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Abstract: Topography is a fundamental soil-forming factor that exerts profound control over soil profile development,
physicochemical properties, and fertility status across landscapes. This review synthesizes current scientific understanding of how
topographic elements—including slope gradient, position, aspect, and elevation—influence soil formation processes, profile
morphology, and nutrient dynamics. The catena concept, first articulated by Milne (1935), provides the conceptual framework for
understanding soil sequences along hillslopes, where lateral fluxes of water and materials create predictable patterns of soil
variation. Evidence from diverse agroecological zones demonstrates that upper slope positions typically exhibit shallower, well-
drained soils with lower organic matter and nutrient content, while footslope and valley bottom positions accumulate finer-textured,
nutrient-enriched soils through erosional deposition and lateral leaching. Slope gradient controls drainage, erosion intensity, and
profile depth, while aspect modulates microclimate and organic matter dynamics. Recent quantitative studies using topographic
wetness indices and geospatial analyses have enabled predictive modeling of soil property distributions. The review highlights that
topography often interacts with land use and parent material in determining soil fertility, with implications for precision agriculture
and sustainable land management. Understanding topographically-driven soil variability is essential for site-specific nutrient
management, soil conservation planning, and optimizing agricultural productivity in complex terrains.
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1. Introduction

The relationship between topography and soil development has been recognized as a cornerstone of pedological science since
the systematic study of soils began. As early as the late nineteenth century, Dokuchaev identified relief as one of the primary soil-
forming factors, a framework later formalized by Jenny (1941) in his state-factor equation: Soil = f(climate, organisms, relief, parent
material, time). Among these factors, topography the configuration of the earth's surface—occupies a unique position because it
influences not only the distribution of water and energy across landscapes but also modulates the effects of other soil-forming factors.

The importance of understanding topography-soil relationships extends beyond academic pedology into practical agricultural
management. In modern agriculture, proper soil management remains central to achieving sustainable food production. According to
Brady and Weil (1999), soil is indispensable to the farmer, and maintaining its fertility is essential for meeting global food demands.
However, soils are not uniform across landscapes; their characteristics vary systematically with topographic position, creating distinct
fertility patterns that must be understood for effective land use planning and crop management.

The catena concept, introduced by Milne (1935) based on his work in East Africa, provided the first systematic framework for
understanding soil variation along slopes. A catena is defined as a succession of soils down a slope, typically extending from the hill
summit to the valley floor, with genetic unity provided by the lateral movement of water and soil materials. This concept has been
elaborated and refined over decades of research, with subsequent scholars distinguishing between catenas (emphasis on soil series and
mapping), toposequences (emphasis on topographic control of soil formation), and other related terms.

Despite the conceptual advances, the precise mechanisms by which topography influences soil profile characteristics and
fertility remain incompletely understood in many regions. Quantitative evidence on topography-fertility relationships is particularly
scarce in tropical and subtropical environments where agriculture is expanding onto marginal lands. The present review aims to
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synthesize current knowledge on topographic controls on soil properties, examining the effects of slope gradient, position, aspect, and
terrain indices on soil profile development, nutrient distribution, and fertility status. By integrating findings from diverse geographic
contexts, this review seeks to provide a comprehensive framework for understanding and managing topographically-driven soil
variability.

2. Conceptual Framework: Catenas and Toposequences
2.1 The Catena Concept in Soil Geography

The catena concept represents one of the most enduring contributions to soil geography and remains fundamental to
understanding soil distribution in landscapes. Milne's original conception arose from observations in East African savannas, where he
noted that soils exhibited systematic variation from hilltops to valley bottoms. The essential feature providing genetic unity to a catena
is that water and soil materials can move laterally down slope, creating physical and chemical linkages between different slope
positions. The present review aims to synthesize current knowledge on topographic controls on soil properties, examining the effects
of slope gradient, position, aspect, and terrain indices on soil profile development, nutrient distribution, and fertility status. By
integrating findings from diverse geographic contexts, this review seeks to provide a comprehensive framework for understanding and
managing topographically-driven soil variability. Research in Ethiopia's southern highlands found that clay and silt fractions exhibited
significant differences between topographic positions, with clay content decreasing from upper to lower positions—a pattern
attributed to erosional transport and deposition.

