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INTRODUCTION

Formation of aguatic and riparian habitats depends on the supply of inorganic and
organic materidsthat originate from terrestrid sources. Complex interactions among large
numbers of climatic, geomorphic, hydrologic, and vegetative processes govern the transfer of
materid to riverine environments. A stochadtic climate exerts a degree of randomnessin the
supply of sediment and organic debris to channel networks; topography and channd-network
geometry imposes a patialy determined organization in the routing and storage of those
materids. Hence, aguatic and riparian habitats have both stochastic and determinitic origins.
Studies that have incorporated stochastic effects have been referred to as * disturbance ecology’
(Pickett and White, 1985; Reeves et al., 1995), temporal hierarchies (Frissdl et d., 1986),
‘pulses (Junk et d., 1989), and ‘landscape dynamics (Bendaet d., 1998). Studiesfocusing
on determinigtic aspects are described interms of “continuums’ (Vannote et ., 1985), spatia
hierarchies (Frissdl et d., 1986), ‘ecotones (Naiman et d., 1988), and classfication systems
(Rosgen, 1995; Montgomery and Buffington, 1997). Despite a sustained interest in ecological
processes over arange of scales (Swanson et a., 1988; Naiman and Bilby, 1998), it has
proven difficult to develop genera principles on how deterministic and stochastic landscapes
factors, in combination, govern ecosystems.

One consequence of the absence of generd theoreticd principlesis the continuing
inability to define naturd disturbance regimes, including the range of variability in aquatic and
riparian environments (Naiman et d., 1992 Benda et a., 1998). This problem has created a
dependence on provincid case studies that have often focused on unique attributes of
landscapes rather than on genera principles (Benda, 1999). Moreover, the absence of
parameters and theory at large scaes discourages hypothesis testing and commensurable
research (Smilar things messured in smilar ways), and potentialy incresses the difficulty of
landscape-scale and environmenta problems.

Development of theoretica principles applicable at large dimensional scalesisrequired
for the orderly and progressive study of landscapes. This applies to research in the vegetative,
geomorphic, hydrologic, and biotic sciences, in natura resource management, and in restoration
and conservation biology. Our objectiveisto identify how universal attributes of landscapes,
induding dimate, topography, lithology, vegetation, channd geometry, and spatia scae
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(drainage areq) impose overarching congtraints on the probability distributions and spetia
patterns of fluxes of sediment and organic debris from terrestrid through aguatic environments.
L andscape theory requires landscape- scde parameters in the form of tempord distributions of
climatic, hydrologic, and geomorphic processes, and spatia distributions that characterize the
attributes of large numbers of landscape e ements (Benda et al., 1998; Dunne, 1998).
Probability or frequency digtributions, by definition, define the frequency and magnitude
components of naturd disturbance regimes in aquatic and riparian environments. Moreover,
they offer an aternative approach to the study of landscape processes a smaller scales.

The generd form of the theory isinitidly outlined in the form of conceptud figuresto
amplify its presentation to adiverse and interdisciplinary readership. Specific quantitative
gpplications are presented at the end of the paper. We begin by reviewing how previous
scientific efforts have tackled the study of systems comprised of large numbers of eements that
have both deterministic and stochastic properties.

THE STUDY OF LARGE NUMBERS OF INTERACTING LANDSCAPE
PROCESSESOVER TIME
The spatial scale that defines a‘landscape’ depends on the questions that are posed.

Quedtions involving agquatic and riparian ecology often range in scae from less than a hectare to
watersheds of 10" kn’ and larger. Similarly, the time scale dictated by ecological questions
often depends on how vegetation affects eroson, sediment transport, supply of organic debris,
and channdl form (Swanson et d., 1988). Vegetation death and growth typicaly span severd
decadesto afew centuries (Spies et d., 1988; Agee, 1993), atime scale that aso reflects the
occurrence of large storms and floods that cause erosion and episodicaly transport sediment
(Reid and Dunne, 1996). In addition, landdides occur with frequencies ranging from afew
years to afew centuries (Benda and Dunne, 19974). Hence, case studies of landscape
processes are hindered by large tempord scales (i.e., uncertainties in basin history) and by large
gpatid scaes (i.e, incomplete information on dl the spatia attributes of watersheds).

Cluesfor developing inductive and deductive theories at large scales are found in the
disciplines that have tackled problemsinvolving large numbers of dements. One proven
drategy isto represent interactions of many smal-scale processes by larger-scale parameters.
Application of anaytica mechanicsto landdide prediction, for example, views soil asa
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‘continuum’, even though soil is compaosed of many individud grains. Continuum mechanics
represents the multitude of millimeter-scade, grain-to-grain interactions into meter-scale
parameters such as soil coheson, bulk density, and soil friction angle. [A smilar gpproach has
been gpplied to problemsinvolving turbulent fluid flow (eg., fluid mechanics)]. Andytica
mechanicsis mogt effective when deding with problems at rdatively smdl spatid and tempord
scdes and it runsinto difficulty when gpplied a larger scales. For example, cdculating the
behavior of thousands of meter-scale unit volumes of soil during rainstorms over centuries would
tax even the fastest computers. The use of a one-dimensiond, infinite dope modd is an example
of amplifying the interactions of multiple three-dimensiona unit volumes of soil involved with
lanadiding.

