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[1] This paper presents a vision that advocates hydropedology as an advantageous
integration of pedology and hydrology for studying the intimate relationships between
soil, landscape, and hydrology. Landscape water flux is suggested as a unifying precept for
hydropedology, through which pedologic and hydrologic expertise can be better
integrated. Landscape water flux here encompasses the source, storage, flux, pathway,
residence time, availability, and spatiotemporal distribution of water in the root and deep
vadose zones within the landscape. After illustrating multiple knowledge gaps that can be
addressed by the synergistic integration of pedology and hydrology, we suggest five
scientific hypotheses that are critical to advancing hydropedology and enhancing the
prediction of landscape water flux. We then present interlinked strategies for achieving the
stated vision. It is our hope that by working together, hydrologists and pedologists, along
with scientists in related disciplines, can better guide data acquisition, knowledge
integration, and model-based prediction so as to advance the hydrologic sciences in the
next decade and beyond.
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1. Introduction

[2] It is well recognized that progress in science depends
increasingly on an advanced understanding of the interre-
lationships among different disciplines and their compo-
nents [American Association for the Advancement of
Science Council, 2001]. An interdisciplinary systems ap-
proach is a proven vehicle for addressing a wide array of
environmental, ecological, agricultural, geological, and nat-
ural resource issues of societal importance. Over the past
few decades, there has been a growing interest in the
adoption of a landscape perspective when examining
cross-disciplinary issues such as nonpoint source pollution,
watershed management, integrated agricultural systems,
precision farming, sustainable land use, and ecosystem
restoration and preservation. With a landscape perspective
comes the need to address inherent variability in the field
and to transfer knowledge and data across scales from the
laboratory or small plot to the larger field and watershed
scales. It also raises the need for field experimental designs

and models to take into account the spatial scale triplet
(spacing, support, and extent) and the temporal scale triplet
(sampling frequency, smoothing or averaging interval, and
length of record) [Blöschl and Grayson, 2000]. The chang-
ing factors that control abiotic and biotic processes in the
landscape continuum should also be taken into account for
effective modeling and reliable prediction.
[3] Pedology and hydrology are scientific disciplines

inherently associated with the landscape perspective. Pedol-
ogy is a branch of soil science that integrates and quantifies
the formation, distribution, morphology, and classification
of soils as natural or anthropogenically modified landscape
entities [Wilding, 2000; Buol et al., 2001], while hydrology
deals with the occurrence, distribution, circulation, and
properties of water on and beneath the Earth’s surface and
its relationship with the living and material components of
the environment [National Research Council (NRC), 1991;
Hornberger et al., 1998]. Soil-water interactions across
multiple scales control much of soil development and
resulting spatial variability studied by pedologists. These
interactions also control water quantity and quality in
surface and groundwater systems studied by hydrologists.
Combining pedologic and hydrologic expertise can be
particularly powerful in addressing complex environmental
issues and policies [European Confederation of Soil Science
Societies, 2004; Bouma, 2006]. Indeed, interactions
between soil and water create the fundamental interface
between the biotic and abiotic and thus function as a critical
determinant of the state of the Earth system. Traditional
solutions and approaches to measuring, modeling, and
predicting water flux in soils and over landscapes (including
the transport of chemicals and energy by flowing water)
have long been plagued by fragmented discipline-limited
efforts and inadequate perceptions among pedologists and
hydrologists of the expertise available from each other. For
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example, the following limitations need to be overcome in
order to ally pedology and hydrology [Lin et al., 2005a].
[4] 1. To many hydrologists, pedologists use unfamiliar,

highly structured terminology to describe field soils and
make empirical statements about soil functions based on
field observations that are not necessarily supported by
measurements. On the other hand, pedologists challenge
the often simplistic representation of field soils that hydrol-
ogists frequently assume in their models;
[5] 2. Pedology has its roots in soil surveys that consider

soil-landscape relationships and soil structure. These two
aspects are critical for surface and unsaturated zone hydrol-
ogy in order to improve quantitative characterization of flow
regimes in the field. However, pedologic knowledge is often
conveyed as qualitative or semiquantitative statements.
Pedologists thus can benefit from flow theories in hydrol-
ogy when transforming qualitative descriptions into quanti-
tative expressions that are increasingly in demand.
[6] Many knowledge gaps can be addressed by the

