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PERSPECTIVE

A Pedogenic View of Ecosystem Restoration
Kevin K. Moorhead

ABSTRACT
Ecosystem response to site restoration depends in part on the physical, chemical, and biological properties of soils. Soil 
properties are influenced by the factors and processes of soil formation that determine soil profile characteristics and 
pedogenic pathways for soils. Loss of integrity of the original soil profiles or disruption of a past pedogenic pathway 
from site disturbance may limit the success of restoration if assessment is based on comparisons to previous ecosystems 
or mature reference systems. New profile characteristics and a pedogenic pathway will emerge over time if materials 
are used to construct soil profiles or if topsoil or organic matter amendments are added to enhance ecosystem develop-
ment during site restoration. Ecosystem restoration should include the following pedogenic evaluation of soils: 1) the 
integrity of existing soil profiles of a degraded site; 2) the soil types (based on soil orders) and past pedogenic pathways 
for sites of intact soil profiles or sites that require only surface horizon modification; 3) the relative contributions of soil 
forming factors and processes on future pedogenesis; 4) the conditions that promote or hinder horizon development; 
and 5) predictions of pedogenic pathways and potential soil types after site restoration. Understanding pedogenesis as 
a component of ecosystem restoration will improve our understanding of how soils influence ecosystem development, 
as well as our ability to predict potential success of ecosystem restoration.
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 Restoration Recap •
• Pedogenesis is a continuous process of soil formation 

influenced by factors and processes that promote or 
hinder soil horizon development.

• Pedogenesis also influences short- and long-term ecosys-
tem development but is rarely considered in ecosystem 
restoration.

• A model is presented that integrates the integrity of soil 
profiles to indicate existing soil types and past soil form-
ing pathways with soil forming factors and processes that 
promote or hinder horizon development to predict future 
pathways and soil types of restored ecosystems.

The physical, chemical, and biological properties 
of soils are integral to plant community devel-
opment of degraded sites and are central to the 

success of restoration projects ( Jordan et al. 1987). Soils 
play a critical role in plant community development by 
storing water, nutrients, and seeds, playing a fundamental 
role in nutrient cycling, providing root media, and food 
web support, sequestering and breaking down pollutants, 
and contributing to overall landscape integrity. Heneghan 
et al. (2008) acknowledged that soil should routinely be 
incorporated into planning and evaluating restoration 
projects and that highly degraded sites require more 
intensive soil ecological knowledge.

Some restoration projects include an assessment of 
physical, chemical, and biological properties of soil hori-
zons that demonstrate soil quality improvement. The 
indicators of soil quality (Ditzler and Tugel 2002) include 
physical properties such as bulk density, infiltration 
rate and water content; chemical properties such as pH, 
organic matter content, electrical conductivity, and nutri-
ent levels; and biological attributes such as respiration 
rates and diversity of soil biota. In a survey of restora-
tion studies that contain soils information, Callaham et 
al. (2008) noted that total soil nitrogen, organic matter, 
and indices of plant nutrient responses were the most 
frequently measured soil responses. They also noted that 
a wide variety of invertebrate soil organisms were used 
as bio-indicators of ecosystem recovery or health. It is 
common and perhaps logical to focus on assessment of 
soil properties of the surface horizon, where the bulk of 
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the biological activity (including root growth) occurs 
in a soil profile.

The horizons that make up a soil profile represent more 
than a separation of surface and subsurface materials. 
A continuous process of soil formation, or pedogenesis, 
occurs as soil forming factors ( Jenny 1941) act simultane-
ously to influence how materials are added to, lost from, 
transformed, or transferred throughout the soil profile 
(Simonson 1959). The differentiation of a soil profile into 
horizons results from many transformation processes such 
as weathering and mineralization, decomposition and 
humification, and aggregate formation, combined with 
translocation processes such as eluviation and illuviation 
(Stockman et al. 2011).

