or
slightly weathered
fragments

In addition, Munsell dry color and coarse fragments were added to visualize the difference in the standard soil profile. Finally, a
comparison was made between the numerical and WRB soil classification systems. The quantitative numerical classification was
implemented in R and RStudio (version i386 4.0.5) [70]. Agglomerative hierarchical clustering on PCA was performed through the
FactoMineR package. The results were visualized using the factoextra package and graphically by a dendrogram. The agp R package
was used to perform divisive hierarchical clustering and visualization of the profile data.

A two-way repeated measure analysis of variance (ANOVA) was also performed to test the overall effects of rangeland use, where
termite mounds and different depths were considered dependent factors while rangeland use was treated as an independent factor. The
repeated measures aspect of the data makes it interesting because the assumption of independence may no longer be valid as ob-
servations on the mound and adjacent soil often exhibit correlation. The key assumptions of ANOVA—normality, homogeneity, and
sphericity—were tested before analysis. With the violation of sphericity, an adjustment by the Greenhouse-Geisser correction was
made for a significant variable. Using the Bonferroni multiple-testing correction method, significant differences among treatments
were detected at the <0.05 probability level.

3. Results and discussion
3.1. Soil description

All identified profiles were very deep, and the morphological distinctness of each soil profile and associated horizon was concisely
described (Table 1). The topsoil of the profiles was reddish-brown, which changed to red in the subsoil horizons, except for Profiles 3
and 5, which exhibited brown to dark gray and dark reddish gray to light gray soil colors, respectively. The soil structure was granular
or crumbly at the surface that changed to weak, fine sub-angular blocky below the surface layers, moderate to strong sub-angular
blocky, and massive in the subsoil horizons, while friable soil consistence became firm with soil depth.

Selected soil physicochemical properties of the profiles are presented in Table 2. The soil profiles were characterized by sandy clay
loam, except for Profiles 1 and 2. The soil pH ranged from neutral to moderately acidic. However, Profile 5 had an alkaline soil reaction
with a calcium carbonate content of 265 g kg™ ' at the surface that rapidly increased with depth and reached 565 g kg™* on the
subsurface horizon. While Profiles 4 and 5 had moderate OC content, it was low in the other soils. Profile 3 showed distinct high clay,
CEC, Ca®", and Mg?* contents on the lowermost horizon. Exchangeable Ca®" and Mg?" were irregularly enhanced with soil depth in
Profiles 1 and 4, while both cations gradually decreased in Profile 2. The Ca>* content was gradually decreased, whereas the Mg**
content was irregularly increased with depth in Profile 5.

3.2. WRB soil classification

The classification of the soils following WRB showed that the subsurface soils of Profiles 1 and 2 met the requirements of the cambic
horizon identified by horizon thickness, texture, red hues, and high chroma. Below these cambic horizons, the soil of Profiles 1 and 2
also exhibited the properties of a cohesic horizon [20]. Thus, the landscape comprised Dystric Skeletic Chromic Cambisols (Clayic,
Cohesic, Humic, Isopteric, Saprolithic) at the summit (Profile 1) and back slope (Profile 2) positions. The subsurface horizons of



Table 2
Physicochemical properties of the soil pedons along toposequences in southeast Ethiopia.
Horizons  Sampling depth Sand (>63 silt (2-63 Clay (<2 Texture class CCE (g pH EC (dS 0OC (g Avail. P (mg CEC  Ca** wMg** K' Na®
(cm) pm) pm) pm) kg™ (1:2.5H,0) m) kg™ kg™
g kg’1 of fine earth cmol. kg’1

Pedon-1, located at the Summit, Dystric Skeletic Chromic Cambisols (Clayic, Cohesic, Humic, Isopteric, Saprolithic)

A 0-12 680 60 260 Sandy clay 5.7 1.5 12.5 4.8 5.2 0.5 0.4 0.19 0.1
loam

AB 12-30 500 80 420 Sandy clay 6.0 1.8 13.3 4.3 10.0 0.9 0.8 0.19 0.1

Bw 30-73 440 120 440 Clay 5.5 1.3 11.7 9.2 10.6 0.7 0.5 0.16 0.1

BC 73-140 510 130 360 Sandy clay 5.9 1.3 8.8 8.62 9.0 1.4 0.5 0.26 0.1

Cr 140-200" 720 140 140 Sandy loam 6.1 2.0 6.6 5.6 6.0 1.0 0.8 0.27 0.1

Pedon-2, located at the back slope, Dystric Skeletic Chromic Cambisols (Clayic, Cohesic, Humic, Isopteric, Saprolithic)

