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Chapter 11

Hydropedology of the North
American Coastal Temperate
Rainforest

David V. D’Amore,1,* Jason B. Fellman,2 Richard T. Edwards,1

Eran Hood2 and Chien-Lu Ping3

ABSTRACT
The North American perhumid coastal temperate rainforest (NCTR), which extends
along the coastal margin of British Columbia to southeast Alaska, is characterized by
intense orographic precipitation caused by Pacific storm systems striking coastal
mountains. This precipitation regime influences the development of soil and vegeta-
tion communities, which in turn influence the transfer of terrestrial carbon and
nitrogen (primarily in dissolved forms) and other nutrients to aquatic ecosystems.
These terrestrial subsidies of dissolved organic matter (DOM) are increasingly being
recognized as an ecological function important to freshwater and marine ecosystems.
The concentration and quality of DOM exported from the NCTR soils vary according
to soil types (e.g. wetland vs. upland soils) that have formed along a topographic
gradient from flat organic soils to steep mineral soils. Hydropedology provides
a template to evaluate the functions associated with water movement through soils
along this gradient. Five key issues of hydropedology – structure, function, scale,
integration, and disturbance – were used as a framework to present the information
gathered through multiyear research at the Juneau hydrologic observatory in the
NCTR. We demonstrated how hydropedology can be used to elucidate mechanisms
that influence DOM production and export in the NCTR. This information provides
a foundation for modeling terrestrial DOM production and export under varying
environmental conditions.
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1. THE USE OF HYDROPEDOLOGY IN THE NORTH AMERICAN
TEMPERATE BIOME

1.1. The North American Coastal Temperate Rainforest Biome

The North American coastal temperate rainforest (CTR) biome extends along
the coastal margin of the Pacific Northwest of the U.S.A, British Columbia, and
Alaska (Fig. 1). The perhumid northern portion of the CTR, the NCTR, is
composed of the southeastern Alaskan panhandle and the north coast of British
Columbia and represents the largest unpopulated and unmanaged portion of the
CTR. The NCTR is characterized by abundant precipitation from North Pacific
storm systems that confront coastal mountains leading to intense orographic
precipitation that influences terrestrial and aquatic ecosystems. Diverse
terrestrial habitats and large fluxes of material to the coastal margin through
plentiful surface water channels are defining attributes of the region. The
NCTR has great ecological value for its abundant wildlife and diverse
ecosystems that provide habitat for many endemic species of plants and
animals (Cook et al., 2006). There is also an emerging appreciation for the
transfer of dissolved organic matter (DOM) from terrestrial to freshwater and
marine ecosystems along coastal margins such as the NCTR (Muller-Karger
et al., 2005).

1.2. Applying Hydropedologic Techniques to Understand
Terrestrial and Aquatic Processes in the NCTR

The flow of water is the most fundamental component in the development and
maintenance of ecosystem functions in the NCTR, yet the details of water
storage, transport, and delivery remain poorly understood at several spatial
scales. This is despite the fact that the flux of freshwater from terrestrial
systems to the Gulf of Alaska is approximately twice the annual discharge of
the Mississippi River (Neal et al., 2010). The NCTR is a challenging envi-
ronment for developing a spatially distributed model of hydrologic and
biogeochemical function due to the close association of diverse ecosystem
types (Fig. 2). The NCTR contains over 3000 watersheds �121.4 ha that
drain directly into saltwater and can be delineated from the USFS level 6
hydrologic unit code (HUC) watershed boundary layer. These watersheds
have formed from a variety of different combinations of geology, weather,
and vegetation, creating the need for adequate replicate systems for quanti-
fying water and nutrient fluxes and testing resulting catchment nutrient flux
models.

Establishing models of how terrestrial material influences downstream
aquatic ecosystems is a priority for management of terrestrial and stream
resources. Hydropedology is the multiscale investigation of the source, storage,
flow path, residence time, availability, and spatio-temporal distribution of water
in soils that occur in the Earth’s Critical Zone (Lin, 2003). Hydropedology is
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also the study of how the transport of materials and energy by water can be
quantified and understood (Lin et al., 2006a,b). The application of hydro-
pedology in the NCTR can increase our understanding of how the flow of
material through terrestrial subsystems (i.e. different soil types) is related to
biogeochemical fluxes at the watershed scale. Hydropedology can be used to

FIGURE 1 The extent and delineation of zones of the coastal temperate rainforest along the

North American Pacific coast.
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create a conceptual framework to link soils with watershed biogeochemical
function. There are two essential components of the hydropedologic approach
that can be applied to the NCTR to address the challenge imposed by the
diverse landscape. The first is landscape stratification using soil pedological
mapping techniques. The second is the determination of hydrologic functions
associated with these pedological units. With proper delineation, the variability
in underlying biogeochemical processes can be minimized to capture the
overall landscape response among units for development of robust watershed

(a)

(b)

FIGURE 2 (a) The landscape mosaic of the NCTR contains many combinations of soil and

vegetation woven together through the abundant flow of water. (b) Landscape relationships for

three hydropedologic units are: Upland, forested wetland, and sloping bog. The drainage controls

for each unit are illustrated and the dominant flow paths are indicated by arrows. Drainage

controls: Upland¼ bedrock; Forested wetland and sloping bog¼ Lower organic horizon

(catotelm).

354 PART | II Case Studies and Applications

Hydropedology, First Edition, 2012, 351–380

Author's personal copy



biogeochemical models. Testing models that describe terrestrial-aquatic
biogeochemical linkages is very important given the increasing need to identify
and predict the effects of changes in climate and land use on watershed nutrient
cycles.