A critical distinction exists between simple and compound catenas. Simple catenas develop on a single rock type, where relief-
induced hydrologic variation is the primary driver of soil differentiation. Compound catenas, by contrast, develop on slopes formed
from two or more rock types, introducing additional complexity from lithological variation. This distinction has practical implications
for soil mapping and management, as the relative importance of topographic versus lithologic controls must be assessed in each
context.

2.2 Toposequence as a Theoretical Framework

The term "toposequence" emerged as a refinement of the catena concept, specifically emphasizing the role of topography as
the primary differentiating factor in soil sequences. However, a recent bibliometric analysis revealed that the term has been used with
three distinct approaches: (1) regional-scale studies examining soil distribution across landscape units, (2) catenary approaches
focusing on soil series along slopes for mapping purposes, and (3) continuum approaches treating soil as a pedological cover where
horizons change along slopes under topographic influence.

Following the recommendation of this analysis, the term "toposequence" is most appropriately reserved for studies examining
the lateral succession of horizons in a continuum along a slope, emphasizing the coevolution of soil and relief. In this framework,
topography is not merely a passive template upon which soils develop but actively shapes pedological processes through its influence
on hydrology, erosion, and deposition.

2.3 Mechanisms of Topographic Control
Three principal mechanisms explain why topography exerts such profound influence on soil properties:

1. Hydrologic Control: Topography determines the distribution of water across landscapes through its influence on infiltration,
runoff, and subsurface flow. The position of the water table varies predictably with slope position—highest at valley bottoms
and lowest at crests—affecting drainage, aeration, and redox processes.

2. Erosion and Deposition: Slope angle and curvature control the rates of soil erosion and sediment deposition. Steeper slopes
experience greater surface wash and soil creep, leading to thinner profiles, while lower slopes receive colluvial deposits that
thicken profiles and concentrate nutrients.

3. Lateral Eluviation: The downslope movement of dissolved substances—a process termed lateral eluviation—transports nutrients,
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clay minerals, and sesquioxides from upper to lower slope positions, creating predictable patterns of nutrient enrichment at
footslopes and valley bottoms.

These mechanisms operate simultaneously and interactively, producing the characteristic soil patterns observed along
toposequences worldwide.

3. Influence of Slope Position on Soil Profile Characteristics
3.1 Morphological and Physical Properties

Soil profile morphology varies systematically with slope position, reflecting the cumulative effects of differential erosion,
deposition, and hydrology. Along a typical toposequence from summit to valley bottom, several consistent patterns emerge.

Soil depth typically increases from upper to lower slope positions. Upper slopes, characterized by active erosion and rapid
runoff, often have shallow profiles with limited horizon development. A study in Zaria, Nigeria, found that soils on crest and upper
slope positions were shallower with A-C horizon sequences (Entisols), while valley bottom positions exhibited deeper profiles with
A-B-C horizon development (Inceptisols and Alfisols). Similarly, research in Upper Michigan demonstrated soil variability across a
horizontal distance of only 300 m, with profiles ranging from Lithic Dystrochrepts on upper slopes to TerricBorosaprists on toeslopes.

Soil texture also shows systematic variation with slope position. In the Nigerian study, sand dominated the mineral fraction
across all positions, but clay content generally increased with depth except in valley bottoms, where accumulation of fine materials
from upslope created distinct textural patterns. In Syrian forest soils, clay and silt contents were highest at bottom slopes and
decreased progressively upslope, while sand content showed the opposite trend.