A 0-7 780 80 140 Sandy loam 5.7 0.9 11.7 7.9 5.2 1.7 0.5 0.11 0.2

AB 7-95 580 80 340 Sandy clay 5.2 0.8 11.7 6.7 7.6 1.2 0.6 0.15 0.2
loam

Bw 95-140 360 20 620 Clay 6.0 1.1 9.8 6.5 4.8 1.4 0.5 0.12 0.2

BC 140-170 480 60 460 Sandy clay 5.4 0.7 2.3 6.7 9.2 1.2 0.7 0.16 0.1

Cr 170-200" 540 100 360 Sandy clay 5.1 0.6 3.9 6.4 8.6 1.3 0.5 0.19 0.1

Pedon-3, located at the toe slope, Chromic Gleyic Luvisols (Clayic, Neocambic, Differentic, Dystric, Humic)

A 0-10 740 40 220 Sandy clay 5.8 1.2 12.5 6.4 7.8 1.8 1.1 0.38 0.1
loam

AB 10-40 740 40 220 Sandy clay 5.7 0.9 10.5 9.2 6.2 1.7 1.1 0.21 0.1
loam

Bg 40-70 660 100 240 Sandy clay 5.6 0.6 11.7 12.4 7.2 1.2 0.9 0.29 0.1
loam

Bt 70-200+ 340 140 520 Clay 6.0 1.3 9.4 10.7 26.4 12.2 3.2 0.22 0.2

Pedon-4, located at the foot slope, Chromic Luvisols (Clayic, Dystric, Humic)

A 0-10 580 200 220 Sandy clay 6.7 2.1 16.4 5.0 9.2 3.9 0.3 0.18 0.2
loam

AB 10-55 520 100 380 Sandy clay 6.0 0.8 12.1 3.2 9.8 2.4 0.3 0.15 0.1

Bt 55-90 380 140 480 Clay 6.4 0.8 7.8 2.8 14.2 4.4 1.3 0.17 0.2

Bo 90-200" 480 260 260 Sandy clay 7.2 2.3 7.8 4.4 17.4 5.5 1.7 0.15 0.1
loam

Pedon-5, located at the bottom slope, Skeletic Cambic Calcisols (Loamic, Humic, Isopteric)

Ak 0-18 480 260 260 Sandy clay 265 7.6 3.7 23.4 5.8 14.2 51.1 1.5 0.15 0.1
loam

AB 18-42 560 220 220 Sandy clay 525 7.4 3.8 19.5 6.9 10.0 51.5 0.7 0.17 0.2
loam

Bk 42-70 480 240 280 Sandy clay 685 7.6 3.8 13.7 8.8 9.4 54.7 1.7 0.15 0.1
loam

Ck 70-120 550 150 300 Sandy clay 680 7.8 4.0 14.4 9.6 8.2 47.1 4.5 0.15 0.1
loam

Ckm 120-200" 740 40 220 Sandy clay 565 8.2 6.4 13.7 4.7 16.4 31.5 4.8 0.10 0.1
loam

CCE: Calcium Carbonate Equivalent; CEC: Cation Exchangeable Capacity; EC: Electrical Conductivity; OC: Organic Carbon.
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Profiles 3 and 4 fulfilled the diagnostic criteria of the argic horizon. Argic horizons having a CEC of clay greater than 24 cmol. kg™* and
high base saturation qualified the soils at the toe slope (Profile 3) and foot slope (Profile 4) for Gleyic Chromic Luvisols (Clayic,
Neocambic, Differentic, Dystric, Humic) and Chromic Luvisols (Clayic, Dystric, Humic), respectively. The CCE in the subsurface of
Profile 5 was higher than 15 %, which qualified the diagnostic criterion of the calcic horizon, and thus, Skeletic Cambic Calcisols
(Loamic, Humic, Isopteric) occurred on the bottom slope.