In a classical view of pedogenesis, an end result is predict-
able as soils mature and a stable state is achieved. For some 
soils, maturity is expressed by increasing differentiation of 
horizons throughout the soil profile (Marbut 1935, Jenny 
1941). Recent models of pedogenesis account for a more 
evolutionary view of soil development that recognizes that 
many potential pedogenic pathways exist as soils evolve 
progressively, regressively, or remain similar for long peri-
ods of time ( Johnson and Watson-Stegner 1987, Phillips 
1998, Lin 2011). Conditions that promote the development 
of horizons over time represent a progressive pathway and 
it occurs more often when environmental drivers such as 
climate or vegetation remain relatively constant over time 
( Johnson and Watson-Stegner 1987). Regressive pathways 
occur when processes or factors inhibit or suppress the 
development of horizons. The loss of surface materials via 
erosion is an example of regressive pedogenesis (Birkeland 
1990). The evolutionary view suggests that at any particular 
time, soils may exist in several possible states (Huggett 
1998) and that pedogenesis is unique and depends upon 
initial conditions and past history, with a series of future 
states that are largely unpredictable (Phillips 2002) and 
governed by a number of geological and pedological pro-
cesses that are responsible for producing or enhancing (or 
destroying or blurring) horizons (Phillips and Lorz, 2008).

The factors, processes, and the potential pathways that 
influence pedogenesis (and hence ecosystem succession) 
are ongoing and a soil profile is an artifact or expression 
of the current stage of soil formation. We describe the 
horizons that make up a soil profile by characteristics 
that change rapidly (annually or seasonally) or over long 
periods of time (decades, centuries, or longer). Anticipated 
short-term changes of a soil profile after ecosystem restora-
tion include the buildup of organic matter in the surface 
layer and the subsequent shift to more internal nutrient 
cycling, and a corresponding increase in the complexity 
of soil biological activity. Long-term changes reflected in 
older soils of more humid climates include the transloca-
tion of silicate clay particles or aluminum and iron oxide 
minerals into subsurface horizons and the acidification 
of a soil profile if ample rainfall is coupled with good 

drainage. Simultaneous acid–base, ion exchange, redox and 
mineral-transformation reactions interact to determine 
the direction and rate of pedogenesis as several chemical 
thresholds are crossed during long-term soil development 
(Chadwick and Chorover 2001).

Success in ecosystem restoration may be related to the 
extent of which the original soil profiles were disturbed 
or how pedogenesis was disrupted during site degrada-
tion or restoration. Once soils are degraded, restoration 
to their original state is difficult to achieve and recovery 
is a slow process (Lavelle et al. 2004, Chazdon 2008). If 
new materials must be layered to approximate original 
site contours or as a means to approximate soil profiles, 
then pedogenesis is starting anew. Rebuilt soil profiles 
generally show simpler morphology (Curtaz et al. 2015). 
Placing topsoil over intact subsurface materials as a means 
to improve conditions for plant growth also represents a 
new condition for pedogenesis. Using stored topsoil for 
this purpose may limit success as soil quality deteriorates 
over time with stored materials (Ghose 2001). Creating 
new soil profiles ignores the historic role of pedogenesis 
as a component of past ecosystem development. This has 
ramifications for assessing restoration if success is based 
on comparisons of restored sites to previous ecosystems 
or to mature reference systems that may reflect advanced 
stages of pedogenesis.

A goal of restoration is to build self-sustaining ecosys-
tems (Society for Ecological Restoration 2004). Restored 
ecosystems are often compared to mature and self-sustain-
ing reference systems that may reflect long-term devel-
opment of soil profiles. Plants historically and currently 
contribute to pedogenesis by contributing the bulk of 
organic matter that influences many key soil processes. 
Long-term pedogenesis also leads to major changes in soil 
biota, such as bacteria, fungi, and nematodes (Williamson 
et al. 2005). Pedogenesis is rarely considered in assessing 
ecosystem restoration and yet plant community develop-
ment depends on the short- and long-term changes that 
occur in the soil profile. The time scale for soil formation 
is much shorter than the geologic time scale and much 
longer than the age span of most biological species (Buol 
et al. 2011) and much longer than time frames typically 
required to assess ecosystem restoration. The purpose of 
this paper is to review the factors, processes, and pedogenic 
pathways of soil formation, and how pedogenesis plays a 
role in ecosystem restoration.

Factors of Soil Formation

Jenny (1941) articulated a model of five soil forming factors 
that act simultaneously to influence pedogenesis: parent 
material, climate, biota, topography, and time. The model 
has been expanded to acknowledge the role of human 
activity on soil formation, often referred to as an anthro-
pogenic factor (Amundson and Jenny 1997). A wide range 
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of conditions can occur for each soil forming factor, hence 
for any particular restoration site it is useful to consider 
how each factor influences soil formation.