Soil color varies predictably along toposequences, reflecting drainage conditions and organic matter content. Upper slope
profiles typically exhibit reddish or yellowish hues from oxidized iron compounds, while valley bottom soils display grayish or
mottled patterns indicative of gleying—the reduction of iron under waterlogged conditions. The classic savanna catena on basement
complex rocks in East Africa illustrates this pattern: reddish clayey profiles on crests grade to yellower soils on slopes, with black
clay (mbuga) at valley floors.

3.2 Chemical Properties and Nutrient Status

The chemical properties of soils, including nutrient status, show pronounced variation with slope position, largely driven by
the transport and accumulation of materials through erosion, deposition, and lateral leaching.

Organic matter and total nitrogen typically increase from upper to lower slope positions, reflecting both the accumulation of
eroded materials and the higher moisture availability that supports greater biomass production. Research in Ethiopia's southern
highlands found that clay and silt fractions exhibited significant differences between topographic positions, with clay content
decreasing from upper to lower positions—a pattern attributed to erosional transport and deposition. In the same study, available
phosphorus was highest at lower slope positions (16.61 mg kg™) compared to upper slopes, while exchangeable acidity followed the
reverse pattern.

Exchangeable cations—calcium, magnesium, potassium, and sodium—tend to accumulate at footslope and valley bottom
positions through lateral leaching and deposition. Research in the Cincinnati catena of Indiana demonstrated that Mehlich-3
extractable potassium and plant-available nonexchangeable potassium were significantly related to topographic wetness index and
relative elevation, increasing with decreasing topographic wetness (i.e., better drainage) . The researchers attributed these patterns to
lateral downslope lessivage (clay migration) and potassium leaching.

Cation exchange capacity (CEC) also varies with slope position, reflecting differences in clay content and organic matter. In
the Zaria study, CEC ranged from 7.3 to 9.7 cmol(+) kg™ across the toposequence and was rated as moderate, while base saturation
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(55-79%) suggested moderately inherent natural fertility . These values are consistent with the finding that topographically controlled
variation in soil properties is particularly pronounced in tropical regions where soils are highly weathered.

4. Influence of Slope Gradient, Aspect, and Terrain Attributes

4.1 Slope Gradient Effects

Slope gradient exerts direct and indirect controls on soil properties through its influence on drainage, erosion, and runoff
velocity. Steep slopes are generally better drained than gentle slopes, but they also experience more rapid runoff and higher erosion
rates, which can retard soil formation and lead to thin, immature profiles.

Quantitative studies have demonstrated significant correlations between slope gradient and soil properties. In a mango orchard
study in China's dry-hot valley, total nitrogen and organic matter declined with increasing slope gradient, reflecting greater erosion
losses from steep slopes. Available phosphorus, however, accumulated in the 10-20 cm layer of gentle slopes, suggesting that
phosphorus mobility and redistribution patterns differ from those of nitrogen and organic matter.

In Syrian forest soils, bulk density and sand content were highest on top slopes and decreased progressively to middle and
bottom slopes, while profile depth, organic matter content, electrical conductivity, and CEC showed the opposite trend. These
findings underscore the importance of slope gradient as a primary control on both physical and chemical soil properties.

The topographic wetness index (TWI), calculated as In(As/tan o) where As is specific catchment area and o is slope angle,
integrates slope gradient with upstream contributing area to provide a measure of relative wetness. Research in the Ethiopian
highlands found statistically significant correlations between TWI and multiple soil properties, including organic matter (r=0.66),
available water content (r=0.70), clay content (r=0.62), and saturated hydraulic conductivity (r=0.66). In the Fen River Basin of
China, soil organic matter, available phosphorus, and available potassium were significantly influenced by the wetness index at
relatively large scales (32-72 km).

4.2 Slope Aspect Effects

Slope aspect—the direction a slope faces—influences soil properties primarily through its effects on microclimate, particularly
solar radiation receipt and moisture regimes. In the Northern Hemisphere, south-facing slopes receive more solar radiation than north-
facing slopes, leading to warmer and drier conditions that affect organic matter decomposition, weathering rates, and vegetation
composition.