In this chapter, we present a framework for understanding terrestrial and
aquatic interactions based on the hydropedologic research vision (Lin et al.,
2006a). The framework is derived from data gathered at a soil hydrologic
observatory in the NCTR that relies on the extensive soil ecosystem
classification available through the Tongass National Forest (Tongass) soil
resource inventory (USDA Forest Service, 1996). Our design for the
hydrologic observatory uses mapped geomorphic and vegetative patterns
present on the landscape as a first approximation of functional units. We
define similar soil geomorphic and vegetative functional units as hydro-
pedologic units, which are similar, but not necessarily the same as soil map
units. Hydropedologic units are a key to adequately attributing the influence
of terrestrial hydrologic and biogeochemical functions on watershed outputs
from specific areas of the landscape. We use these hydropedologic units to
test the relationship between the distinct functional responses in hydrody-
namics and associated biogeochemical transport and transformation. We then
examine whether these landscape units provide adequate resolution of
cumulative biogeochemical and hydrologic changes to extrapolate and
aggregate these functions throughout the entire watershed. Finally, we
present some tools for refining landscape stratification using topographic
models for soil moisture.

2. SETTING AND DETAILS OF THE NCTR HYDROLOGIC
OBSERVATORY

2.1. Geology and Climate

The accretion of terranes through the subduction of the Pacific plate under the
North American continent combined with geologic faulting, deposition, and
intrusion has formed a diverse assemblage of physiographic divisions along the
extended island archipelago of the NCTR (Gehrels and Berg, 1994). Climate
shifts and glaciation through several glacial epochs (Mann and Hamilton, 1995)
left a pattern of mountain summits, fjordlands, wide glacial valleys, widespread
deposits of glacial drift, and varying stream dissection along hillslopes. These
postglacial physiographic landscape features established the structural foun-
dation for development of stream and vegetation patterns. The slope and parent
material imposed by the geologic and geomorphic history in a watershed
influence the trajectory of soil hydrologic patterns and the associated devel-
opment of soils and plant communities.

The rainforest climate of the NCTR is cool and wet across a wide range of
latitude. Rainforests have at least 1400 mm of annual precipitation and cool
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annual temperatures (<5 �C) (Alaback, 1996). The CTR contains four rain-
forest subzones: warm temperate, seasonal, perhumid, and subpolar (Alaback,
1991; Fig. 1). The warm temperate and seasonal subzones have fire as a source
of stand replacement while fire is very infrequent in the perhumid and subpolar
zones. Annual precipitation increases and potential evapotranspiration
decreases from the south to north along the coast. As a result, the interaction
between moisture and temperature shifts from limiting growth in the south to
limiting decomposition in the north. Lower decomposition has resulted in
enhanced organic matter accumulation at these northern latitudes (Alaback and
McClellan, 1992).

2.2. Soils and Vegetation

Landform and climate are the principal components that determine soil
geomorphic associations and plant distribution in the NCTR. Groundbreaking
studies of landscape evolution and vegetation community development were
undertaken in postglacial landscapes of the NCTR (Chandler, 1942; Crocker
and Major, 1955; Ugolini, 1968; Chapin et al., 1994). These early models of
ecosystem development used the glacial chronosequence as a template for
studying the dynamics of vegetation feedbacks to soils and the initiation of
peatland as a climax state due to the development of impermeable spodic
horizons in the absence of disturbance (Ugolini and Mann, 1979). Implicit in
these models is the accumulation of water leading to waterlogging of soils and
subsequent development of deep organic accumulations. However, thesemodels
did not address seasonal cycles of water flow and accumulation in the soils and
consequent changes in soils and vegetation that impacted the entire watershed.

Young, recently deglaciated areas developed soil after initial plant coloni-
zation and the accumulation of large amounts of organic matter. Organic acid
leaching can develop incipient spodic horizons in soils after 200 years, but
mature Spodosols take 500–1000 years to form well-developed spodic horizons
(Chandler, 1942). The Spodosols are common on moderately- to well-drained
soils and dominate upland landforms (Fig. 2). Histosols are common in areas of
low slope that form the NCTR’s abundant wetlands. The original glacial
chronosequence studies established idealized principles for landscape evolu-
tion, but there is much parent material variability across the extended island
archipelago. Soils of the region formed in the postglacial Holocene deposits
composed of glacial drift, colluvium, alluvium, and bedrock. In addition, soils
were periodically disturbed by windthrow, which provides a new mix of parent
material for subsequent soil formation (Bormann et al., 1995). Often modal
concepts of the mapped soil series are not expressed throughout the mapping
unit and a broad range of characteristics exists. Therefore, rather than relying
on ideal expressions of soil type, we rely on general soil geomorphic rela-
tionships at higher orders in taxonomic groups to identify soil types across
broad landscapes.
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Forbs and alders initially colonized postglacial soils and were followed by
conifers during the first half of the Holocene. Organic accumulations enabled the
spread of Sitka spruce (Picea sitchensis (Bong.) Carr) and western hemlock
(Tsugaheterophylla (Raf.) Sarg.) across the landscape fromvarious glacial refugia
(Carrara et al., 2007). A climate shift to colder, wetter conditions approximately
4000 years ago promoted the development of extensive peatlands and the increase
in redcedar (Thuja plicata (Donn ex D.Don)) and yellow-cedar (Callitropsis
nootkatensis (d. Spach)) (Heusser, 1960). The current distribution of vegetation
communities among different soil types is a response to varying seasonal soil
saturation that led to well-drained or waterlogged soils (Neiland, 1971).