Parent Material
Soil formation typically begins with unconsolidated mate-
rials from weathered rock that accumulates in place or is 
transported to other areas through erosion and deposition 
by wind, water, gravity, or glaciers. Soils that develop in 
place are called residuum or residual soils. Transported 
soils form in areas of past and active deposition of mate-
rials. Alluvial soils are water deposited and are found in 
floodplains, terraces, and deltas of rivers and streams. Col-
luvial soils are gravity deposited and are most often associ-
ated with hillslopes where transported material results in 
thinner soils on side slopes and deeper soils at the base of 
slopes. Wind deposition of sand forms aeolian deposits 
such as sand dunes or loess deposits from the deposition 
of silt and clay particles. Glaciers move soils and rocks 
over long distances and result in soils that are mixed with 
materials ranging from clay particles to large boulders. At 
the edge of glaciers, outwash during glacier retreat results 
in more uniform materials in the soil profile compared to 
the till materials behind the glacier front or the moraine 
materials from the original leading edge of the glacier.

The weathered bedrock materials are the parent material 
for soil formation and they are often found at the base of 
soils as C horizons. The mineral composition of the C hori-
zon reflects the mineralogy of the underlying bedrock or 
the bedrock that was the source of transported materials. 
The composition and the atomic arrangement of minerals 
weathered from rock play an important role in pedogenesis 
because of the relative resistance of soil minerals to physi-
cal and chemical weathering. The unconsolidated parent 
materials determine the initial geochemical properties of 
soils such as soil texture, pH, and free oxides (Oyonarte 
et al. 2007). Plant communities have diverse responses to 
different parent materials after restoration (Abella et al. 
2015). In some places excess organic matter accumulates 
and becomes the parent material of soils. The organic 
soils that result are often found in areas of excess water or 
extreme cold temperatures, conditions that slow down and 
at times inhibit the decomposition of organic matter. Most 
of the accumulating organic matter comes from annual 
litter input of existing plants.

Climate
Climate, especially temperature and rainfall, influence the 
rates of rock and mineral weathering, the type of biota sup-
ported by soils, and important biological processes such as 
decomposition. Water is a critical component of soil forma-
tion and pedogenesis is enhanced by increased precipita-
tion except under conditions of cold temperatures. Nearly 
all soil-forming processes involve water in significant ways: 
water adds material through deposition of eroded sediment 

and precipitation of dissolved minerals; water can also 
entirely remove soil materials through leaching and ero-
sion; water transforms soil materials through weathering 
and other chemical reactions; and water translocates solid 
and dissolved materials within soil profiles (Lin 2011).

Biota
Plant community diversity is reflected in part by the diver-
sity of soils. Soils and biota have co-evolved since life 
first appeared on the planet because of the contribution 
of organic matter to soils by living and dead organisms. 
Biological changes should be reflected in qualitative pedo-
logical changes (Phillips 2009). The soil food web can 
control the successional development of plant communities 
both directly and indirectly, and plant community changes 
can in turn influence soil biota (Wardle et al. 2004b). A 
coarse analysis of soil diversity readily suggests that pro-
file differences can be partially attributed to community 
composition (i.e., deciduous or evergreen communities), 
community structure (grassland or forest communities), or 
by broad biomes (desert or rainforest communities). Plant 
cover maintains a relative control over the organic proper-
ties of soils, most notably the soil organic carbon content 
and the carbon to nitrogen ratio of soil organic matter 
(Oyonarte et al. 2007)

Topography
Soil formation is influenced by landforms and their associ-
ated flow systems. Topography influences several factors, 
such as runoff and erosion rates, so that soil development 
is inhibited on steep slopes compared with flatter surfaces. 
Erosion of upper hillslopes often results in deposition and 
increasing soil thickness at lower slopes (Agbenin and 
Tiessen 1995). Residual soils are found more often in areas 
of gentle topography where soil thickness slowly builds 
over time whereas lateral transport of surface materials is 
enhanced by convex topography and deposition occurs in 
areas of concave topography which can result in a rapid 
build-up of soil thickness (Minasny et al. 2008). Soil forma-
tion processes are sensitive to topography, creating catenas 
of soils from upper to lower areas that often determine veg-
etation patterns (Lavelle et al. 2004). Aspect also influences 
pedogenesis as sun facing slopes are generally warmer and 
drier and build up less organic matter compared to slopes 
that receive less sunlight.