Statistica mechanics provides another technique for predicting the behavior of
exceedingly large numbers of randomly behaving eements using parameters. A purdly Satistica
gpproach can describe the behavior of gases that contain vast numbers of randomly colliding
molecules (Maxwell (1831-1879) and Boltzmann (1844-1906)). To caculate the macro
energy date of agasin response to applied energy fields, molecules are parameterized by
probability distributions of energy states. The energy states of gases are measured in terms of
the parameters of temperature, pressure, etc. Regarding landscape behavior, however, there
are large differences between the statistical mechanica gpproach that depends on concepts of
energy equilibrium and average conditions, and the nor+equilibrium and transent conditions
manifest in hydrologic and geomorphic processes that are of interest to scientists and resource

managers (Dooge, 1986).

In the context of these approaches, landscapes contain too many components to be
treated grictly determinitically and too few to be treated purdy datisticaly. Environmenta
systemsthat fal between the end members of determinism and stochastism, but thet exhibit both
characterigtics have been referred to as ‘ intermediate number systems', or systems of
‘organized complexity’ (Weinberg, 1975). This characterization has also been extended to
ecologicd and geomorphologica systems (Allen and Starr, 1982; Graf, 1988). To deal with
systems of organized complexity, systems theory has been developed (Von Bertdanffy, 1968).
Application of systems theory relies on building comprehensive computational modelsto scae
up andytica descriptions of processes at smdl-scaes to predict the macro behavior of asystem

of such processes over larger space and time scales. This so-called * upwards approach’ has
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been applied to the study of certain hydrological problems (Smith and Bretherton, 1972;
Rodriguez-Iturbe and Vades, 1979; Roth et a., 1989). Because of the large number of
interactions involved, some smplification in mathematica representation of processisusudly
necessary. In addition, parameters must be developed to represent the system behavior of the
many smdl-scale processes that occur in landscapes.

GENERAL LANDSCAPE THEORY OF ORGANIZED COMPLEXITY
L andscapes: Random and Or ganized Behavior

Landscapes contain both random and deterministic elements over arange of spatial and
tempord scaesthat have made them both difficult and interesting to sudy. The concept of
‘organized complexity’ (sensu Weinberg, 1975) is proposed here as aframework for unifying
the study of stochastic and determinigtic attributes of landscapes, in particular the flux and
routing of sediment and organic debrisin terrestrid and aquatic environments. Randomness
refersto behavior that is not predictable in detail but can be described in probabiligtic terms.
For example, the fundamentaly stochastic nature of dimate yields a strong random component
to the timing and magnitude in the flux of sediment and organic materid from hilldopeto
channds (Benda et d., 1998). Organization refersto spatial regularities or patternsin a
landscape that don't vary over the time scale of interest (i.e., 10° years) and that are responsible
for time-invariant patterns in the long-term routing and storage of materiasin channds and
valey floors. Spatid organization refersto laws of stream ordering and bifurcation (Horton,
1945; Strahler, 1952) and to systematic variations in network geometry, such as decreasing
channd gradient and increasing channe width with increasing drainage area (Leopold et d.,
1964). Topography, including channel networks, however, are typically characterized by spatia
irregularities, including abrupt changesin channel gradients and drainage aress & tributary
confluences and spatid variability in gradients and valley width due to mass wasting and other
geologicd controls. A generd landscape theory must address dl large scde spatia and
tempord patternsin alandscape.

The concept of organized complexity proposed for the development of landscape
theory is commensurable with the science of complex and adaptive systems where problems at
large scaes have recently been tackled in a number of disciplines (Kelert, 1993; Wadrop,
1992; Mclntrye, 1998). Descriptions of large-scale patterns of behavior, even in the absence
of amechanigtic understanding for al of the observed processes, is ahalmark of the study of
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systems exhibiting both stochastic and determinigtic behavior (Gdl-Mann, 1994). The study of
complex systems has highlighted aform of knowledge that is characterized by. (1) Contextuad
relationships between large- scale properties of systems and long-term patterns of behavior. (2)
Descriptions of processes and interactions by tempora and spatia frequency distributions. (3)
Statidtica or descriptive understanding of processes with intractable physics. Thisform of
knowledge characterizes the generd |andscape theory of organized complexity presented
below.

Parameterizing L andscape Behavior

Landscape theory requires landscape- scale parameters. Landscape attributes, such as
forests, erosion sources, and channd segments, reflect the interactions of numerous abiotic and
biotic factors over time. Hence, populations of landscape attributes must be represented in the
form of spatia digtributions of landscape dements. Time must be represented in the form of
tempord didributions of dimatic, hydrologic, and geomorphic processes (Benda and Dunne,
1997a,b; Dunne, 1998). Hence, the flux and storage of sediment and wood, and associated
channd and valey morphologies, aso must be expressed in the form of digtributions (Benda et
al., 1998).