WRB soil group

Coase fragments
®  Cambisols
© Luvisols
e Luvisols
A Calcisols
e o N
Profile-1(4%) Profile-2(5%) Profile-4(1.6%) Profile-3(0.7%) Profile-5(0.2%)
0 0 0
A A

A

7

10

12

30

73

95

140 140

170

200 200

Fig. 3. Divisive clustering and standard soil profile sketch with horizon label and depth (cm), dry Munsell soil color, percent coarse fragments,
profile ID with slope gradient in a bracket, and WRB soil groups. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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3.3. Numerical soil classification

Divisive hierarchical clustering showed the differentiation of soil profiles (Fig. 3). All profiles were segregated into three soil groups
at a higher level. The first cluster represented the Cambisols located on the summit and back slope (Profiles 1 and 2). The second cluster
identified Luvisols on the foot slope (Profile 4) and toe slope (Profile 3) that were fused to the first cluster. The third cluster signified the
outlier Profile 5 (Calcisols) on the bottom slope that arbitrarily joined the other groups at a higher distance. The pairwise dissimilarity
matrix results showed that Profiles 1 and 2 were similar by more than 80% (appendix). Profile 4 was similar to Profiles 1 and 2 by 78
and 69%, respectively. Profile 3 was also similar by 67, 71, and 63% to Profiles 1, 2, and 4, respectively. Profile 1 tended to be stony,
but with less gravel than Profile 2, while Profile 3 was almost gravel-free, except for the very few fresh or slightly weathered medium
gravels found near the surface (Table 1). The gravelly horizons were exposed in Profile 2, while the gravelly horizons of Profile 1 were
covered by a thick, gravel-free horizon. On the other hand, fresh or slightly weathered, common to dominant coarse gravels exceeding
80% were particularly common in the lower soil horizons of Profile 5, while Profile 4 was gravel-free throughout the profile depth.

Cambisols of Profiles 1 and 2 were similar in terms of soil pH, CEC, Mg2+, and Ca®* contents. Pinheiro et al. [47] reported the
similarity among soil profiles based on common characteristics, while high calcium content separated the soil types. Hughes et al. [39]
also reported similarities between different soil groups concerning soil pH, BS, CEC, and ESP, while the groups showed different
distribution patterns with depth for other soil properties. These Cambisols were also exposed to erosion and dominated by gravelly
layers. Accordingly, the degree of slope inclination and the extent of termite bioturbation probably resulted in a slight difference.

In addition to environmental differences, Luvisols on the toe slope (Profile 3) had clay synthesis at the subsurface horizon and
received soil materials eroded from the summit and back slope, which differentiated this profile from Luvisols on the foot slope (Profile
4). As described by Labaz et al. [71], the proportion of particle-size altered in subsoil due to clay translocation and its accumulation in
the illuvial horizons makes a distinction in Luvisols. The Luvisols at the foot slope (Profile 4) have morphological similarities to
truncated Cambisols (Profiles 1 and 2). However, relatively well-expressed polyhedral soil structure and substantial iron oxides as 2.5
YR 3/6 suggest that ferrihydrite and hematite are relatively important iron oxide phases [72], and intermediate CEC values probably
set them apart Profile 4 from Profiles 1 and 2. Cambisols were differentiated from Luvisols (Profile 3) by high sand, low silt, and
moderate to high levels of clay content, which are consistent with previous studies by Dinssa and Elias [73].

On the other hand, the dominance of calcium carbonate distinguished Calcisols (Profile 5) from Cambisols or Luvisols in addition to
high Ca®*, pH, Mg?*, and OC in the soil. This soil profile was formed from a lacustrine deposit that generally had a grayish color and
displayed other distinguishable features from those of the other soil profiles.

The soil profile groupings suggested by the divisive clustering method approximate the soil classification obtained by the WRB
classification system. In line with this result, Deressa et al. [26] also observed the strong similarity of numerically classified soils to
WRB and ST-classified soils. Young and Hammer [21] reported that agreement between numerical and non-numerical classifications
could be enhanced when a comparison was made by textural classes. In our study, quantitative classification focused on clay, pH, OC,
CEC, Ca?*, and Mg?" contents could result in a similar soil grouping as that of the WRB classification system.