Plant distribution patterns and ecology were strong influences in estab-
lishing landscape classification guides in the NCTR (Viereck et al., 1992;
Meidinger and MacKinnon, 1989). The latest landscape stratification estab-
lished subsection boundaries for the entire NCTR and neighboring parts of
Canada using the National Hierarchical Framework of Ecological Units
(ECOMAP; Cleland et al., 1997; Nowacki et al., 2001). The ECOMAP
delineation was guided by physiography, lithology, and surficial geology which
are all factors related to the land’s ability to process water. ECOMAP is much
more detailed than the major land resource area (MLRA) map that has two
delineations in the U.S. NCTR, the Alexander Archipelago-Gulf of Alaska
Coast and the Southern Alaska Coastal Mountains (USDA, 2004).

2.3. Establishing a Hydropedologic Observatory in the NCTR

We established a hydrologic observatory to implement a working model
consistent with the research vision for hydropedology (Lin et al., 2006a). We
chose watersheds in three different ecological subsections as delineated by
ECOMAP as our core sites to address the higher-order hydrogeomorphic
control (Fig. 3). Peterson watershed, which is drained by Peterson Creek, is in
the Stephens Passage glaciomarine terrace subsection and is composed
primarily of slowly permeable glaciomarine sediments (Miller, 1973) along
with bedrock outcrops that occur on moderate to low slopes (Fig. 3). Peterson
represents watershed types dominated by wetlands (53% of watershed area). In
contrast, McGinnis watershed, which is drained by McGinnis Creek, is
primarily composed of recently deglaciated areas within the Boundary Ranges
Icefield subsection and has low wetland coverage (<5% of watershed area).
Eaglecrest watershed, which is drained by Fish Creek, is composed of intrusive
volcanic and sedimentary rock in the Stephens Passage volcanic subsection and
represents a mix of physiographic features from alpine to lowland wetlands.

The highly resolved ECOMAP landtype-phase classification (Cleland et al.,
1997), which provides information on the distribution of fine-scale hydrologic
classes, is not available in the NCTR. The best-available information on soil
hydrology is the drainage class assignment of Tongass soil map units based on
soil morphology (Fig. 4). The Tongass soil resource inventory provides
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FIGURE 3 Ecological subsections and watersheds of the Juneau hydrologic observatory. Peterson

Creek and McGinnis Creek watersheds include the uplifted marine terraces and boundary ranges

Icefields, which are located on themainland. The Eaglecrest (Fish Creek) watershed is located on the

Stephens passage volcanics located on Douglas Island. (Color version online and in color plate)

a discrete approach (see Park and van de Geisen, 2004) to subdivide the coarse
subsection structure available in the ECOMAP (Nowacki et al., 2001; Fig. 3)
into units that capture small-scale spatial variability within homogeneous
geological formations. The discrete mapping approach recognizes the presence
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FIGURE 4 Soil drainage classes delineated in Peterson Creek watershed by average soil map

unit composition. The aerial photograph shows outlines of the upland and sloping bog hydro-

pedologic units. Soil drainage classes: 1¼ very poorly drained; 2¼ poorly drained; 3¼ somewhat

poorly drained; 4¼moderately well drained; 5¼well drained. Note that all classes are not rep-

resented due to averaging by soil map unit composition of soil drainage classes.

of a distinct spatial arrangement associated with pedologic and geomorphic
structure that influences hydrologic gradients present on the landscape.

Tongass soil map units are closely associated with ecosystem types defined
on landforms and were based primarily on soil–vegetation relationships during
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soil and ecosystem mapping (USDA Forest Service, 1996). Therefore, the
Tongass soil resource inventory provides the building blocks for a preliminary
hydropedologic framework across the region with spatially explicit maps of
soil–vegetation assemblages associated with order 3 and 4 soil surveys.
However, there are many variants to established soil series due to the hetero-
geneity caused by small-scale disturbance, such as windthrow and landslides.
Soil map unit associations and complexes are common because soil develop-
ment can vary substantially due to the small-scale variation of soil-forming
factors caused by these localized disturbances. To address this variability, we
integrate wetlands into the hydropedologic framework as they are a clear
landscape feature and an obvious choice for a soil/vegetation class as they
cover approximately 21% of the NCTR. The readily available landscape
classification of wetlands across the U.S. portion of the NCTR through the
National Wetland Inventory (USFWS, 2009) makes applying this ecosystem
classification quite useful. The NWI mapping does not capture many of the wet
forests that do not meet the jurisdictional requirements of wetland delineation,
so the combination of soil maps and wetland delineations provides a means to
capture functional units on the landscape.

We use the term hydropedologic unit to define the combination of the soil
and wetland map unit with biogeochemical function. The hydropedologic units
had soil characteristics that were hypothesized to control soil hydrology and
influence the overall hydrologic and biogeochemical behavior of the sub-
catchment (Table 1). We chose three hydropedologic units that can be identified
through soil surveys and wetland inventories for intensive sampling: upland
mineral soils, forested wetland soils, and peatland bog soils. The three
hydropedologic units are closely associated with the soil map unit designation
and associated drainage class (Table 1). Therefore, similar hydropedologic
units were located in each of the subsections (Fig. 3). Three individual sub-
catchments of each type were delineated within the watershed blocks by soil
and vegetation maps and verified in the field to assure that they adequately
represented the selected hydropedologic units (Table 1; Fig. 3). The hydrologic
control section was defined by the presence and depth of the acrotelm and
catotelm in the wetland soils (D’Amore et al., 2010). The upland soils were
located on relatively steep hillslopes defined by a lack of soil saturation and
bedrock hydrologic control (Fig. 2). The subcatchments within each watershed
were delineated to locate flow-gauging weirs to measure chemical export from
each site to test the hypothesis that hydrologic fluctuations were related to
biogeochemistry of the catchment.