A study in Alsanober Forest, Syria, examined four slope aspects (south, north, east, and west) but found no significant aspect
effects on soil properties, suggesting that other topographic factors (slope gradient and altitude) may overshadow aspect effects in this
Mediterranean environment . However, in China's dry-hot valley, slope aspect had significant effects on nutrient distribution: sunny
(south-facing) slopes had higher total nitrogen, organic matter, and total phosphorus, while shady slopes had higher total potassium
and available potassium.

The contrasting results highlight that aspect effects are context-dependent and may be more pronounced in environments
where solar radiation is a limiting factor for soil development and where moisture differences between aspects are substantial. In
tropical and subtropical regions with high overall radiation, aspect may play a secondary role compared to slope gradient and position.

4.3 Elevation and Altitude Effects

Elevation influences soil properties through its effects on temperature, precipitation, and vegetation. In mountain
environments, elevational gradients create climate zones that significantly affect soil formation and fertility. However, the effects of
elevation are often confounded with those of slope position, making it challenging to isolate elevational effects from topographic
position effects. In the Syrian forest study, sand content and bulk density were positively correlated with altitude, while profile depth,
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clay content, organic matter, and exchangeable cations decreased with increasing altitude. These patterns reflect the combined effects
of lower temperatures (slowing weathering and organic matter decompaosition), higher erosion rates (on steeper slopes at higher
elevations), and different vegetation communities.

A watershed study in Uganda found that toposequence position had significant effects on soil pH, soil organic matter, available
phosphorus, nitrogen, and soil texture, with summit positions generally showing better soil quality than mid-slope or foot slope
positions. This pattern, while contrary to the general expectation of nutrient accumulation at lower slopes, may reflect the effects of
intensive agricultural practices in the footslope positions studied.

5. Topography, Soil Fertility, and Agricultural Implications

5.1 Nutrient Distribution and Fertility Patterns

The systematic variation of soil properties along toposequences has profound implications for soil fertility and agricultural
productivity. Understanding these patterns is essential for site-specific nutrient management and for predicting the responses of
different landscape positions to agricultural practices.

The distribution of plant-available nutrients along slopes reflects the balance between inputs (from weathering, atmospheric
deposition, and organic matter decomposition) and losses (through erosion, leaching, and crop removal). In general, footslope and
valley bottom positions accumulate nutrients from upslope through erosional deposition and lateral leaching, leading to higher fertility
in these positions. However, valley bottoms may also suffer from waterlogging and gleying, which can limit crop growth despite their
higher nutrient status.

Research in Ethiopia's southern highlands showed that grain yield and aboveground biomass decreased from lower slope to
upper slope positions, consistent with the fertility patterns observed . This finding underscores the practical importance of topographic
position for agricultural productivity and suggests that upper slope positions may require more intensive nutrient management to
achieve comparable yields.

The N:P ratio and C:N ratio of soils vary with slope position, reflecting differences in the relative availability of nitrogen and
phosphorus. In the Chinese mango orchard study, the N:P ratio peaked at 0° slope in surface layers, while the C:N ratio peaked at 80°
slope at depth, indicating that slope gradient affects both absolute nutrient levels and nutrient stoichiometry . These stoichiometric
patterns have implications for understanding nutrient limitation and plant-soil feedbacks.

5.2 Implications for Land Use and Soil Management

Topographic controls on soil fertility have direct implications for land use planning and soil management. In the savanna plains
of tropical Africa, the catena concept has historically informed indigenous land use patterns, with different crops and management
practices applied to different slope positions. Modern precision agriculture can build on this foundation by using terrain analysis to
guide variable-rate nutrient application, selecting appropriate crops for different landscape positions, and targeting soil conservation
measures where they are most needed.