synergistic integration of pedology and hydrology. The
following five aspects exemplify the point.
[7] 1. Prediction of preferential flow dynamics and path-

ways at different scales, their interface with the soil matrix,
their residence times, and their significance in different soils
and landscapes remains largely unresolved [Bouma, 1990;
Sposito and Reginato, 1992; NRC, 2001b; Lin, 2003].
Hydrologists may not have a clear picture of flow pathways
in the unsaturated zone before initiating modeling or field
experiments. Pedologists routinely document in situ pedo-
logic features (such as clay films, ped coatings, soil struc-
tures, root distributions, macropores, and hydromorphic
features) that are indicative of preferential flow paths and
hydrologic regimes. Staining techniques have also been
used to indicate flow patterns and to calculate soil hydraulic
conductivity [e.g., Bouma et al., 1979]. While qualitative or
semiquantitative approaches based on whole-soil interpre-
tations have been used successfully [Boorman et al., 1995],
a concerted effort is needed to further quantify the natural
‘‘architecture’’ of soil (soil cover, soil structure, and soil
horizonation) in a manner that can be incorporated into
models of flow and transport.
[8] 2. Where, when, and how water moves through

landscapes and its impacts on soil processes and subse-
quently soil spatial patterns needs to be better understood.
Conceptual and mathematical models for water movement
through and over the landscape are key aspects of hydro-
logic modeling, contaminant transport, and prediction of
terrestrial ecosystem functions. However, many current
hydrologic models do poorly in predicting subsurface lateral
flow and the proportion of surface vs. subsurface runoff
inputs into total streamflow [Wood, 1999]. The convergence
of surface and subsurface lateral flows within a landscape
results in the formation and distribution of wetlands,
streams, and rivers, and contributes to the spatial heteroge-
neity of soils and vegetation across the landscape. Quanti-
fication of soil formation/evolution and soil spatial
distribution, including flow-restricting layers, can enhance
hydrologic modeling and forecasting.
[9] 3. Bridging multiple scales remains at the heart of

many hydrologic and pedologic studies. It is highly desir-
able to explore quantitative means of bridging scales from
microscopic (e.g., pores, aggregates) to mesoscopic (e.g.,

pedons, catenas) and to macroscopic (e.g., watersheds,
regional, and global) levels for different hydrologic and
pedologic properties and processes. Pedologists study both
the mechanisms and the magnitudes of soil spatial diversity
as a basis for broad generalizations about soil genesis,
classification, and mapping, whereas hydrologists have
studied scaling and spatiotemporal variability of hydrologic
processes. However, these two efforts have not converged.
Joint efforts of pedologists and hydrologists thus would
likely shed light on the fundamental processes upon which
scale bridging might be possible.
[10] 4. Hydrologists need soil hydraulic parameters in

their models, as well as information to specify flow paths,
but such data are often lacking or difficult to obtain in large
volumes. At the same time, many national and regional soil
survey databases developed over the last century have been
underused in addressing environmental and ecological
issues. Improved procedures are needed to extract useful
information from the available databases and to enhance
soil survey interpretations for flow and transport character-
istics in different soils and landscapes. Bridging data
gaps through approaches such as pedotransfer functions
[Pachepsky and Rawls, 2004] will be continuously in
demand. This will enhance the value of soil survey databases
and provide hydrologists with model input parameter
estimates. Toward that end, soil categorizations that differ-
entiate various soil hydrologic units (e.g., in terms of flow
patterns and transport mechanisms), and quantification of soil
morphological features for inferring in situ soil hydraulic
properties and water table dynamics are essential research
areas. The combined effort of pedologists and hydrologists
will provide opportunities for developing integrated data-
bases that are mutually beneficial.
[11] 5. Hydrologists often imply that pedologists view the