Describing and predicting habitat formation at smaller scales has proven to be difficult
because of the inherent complexity and variability of naturd systems. Use of distribution-based
parameters that describe the flux rate of mass from terrestria through fluvid environments offers
an dternative to analyses at smdler scaes. Didtribution parameters, by definition, define the
frequency and magnitude characteristics of naturd disturbance regimes and the range of
varigbility. They dso provide informetion on the frequency and magnitude of riparian and
aquatic habitat formation. Genera forms of distributions can often be inferred based on first
principles about climate and topography. Detailed representations of distributions, however, will
likely require extensve fidd surveys in combination with computationd modeling (Bendaand
Dunne, 1997a,b). Both approaches are illustrated in this paper.

Different types of probability distributions represent different relationships between
event magnitude and frequency, hence they are useful measures for considering the role that
different processes play in generating variability and landforms (Figure 1). For example, an

Earth Systems I nstitute, Seattle, WA 5



General Landscape Theory of Organized Complexity October, 1999

exponentid digtribution is characterized by a high probability of low magnitude processes that
may have little morphologica effect, and alow probability of high magnitude events that have
large morphologica effects with long legacies (Benda and Dunne, 1997b). The degree of
skewness of a distribution represents the larger magnitude fluxes of sediment that are
responsible for fan and terrace formation. More symmetrica ditributions, in contrast, are

characterized by more frequent occurrences of intermediate to low magnitude processes (Figure 1).

Theory Postulates

The generd form of the landscape theory of organized complexity is based on three
postulates.
(1) Differences among mixtures of climate, topography, lithology, and vegetation will result in
differencesin forest cover and erosion processes, and therefore, in the frequency, magnitude,
and spatid distribution of sediment supply to channel networks. The supply of sediment to a
channd network is partly non-uniform and non steady because of spatial heterogeneity of
topography and the stochastic nature of the climate. Differences in erosion regimes and sediment
flux to channdls can be expressed by the changing shapes of probability disributions. Similarly,
wood supply to streamsiis episodic and will vary systematically with changesin forest ages (i.e,
climate as represented in fire and wind frequency etc.), vegetation type (age, Species, dengty),
topography (i.e., erosion process), and rates of mortdity, growth, and decay. Long-term
patterns of wood flux can aso be expressad in the form of probability distributions.

(2) Pulses of sediment and wood enter a hierarchica and convergent network and they combine
with materids from other sources at tributary junctions. Spatial and tempora heterogeneity of
eroson will result in an evolution of the long-term didtributions of sediment flux and storage
downstream in a network, a process reflecting the centrd limit theorem. Digtributions of
sediment are also transformed during routing because of particle attrition and storage in
channds, fans, and terraces. Tributary confluences represent abrupt trandtions of different
probability distributions of materid fluxes.

(3) The morphology of channels and valley floors reflects both stochastic and spatialy
determinigtic origins that can be expressed in the form of a probability distribution. Digtribution
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shape indicates both the mean morphologica state and its variance. Forms of the probability
digtributions of channel and valley floor morphologica states will depend on climate,
topography, lithology, vegetation, and pogtion in the network (e.g., postulates #1 and #2). The
digribution parameter, by definition reflects the natura disturbance regime and the range of
vaiahility.

The genera form of the landscape theory of organized complexity is presented below in
five parts. (i) Dynamic vegetation; (ii) Erosion and sediment supply;
(i) Changing downstream variability in sediment supply and storage; (iv) Dynamics of woody
debris; and (v) Stochastic and spatidly organized channel and valey floor morphologicd ates.
The generd form of the theory outlined below specifies the overarching congtraints that
physiographic attributes impose on the generd shapes of probability distributions of materid
fluxes. More detailed predictions of those interactions are described through numericd andyss
presented later in the paper. Although in-stream hydrology is not formally incorporated into the
theory at the present time, the importance of natural flow regimes on ecosystems have been
pointed out esawhere (Poff et d., 1997) and could be added at alater date.

A Dynamic Climate and Vegetative Cover

Climate interacting with topography and other physical and biological factors dictate the
gpecies composition, density, and age distribution of vegetation in landscapes. Vegetative cover
in any physographic region varies sysematicaly with latitude and eevation because of dimatic
and topographic gradients. In addition, the age distribution of vegetation varies stochadticaly
over time because of fire and wind disturbances (Van Wagner, 1978; Agee, 1993). Hence,
vegetation has both random and spatialy organized components.