Wetlands are roughly mapped by the National Wetland Inventory (NWI),
but low resolution and inaccuracies dictate that field observations of soil
patterns be used to more accurately delineate the boundaries of those classes in
the field. We use the NWI nomenclature for classes of forested wetland and
upland. We have established a “sloping bog” class as a modification to the NWI
nomenclature for the palustrine emergent class that combines the features
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associated with fens and bogs. Sloping bogs have water flow derived from
groundwater, similar to fens, which flows through vegetation communities
more commonly associated with bogs. The slope bog is recognized in the
Canadian wetland classification (NWWG, 1998), but is not identified in the
NWI. Therefore, we have established a class of hydropedologic unit that can be
used across the entire NCTR.

3. A FRAMEWORK FOR INTEGRATED HYDROPEDOLOGIC
STUDIES IN THE NCTR

The hydropedologic framework can be used to test the strength of association
of hydrologic fluctuations and biogeochemical transformations within the

TABLE 1 Watershed Location, Hydropedologic Units, and Soil Attributes

for Experimental Catchments in the Juneau, AK Area. Drainage Class is

based on Modal Soil Pedon Morphological Characteristics from the

Tongass National Forest Soil Resource Inventory. Drainage Control is

based on Either the Presence of a Slowly Permeable Subsurface Aquitard

(Catotelm and Bedrock) or a Zone of Saturated Lateral Flow near the Soil

Surface (Acrotelm)

Watershed

Hydropedologic

unit

Soil

classification

Drainage

class

NWI

category*

Drainage

control

Peterson Sloping bog Typic
Cryohemist

1.0 PEM Catotelm

Forested wetland Histic
Cryaquept

1.5 PF Acrotelm

Upland Lithic
Haplocryod

5.0 UP Bedrock

McGinnis Sloping bog Typic
Cryohemist

1.0 PEM Catotelm

Forested wetland Terric
Cryohemist

2.5 PF Acrotelm

Upland Typic
Humicryod

4.5 UP Bedrock

Eaglecrest Sloping bog Typic
Cryohemist

1.0 PEM Catotelm

Forested wetland Terric
Cryohemist

2.5 PF Acrotelm

Upland Typic
Haplocryod

5.0 UP Bedrock

* National Wetland Inventory (NWI) categories: PEM¼ palustrine emergent; PF¼ palustrine

forested; UP¼ upland (Cowardin et al., 1979).
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provisional hydropedologic units through plot-based studies that quantify
terrestrial–aquatic biogeochemical fluxes. The hydropedologic units can be
used to estimate biogeochemical fluxes from entire watersheds by extrapolation
of fluxes across similar hydropedologic units delineated by the soil resource
inventory. Our integrated research fills a need to understand soil hydrology and
watershed biogeochemical fluxes in the NCTR. Five key issues provided
guidelines for describing our hydropedologic research: structure, function,
scale, integration, and disturbance (Lin et al., 2006a). We use these issues as
a framework to present the information gathered through our research at the
Juneau hydrologic observatory and evaluate the potential of future hydro-
pedologic research in the NCTR.

3.1. What are the Hierarchical Structures of Soil and Water
in the NCTR?

The NCTR provides an excellent natural laboratory for the hydropedologic
model. It is the largest intact contiguous expanse of coastal temperate rain-
forest in the world and contains thousands of watersheds largely devoid of
major human disturbances. These watersheds contain a wide range of relative
proportions of our defined units (e.g. 5–95% wetland) allowing us to verify
watershed biogeochemical models across a broad geographic area. The
application detailed here provides a first approximation for defining hydro-
pedologic units and using these units to describe biogeochemical cycles at the
watershed scale. Thus, our examples provide a hierarchal structure to help
explain biogeochemical cycling in individual hydropedologic units with
the ultimate goal of identifying biogeochemical signatures of the entire
watershed.

The storage, flux, pathway, and residence time of water are distinctly
different within our three classes, confirming that they span multiple
dimensions of variability across the landscape. The NCTR has a moisture
excess during most of the year, but the balance between precipitation and
evapotranspiration creates conditions that influence soil profile saturation
patterns (Fig. 5). The water tables among the three units were stratified as
expected from the initial landscape partitioning where deep water tables
were measured in upland mineral soils and shallow water tables were
measured in forested wetland and sloping bog soils (Fig. 6). Although this
relationship was expected, the consistency among the replicate units (e.g.
three sloping bog sites) supported the premise that these units provide
adequate first approximations of general water-table fluctuations across the
drainage gradient.

The water-table depth in the mineral soils is limited by impermeable
bedrock and slightly weathered regolith. Water moves through the soils on the
‘upland’ landscape positions, but there are fluctuations within the profile
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consistent with a groundwater flux across the bedrock interface. Recharge is
the dominant water-flow pathway downward through the fibric surface
horizon and spodic mineral horizon toward the impermeable bedrock. After it
rains, water infiltrates down through the soil profile as recharge with no
overland or near-surface flow and is then redirected laterally across the
bedrock interface (Fig. 2).