soil as a static body as they categorize soil characteristics
into nondynamic entities (such as grouping soil internal
drainage into ‘‘well’’ or ‘‘poorly’’ drained classes). This is a
misperception, as pedologists generally have considerable
understanding of the implications of these terms for pre-
dicting the depth and duration of waterlogging within soils
as well as temporal changes in soil water regimes in the
medium to long term. Unfortunately, this understanding is
not always clearly communicated. Water table fluctuations
in soils influence soil water storage capacity and runoff, and
thus impact on such hydrologic responses as flood hydro-
graphs, base flow, and solute concentrations in aquatic
systems. Regular temporal sampling frameworks are being
recognized in pedology, and concerted efforts from pedol-
ogists and hydrologists can lead to more complete moni-
toring data sets that include extreme events (e.g., sediment
or solute concentrations in peak flow or sustained drought).
A move toward continuous sampling or monitoring of the
soil zone will provide better data sets for both pedologic and
hydrologic modeling.
[12] The developments in pedology and hydrology are

now converging on multiple fronts, as illustrated in the
above examples. This convergence leads to synergies that
can be expected from integrating the two disciplines, as
suggested in recent literature and professional activities
[e.g., Lin, 2003; Lin et al., 2005a; Bouma, 2006; Wilding
and Lin, 2006]. We believe that integrating hydrology and
pedology will enhance the understanding and prediction of
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water fluxes and flow pathways in landscapes. Such inte-
gration also helps answer fundamental questions in unsat-
urated zone flow and transport, such as the prediction of
flow patterns in heterogeneous and structured in situ soils
across spatial and temporal scales [Lin, 2005]. It is in such a
context that a vision of hydropedology is proposed in this
paper.
[13] Hydropedology is viewed here as an intertwined

branch of soil science and hydrology that studies the
intimate relationships between soil, landscape, and hydrol-
ogy. Landscape water flux is suggested as a unifying
precept for hydropedology, which encompasses the source,
storage, flux, pathway, residence time, availability, and
spatiotemporal distribution of water (and the transport of
chemicals and energy by flowing water) in the soil under
both saturated and unsaturated conditions and at a range of
spatial and temporal scales. Its spatial scale ranges from
microscopy to pedosphere (Figure 1) and its temporal scale
encompasses infinitesimal to geological timescales. Hydro-
pedology emphasizes landscape context and in situ soils that
have distinct characteristics of pedogenic features, struc-

tures, and horizons. It uses pedologic data to improve the
performance of process-based hydrologic models, and uses
hydrologic data to enhance the understanding of soil vari-
ability and its interpretations for soil uses or limitations.
Hydropedology may be viewed as a sister discipline of
hydrogeology, with the latter traditionally devoted to satu-
rated systems where geological structures prevail, while the
former investigating the variably saturated soil zone where
soil structures dominate.
[14] The synergistic integration of pedology and hydrol-

ogy into hydropedology suggests a renewed perspective and
a more integrative approach to study landscape-soil-water
interactions across scales, and their relationships to climate,
ecosystem, land use, and contaminant fate.Working together,
we believe, hydrologists and pedologists, along with
scientists from related disciplines (such as soil physicists,
hydrogeologists, hydrogeophysicists, ecohydrologists, bio-
geochemists, and atmospheric scientists), can better guide
data acquisition, knowledge integration, and model predic-
tion. Similar calls for integration that include microbial and
geochemical soil processes could be included but this paper

Figure 1. Concepts of scales and spatial heterogeneity in pedologic and hydrologic systems:
(a) Conceptual integrated-systems model in pedology [from Wilding, 2000]. (b) Scales of representation
of drainage systems [from Maidment, 2002]. (c) Variability models in soil and hydrologic systems that
include (1) the classical macroscopic homogeneity (thin gray line), (2) discrete hierarchy (dashed blue
lines illustrated at three levels: microscopic, mesoscopic, and macroscopic scales), (3) continuous
hierarchy (dash-dotted line), (4) the classical fractal model (thick orange line), and (5) multifractal model
(thick red line) (modified from Vogel and Roth [2003]).
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focuses on the advantages of the integration of pedology
and hydrology.