Coniferous forests in the Pecific Northwest are used in the present discusson. Wildfires
with recurrence intervals over the last millennium of between one and four centuries (Agee,
1993) created amosaic of forest ages that varied with time and location. Fires create along-
term probability distribution of vegetation ages that are pogtivey right skewed and exponentidly
shaped (Van Wagner, 1978; Reed, 1994). The right skewness of the age distribution (Figure
2) arises because of a decreasing probability of developing very old vegetation in conjunction
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with an gpproximatdly equal susceptibility of fires across al age classes. This forces the highest
proportion of vegetation to occur in the youngest age class and a gradua and systematic decline
inareawith incrasing age. 1n an exponentid distribution of forest ages, the mean is equivaent to
the mean fire cycle or recurrence interva (Johnson and Van Wagner, 1984).

Topographic effects on fire regimes include more frequent fires on south-facing
hilld opes and ridges and lower fire frequency on larger valey floors (Morrison and Swanson,
1990; Benda et d., 1998, Figure 11.5). Hence, probability distributions should vary with
topographic position, athough the positive skewness would be smilar across dl locations
(Figure 2). Theories of fire disturbance and associated stochastic models have been outlined by
Van Wagner (1978), Johnson and Van Wagner (1984), and by Reed (1994). Spatial
digributions of forest age in alandscape will vary year to year depending on the history of fires
and other stand-replacing disturbances (Spies et al., 1988; Teensma, 1987; Morrison and
Swanson, 1990).

Dynamics of Erosion and Sediment Supply to Channelsand Valley Floors
Erosonisaproduct of asuite of landscape factors. These include interactions among

fire, rain, and wind, topography, lithology, and vegetaion. Long-term patterns of ssorms and
firesin alandscape can be represented in the form probability distributions (Figure 3).
Additionally, spatial patterns of topographic, soil, and vegetative attributes of awatershed can
aso be expressed in the form of digtributions. Interactions between the long-term patterns of
climate and topographic attributes of awatershed will yidd atime series of erosond events that
are expresd in the form of a probability distribution (Figure 3). Some of the pertinent
digtribution functions may cross correlate, such asfire and rain because of large-scae
interactions that may be known or unknown (i.e., regiond climatic patterns). Other factors may
be independent of one another, such as dope gradient and fire, particularly over century-long
time scaes.

Probability distribution of erosion and sediment supply should vary across landscapes
with different combinations of climate, topography, and vegetation (Dunne, 1998). Didributions
for three idedlized erosion regimes areillustrated below. The first one covers landscapes where
periodic intense fires and rainstorms trigger spatialy concentrated eroson. Intense erosion often
depends on a threshold being exceeded, such asin rainfal-triggered landdiding (Caine, 1990),
Earth Systems Institute, Seattle, WA 8
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or in sheetwash and gullying that is dependent on soil hydrophobicity (Heede, 1988). In North
America, concentrated erosion of these types has been documented in the southern coastal
chaparra (Rice, 1973), Cascade humid mountains (Swanson et d., 1982), Pacific coasta
rainforests (Hogan et d., 1995; Benda et ., 1998), Appalachian Mountains (Hack and
Goodlett, 1960), and in the intermountain and highland arid regions (Meyer et d., 1995; Wohl
and Pearthree, 1991; Robichaud and Brown, 1999). Intense erosion is often associated with a
convergence of low probability climatic events, such as afire followed by alarge ranstorm
(Klock and Helvey, 1976). Moreover, landdide and gully erosion often depends on soil
availability that is governed by time since the last mgjor erosion event (Dunne, 1991). Lag times
in soil availability decrease the frequency of concentrated eroson (Benda, 1994).

In environments with episodic and concentrated erosion, soil flux is usualy depressed
during inter-mass wasting periods (i.e., eroson dominated by soil cregp and bank doughing).
Extended periods of low eroson rates punctuated by high magnitude releases of sediment can
be expressed by a strongly right-skewed or even exponentid probability digtribution, a the
scde of asingle hilldope or andl basin (Benda and Dunne, 1997a) (Figure 4). Moreover,
punctuated erosion would aso lead to positively skewed distributions of sediment storage on
hilldopes, characterized by sharply bounded patterns of soil depths that would reflect historica
patterns of fire and storm induced erosion. The degree of skewness of sediment flux will
depend on unique mixtures of climate, topography, lithology, and vegetation. Pogtively skewed
digtributions of erosion or sediment supply may typify many montane drainage basins that are
characterized by threshold erosion processes (Benda and Dunne, 1997a). A pattern of
relatively long periods of low sediment supply interrupted by episodic and short periods of high
supply dso has a corollary in sedimentology, referred to as “ punctuated aggradation cycle’
(Goodwin and Anderson, 1980). Episodic sedimentation in the depositiond record has dso
been described as “long periods of boredom and brief periods of terror” by Ager (1980). An
example of how fidd measurements in combination with Smulation modeling are used to refine
estimates of probability distributions of erosion is presented later.