The flow regime of the forested wetland and sloping bog is regulated by
the depth of the permeable, surface acrotelm horizon (D’Amore et al., 2010).
There are two distinct cycles within these peatland soils: a distinct water-table
drawdown in June–August and near-surface saturation in the fall during higher
rainfall (Fig. 7). The near-surface saturation (<10 cm) is quite similar within
the two wetland soils with nearly complete saturation of the soil profile, but
forest wetland water tables drop faster and to deeper depths during drawdown
periods. The water-table drawdown indicates the presence of an unknown
water export pathway, either a much deeper zone of flow within the forested
wetland soils or evapotranspiration by trees. Rainfall events create subsurface
flow and pressure heads within the soil matrix that lead to ephemeral increases
in water-table height and incursions into the unsaturated soil zone (i.e. acro-
telm) from the saturated zone below. These incursions are much more
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FIGURE 7 The depth and duration of the water table measured in the acrotelm (surface organic

horizon) of the forested wetland and sloping bog at the McGinnis Creek watershed from May to

November of 2004 (adapted from D’Amore et al., 2010). Horizontal lines represent depth of the

acrotelm (aerobic surface horizon) in each soil during the annual period of moisture deficit.
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dramatic in the forested wetland due to the deeper acrotelm. The depth and
duration of aerobic conditions in the acrotelm are similar to other regions with
extensive peatlands (Holden and Burt, 2003; Worrall et al., 2002, 2003), but
the frequency and magnitude of water-table fluctuations are more dynamic in
NCTR peatlands.

Understanding how soil saturation interacts with biogeochemical trans-
formations within each hydropedologic unit provides insight into material
transfers and biogeochemical transformations within a watershed. The
duration and fluctuation of water tables in peatlands have been clearly linked
to biogeochemical shifts (Strack et al., 2008). Although aerobic surface
horizons persist in wetland soils even during periods of heavy rainfall
(D’Amore et al., 2010), redox potential varied with soil saturation at the
water-table interface (Fig. 8). The responsiveness of redox potential to
changes in soil saturation suggests highly dynamic shifts in microbial
metabolism at the interface between the acrotelm and catotelm. The
anaerobic–aerobic boundary is a highly reactive zone for microbial activity
and, hence, biogeochemical transformations (Gutknecht et al., 2006). Redox
potential measurements are a surrogate measure for potential biogeochem-
ical transformations within soils and riparian sediments (Miller et al., 2006).
For example, the soils are a rich source of reduced DOM, which is an
important substrate for microbial communities that oxidize and alter the
nature of dissolved organic carbon (DOC) in soil and soil solution. The
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sequential processing of DOM by soil microbes contributes to electron
transfers and is closely tied to the degradation of organic acids and other
chemical transformations such as denitrification (Miller et al., 2009). The
combination of water-table fluctuations and redox potential shifts provides
a means to identify discrete zones of fine-scale biogeochemical activity in
soils. The hydrodynamics of the hydropedologic units provide a means to
distribute water-table fluctuations to broader landscapes through extrapola-
tion of function to similar mappable units.

3.2. How can Function be Integrated into the Structure
of the Soil Hydrologic System of the NCTR?

Flow-path integration describes how the flow path of water, and the material
entrained in the flow path, integrates stream and landscape heterogeneity
(Fisher and Welter, 2005). Flow-path integration highlights how small-scale
biogeochemical transformations that occur in three-dimensional space
are integrated into net cumulative fluxes from the watershed (Fisher et al.,
2004). The key concept in this approach is how nutrient retention and cycles
associated with different ecosystem types control the composition of water
flowing through the sequence of structural forms encountered on the
landscape (Giblin et al., 1991; Fisher et al., 2007). Hydropedology and
flow-path integration emerge from two different disciplines, but both strive
to understand the linkage between the production, transformation, and
export of DOM from terrestrial to aquatic ecosystems. Interdisciplinary
concepts such as these are not often applied by a broad and diverse group of
scientists, but remain within the discipline from which they have
emerged. However, these concepts and the ability to integrate terrestrial and
aquatic biogeochemical research are highly desirable in the NCTR. The
concepts of terrestrial nutrient cycles and exports to aquatic ecosystems
can provide a means to address the effects of alterations to functions in
both systems and related maintenance of coastal marine food webs. Ulti-
mately, the system must be viewed as a unified flow path to achieve this goal
(Fisher et al., 2004). The hydropedologic approach is a compromise that uses
discrete units to quantify the continuous flow of material to aquatic
ecosystems.

The hydropedologic units are tools for organizing drainage units by
function. The observed water-table fluctuations and redox potential shifts
within hydropedologic units can be linked with biogeochemical cycling and
potentially to landscape unit function. The hydropedologic units are useful for
describing DOM export from terrestrial to aquatic environments in the NCTR.
In the same way, the hydropedologic unit approach can also provide insight
into the quality of the DOM produced and exported from the landscape, which
has important implications for productivity in downstream aquatic
ecosystems.
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The distinction between upland and wetland is a good predictive distinction
for determining the DOM flux from a watershed (Mulholland and Kuenzler,
1979; Mulholland, 2003). Soil attributes, such as soil C:N, have also been used
effectively to predict watershed DOM export across a broad array of systems
(Aitkenhead and McDowell, 2000). Our watershed stratification provides
a good estimate for DOM concentrations (measured as DOC) using the wetland
distinction. There is a strong relationship between wetland extent and DOC
concentrations in NCTR streams (D’Amore et al., submitted for publication;
Fig. 9), which is also apparent in the subcatchment outlet streams for the
hydropedologic units (Fig. 10). The hydrodynamics and intensity of the
biogeochemical exchange in the acrotelm differ between the sloping bog and
forested wetland provide an explanation for the local strength of the association
between depth to water table and soil DOC concentrations (D’Amore et al.,
2010).