2. Research Vision: A Framework for
Integrated Hydropedologic Studies

[15] Among many unresolved scientific issues in pedol-
ogy and hydrology, some are fundamental. Resolving these
key issues can lead to significant improvements in our
understanding, measurement, modeling, and prediction of
water fluxes across landscapes. Within the context of
hydropedology, we suggest five key issues. We present
these key issues within a holistic conceptual framework,
and attempt to distill a testable hypothesis for each of these
issues that will require vigorous testing through concerted
efforts from pedologists, hydrologists, and others.
[16] Our suggested framework focuses on quantitative

relationships between soil and hydrologic structures and
functions at different scales, which serve as the foundation
for robust models. At each scale, structure reflects spatial
arrangement; function is a result of fluxes or processes. The
two-way connection between structure and function is
dictated by scale, which also determines observable patterns
in spatial variability and temporal changes in the system.
The model at each scale (or multiple scales) strives to
integrate structure and function so that the patterns and
dynamics of the system can be explained and predicted. The
challenge here is to build bridges that connect different
scales. Anthropogenic forcing (such as land use and land
management) is increasingly recognized as being critical,
thus must be addressed in integrated hydropedologic stud-
ies. The intertwined components of our framework guide
the design and implementation of hydropedologic studies,
as further explained in the following.
[17] 1. One component is identification of structures:

System structure creates constraints and conditions in which
processes act and interact. Thus there is a need to identify
the interrelationships between hierarchical structures of soil
and hydrologic systems.
[18] 2. Another is characterization of functions: Acting

and interacting processes create preconditions and feed-
backs that modify a system’s structure. Hence studies of
the functions and structures of soil and hydrologic systems
need to be integrated, including, for example, integral
characterization of land units in terms of landscape water
flux.
[19] 3. Next is bridging of scales: A system’s structure

and function interact at a variety of scales that define scale-
specific variability and pattern. There is a need to identify
optimal methods for quantifying and communicating
important aspects of soil and hydrologic variability as a
function of scale. Scales and scaling in soils need to be
correlated with scales and scaling in hydrology.
[20] 4. A fourth component is systematic integration:

Models are indispensable tools for integrating the dominant
properties and processes at a given scale (or across multiple
scales). Soil and hydrologic variability and patterns deter-
mine the formulation and application of a suitable model.
Pedologic predictive capacity needs to be integrated with
hydrologic predictive capacity.
[21] 5. A final component is human impacts: Anthropo-

genic influences (such as land use and management) on
soils and hydrologic systems are intimately linked. Thus

soil changes and hydrologic alterations under human
impacts need to be addressed simultaneously and be inte-
grated in the context of the landscape or watershed.
[22] Hydrologists and pedologists use different sets of

techniques to relate structures and functions at different
spatial scales. So far, these techniques have not been
combined systematically between disciplines. In many
cases, soil structure has been described in pedology without
measurements of hydrologic parameters such as the hydrau-
lic conductivity or moisture retention functions. Soil hydro-
logic measurements, in turn, have often been made with
limited attention to soil structure or horizonation. Similar
comments hold for larger scales, such as a field where the
processes and questions being raised are different. For
example, for a hillslope, a soil scientist may define a soil
sequence (catena) without paying adequate attention to the
spatial pattern of hydrologic properties, whereas a hydrolo-
gist may measure hydraulic conductivity without paying
sufficient attention to distinctly different soil units. The
watershed scale poses yet another set of conditions where
geomorphologically defined soil-landscape segments, which
may contain one or many soil types and horizons, define a
characteristic structure for this scale that may be delineated
with geophysical techniques and remote sensing. Systematic
integration of pedologic and hydrologic techniques across
scales is likely to open new avenues for innovative and
complementary sampling and measurement techniques that
would contribute to the quantification of our proposed frame-
work and to facilitate the necessary integration.

2.1. Quantification of Hierarchical Structures of
Soil and Hydrologic Systems

[23] A major difficulty in modeling flow and transport in
soils, irrespective of the spatial and temporal scale, is the
fact that nature is structured at most or all scales. This can
be easily demonstrated by using images of soil structure
obtained at various scales from as small as soil thin sections
to as large as remotely sensed soils information from
satellites. As a consequence, measurement will depend on
the support scale of the instrument used. To achieve the goal
of characterizing and modeling functions of soil and hydro-
logic systems across scales, we need to find ways to
quantify soil-landscape structures at various scales. Proba-
bilistic or fuzzy logic approach could be used to discrimi-
nate between fast flow and slow flow domains forming a
pattern that reflects the observed structures. Identification of
soil-landscape structures allows enhanced understanding of
flow pathways and processes (e.g., preferential flow). Thus
future investments should focus on the spatial structure of
material properties rather than on point measurements. This
perspective is in line with our perceived need for studying
patterns described in the next section.
[24] A relevant hypothesis to be tested is suggested as

follows.