The significance of topography for soil management extends beyond nutrient management to include soil conservation. Steep
slopes with high erosion potential require conservation measures such as contour plowing, terracing, and cover cropping to maintain
soil fertility and prevent land degradation. Research on the Cincinnati catena showed that terrain attributes can aid in potassium
fertility evaluations because they relate well to potassium fertility measurements. Similar approaches can be developed for other
nutrients, enabling more efficient and effective fertilizer use.

However, the relative importance of topography versus other factors in determining soil fertility must be assessed in each
context. A study in the Rwizi catchment of Uganda found that land use system effects superseded toposequence position in
accounting for variations in surface soil properties. This finding suggests that while topography is important, management practices
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can significantly modulate or even override topographic effects, particularly in intensively managed agricultural landscapes.
5.3 The Need for Site-Specific Management

The heterogeneity of soil properties along toposequences necessitates site-specific management approaches that account for
topographic variation. As noted in the introduction to this review, measures taken to improve or sustain fertility in soils with given
characteristics can be applied to similar locations where comparable geomorphic features prevail. This principle underscores the
importance of understanding topography-soil relationships for extrapolating management recommendations.

Principal component analysis of the Chinese mango orchard data indicated that slope gradient, position, and aspect accounted
for 60.6%, 68.2%, and 59.6% of the variance in soil nutrients, respectively. These high percentages demonstrate that topographic
variables are powerful predictors of nutrient distribution, supporting the use of terrain-based approaches for precision nutrient
management.

The use of topographic indices, including the wetness index, has been shown to improve the prediction of soil property
distribution. However, research also indicates that coarse-resolution soil data or pedotransfer functions that do not account for
topographic effects may be unreliable for guiding watershed management decisions. This limitation underscores the value of detailed
terrain analysis for understanding and managing soil fertility in complex landscapes.

6. Conclusion

This review has synthesized current understanding of how topography influences soil profile characteristics and fertility across
diverse landscapes. The following key conclusions emerge:

1. Topography exerts systematic control over soil properties: Soil profiles vary predictably with topographic position, with upper
slopes characterized by shallower, well-drained soils and lower slopes by deeper, finer-textured, nutrient-enriched soils. These
patterns are most pronounced in tropical regions where soils are highly weathered and topographic controls on hydrology and
erosion are strong.

2. Multiple mechanisms operate: Three principal mechanisms—hydrologic control, erosion and deposition, and lateral eluviation—
mediate the influence of topography on soil development. The relative importance of these mechanisms varies with climate,
parent material, and land use, but their interaction produces the characteristic soil patterns observed along toposequences.

3. Slope gradient and aspect are important modifiers: Steeper slopes experience greater erosion and runoff, leading to thinner
profiles and lower fertility, while slope aspect influences soil properties through microclimatic effects on moisture and
temperature. The topographic wetness index provides a useful integrative measure of slope and catchment effects.

4. Fertility implications are significant: The systematic variation of nutrients along toposequences has direct implications for
agricultural productivity and management. Understanding these patterns enables site-specific nutrient management, conservation
planning, and land use optimization.

5. Land use interacts with topography: While topography is a fundamental control on soil properties, land use practices can
significantly modify or override topographic effects. This interaction underscores the importance of integrated approaches to soil
management that consider both natural and anthropogenic factors.

6. Quantitative terrain analysis enables predictive modeling: Advances in geospatial analysis and terrain modeling have enabled
quantitative prediction of soil property distribution based on topographic variables. These tools offer promise for precision
agriculture and targeted conservation.

In conclusion, the influence of topography on soil profile characteristics and fertility remains a central concern of pedological
science and agricultural practice. As global food demand increases and agriculture expands into increasingly marginal lands,
understanding topography-soil relationships will become ever more critical. Future research should focus on quantifying these
relationships across diverse landscapes, developing predictive models for site-specific management, and elucidating the interactions
between topography, climate, and land use in driving soil fertility patterns.
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