Integrating physical and biogeochemical cycles is essential in creating
a useful tool to understand the effect of soil hydrologic cycles on DOM export.
Surface organic horizons in both mineral and organic soils provide highly
conductive flow paths that facilitate the transfer of water and DOM through the
soil and into surface water channels. Deeper, organic horizons have much lower
conductivities and transfer water through the soil more slowly allowing for
longer soil residence times for DOM and associated nutrients. The internal
drainage of mineral soils shifts the chemical transformations from anaerobic to
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aerobic conditions, which is in direct contrast to peatland soils. These condi-
tions vary seasonally, as warmer periods and similar or reduced rainfall alter the
late spring and early summer soil saturation dynamics.

Dissolved organic matter characterization provides a means for dis-
tinguishing biogeochemical signatures and potential ecological function
among the hydropedologic units (Fellman et al., 2008). For example, ordi-
nation analysis clearly distinguishes the hydropedologic units into distinct
classes based on the relationship between protein-like and humic-like fluo-
rescence components (Fig. 11). These differences in the chemical properties
of DOM are reflected in DOM bioavailability, as significant seasonal
differences are observed both within and among hydropedologic units
(Fig. 12). The movement of water through the forested wetland is controlled
by the depth of the permeable surface peat (acrotelm) and the intensity and
duration of rainfall (D’Amore et al., 2010). The sloping bog has a much
smaller acrotelm and the water flow is dominated by the near-surface, slowly
permeable catotelm. The upland soils are dominated by water flow down-
ward in the profile and transport across the slowly permeable bedrock or
paralithic contact. The distinct quality of DOM and the differences in
dominant hydrologic flow paths among the hydropedologic units suggest that
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the aggregated collection of hydropedologic units has the potential to alter
watershed-scale biogeochemical processes by influencing patterns in labile
DOM delivery to streams.

Differences in chemical export within hydropedologic units and seasonal
variability among these units have implications for the biogeochemical func-
tion of the entire watershed (Fellman et al., 2009b). For instance, low biotic
demand and short soil residence time from predominantly surface soil flow
paths lead to a pulse of labile DOM during spring snowmelt for wetland sites,
but less so for upland sites (Fig. 12). In the wetland sites especially, DOC
concentrations can be quite low during the spring snowmelt because of simple
dilution in relation to the mass of water. Competition between DOM transport
and transformation is ultimately mediated by soil hydrologic flow rate, or
contact time (Randerson et al., 2002). Thus, reduced DOM concentrations may
also result from a stable water table that restricts organic matter mineralization
and diminishes the pool of leachable DOM.

During the summer growing season, water-table drawdown occurs in the
bog and forested wetland and water moves predominantly through deep and
less conductive flow paths (Fig. 7). High biotic demand for labile DOM by soil
microbes and long soil residence time results in the delivery of mainly

FIGURE 11 Ordination of hydropedologic units according to component composition modeled

with parallel factor analysis (PARAFAC). Axis 1 is derived from humic components and axis 2 is

derived from protein components identified through PARAFAC of the dissolved organic matter in

soil solution. FW ¼ forested wetland.
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recalcitrant DOM to streams from wetland sites. Consequently, the quality and
biodegradability of the streamwater DOM may vary dramatically with source
material and season among the distinct units (Fellman et al., 2009a). These
observed differences in DOM biogeochemistry clearly demonstrate that these
hydropedologic units may have different functional roles in terms of biogeo-
chemistry within the watershed.

Our work along the hydropedologic gradient has also provided new
insights into the role of discrete landscape units for providing labile organic

(a)

(b)

FIGURE 12 Solution biodegradable dissolved organic carbon (BDOC) in four soil types.

Patterns of (a) average BDOC in soil and (b) time series for the four soil types collected across the

range of sample dates. Significant differences among soil types are indicated by different capital

letters above the columns; error bars indicate �1 SE and N¼ 3 for all soil types. Abbreviations:

FW, forested wetland and Up, upland forest. (Adapted from Fellman et al., 2008)
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matter to aquatic ecosystems. In particular, research in the NCTR has
demonstrated the importance of wetlands for the export of labile DOM that
can support stream heterotrophic productivity (Fellman et al., 2008, 2009a).
This highlights a fundamental change in our view of wetland ecosystems,
which have typically been seen as sources of highly degraded dissolved
material. The recognition of the importance of terrestrial nutrient subsidy to
aquatic systems has been an important shift in our understanding of
material flows in the NCTR. The transfer of material from the terrestrial to
aquatic ecosystems in the NCTR provides important nutrient subsidies for
both freshwater and marine ecosystems (Hood et al., 2009; Fellman et al.,
2010). This finding also illustrates the importance of understanding how
hydropedologic factors influence terrestrial biogeochemical cycles which
can then be linked to soil-water export pathways of dissolved reactive
materials.

3.3. What is the Potential for Scaling Functions across
the Complex Landscape of the NCTR?

We must derive soil–geomorphic relationships from existing data such as soil
map unit classifications to establish initial hypotheses related to functional
responses in the absence of high-resolution topographic maps. Finely
delineated terrestrial landscape attributes can be determined using high-
resolution morphometric analyses such as light detection and ranging
(LiDAR) imagery. However, LiDAR mapping is not available on much of the
NCTR. In any case, the delineation of these highly resolved landscape
attributes (e.g. 1 m2) generally exceeds our ability to accurately measure the
functional attributes of such small features. To constructively stratify the
landscape, a broad grouping of ‘subject’ landscape types was chosen to
represent hydropedologic units. The resolution of current digital elevation
models (DEMs) and wetland and vegetation maps do not support a finer
parsing of the landscape than the three fundamental types we used. Finer
distinctions could be made of these types, but because our intent was to
upscale these fundamental units to the watershed scale, we used classes that
could readily be predicted using available GIS data layers. These landscape
units occur at different locations along the hydrologic gradient, and so
represent rational ways to partition the landscape to study the functional
linkages between soils and hydrology.