Hypothesis 1. Soil systems and their hydrology exhibit
hierarchical structures (discrete or continuous) that can
be quantified using soil-landscape expertise, coupled with
an appropriate set of measurement techniques (noninvasive
and invasive).

[25] Strategies are needed to quantify spatial structures of
soil and hydrologic systems at different scales. These
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include advanced instruments and measurement techniques
that are essentially noninvasive (e.g., computed tomogra-
phy, geophysical tools, and remote sensing). These tools are
all sensitive to some material properties and generate proxy
measurements that can be related to those required by
hydrologic models. An essential part of this is to further
develop fundamental insight into such proxy relationships
or pedotransfer functions. One important issue is to identify
critical and/or rare structural information that governs
hydrologic processes at different scales. More specific
techniques are discussed in section 3.2.
[26] Direct detection and quantification of soil and

hydrologic spatial structures is typically difficult and
expensive. To make progress, we need to explicitly recog-
nize that the observed structures are not an arbitrary
outcome of unknown random processes but the result of
structure-forming processes that can be identified and
understood. Hence an attractive approach is to use all
available knowledge of soil structure-forming processes
(including the distribution of aggregates within a soil and
the distribution of various soils within the landscape). This
knowledge exists and is continuously being generated and
updated in various branches of soil science, especially
pedology. These disciplines have evolved far too separately
from hydrology. Consequently, joining the soil and hydro-
logic sciences within a hydropedologic framework would
advance our capability to understand and predict flow and
transport processes and pathways in the field.
[27] The soil structure-forming process is tightly linked to

pedogenesis, an integrated phenomenon resulting from a
series of physical, chemical, and biological processes.
Pedogenesis provides a holistic view of the processes that
have occurred, or are occurring, in the soil zone in different
geographic regions under the influences of climate, organ-
isms, geology, topography, and time (i.e., the five natural
soil-forming factors). Besides conceptual understanding of
soil-forming factors and processes [Jenny, 1941; Simonson,
1959], quantitative models that describe the impact of
environmental variables on rock/sediment weathering and
soil-geomorphology evolution over time are critically need-
ed. Because water plays an essential role in soil formation
and soil dynamic changes, pedogenesis contains valuable
information regarding hydrologic processes involved in
soil-landscape evolution. Adequate understanding of quan-
titative soil-forming processes can lead to enhanced char-
acterizations of soil and hydrologic hierarchical structures.

2.2. Identification and Prediction of
Functional Patterns

[28] Identification and prediction of patterns, or repeated
spatiotemporal organization, across scales is becoming a
leading area of research in soil science and hydrology
[Grayson and Blöschl, 2000; Lin et al., 2005a]. Patterns
offer rich and comprehensive insight regarding the variabil-
ity of structures and functions, as well as the underlying
processes controlling hydrologic response [Grayson et al.,
1997; Grayson et al., 2002; Lin et al., 2006]. A number of
recent catchment-scale hydrologic field investigations have
demonstrated how the understanding and modeling of
hydrologic processes can be improved by the use of
observed spatial patterns [Grayson and Blöschl, 2000].
Some spatial patterns are temporally persistent, the notion

of ‘‘time stability’’ [Vachaud et al., 1985; Kachanoski and
de Jong, 1988; Mohanty and Skaggs, 2001; Lin, 2006],
which may be a function of spatial scale and may vary
across a landscape with different soil types [Kachanoski
and de Jong, 1988; Zhang and Berndtsson, 1991; Lin,
2006]. Western and Grayson [2000] found that combining
spatial patterns with temporal responses added value to both
type of observations in a modeling context, and improved
the confidence with which the spatiotemporal organization
of soil moisture could be predicted.
[29] There is a great need for innovative characterization