Time
The time required for soil formation ranges from years to 
millennia. Long-term processes are influenced more by the 
processes of rock and mineral weathering and erosion and 
deposition while short-term processes are influenced more 
by the additions of organic matter to the surface horizon. 
Younger soils have less soil profile differentiation and if a 
progressive pedogenic pathway emerges, horizon devel-
opment is facilitated as soils mature. Organic matter may 
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accumulate in surface layers of temperate soils in a matter 
of decades or centuries whereas the translocation of min-
erals to subsurface layers and the formation of distinctive 
horizons may require thousands of years (Bradshaw 1999).

Humans
It is difficult to ignore the role that humans have played in 
altering soils and influencing pedogenesis, both historically 
and currently. On time scales of decades, anthropedogen-
esis can rapidly alter acidification and salinization; organic 
matter dynamics; translocations of solutes, clay, organic 
matter, and Fe and Al oxides; and alterations of redoxi-
morphic features, surface charge properties, aggregation, 
porosity, gas and water relations, and even rooting depth 
and texture (Richter 2007). Humans influence the other soil 
forming factors simultaneously (Bidwell and Hole 1965) 
and can accelerate, decelerate, or redirect soil forming pro-
cesses (Evans et al. 2000). The legacy of human activities 
on soil properties is considered later.

Processes of Soil Formation

Bockheim and Gennadiyev (2000) related 17 soil forming 
processes to the fourfold categorization of processes as 
additions, losses, transformations, and translocations of 
Simonson (1959). They determined that two soil forming 
processes result in additions to soils, one results in a loss 
from soils, 10 involve a translocation or transfer, and the 
rest result in transformations. It is beyond the scope of 
this paper to review 17 soil forming processes and instead 
a more general description is provided as they relate to 
additions, losses, transformations, and translocations.

Additions
Organic and inorganic materials are constantly added to 
soils as solids, liquids, and gases. The addition of organic 
matter and nutrients from plant litter is a notable example 
since the vast majority of soil organisms are heterotrophs 
that require carbon for energy and food. The accumula-
tion of organic matter in the surface horizon is a basic soil 
forming process and the A horizon is one of the first soil 
horizons to develop from this organic-mineral mixture 
(Brady and Weil 2008). Rainfall will add dilute amounts of 
dissolved ions, gasses and solids to the soil surface. Ground-
water may add significant amounts of dissolved materials 
to a soil profile and, in some cases, greatly enhance soil 
fertility. Flood waters from channel flow may contribute 
materials to soils in regions of active flooding. Surface 
runoff can also move and distribute materials to or from 
soil surfaces.

Losses
Leaching and erosion are two common mechanisms for 
losing materials from soils. Leaching generally refers to 
the movement of dissolved materials by water from the 

soil profile as it drains through soil pores. The loss of 
base cations from soils is a normal soil forming process 
in areas of ample rainfall coupled with good drainage. 
We think of leaching as a rapid process but mobility of 
materials depends on many factors, including weathering 
or decomposition rates.

Erosion is the gradual wearing away of the soil, most 
often from the surface, and is facilitated by lack of plant 
cover. Erosion by water, wind, gravity, or glaciers is a natu-
ral process and often the primary mechanism of soil loss. 
Unfortunately for plant communities, erosion in excess 
of soil formation can deplete the surface horizon result-
ing in less soil organic matter which serves as a primary 
reserve of nitrogen and other important plant nutrients. 
Soil organic matter can also be oxidized and lost through 
decomposition processes.

Transformations
Transformations include the weathering of minerals, the 
decomposition and humification of organic matter, a reduc-
tion in particle sizes of minerals as they weather, and the 
aggregation of particles into larger soil units (forming soil 
structure). Iron accumulation in soils from mineral weath-
ering is a common transformation. Changes in soil color 
are another common transformation and are facilitated 
by the accumulation or organic matter in the surface layer 
and oxidation/reduction reactions of iron in the subsurface 
layers. Transformations also result from other oxidation/
reduction reactions, and the formation of spodic materials 
(Bockheim and Gennadiyev 2000).

Translocations
Vertical translocations occur when organic and inorganic 
materials move from one horizon (the zone of eluviation) 
to another (the zone of illuviation) within a soil profile. 
Over long periods of time materials are gradually moved 
from surface layers downward in the soil profile. More 
soluble materials can leach entirely out of the soil but 
other materials, such as silicate clays, aluminum and iron 
oxides, calcium carbonate, gypsum, and even humus can 
translocate and accumulate in the subsoil. Ten of the 17 
soil forming processes reviewed by Bockheim and Gen-
nadiyev (2000) involve a translocation or transfer of soil 
materials in the soil profile. Materials may also move as 
lateral translocations in soils.