The highly dissected nature of the landscape of the NCTR is evident from
coalescing flow on hillslopes during storms, and the integrated response of
this water delivery system is quite profound. For instance, during intense
storms, streamwater DOC concentrations often dramatically increase as
terrestrial source pools and hydrologic flow paths are different between
baseflow and stormflow (Fellman et al., 2009b). As soils become saturated,
water moves through shallow soil layers or at the acrotelm/catotelm
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interface (D’Amore et al., 2010) and differing flow paths can entrain DOM
with different chemical properties. Thus, temporally transient water fluxes
influence shifts in biogeochemical patterns. It is also possible that DOM
export during storms accounts for a large fraction of the annual watershed
flux as found in studies from a similar humid region in the United Kingdom
(Worrall et al., 2002, 2003), which highlights the importance of individual
storms for watershed biogeochemical budgets. Partitioning the watershed
into hydropedologic units and understanding their biogeochemical response
to high flow events could be used to improve annual estimates of watershed-
scale and regional DOM fluxes.

The hydropedologic stratification provides a framework for downscaling
models of climate drivers to plots for modeling soil hydrology in connection
with regional weather patterns. The parameter-elevation regressions on inde-
pendent slopes model (PRISM Climate Group, 2010) provides estimates of
precipitation and temperature at a resolution of 0.8 km. Precipitation and
temperature data analyzed by PRISM models can be used to estimate evapo-
transpiration, which strongly influences the accumulation and flow of water in
soils during the growing season. This information can provide support for
developing watershed or regional water budgets by constraining estimates of
fluctuations in soil water storage. The potential influence of deviations in soil
saturation can also be applied to modeling plant responses across watersheds to
guide vegetation-monitoring programs.

The distribution of frequently saturated soils can predict the presence of
plant communities, which is especially important in the face of shifting
populations of plants due to climate change (Hennon et al., 2011). Hydric
soils have been successfully used as a predictor variable to describe
differences in timber volume classes across the Tongass (Caouette and
DeGayner, 2005). However, a hydric soil class merely assigns a wet or dry
state, but does not provide any details of how the underlying soil nutrient
turnover may influence the specific vegetation assemblages. The hydro-
pedologic approach provides a framework to design experiments to examine
small-scale processes in soils and the broader control on vegetation struc-
ture. This can then be linked to the biogeochemical properties such as DOM
bioavailability to complete an assessment of the feedback mechanisms and
interactions among all these key elements in vegetation response to water-
shed biogeochemical characteristics. Yellow-cedar is a particularly good
example of a potential application of this approach because its distribution
is closely linked to soil moisture patterns. The yellow-cedar tree is not
obligated to saturated soils (D’Amore and Hennon, 2006) but follows
a niche strategy to persist in marginal conditions with low nutrient turnover
and nearly saturated soil conditions (D’Amore et al., 2009). The prediction
of future yellow-cedar decline will rely on accurate spatial models of soil
saturation as well as changes in those patterns over time (Hennon et al.,
2012).
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3.4. How can Information from Diverse Research Studies be
Integrated into a Hydropedologic Model in the NCTR?

We provide a framework for predicting biogeochemical cycling in catchments
that is similar to the geochemical catena (Johnson et al., 2000; Palmer et al.,
2004). The influence of soil hydrology on biogeochemical cycles has not been
clearly articulated in the coastal temperate rainforest research. Therefore,
a working model using this approach and implementation of an integrated
hydrologic observatory is useful for addressing goals associated with biogeo-
chemical research in the NCTR. Our study outlines a method to demonstrate
how linking terrestrial and aquatic research through the use of well-defined
hydropedologic units can provide benefits to both fields. Traditionally, these
disciplines have shared similar biogeochemical concepts such as the study of
limiting nutrients, but measurements and perspectives regarding applications of
these measurements vary (Grimm et al., 2003). For example, aquatic ecologists
are now exploring the potential for wetlands to impact stream productivity
beyond lakes and ponds. Another key example is the ability to derive infor-
mation regarding wetland function from structural aspects of wetland ecology
(Bridgham et al., 1996).

The hydropedologic unit delineation can provide a link between disciplines
as water flow is the key nexus between terrestrial and aquatic environments.
Soil functional attributes can be applied to hydropedologic units for estimates
of specific aspects of biogeochemical functions among individual hydro-
pedologic units and these functions can be extrapolated to entire watersheds.
For example, quantifying seasonal soil saturation across different hydro-
pedologic units can be applied to key nutrient turnover measures. Denitrifica-
tion rates are influenced by soil factors such as texture and moisture content
which control soil saturation and redox potential (Pinay et al., 2003). A
hydropedologic model provides a means to estimate zones of high denitrifi-
cation potential, such as riparian zones and seeps, based on the stratification of
the landscape according to soil factors. Using this approach, replicated studies
can be designed to quantify denitrification rates that will enable more accurate
estimates of nitrogen fluxes from specific areas within a watershed. The spatial
resolution of these hot spots for denitrification can be combined with other N
flux pathways that can then be appropriately scaled to estimate the overall
watershed nitrogen flux.