3.4. Pedological processes

Principal component analysis allocated the soil profile properties to two distinguishable groups (Fig. 4). The first dimension
explained 50% of the variability, relating to soil pH, Ca%*, OC, and Mg?*. According to Oliveira et al. [74], the variables that form the
first factor explain the highest percentage of variations and have the largest contributions to changes in soil characteristics. The second
dimension captured 25.2% of the variability and highlighted the positive contribution of CEC and the clay contents of the studied soils.

Agglomerative hierarchical clustering differentiated the genetic horizons into three groups, as shown in the dendrogram (Fig. 5).

Eigenvalue 20 40 60 80
29982 Do
1.5092
06817 ] |
045247 |
0.2171]
0.1414

Label variables

Component 2 (25.2 %)
]
n
>
@
Component 2 (25.2 %)

-6 -4 -2 0 2 4 6 -1.0 -0.5 0 0.5 1.0
Component 1 (50 %) Component 1 (50 %)

Fig. 4. The scree, component, and correlation plots show the relative importance of principal components in explaining the total variability of soil
variables. (Explanation: the number designates the profile ID, and the letters indicate the horizon designation).
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Fig. 5. Dendrogram for genetic horizon similarity based on quantitative soil parameters reflecting soil pedogenesis. (Explanation: the number
designates the profile ID, and the letters indicate the horizon designation).

Starting at the top of the figure, the first cluster mainly comprised transitional horizons and slightly developed B horizons in Profiles 1,
2, and 4. This cluster also consisted of seven horizons, including the majority of the surface A-horizons, as well as the AB and Bg
horizons of Profile 3 and the Cr horizons of Profiles 1 and 2. Within Cluster 1, the AB horizon of Profile 2 was more similar to the AB
horizons of Profiles 1 and 4 than the AB horizon of Profile 3. The relatively similar BC, Cr, and Bw horizons of Profile 2 were associated
with the first group at a higher connection level. In the first cluster, the A, AB, and Bg horizons of Profile 3 were also more similar than
the others.

The distribution of individual genetic horizons projected over the factor map and the clustering of horizons are presented in Fig. 6
(detailed analyses are given in the appendix). In this plot, the distance of each horizon differs from the average group within a cluster.
The closeness of a horizon to the centroid of each cluster gives insight into the representativeness of the horizons in the group. In a
previous study, Teng et al. [75] also treated the shortest distance of a centroid as the best match between the Australian soil classi-
fication order and FAO soil units. According to these authors, the closeness of soil horizons gives insight into the pedological simi-
larities between classes. Accordingly, the group of surface horizons and most transitional horizons in the first cluster were
distinguished on the first factorial axis. Sequentially, the most representative horizons were AB of Profile 2, AB of Profile 4, Bg and AB
of Profile 3, and the AB horizon of Profile 1. The soil variables that described the soil horizons in the first cluster were low in pH, CEC,
Ca2+, and Mg2+ contents (appendix). The representative AB horizons in the first cluster may reflect termite-induced limited OC content
mixed in the surface soil. In addition to the Isopteric supplementary qualifier [20], termite footprints could be reflected by granular,
crumbly, or weak fine to medium sub-angular blocky structures and gradual to diffuse horizon boundaries [1] for all profiles, except for
the soil at the toe slope. The second-best representative Bg horizon of Profile 3 in the first cluster probably indicated gleization due to
cyclic oxidation and reduction processes, which favored the hydrolysis of primary minerals and enhanced clay formation. According to
Bonifacio et al. [76], the evidence of gleyic properties suggests intensive mineral weathering in the soil. The similarity between the A,
AB, and Bg horizons of Profile 3 is probably related to the upward movement of certain salts due to capillary rise following seasonal
water fluctuations. The similarity between AB horizons in Profiles 1 and 4 may indicate comparable pedogenic processes at different
topographical positions. Similar observations were reported by Deressa et al. [26], indicating comparable pedogenetic processes at
different landscape locations. The low pH, CEC, Ca2t, and Mg?* values that separated the first cluster and the representative horizons
in this group reflected weak horizon development that mainly formed cambic horizons. Furthermore, the clustering of horizons in
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Fig. 6. The most representative horizons with centroids of each cluster projected over the first (Dim1) and second (Dim2) factor planes of the
leading two principal components. (Explanation: the number designates the profile ID, and the letters indicate the horizon designation).