Short-Term Soil Profile Development

The processes of soil formation, as influenced by the factors 
of soil formation, result in short- and long-term changes 
in a soil profile. Yaalon (1971) categorized soil properties 
into those that change rapidly, relatively slowly, and virtu-
ally not at all. Targulian and Krasilnikov (2007) related 
time scales of specific soil pedogenic processes to soil self-
development. An example of a rapidly changing property 
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and key to soil formation is the accumulation of organic 
matter. However, the buildup of soil organic matter in 
restored ecosystems can take decades or longer to reach 
natural reference levels (Wigginton et al. 2000, McLauchlan 
et al. 2006, Ballantine and Schneider 2009).

Buildup of Organic Matter
Ecosystem development is enhanced when organic matter 
accumulates in the surface horizon. Adding organic amend-
ments to soils to facilitate plant community development 
or improve soil conditions is a common agriculture and 
ecosystem restoration technique (Curtis and Claassen 
2009, Tejada et al. 2009, Diacono and Montemurro 2010). 
Organic matter is a key to short-term soil profile develop-
ment due to its impact on other soil properties. Change in 
accumulated mass of organic carbon is a useful property 
to evaluate changes in younger soils (Merritts et al. 1991). 
Organic matter helps bind soil particles to form aggregates 
and hence build soil structure, increases soil water hold-
ing capacity, increases cation exchange capacity, and plays 
a significant role in other soil adsorption phenomenon 
(Delgado and Follett 2002). The accumulation of organic 
matter in the surface horizon sets up soil profile gradients 
of pH, cation exchange capacity, and exchangeable bases, 
bulk density, and nutrients (Stevens and Walker 1970).

Internal Nutrient Cycling
Organic matter serves a primary role in developing inter-
nally based nutrient cycling (Leuscher and Rode 1999) and 
internal nutrient cycling is a characteristic of more mature 
ecosystems (Odum 1969). Organic matter can retain many 
of essential plant nutrients but it is the significant store-
house of nitrogen and sulfur in most soils. Most parent 
materials contain little nitrogen and the accumulation 
of organic matter is critical to internal cycling of nitro-
gen. Plant productivity in young soils is often limited by 
nitrogen and in older soils by phosphorus (Walker and 
Syers 1976). In some soils, organic matter is also a primary 
storehouse for phosphorus although inorganic materials 
are often a more significant source of phosphorus. Nitro-
gen and sulfur are both bound to organic compounds 
and humus in particular plays a key role of storing these 
nutrients in the temperate zone. Other important adsorp-
tion reactions that depend on organic matter include the 
chelation of metals and the specific adsorption of metals 
and organic compounds.

Soil Biota Response
Decomposition of plant material is the foundation for 
most soil food webs that comprise an enormous diversity 
of species whose multiple interactions function to help 
regulate nutrient cycling, which in turn influences plant 
growth (Sylvain and Wall 2011). Topsoil enriched with 
organic matter has remarkable populations of the hetero-
trophic organisms and inoculating sites with native soil 

communities has been shown to enhance the establishment 
of late successional plant species in restoration (Middle-
ton and Bever 2010). A progressive increase in pools and 
fluxes of carbon (such as respiration) and nitrogen early 
in pedogenesis followed by a decline in older, more highly 
weathered soils has been documented during the long-term 
development of humid and semiarid ecosystems (Odum 
1969, Crews et al. 1995, Wardle et al. 2004a, Selmants and 
Hart 2008).

The size and diversity of soil biotic communities increases 
rapidly during the first 20 to 50 years of soil pedogenesis 
and stabilizes after hundreds of years (Haynes 2014). Soil 
microbial communities and function can recover fairly 
quickly after ecosystem restoration (Card and Quideau 
2010, Bannine et al. 2011, Araujo et al. 2013, Murphy and 
Foster 2014) but immigration of soil flora and fauna may 
take longer because of slow dispersal or requirements of a 
certain depth of accumulating organic matter before high 
populations develop (Bradshaw 1999, Haynes 2014). Ter-
restrial ecosystems have aboveground and belowground 
linkages that influence community and ecosystem level 
processes (Wardle et al. 2004b) and restoration of above-
ground ecosystem components will affect belowground 
ecosystem components (Kardol and Wardle 2010).

Long-Term Soil Profile Development

Examples of properties that change slowly (100 to 1,000 
years) are subsurface horizons that accumulate clay, iron-
humus, or carbonates (Yaalon 1971). After considerable 
periods of time (10,000 to 1,000,000 years), the more 
soluble minerals have been depleted, with highly insoluble 
kaolinitic clays and aluminum and iron oxides remaining.