and modeling of spatiotemporal patterns at different scales
that are important to pedologic and hydrologic phenome-
na. Such approaches will likely use a combination of
ground-based observations, digital geospatial data layers
(e.g., digital elevation models or DEM, surficial geology,
and land cover), noninvasive geophysical/hydrogeophysi-
cal methods (e.g., electromagnetic induction, ground-pen-
etrating radar, radiometry), and remote sensing imagery,
along with 3-D landscape-scale flow modeling. The opti-
mal combination, integration, and assimilation of these
multiple techniques and data sources, possibly with the
use of inverse methods [Yeh and Šimunek, 2002], will
provide substantially better information regarding spatio-
temporal organization of pedologic and hydrologic phe-
nomena across scales. For example, McKenzie and Ryan
[1999] used a variety of data sources including topogra-
phy, geology, climate, and airborne gamma radiometric
data as predictors of soil properties. Techniques for
combining remote sensing imagery with hydrologic mod-
els are also rapidly developing and are enabling better use
of remote sensing observations at large (regional to global)
scales. Some progress has been made in using remote
sensing of hydrologic response to infer soil properties and
vice versa [e.g., Hollenbeck et al., 1996; Jackson and Le
Vine, 1996].
[30] A relevant hypothesis is suggested here.

Hypothesis 2. The storage, flux, pathway, and residence
time of water in the soil-landscape can be used to subdivide
landscapes into similarly functioning hydrologic units.

[31] The functional unit concept based on characteriza-
tion of 4-D (3-D + time) soil units within fields allows
reliable quantification of fluxes within those fields. Hydro-
logically similar soil-landscape units exist within water-
sheds and these can be identified using traditional and
new techniques and data sources. Winter [2001] proposed
the concept of a ‘‘fundamental hydrologic landscape unit’’
as a means to divide a landscape into its most basic forms:
upland and lowland separated by a steeper slope. Each of
these units has specific characteristics, including land sur-
face form, geology, and climate, which then together control
its hydrology. This concept of fundamental hydrologic
landscape units has been embraced by Reed et al. [2006]
in addressing human and climate impacts on bridging river
basin scales and processes. In the context of hydropedology,
soil-landscape relationships and soil hydrologic character-
istics are emphasized in defining similarly functioning
hydrologic units over a landscape.
[32] Note that some differences within fields, as distin-

guished by pedologists, do not always correspond with
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hydrologic functional differences. Wösten et al. [1985]
transformed soil patterns on detailed soil maps into patterns
of ‘‘functional units’’ that each had distinctly different
hydraulic conductivity and moisture retention characteris-
tics. In doing so, the number of spatial units on the map was
reduced by 30%. Breeuwsma et al. [1986] did the same but
for cation exchange capacity and phosphorous adsorption
capacity, resulting in reductions of 20% and 30%, respec-
tively. A more sophisticated procedure was followed by
Bouma et al. [2002] who delineated ‘‘management units’’
for precision agriculture on the basis of simulation runs for
nitrogen transformations and pesticide leaching for point
data, followed by interpolation. Knowing the internal var-
iability within these ‘‘management units’’ allows estimates
to be made of the variability obtained for simulation runs for
the units.
[33] In identifying and predicting soil hydrologic pat-

terns, soil morphology has a unique role to play. Soil
morphological attributes (such as redoximorphic features,
structure, and ped/void surface features) and their spatial
arrangement over the landscape can be used to aid in
determining dominant flow pathways and fluxes. For
example, frequency and importance of preferential path-
ways may be inferred using the geometry and distribution of
interpedal pores, clay films, and worm channels. By using
staining techniques, preferential flow pattern can be further
quantified, linking to soil structure and macropore continu-
ity and connectivity [Booltink and Bouma, 2002]. Because
soil morphology provides clues as to the hydrologic history
of a site by integrating the long-term effects of water flow
and storage in observable features of soil color and other
properties (e.g., redox features), efforts to interpret and
quantify soil morphologic data can elucidate hydrologic
patterns (such as seasonal high water table and soil drain-
age). It is encouraging that some preliminary attempts have
been made to hydrologically classify soils and to predict
water movement through different soils and substrates
[Quisenberry et al., 1993; Boorman et al., 1995; Lilly et
al., 1998]. However, a more comprehensive and quantita-
tive approach to grouping hydrologically similar soil types
across scales is needed.
[34] We realize that predicting preferential flow from soil