Profile 3 into the same group with horizons in Profiles 1 and 2 indicates the downslope translocation of soil materials from the upslope
and deposition at the toe slope position.

The second cluster consists of the Bt and Bo horizons of Profiles 3 and 4 (Fig. 5). At the second level, the outlier horizon, the Bt
horizon of Profile 3, was fused rather arbitrarily at a much higher distance to the more similar Bt and Bo horizons of Profile 4. The
horizons that formed the second cluster were differentiated on the second factorial axis (Fig. 6). This group of horizons was homo-
geneous, but the most representative of the cluster was the Bt horizon in Profile 4. The second cluster was more explained by clay and
CEC (Fig. 4). Horizon grouping in the second cluster probably substantiated significant clay accumulation in the subsurface. Following
clay accumulation, high CEC was described the most in this group. In this cluster, the most representative Bt horizon of Profile 4 reveals
clay eluviation-illuviation processes in the soil. The next representative Bo horizon probably indicates the residual accumulation of
sesquioxides after intense weathering. Apart from illuviation processes, the least representative Bt horizon in Profile 3 and its less
similarity to the second cluster probably indicate clay synthesis.

The third cluster had only horizons from Profile 5 (Fig. 5). In the third cluster, the Bk horizon from Profile 5 is distinctly joined by
the more similar Ak and AB, as well as the Ck and Ckm horizons. In contrast to the former two clusters, the group of horizons in Profile
5 was well isolated on the first factorial axis (Fig. 6). The most representative horizon of this group was Bk, while Ckm was the least
representative. In contrast to the first cluster, the third cluster was defined by high Ca®*, pH, Mg?*, and OC (appendix). The grouping
of horizons into the third cluster substantiated the calcification processes in Profile 5. This process formed calcium carbonate in
particular and was depicted by the most representative Bk horizon that qualified as a calcic horizon. The second most representative Ck
horizon and the similarity between this and Ckm horizons in Profile 5 could be related to the petrocalcic horizon, whereas the sim-
ilarity between Ak and AB in this profile reveals carbonate accumulation in the surface soil. Pinheiro et al. [47] reported a high
probability of the occurrence of Cv horizon to identify vertic property. Labaz et al. [71] also reported a statistical comparison showing
a high similarity between C and Ck for three different soil profiles studied along a catena. The grouping of soil horizons in the same
cluster, particularly the first two clusters, suggests that quantitative classification is attractive in describing un-sampled termite-me-
diated soils where soil heterogeneity is important. The WRB soil classification system, however, is limited in its ability to provide such
information.
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3.5. Mound morphology and abundance

At the summit position in Dugda-Dawa, the termite mounds had an average height of 3.6 m under the enclosure and 4.7 m in open-
grazing land, with an abundance of 4 and 19 mounds ha™}, respectively (Table 3). Under cultivated land at this position, termite
mounds had a height of 1.7 m and an abundance of 22 mounds ha™". At the foot slope in the Miyo district, termite mounds reached 4.5
m in the enclosure while they were about 3.2 and 5.3 m in open-grazing and cultivated land, respectively. Termite mound abundance
per ha was 7 in the enclosure and 12 in open-grazing, while it was about 18 mounds in cultivated land on a foot slope in the Miyo
district. For rangeland use at the summit, the mean basal diameter and volume of mounds were 3.4 m and 11 m® in the enclosure, 3.2 m
and 12.5 m® in open-grazing, and 4.9 m and 10.4 m® in cultivated land, respectively. The average basal diameter of mounds on the foot
slope was about 2.4 m in the enclosure, 1.8 m in open-grazing land, and about 2.8 m in cultivated land, while the average volume of
mounds under these rangeland uses was 6.8, 2.6, and 10.9 m®, respectively.

Several studies have mentioned the strong association between land use and termite communities. This indicates the influence on
biogenic structures is likely due to changes in termite habitats following anthropogenic disturbance [77-79]. The results in Table 3 are
in contrast to Bera et al. [80], who reported that the height, masses, density, and regeneration rate of termite mounds increased with
vegetation density in the order of grassland, dispersed, and dense vegetation. This discrepancy might be explained as certain land use
practices affect the abundance and richness of termite communities, which could lead to the loss of functional groups in some cases
[15,81]. According to Anyango et al. [77], the abundance, occurrence, diversity, and foraging activities of termites also depend on soil
depth, available feeding types, soil moisture, cropping season, and environmental location.