Formation of Diagnostic Subsurface Horizons
Central to pedogenesis in warm, humid areas is the trans-
location of clay from the surface layers to the subsurface, 
resulting in an argillic soil horizon (Bt horizon) from 
clay accumulation in the subsurface soil. The thickness 
of Bt horizons, amount and continuity of clay coatings 
and amount of Fe and Me concretions increase with soil 
age (Vidic et al. 1991) and total mass of accumulated 
clay is an indicator of relative soil age during all stages 
of soil development (Merritts et al. 1991). Time periods 
of thousands of years are required for a Bt horizon to 
fully develop that includes a mineral domination of the 
kaolinitic clays and aluminum and iron oxides (Brad-
shaw 1999). Argillic horizons may develop upward or 
downward in the profile and can be in either construc-
tive, destructive, or possibly equilibrium developmental 
stages (Miller 1983). Examples of other diagnostic sub-
surface horizons in humid climates from long-term soil 
profile development include the oxic horizon (Bs) with 
clays dominated by kaolinite with or without iron and 
aluminum oxyhydrates, and the spodic horizon (Bh) with 
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accumulated humus and aluminum, with or without iron 
(Soil Survey Staff 1999).

Acidification
Acidification of a soil profile occurs during long-term soil 
profile development in humid areas with ample rainfall and 
good drainage. Over time the additions of acid to the soil 
through rainfall, volcanic activity, acid deposition, biologi-
cal respiration, and oxidation reactions accumulate in the 
soil. Hydrogen ions replace base cations (notably Ca, Mg, 
K and Na) stored on cation exchange sites of negatively 
charged clays and humus. The base cations are usually 
leached from the soil.

As the pH continues to decrease, eventually the excessive 
H ions in soil solution make other soil minerals less stable. 
Of interested is the impact of hydrogen ions on the stability 
of aluminum minerals such as gibbsite at low pH. Gibbsite 
solubility increases with decreasing pH below neutrality 
and, once released from the solid phase, soluble Al is sub-
jected to progressive hydrolysis (Chadwick and Chorover 
2001). Al may also replace cations on the exchange com-
plex and become part of the reserved acidity of soils. Long 
term acidification of soils plays a role in plant community 
development. As pH decreases in soil, intolerant species will 
cease being part of the plant community and be replaced 
with species that tolerate lower pH. Laliberté et al. (2014) 
concluded that variation in regional plant diversity was 
driven by soil acidification during long-term pedogenesis.

Weathering Sequence of Soil Minerals
Over time the composition of soil minerals that are less 
resistant to weathering decrease and the minerals that are 
more resistant to weathering increase in a soil profile. The 
age of a soil can be estimated to some extent by the domi-
nant soil minerals. The resistant to weathering depends 
on two overriding mineral properties, their composition 
and their degree of crystallinity. Primary minerals weather 
directly from rock and include a variety of silicate-based 
minerals that rely on the silicon tetrahedron as a basic 
building block. Resistance to weathering increases (in 
general) as crystallinity changes from single silicon tetra-
hedrons (olivine as an example), single chains ( pyroxenes), 
double chains (amphiboles), layered sheets (micas), and 
more complex 3–dimensional mineral groups (feldspars, 
quartz). Secondary minerals developed from the weather-
ing of primary minerals and they include the silicate-based 
clays and the aluminum and iron oxides which represent 
a final stage of soil weathering.

Impacts of Community Succession
Biota is one of the five factors of soil formation. Ecosys-
tem restoration will proceed from initial plant commu-
nity responses to a more stable, mature system over time. 
Plants come and go as the community develops and they 
individually and collectively impact the soil profile. Early 

successional species grow more rapidly at low N levels 
and acquire more N per plant from nitrogen-poor soils 
than late successional species (Tilman 1986). From a soils 
perspective, all plants have the ability to impact profile 
development as they add carbon based materials to the 
surface or subsurface layers. Plants can change soil biology, 
chemistry, and structure in ways that alter subsequent plant 
growth and the plant-soil feedback encourages successional 
replacements and plant invasions (Kulmatiski et al. 2008). 
Soil organic matter increases during community succession 
as does total nitrogen, potassium and phosphorus (Du et 
al. 2007). Patterns of soil development have been shown to 
be closely related to the successional status of vegetation 
of forests to bogs (Klinger 1996).