3.5. How does Anthropogenic Disturbance Interact with
Hydropedologic Functions?

The ecosystems of the NCTR are primarily driven by small-scale natural and
anthropogenic disturbance over short time scales. Because fire is uncommon,
wind is the primary driver of change in forest structure through disturbance
(Kramer, 2001). The major anthropogenic disturbance in the NCTR has been
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timber harvest and to a lesser extent the construction of roads, especially
through wetlands. In the southeast Alaskan portion of the NCTR, approxi-
mately 220,000 ha of forest have been logged (USDA Forest Service, 2008). It
is unclear how harvesting and road building have affected watershed hydrology
and the delivery of water and materials to streams. Timber harvest covers
approximately 3% of the total area of the Tongass and appears not to exert
a large influence on the overall landscape. However, individual landscape
features and soil types such as karst formations have been heavily used for
timber harvest. The loss of large stature trees can alter evapotranspiration in
stands and the subsequent timing and delivery of water from soils to streams.
Although this type of change affects surface and subsurface water flow, its
effects on soil attributes including soil development and biogeochemical
cycling are unknown. The change in trajectory of soil development following
disturbance for individual landscape units should be considered in overall
hydropedology models.

Road networks are closely associated with timber harvest in the NCTR. The
impact on groundwater quality and flow along with the alteration of material
delivered to streams due to the presence of roads are not well understood.
Therefore, road construction and associated impacts to watershed hydrologic
cycles remain a concern for forest managers. The few existing hydrologic
studies on roads have not identified any major impacts on peatland (Kahklen
and Moll, 1999) or mineral soil (McGee, 2000) hydrology. However, linear
road features have potentially disrupted flow paths and created biogeochemical
interactions between soil water and crushed rock that may reduce the residence
time of water within soils before delivery to the stream channel. Further, the
increased rock–water interaction may alter the biogeochemical signature
through oxidation of DOM and altered pH.

4. FUTURE APPLICATIONS AND CONCLUSIONS

The sheer volume of water draining through the NCTR and the magnitude of
dissolved material export underscores the need for a process-based under-
standing of what regulates water and material fluxes. The large number of
watersheds, their heterogeneity, and the isolated nature of the region make
prediction and management a challenge in the NCTR. A systematic modeling
approach that is both scalable and representative of the diverse range of
watersheds will allow land managers to make predictions at both local and
regional scales. We suggest that hydropedology offers an opportunity to address
these needs in the NCTR.

We posed the hypothesis that hydropedologic units encompass soil
hydrology and associated biogeochemical behavior at a resolution that balances
fine-scale variability with larger-scale reproducible measureable outputs.
Hydropedologic units are a logical link between regional-scale climate models
and reach-scale predictions of habitat response because they are fundamental
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functional units that can be readily mapped within a watershed. Our review
synthesizes the close association between DOM with the different units as an
example of a key biogeochemical process. We provide evidence that the
interaction of soil hydrologic and biogeochemical transformations controls
the unique attributes of DOM in catchments. Our work quantified the magni-
tude of water-table fluctuations and identified the role that hydrodynamics
played as a key characteristic that controls DOM and at scales detectable in
a watershed. Because these units represent a broad class of various soil map
units that are available across the NCTR, we have provided a tool for extrap-
olating biogeochemical functions across landscapes such as that illustrated
in Fig. 2.

Although there is a growing understanding of the interaction among
topography, subsurface structure, and flow control (Lin et al., 2006b; Lin,
2010), we are just beginning to conduct experiments and understand flow
regimes within the soils of the NCTR. The complexity of forested watershed
hydrology is related to the landscape geomorphology. Resolving the opaque
nature of the subsurface with integrated models of water and material flows is
a high priority. Landscape units that are operationally defined by quantitative
geomorphometry are much more useful in delineating areas of water flow and
coalescence. Soil geomorphic models rely on accurate and preferably high-
resolution digital elevation measurements along with good information on soil
moisture patterns for calibration. The current challenge is to create a more
refined model linking soil geomorphic associations and biogeochemical
function to flow paths delineated with topographic models. A model of
subsurface flow paths we created using the existing 60-m DEM of the NCTR
provides a satisfactory resolution for the Peterson Creek drainage, with a good
correspondence between predicted groundwater levels and existing hydro-
pedologic units (Fig. 13). The application of high-resolution imagery can
greatly improve the ability to delineate hydropedologic units and design
hypothesis tests of functions. Once more accurate topographic imagery is
available for a greater portion of the landscape of the NCTR, we can link the
two approaches and create higher-resolution functional maps.

Hydropedology is a valuable tool that will continue to play an important
role in terrestrial and aquatic research in the NCTR. The main conclusions we
can draw from the current state of the research in the NCTR are:

1) Hydropedology is a flexible and robust approach that infuses soil and
wetland delineations with function by providing a link between soil
hydrology and DOM biogeochemistry;

2) Hydropedology provides an approach to scale up biogeochemical fluxes
from individual hydropedologic units to the watershed scale;

3) Hydropedologic units provide a response variable for predicting functional
alterations in watersheds from changes in land use and climate in the
NCTR.
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(a) (b)

FIGURE 13 Soil drainage class and flow paths in the Peterson Creek watershed. Distribution of (a) soil drainage classes and (b) flow paths predicted from

a compound topographic index model. Soil drainage classes are: 1¼ very poorly drained; 2¼ poorly drained; 3¼ somewhat poorly drained; 4¼moderately well

drained; 5¼well drained. Note that not all classes are represented due to averaging by soil map unit composition of soil drainage classes. Groundwater depth is

estimated in six 10-cm depth classes arrayed in 20-m pixels through the use of a downscaled 60-m digital elevation model.
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