3.6. Termite bioturbation effects

Soil particles varied significantly, except for silt content resulting from rangeland use (F = 2.0, p > 0.05) (Table 4). Sand content
was significantly higher in enclosures and cultivated land than in open-grazing land. In contrast, clay particles were higher in open-
grazing land soils than in enclosures and cultivated land. Sand content was lower, and silt and clay contents were higher on mounds
than on the respective control soil. However, clay content was comparable between mounds and control soil under cultivated and
open-grazing land. In the soil adjacent to mounds, significant differences in soil particles were not observed along soil depth, although
sand content decreased across soil depths in open-grazing land.

Relatively high sand content in the enclosure and cultivated land is in contrast to Negasa et al. [13], who reported high sand content
in grazing land but low sand content in cultivated land due to intensive soil management. The high clay particles in open-grazing land
soil may be related to the clay-enriched horizon caused by saprolite underlying the soil, as in the case of the summit, and the enriched
fine particles at the foot slope. In this regard, Damene et al. [82] indicated low sand and comparable clay contents in open-grazing land
in contrast to enclosure land. An increase in silt and clay contents in mounds could be due to termites preference for fine particles [83].
Comparable clay content between mound and control soils across rangeland use is probably due to the lower selection of termites for
fine particles with a higher clay content in the reference soil and vice versa [42]. The decreasing sand contents with depth are in line
with the observation by Negasa et al. [13], and the absence of a significant depth difference is probably due to erosion from the
mounds.

Soil pH was significantly affected by rangeland use (F = 6.5, p < 0.01) and termite bioturbation (F = 10.2, p < 0.001). Open-
grazing land had the lowest pH value compared to enclosure and cultivated land (Table 4). Termite mounds had comparable soil
pH values to the corresponding control soil. In addition, the pH did not differ across depths in the soil adjacent to the mounds. Soil EC
value was significantly affected by rangeland use (F = 27.0, p < 0.01) and termite bioturbation (F = 30.5, p < 0.001). Open-grazing
land had the highest EC value compared to enclosures and cultivated land. Termite mounds had an eight-to thirteen-fold higher EC
than the corresponding control soils, and the magnitude of the increase was more prominent in the enclosure than under cultivated and
open-grazing land. However, the EC values did not differ significantly across depths in the soil adjacent to the mounds. Rangeland use
and termite bioturbation had significant (p < 0.01 and p < 0.001, respectively) effects on soil OC (Table 4). While OC was comparable
between mounds and the soil adjacent to the mounds, the content in termite mounds was higher by 44, 20, and 45% than the content in
control soil under enclosure, cultivated, and open-grazing land, respectively. Rangeland use and termite bioturbation had significant
(p < 0.001 and p < 0.001, respectively) influences on available P. The available P content of the soil under the enclosure and
cultivated land was lower than that of open-grazing land by 43 and 21%, respectively. The available P content of termite mounds was
higher than that of control soil by 23-111%. In general, termite mounds and the respective adjacent soil did not significantly differ in
available P content. However, the average value in mounds was lower than that of the adjacent soil under the enclosure.

Table 3
Characteristics of termite mounds across rangeland use in Dugda-Dawa and Miyo districts.
Positions Rangeland uses Density (ha ') Height (m) Basal diameter (m) Volume (m~2 mound 1) Soil mass (t mound 1)
Summit Enclosure 4 3.6 3.4 11.0 14.7
Open grazing 19 4.7 3.2 12.5 13.9
Cultivated 22 1.7 4.9 10.4 16.8
Foot slope Enclosure 7 4.5 2.4 6.8 9.1
Open grazing 12 3.2 3.5 2.6 14.6
Cultivated 18 5.3 2.8 10.9 3.0
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Table 4
Physicochemical properties in termite-mediated soils across rangeland use in the study area.
Rangeland uses Sampling units Sand Silt Clay pH, 1:2.5H,0 EC,dSm™! 0oC, g kg’1 Avail. P, mg kg’1 CEC Exch. Ca Exch. Mg Exch. K Exch. Na
gkg! Cmol, kg~ !