In landscapes with more gentle topography, bank doughing may dominate the erosion
regime. Bank erosion depends on erodibility of banks and flood frequency and magnitude.
Erodibility of stream banks depends on particle size of the bank materia and reinforcement by
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roots (Hooke, 1980). Bank erosion istypicaly greatest in actively migrating portions of channd
networks and least in upper portions of networks where banks may be comprised of bedrock,
or boulders and cobbles. Under this condition, the magnitude of bank erosion should be
goproximately proportiond to flood magnitude, assuming unlimited sediment availability. In
areas of gpatially uniform bank doughing, the probakility digtribution of erosion should mimic the
probability distribution of floods, even if bank erogion rates increase downstream.  Since stream
flows often follow alog normd distribution, the distribution of sedimernt fluxesto sireams by
bank erosion should be more symmetric, reflecting more frequent but smaler to moderate
sediment releases (Figure 4). Moreover, alandscape dominated by bank erosion should have
different spatid distributions of dope gradients, reliefs, and soil properties compared to a
landscape dominated by mass wasting.

Very large and very infrequent landdides characterize the third idealized erosion regime.
Very large landdides, either generated by rainfdl, earthquakes, or volcanism are commonin
certain lithologies, including in marine sedimentary and volcaniclagtic rocks (Sdle et ., 1985).
In such environments, the probability distribution of erosion may contain severa modes to
account for the rare occurrence of dides of increasing magnitude (Figure 4). A complete
digribution of landdide szes ranging from very smdl to very large may occur in some
landscapes with dide magnitude negatively correated with frequency. A range of landdide sizes
that can be scaled by a power law represents aform of sdf-organized criticality (Bak, 1996);
such relationships have been detected in rockfals and in landdides. In landscapesthat have a
full digtribution of landdide szes, the probakility digtribution of erason will be characterized by a
continuous extension of theright tail of the digtribution.

Once soil is eroded from hilldopes it must enter streams and valley floors to have an
effect on aguatic and riparian ecology. The degree of connectivity between hilldopes and the
channel network will dictate the volumetric flux rate of sediment to channels. A high sediment
deivery ratio (volume delivered to channelstotal eroded volume), typica of steep terrain with
narrow valey floors, will result in a sediment supply digtribution (at fan margins) that mimics the
eroson digribution (Figure 5). In landscapes with wide vadley floors, in contrast, much of the
sediment will be stored in fans and dong toes of hilldopes. The stored sediment will be
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eventudly remobilized by bank eroson, yielding amore symmetric distribution of lower
magnitude fluxes (Figure 5).

Probability distributions of erosion or sediment supply can be viewed a any spatia
scade. In the previous discussion, erosion and sediment supply to channels pertained to
individud hilldopes or smdl basins. If topography and climate remain homogenous at larger
watershed scaes, then the digtribution of total eroson or sediment influx will smply shift
towards the right wall into higher volumes while retaining the overal distribution shape.
However, in landscapes with topographic and climatic heterogeneity, a combination of eroson
processes will yidd a derivative digtribution of sediment supply, different than the idedlized ones
depicted in Figure 4.

Dynamics of Fluvial Sediment Transport and Storage

Soil that enters stream channels by various erosion sources congsts of amixture of grain
szesranging from clay to boulders. Upon entering channels these grains are sorted by the flow
such that finer particles (Iess than fine sand) are washed downstream and quickly exit the
watershed. Thismaterid is referred to as washload, and it effects water turbidity and related
agpects of habitat conditions, but it is not well represented in the sediment of the chamnel bed
and bars. In contrast, coarser materid settles to the channel bed and travelsintermittently
downstream as bed load during high flows. A portion of bed materid isreduced in Szeand is
converted to fine materid through abrasion during trangport. Between periods of transport, bed
materid is stored in the channd bed, bars, and in the floodplain. It isthe bed materid that is
shaped by flood flows, together with obstructions such as fans, boulders, and woody debris,
which create channel habitats.  Thus, the amount of bed materid available in areach of valey
floor, and the rate a which it is flushed downstream, are important controls on the amourt,
nature and rate of change of channel habitat.

The volume and caliber of sediment stored in a channd segment reflect the supply of
sediment that enters it from upstream and which enters aong channd banks and intersecting
tributaries. The discussion that follows pertains to bedload- 9ze materid only, dthough smilar
principles can be gpplied to suspendible load (Benda, 1994). Over long time periods, the
probability digtributions of sediment flux and storage in channels reflect the probability
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distribution of supply acted upon by the probability distribution of sediment transport capacities.

Sediment transport is afunction of sediment size, channd geometry (gradient and width), and
flood regimes (Parker et d., 1989). Channdsdso alter their dope and width in response to
changing sediment supply (Gilbert, 1917). Since variation in sediment supply isan intringc
property of most landscapes, sediment transport will vary over many time scales. In many
mountain drainage basins, however, channd gradients and trangport capacities are sufficiently
high to trangport available sediment without long-term aggradation (Reneau and Dietrich, 1991).