Pedogenic Pathways

Soils are classified in 12 soil orders in the taxonomy system 
of the United States (Soil Survey Staff 1999). Many of the 
soil orders have characteristic or required diagnostic sur-
face or subsurface horizons. Lin (2011), modifying results 
of Schaetzl and Anderson (2005), related the 12 soil orders 
to three potential pedogenic pathways as influence by soil 
forming factors.

A time-dominated pathway occurs when younger soils 
with less horizon differentiation gradually develop into 
older soils with more extensive horizon development. The 
sequence can be predictable under certain circumstances. 
Inceptisols will gradually develop into Spodosols in cold, 
humid climates (Lin 2011) in areas of sandy parent mate-
rials and evergreen plant communities. The subsurface 
spodic horizon is a diagnostic layer for Spodosols. Incepti-
sols will gradually develop into Alfisols in warm humid cli-
mates (Lin 2011) in fine textured or loamy soils. The argillic 
horizon is a required diagnostic layer for Alfisols. Alfisols 
may develop into Ultisols from continued leaching of base 
cations from the soil profile. Over hundreds of thousands 
of years, the leaching of silicate ions will ultimately lead to 
the formation of Oxisols, where the soil profile is lacking 
obvious horizons and is now dominated by aluminum 
and iron oxides and kaolinitic clays. The time-dominated 
pathway may help explain highly weathered soils such as 
Spodosols, Alfisols, Ultisols, and Oxisols, but younger soils 
such as Entisols and Inceptisols are predominant soils in 
areas where conditions hinder further horizon develop-
ment. As examples, horizon development of Entisols of 
active floodplains is inhibited by frequent deposition of 
sediments and horizon development of Entisols and Incep-
tisols of high elevation mountains is hindered because of 
cold temperatures.

Climate-dominated pedogenic pathways occur in arid 
(Aridisols), semiarid (Mollisols), and cold regions (Geli-
sols) (Lin 2011). Aridisols are common in desert areas while 
Mollisols are often found in grassland areas. Permafrost 
is a common characteristic of Gelisols. Parent material 
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dominated pathways occur in volcanic soils (Andosols), 
organic soils (Histosols), and in clayey soils that have deep, 
wide cracks when dry (Veritsols) (Soil Survey Staff 1999, 
Lin 2011).

Restoration sites are comprised of soils that belong 
in one or more of the 12 soil orders. The soil types of 
sites chosen for restoration may indicate past pedogenic 
pathways. For intact soil profiles, it may indicate future 
pedogenic pathways. For the time-dominated pathway, 
it provides a basic understanding of younger and older 
soils and the difficulties of restoring previous ecosystems 
if we have to rebuild soil profiles, especially for soils that 
represent advance stages of pedogenesis. This approach is 
simplistic in that it ignores regressive pedogenesis but it 
provides a basic framework for site analysis.

Pedogenesis and Ecosystem Restoration

A model for evaluating pedogenesis for ecosystem res-
toration is presented in Figure 1. The starting point is 
the integrity of the soil profiles of a site. For simplicity, I 
considered three initial conditions of soil profile integrity: 
intact soil profiles, profiles that require organic matter 
amendments or topsoil additions to replace the A horizon, 
and rebuilt soil profiles. If the profiles are intact or if the A 
horizon is the only layer that requires modification, then 
the pre-disturbance soil types (based on soil orders and 
diagnostic layers) can be used to determine past pedogenic 
pathways. If we rebuild soil profiles, it will be more difficult 
or impossible to relate past conditions with future pedo-
genesis. The next step is to integrate the information about 
soil types and past pedogenic pathways with the relative 
contributions of soil forming factors and processes to soil 
development after restoration. This will help us understand 
conditions at the site level that promote or hinder horizon 
development. The soil forming factors and processes also 
influence plant community development and succession. 
The goal is to predict future pedogenic pathways and soil 
types with information about soil integrity, past pedogenic 
pathways, and soil forming factors and processes.