Enclosure Mounds 500 b 173a 327a 6.8b 15.8a 19.7a 5.9a 31l.4a 10.5a 1.2a 0.19a 0.06
0-10 cm 623a 113 b 263 ab 7.1a 1.0b 23.0a 6.6 ab 25.5b 5.6 b 0.5a 0.09 b 0.05
10-20 cm 597a 110 b 293 ab 7.2a 0.9b 22.0a 6.5b 27.9 ab 7.1b 0.5a 0.10b 0.08
20-30 cm 575a 98 b 327a 7.1 ab 0.5b 21.8a 6.6 b 28.0 ab 7.1b 0.6a 0.10b 0.05
Control 575a 130 b 261 b 6.2b 1.2b 13.7b 4.8c 7.5¢ 2.4c 0.3b 0.13b 0.06
Mean” 581a 125 294b 6.9a 3.9b 20.0a 6.1c 24.0 6.5 0.6 0.12b 0.06b

Cultivated Mounds 473 b 153a 373a 6.5b 12.5a 19.6a 8.7a 25.1a 12.5a 0.4a 0.22a 0.06
0-10 cm 623a 112b 265 ab 7.0a 0.8b 24.4a 7.4 ab 21.7b 89b 0.8a 0.12b 0.05
10-20 cm 583a 118 b 298 ab 7.1a 0.8b 21.2a 7.3b 21.6 ab 7.4b 0.8a 0.10b 0.07
20-30 cm 595a 108 b 297 ab 7.1 ab 1.4b 20.7a 7.2b 21.8 ab 7.5b 0.6a 0.11b 0.08
Control 656a 100 b 244 ab 6.1 b 1.3b 16.4b 5.3c 7.3c 1.5¢ 0.2b 0.17b 0.08
Mean” 586a 118 295b 6.8a 3.4b 20.5a 7.2b 19.5 7.6 0.6 0.15 ab 0.07b

Open-grazing lands Mounds 490 b 153a 357a 6.5b 13.6a 19.3a 11.2a 30.8a 7.6a 0.8a 0.18a 0.14
0-10 cm 520a 150 b 330 b 6.7a 5.3b 19.2a 10.4 ab 29.6 b 5.1b 0.5a 0.15b 0.11
10-20 cm 513a 135b 352 ab 6.5a 9.2 ab 20.9a 8.6 b 30.1 ab 5.9b 0.7a 0.16 b 0.10
20-30 cm 493 b 140 b 367 ab 6.3 ab 11.0 ab 19.4a 81b 30.7 ab 57b 0.7a 0.15b 0.09
Control 533a 125b 342 ab 6.1b 1.6¢ 13.3b 5.3¢ 7.2¢ 2.2¢ 0.2b 0.15b 0.07
Mean” 510b 141 349a 6.4b 8.2a 18.4b 8.7a 25.7 5.3 0.6 0.16a 0.10a

F-Values Bioturbation (F4, 20) 6.5* 6.17%** 4.3%* 10.2%** 30.5%** 10.8%** 19.6%** 145.7%%* 12.7%%* 14.17%%* 9.7%% 2.2ns
Rangeland (Fa, 10) 5.7* 2.0ns 7.6* 6.5%* 27.0%* 6.5%* 19.1%%* 3.1ns 1.4ns 1.4ns 7.1% 16.9%**

CV (%) 14.3 30.5 21.7 6.3 99.5 22.6 21.7 22.3 69.3 52.8 36.6 34.8

CEC: Cation Exchangeable Capacity; EC: Electrical Conductivity; OC: Organic Carbon.

Ns: non-significant, *, ** and ***: significant at « = 0.05, 0.01 and 0.001 probability level, respectively. Means followed by the same letter do not significantly different from each other.

# The average values of termite-mediated soils per sampling units taken to compare rangeland uses.
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Cation exchange capacity, Ca®*, and Mg?" were significantly influenced only by termite bioturbation. While K was affected by
both factors, Na™ was influenced only by rangeland use (F = 16.9, p < 0.001). Termite bioturbation improved the CEC, Ca®*, and Mg2+
contents of mounds by three to eightfold over control soils. High K™ and Na™ values were observed under open-grazing land rather than
in the enclosure or cultivated land, while CEC and basic cations were comparable between mounds and the soil adjacent to the mounds.