Under that condition, the digtribution of sediment trangport should gpproximately mimic the
long-term in-channd distribution of supply &t any point in the network. Obstructions, such as
fans, boulders, and large organic debris, can locdly ater transport capacities resulting in short-
term aggradation, a process discussed later.

Channd networks, over long time periods, obtain sediment from the probability
digtributions of sediment supply from individua hilldopes and tributary basins. The number of
hilldope and channd sediment source areas and their probability of releasing stored sediment
increase incrementaly downstream, with larger increases occurring doruptly et tributary
confluences (Benda and Dunne, 1997a). Releases of sediment in abasin may be synchronous
and correlated in time, such as may occur with bank erosion during floods. Such correlated
erogon is more likely to occur in smaler watersheds where sorm sizeistypicaly equd to or
greater than basin sze. In landscapes with correlated erosion, the long-term probability
digtribution of sediment flux and storage a any point a channe network should gpproximete the
hilldope digtribution of sediment supply (Figures 3 and 4).

Erosion may aso occur asynchronoudy or be uncorrelated intime. In the case of bank
eroson, if the characterigic sorm szeis sgnificantly smaller than the Sze of the basin, different
sub watersheds may produce bank erosion at different times. Moreover, because of the
dominance of mass wasting in many mountain drainage basins (Swanson et d., 1987),
asynchronous erosion and hence sediment supply islikely arule, rather than the exception in
those terrains. Sampling from numerous independent and identically digtributed random
sediment supplies over sufficiently long time periods should yidd a sum (of samples of flux and
storage) with a distribution that approaches a normal shape, a consequence of the centra limit

theorem (Figure 6). Because storms or fires may trigger erosion over large areas, however,
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sediment supply from individua hilldopes or tributary basinsis not likely to be truly identicaly
and independently distributed. The distribution of sediment flux (or storage), however, should
evolve from pogitively skewed (in environments with punctuated erasion) to more symmetrica
forms downstream smply because sediment sources increase and they do not release sediment
at the sametime (Figure 6). The geometric pattern of a channd network (i.e., stream ordering
and bifurcation ratio) should affect how a distribution evolves because it governs the rate at
which sediment sources combine in achanng. Simulaion modeling will illustrate the process of
evolving distributions later in the paper.

The evolving shape of the probability digribution of in-channd sediment flux and Storage
reflects the frequency and magnitude of supply fluctuations and therefore provides clues to the
nature of disturbance or varigbility in channds and riparian areas (Figure 1). Landscapes with a
positively- skewed digtribution of sediment supply in low-order portions of a network will be
characterized by long periods of low variability interrupted by infrequent and large
perturbations, typicaly of short duration (Benda and Dunne, 1997b). With increasing drainage
areain terrains with a degree of asynchronous erosion, fluctuations will become more frequent
but of alower magnitude. At even larger drainage areas, sediment supply fluctuations may
become damped due to mixing with large stores of sediment, attrition, and storage in floodplains
(Benda and Dunne, 1997b). Thisimpliestha mid- portions of a network may have the highest
probability of perturbations of a magnitude that can be readily detected by observers and that
will likely have ecologica sgnificance.

Probability digtributions of in-channd sediment will aso reflect atrition, or the breakup
of bedload into smaller particles during transport. Stronger lithologies (i.e., igneous or volcanic
rocks) have lower attrition rates compared to weaker rocks (Benda, 1994). Hence, lithology
affectsthe rate of change of bedload to suspended load and thereby influences the volume of
gravely bedload found a any point in anetwork (Figure 6). High rates of attrition will lead to
lower volumes of bedload and therefore the probakility distribution of storage will shift towards
the left wal (Benda and Dunne, 1997b). Asaresult, the evolution of sediment supply and flux
digributions to more symmetrica forms will be accompanied by aleftward shift of the
digribution. In contragt, in landscapes with igneous or volcanic rocks, the distribution of supply
and flux should shift towards the right wall into higher sediment volumes. The rightward shift
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may, in part, reflect the propagation (and surviva) of sediment perturbations in the form of
waves.

Channd systems are not agradua continuum of gradients but are characterized by
abrupt and transient discontinuitiesin gradients and widths. Dramatic reductionsin gradients
and hence transport capacities occur due to earthflows (Grant and Swanson, 1995), landdide
and debris flow deposits (Benda, 1990), rockfalls, boulder accumulations (Wohl and Pearthree,
1991), and large woody debrisjams (Keller and Swanson, 1977). Lower transport capacities
upstream of such obstructions can lead to aggradation over yearsto decades. In channel
segments with numerous and persistent obstructions and increased storage, the long-term
probability distribution of sediment storage can shift towards the right wall (Figure 7).
Moreover, the volume of storage should vary over time depending on the cregtion of
obstructions and on sediment supply (Benda et al., 1998). Many obstructions also create
sharply steepened gradients downstream that have exceptiondly high transport capacities and
chronicaly low sediment storage.