Success of ecosystem restoration may ultimately depend 
on the integrity of the original soil profiles. Soil proper-
ties can be linked to historic environmental influences of 
vegetation and climate to provide a record of pedomem-
ory which can be useful to restore previous ecosystems 
(Nauman et al. 2015). Nauman et al. (2015) used spodic 
soil morphology to map past ecosystems that were replaced 
after site disturbance. The legacy effects of previous veg-
etation on soil properties has been noted for microbial 
community structure and function (Elgersma et al. 2011), 
diagnostic subsurface horizons (Nauman et al. 2015), and 
other abiotic and biotic features (Cuddington 2011, van 
de Voorde et al. 2011). Non-native and exotic plants and 
land use have also been shown to have legacy effects on 
soil properties (Foster et al. 2003, Grman and Suding 2010, 

Hamman and Hawkes 2013, Viall et al. 2014). Human activ-
ity as a soil forming factor ranges from historic land use of 
a disturbed site and adjacent lands, contamination, mining 
and other large-scale disturbances, accelerated erosion 
from vegetation removal, introduction of exotics, to many 
other impacts that may have legacy effects.

The probability of establishing previous ecosystems is 
probably enhanced in areas of intact soil profiles (Moor-
head et al. 2001). The other advantage of intact soil pro-
files is the increased probability of having remnants of a 
pre-disturbance seed bank and soil biological community. 
Rebuilding soil profiles by layering subsurface and surface 
materials, especially with spoil or fill material, may repre-
sent an intermediate stage of pedogenesis but in most cases, 
it probably restarts the pedogenic clock. Hence, the restored 
ecosystems may not be capable of having the same biologi-
cal diversity or ecological services as the pre-disturbance 
site for long periods of time, if ever. Some of the most 
species-rich plant communities occur on ancient, strongly 
weathered soils, whereas those on recently developed soils 
tend to be less diverse (Laliberté et al. 2013). Restoring or 
replacing lost topsoil or adding organic amendments to 
soil will facilitate the development of the A horizon of soils 
which may enhance ecosystem development in shorter 
time frames. Organic matter amendments, fertilizers, and 
microbial inoculants have been used in ecosystem res-
toration to accelerate soil development in places lacking 
supplies of topsoil (Galatowitsch 2012).

The range of conditions that must be addressed for soils 
in ecosystem restoration is a continuum from one extreme 
of minimal disturbance of the original soils to the other 
extreme where new unconsolidated soil materials are used 
to establish subsurface and surface layers. The use of refer-
ence systems of mature vegetation with intact soil profiles 
is probably less useful to assess the success of ecosystem 
restoration in areas that require extensive modification of 
soil profiles as part of site restoration (Moorhead 2013). 
Late successional plants performed best in late-successional 
soil and worst in early-successional soil (Kardol et al. 2006). 
Regardless of the conditions we restore, a new evolution-
ary pathway will emerge as the reconstructed soils and the 
planted or self-selected vegetation and other components 
of the soil biota co-evolve over time.

The potential trajectories for ecosystem recovery are 
probably linked to the integrity of the original soil profiles, 
coupled with soil forming factors and processes that influ-
ence pedogenic pathways which result in short- and long-
term changes of the soil profile. It has been noted for years 
that ecosystem restoration rarely follows a projected trajec-
tory and often deviates from desired end points (Zedler 
and Calloway 1999, Matthews and Spyreas 2010, Moreno-
Mateas et al. 2012). Failure of some restoration projects may 
be due to the loss of soil profile integrity or from disruption 
of the historic pedogenic pathway that occurred at specific 
sites. Evaluating the various aspects of pedogenesis will 



348 •  December 2015 ECOLOGICAL RESTORATION 33:4

Intact soil profiles Organic matter amendments 
or topsoil additions 

Rebuilt soil profiles 

Soil types (orders) before disturbance 

Past pedogenic pathways                       
 Time-dominated Climate-dominated     Parent material-dominated 
 Spodosols  Aridisols     Andisols 

 Alfisols  Mollisols     Histosols 

 Ultisols  Gelisols     Vertisols 

 Oxisols  

Soil forming factors  relationship to restored site    

1. Parent material  soil mineralogy     

2. Biota   desired ecosystems    

3. Climate   rainfall and temperature patterns  

4. Topography  gentle, convex, concave 

5. Time   short- and long-term development 

6. Human activity  land use, contamination, exotic species 

Soil Processes  additions and losses 

    transformations and translocations 

Conditions that promote horizon 
development 

Conditions that hinder horizon    
development 

Potential soil types and pedogenic pathways after restoration 

Initial soil condition 

Figure 1. A model that integrates soil integrity with soil types, past pedogenic pathways, and soil forming factors 
and processes that promote or hinder soil horizon development to predict soil types and pedogenic pathways of 
restored ecosystems.
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improve our understanding of how soils influence eco-
system development and it should improve our ability to 
predict potential success of ecosystem restoration.
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