The lower soil pH values in open-grazing land than in enclosures and cultivated land are probably attributed to the higher rate of
OM oxidation due to the high termite activity on open-grazing land, which produces organic acids and releases H-ions into soil so-
lutions. The reduction of soil pH values under open-grazing land could also be related to the depletion of basic cations through surface
erosion [17,18]. Comparable soil pH values between mounds and the soil adjacent to the mounds could be due to the accumulation of
cations through erosion from the mounds. The findings agree well with the results of Bera et al. [80]. The higher EC values were
recorded in the mound soils, which are probably associated with an enrichment of basic cations, particularly Ca%*, corroborating the
findings of Chisanga et al. [84]. On the other hand, some termite groups, such as the genera in this study, host atmospheric-fixing
nitrogen bacteria [85,86]. According to Seymour et al. [87], in neutral to alkaline soil reactions, nitrate is the dominant form of N,
and a large termite mound contains sixty-fold more nitrate than a reference soil. An increase in nitrate concentrations in the anion
fraction of termite mounds suggests mineralization of OM, which elevated the EC content in the mounds [88]. The result on available P
is in contrast to the study of Cheng et al. [89], which indicated increased available P content from farmland to forest or grassland. The
higher available P in the mounds than in the adjacent soil could be due to the accumulation of litter for many years that led to hu-
mification and increased phosphorus release. Significantly higher divalent cations in the mounds and their adjacent soil than in the
corresponding control soil, probably due to the role of these cations, particularly Ca, in soil structural stability against mound cracks.
This is because soil shrinkage during the dry season leads to deep cracks in termite mounds [90], and termites construct or repair
mounds to eliminate excessive water infiltration during heavy rain and reduce excessive water losses during the dry season [91]. Based
on Cherian et al. [92], the electro-negativity of clay surfaces and their high adsorption capacity, which is due to the dissolution of clay
minerals, may enhance the affinity of divalent cations, particularly calcium, in termite mounds. In general, enriched physicochemical
properties, particularly clay, EC, avail. P, and, in some cases, K* and Na™ in termite-mediated soils under open-grazing land, could be
attributed to high termite activities depicted by the amount of soil translocated and mound erosion, where their intensity was higher in
open-grazing land than in enclosures and cultivated land. The absence of significant differences observed in soil properties between the
mound and the adjacent soil, as well as across different depths of the soil at the mound periphery, is likely due to erosion from the
mounds.

4. Conclusions

We have explored that quantitative soil classification based on divisive clustering can identify soils within the same classes as the
WRB classification system and can confirm the WRB soil classification. A key strength of the research lies in the fact that soil phys-
icochemical properties are used to classify termite-mediated soils quantitatively. As a result, low pH, CEC, Ca®", and Mg?" defined
cambic horizons forming Cambisols, while high clay and CEC described argic horizons forming Luvisols. Calcisols are formed from a
calcic horizon that is described by high pH, OC, Ca®*, and Mg?*. From this clustering, it can be concluded that numerical classification
could be used for mapping termite-affected soils and evaluating existing soil variability. Agglomerative clustering reflects diagnostic
horizons and pedogenic processes. The representative horizons of a given cluster were used for the first time to find patterns in termite-
mediated soils, which could be used to predict soils in the same area that have not been studied. Termite bioturbation also plays an
important role in soil property regulation, and rangeland use determines the impact on soil physicochemical properties. Soil turnover
as a result of erosion from the mound results in similar soil properties between the mound and the adjacent soil. In addition, similar soil
properties are found at different depths in the soil adjacent to the mound. Considering longevity and bioturbation, termite-induced
pedogenesis may be more prominent on open-grazing land than under enclosure or cultivated land. Therefore, land use should be
considered in determining the magnitude of termite-affected soils. Moreover, the results indicate that numerical classification is a
promising complementary method to WRB soil classification. This study, however, demonstrated a limited aspect of numerical
classification in describing termite-mediated soils, and therefore, future studies into other soil types are worthwhile.
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