Tributary Junctions. Dynamics Governed by Mergersof Probability Distributions

A convergent and hierarchical channd network is characterized by abrupt mergers
between different types of probability distributions of sediment supply and trangport regimes at
tributary junctions. Merger of two different probability distributions will be characterized by
differences in the magnitude, frequency, and composition of sediment flux. These factors have
the potentid to affect the nature of the depogtiond landforms that form at junctions. The size of
dluvid and debris flow fans reflect the magnitude of sediment supply from a source tributary and
the ability of the receiving channd to erode it away (Ritter, 1996). Hence, in the context of the
theory, more frequently occurring small fluxes of sediment represented by alog normd or
normal digtribution may be more easily eroded by the receiving channel leading to smdler fans.
In contragt, large episodic influxes of sediment (indicative of exponentia or postively-skewed
digtributions) may cregate larger fans with longer perimeters and higher relief that push the
receiving channe further againgt the opposite valey wall (Figure 5-A). Thismay dow eroson
of the fan by the receiving stream, dthough erosion would aso be governed by valey width and
the compostion of thefan. Hence, thetall of the probability distribution of materid fluxes may
grongly influence fan formation in certain landscapes. 1n addition, larger influxes of sediment
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may also cause transgent or permanent depodits to form in the receiving channel upstream and
downstream of afan. Anin-channd sediment storage digtribution that is shifted towards the
right wall has the potentid to bury fans.

Dynamics of Wood Supply and Storage

Woody debris in streams creates storage reservoirs for coarse sediment (Heede, 1972,
Megahan and Nowlin, 1976) and for dissolved and particulate matter (Bilby, 1981). Logs dso
form pools (Swanson et d., 1976; Lilse and Kelsey, 1982) and create spawning areas (Keller
and Tdly, 1979). Variation in the amount and diversity of aquatic habitat should occur with
certain types of disturbances that control wood abundance (Reeveset d., 1995). Hence, the
generd landscape theory of organized complexity addresses wood recruitment and storage in

streams because of its importance to aguatic ecology.

Similar to sediment, the supply of wood to channels has both random and organized
components. Wood recruitment is inherently stochastic due to fires, wind, floods, and
landdides that recruit wood to streams (Kdler and Swanson, 1977). Spatialy organized
components include stream+adjacent recruitment and an increasing channel size with drainage
areathat resultsin increasing bank erosion and wood transport. The generd theory examines
how climatic, topographic, and vegetative processes impose congraints on the generd shapes
of digtributions on wood supply and storage.

Stand-replacing fires or windstorms govern the age and specie composition of forests
in many landscapes. Fires, driven by droughts and lightning storms, lead to two distinct sates of
wood supply: aconcentrated toppling of deed trees within afew decades, followed by gradua
mortality as aforest sand ages over decades to centuries. Infrequent toppling of trees during
fires or hurricane-force windstorms insures that the probability distribution of wood flux will be
positively skewed. The degree of skewnesswill depend on the frequency and magnitude of
episodic tree death. Because above ground woody biomass generdly increases over time
(Spieset d., 1988), longer inter-arrival times of fire or wind will lead to larger punctuated
releases of wood. Hence, disturbances that occur more infrequently will result in a higher
degree of right skew (Benda and Sias, 1998) (Figure 8). Conversely, the probability

diribution of flux will shift Ieft due to an increase in perturbation frequency (leading to lower
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biomass levels). The volumetric importance of episodic disturbances on the long-term wood

meass baance will increase with increasing frequency of fires or wind (Figure 8).

Bank erosion is another effective wood recruitment agent because treesthat are
undercut tend to fall towards the channel (Murphy and Koski, 1989). Because rates of bank
eroson generdly increase downstream in a drainage basin (Hooke, 1980), the amount of
woody debris recruited from bank erosion should increase systematically downstream. The
frequency of floods capable of causing bank erosion is higher than the frequency of stand-
replacing firesand wind. Thiswill result in variation of the probability distribution of wood
recruitment downstream to more symmetrical forms as the proportion of wood recruitment by
bank erosion increases (Figure 8). Thetall of the digtribution, governed by large-scae episodic
disturbances, should diminish in importance downstream because of increasing bank erosion
(Figure 8).

Mass wasting congtitutes another disturbance that recruits trees to Streams in mountain
environments. Landdides and debris flows that scour standing trees and the accumulated dead
wood aong hilldopes or in small channels (i.e., as debris flows) have the potentia to be the
highest point loading of wood to aguatic environments. Therefore, in masswasting
environments, the far right tail of the distribution of wood loading will be governed by the
frequency and spatid digtribution of landdiding (Bendaand Sias, 1998) (Figure 8). Low
frequencies of landdides and debris flows estimated in some field studies (order of centuries,
Swanson et d., 1982; Benda and Dunne, 1997a) combined with annual decay rates of 1.5 to
6% (Spieset d., 1988), will tend to limit the long-term contribution of wood recruitment by of
mass wadting. However, mass wagting can dominate wood loading where there exigs a high
gpatial dengity of erosion sources areas or where landdide frequency is high (McGarry, 1995;
Miller and Benda, 1999). The long-term, landscape-wide contribution of wood from mass
wasting will depend on the spatid dengity of Sites, process frequency, and wood decay rates.