morphologic information is still in its infancy, and that
preferential flow may be caused by a multitude of processes,
including some that are not immediately evident from
classic pedologic studies (e.g., unstable flow). One of the
key issues is the need to quantify soil morphology, includ-
ing pore structure, in a manner that provides direct infor-
mation for inclusion in hydrologic models. We envisage the
appearance of innovative methods for quantifying in situ
soil morphology and soil structure and then linking such
information to hydrologic processes/properties in a quanti-
tative manner.

2.3. Bridging Multiple Scales

[35] Translating information about soil and hydrologic
properties and processes across scales has emerged as a
major theme in contemporary soil science and hydrology
[Kalma and Sivapalan, 1995; Sposito, 1998; Hoosbeek et
al., 1998; Western et al., 2002; Pachepsky et al., 2003]. As
remote sensing techniques for estimating large-area soil and
hydrologic properties and in situ measurements for local
areas continue to be developed, bridging multiple scales

becomes even more essential. At present, no single theory
exists that is suitable for spatial aggregation (or upscaling),
disaggreagation (or downscaling), and temporal inference
(or prediction) of soils and hydrologic information. The
major complementary approaches include scaling via de-
fined hierarchies, and continuous models of spatial variation
as described by fractal theory and geostatistics [Lin and
Rathbun, 2003; Pachepsky et al., 2003]. Further exploration
of this topic is critical.
[36] Hierarchical frameworks have been conceptualized

by pedologists as a means for organizing soil systems from
the soil pore scale to the global pedosphere (Figure 1)
[Hoosbeek and Bryant, 1992; Wilding, 2000]. Hierarchical
complexity has been studied in pedology, which has long
recognized self-organized complexity in the processes of
soil formation, with taxonomic frameworks constructed to
summarize that ordering [Buol et al., 2001]. However, a
quantitative hierarchy of soil systems that could be inte-
grated into models of flow, scaling, and rate processes is
still lacking. Sommer et al. [2003] recently presented an
integrated method for soil-landscape analysis, in which a
hierarchical expert system was developed for multidata
fusion of inquires, relief analysis, geophysical measure-
ments, and remote sensing data, as well as a combination
of the soil-forming factorial model of Jenny [1941] with the
scaleway approach of Vogel and Roth [2003] to address soil
variability across scales.
[37] There are several approaches in hydrology and soil

physics to incorporate spatial heterogeneity into flow and
transport modeling, including macroscopic homogeneity,
discrete hierarchy, continuous hierarchy, and fractals
(Figure 1). Vogel and Roth [2003] suggested a ‘‘scaleway’’
approach for predictive modeling of flow and transport in
the subsurface at any scale. Their conceptual approach is
based on the explicit consideration of spatial structure that is
assumed to be present at any scale of interest, where the
microscopic heterogeneities may be replaced by an aver-
aged, effective description. Some studies [Cushman, 1990;
Bouma, 1992; Vogel et al., 2002] have suggested a discrete
hierarchy of the representative elementary volume (REV),
where the REV is a local property related to a given level of
soil structural unit. This is consistent with the hierarchical
organization of soil aggregates that is characteristic of most
soils [Tisdall and Oades, 1982; Oades and Waters, 1991].
However, quantification of soil structure and its impacts on
flow and transport in field soils remains unresolved. A
versatile geometric foundation for representing porous
media (e.g., fractal geometry and percolation theory) is
emerging as one of the possibilities for achieving improve-
ments in media scaling, flow modeling, and soil hydraulic
function characterization [Crawford et al., 1999; Jury, 1999;
Gerke and van Genuchten, 1996; Hunt, 2005]. Further
progress requires joint efforts of pedologists, hydrologists,
mathematicians, and related discipline scientists.
[38] A hypothesis to be tested is suggested here.

Hypothesis 3. Scale dependence in hydrologic parameters
can be explained using hierarchical structures in soils,
landforms, and land cover.

[39] Changing scales in soil and landscape studies
involve changes in the type of information obtained about
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