Floods often redistribute pieces of wood thet fdl into streams. Fluvid trangport of wood
becomes increasingly important in larger channds where piece length is less than channd width

(Nakamura and Swanson, 1993). If the wood piece size didtribution remains smilar throughout
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achannel network and channd width increases systematically downstream, there should by a
systematic downstream increase in wood trangport. This will impose patterns on wood storage
induding an increase in inter-jam spacing downstream and a corresponding increasein jam
volume (Bendaand Sias, 1998) (Figure 8). A specific quantitative application of wood theory
to a humid temperate landscape is presented later in the paper.

Wood storage is dependent on wood recruitment minus wood loss through decay and
abrason. Decay is governed by temperature, humidity, precipitation, and the sSize and specie of
woody debris (Means et d., 1985). Submergence of wood in streams or its buria in sediment
can delay decomposition and reduce the rate of wood loss. Increasing decay rates will shift the
digribution to the left wal while decreasing decay will have the opposite effect.

Stochastic and Spatially Organized Channel and Valley M or phology
Stochastic and deterministic landscape processes, in combination, govern the storage of

sediment and wood and, hence, channd and valey morphology. Predictable, deterministic
patterns of sediment storage include increasing volumes downstream and sediment stored
behind local obstructions (Figure 9). Pogtively skewed distributions of hilldope supply and
therefore supply-limited conditions should characterize steep (gpproximately greater than 4%),
low-order channdsin mountain environments. Boulder-floored or bedrock channels are
indicative of low supply environments (Benda, 1990). Sediment supply typicaly increases
downstream in conjunction with decreases in transport capacity. In channels of moderate
gradient (1-4%), increasing stores of dluvium promote a morphology that varies from cascade
and step pool, to pool — riffle, depending on sediment supply (Montgomery and Buffington,
1997; Bendaet d., 1998). In very low-gradient reaches (<1%), large sediment stores are
typified by meandering or braiding channels (Schumm, 1977; Morisawa, 1968).

Unpredictable, stochastic effects include trangent increases in sediment supply dueto
punctuated erosion processes. In steeper reaches with higher transport velocities, pul ses of
sediment will be short lived and a supply-limited, coarse substrate or bedrock morphology
should dominate (Benda and Dunne, 1997b). In reaches of moderate-gradient, accumulations
of sediment from numerous sources can lead to the formation of sediment waves. Sediment
waves can range between 107 - 10° min length and 0.5 - 4 min height (Griffiths, 1979; Pickup
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et al., 1983; Roberts and Church, 1986; Nakamura, 1986). A passage of a sediment wave can
convert a step-pool or meandering channel to respectively a meandering or braided one (Miller
and Benda, in press). In lower-gradient channels (<1%), sediment pulses may be damped
because they mix with larger sediment storesin wider channds with floodplains. Exceptions
include basins with weak lithologies where high attrition rates lead to lower volumes of stored
coarse sediment with increasing drainage area (Benda and Dunne, 1997Dh).

Alluvia and debris flow fans, boulders, and organic debris can dow the routing of
sediment and cause dluvid bedsto form. A migrating pulse of gravelly bedload may cause
expanson and contraction of stored sediment at fan margins, thereby creeting a Sationary wave
of sediment (sensu Benda and Dunne, 1997a,b) (Figure 9). Stationary sediment waves may adso
form in association with boulders and woody debris, or form as point bars & meanders. The
gpatial extent and depth of ationary waves will depend on sediment supply; as supply
increases the sediment wedge that forms upstream of fans, for example, should extend upstream
and thicken (Figure 9). Expansion and contraction of a stationary wave or the passage of
migrating wave can a so create coarse-textured, cut and fill terraces (Benda, 1990; Nakamura,
1986; Roberts and Church, 1986; Miller and Benda, in press). Formation of terraces by
fluctuating sediment supply has the potentiad to influence the distribution and species of riparian
vegetation (Trimble, 1981). Sediment supply and storage fluctuations that are defined as
migrating or stationary waves alows the use of spectrd andyss or other Fourier transforms,
amilar to the andyds of other geophysicad sgnds (Benda and Dunne, 1997,b).

The stochadtic and deterministic characteristics of channel and valley morphology are
reflected in the probability distributions of sediment and wood storage. This concept is
illugtrated for alandscape with an asynchronous sediment supply from mass wasting (Figure 3).
An exponentid or positively skewed distribution in the upper portions of a network indicates
that bedrock- and boulder-floored, step-pool or cascade morphology will dominate (Benda
and Dunne, 1997b). Large pulses of sediment that occur infrequently will be of short duration
but they have the potentia to form fans and terraces (Figure A in Figure 1). Moving
downstream into segments with increasing distribution symmetry of sediment supply, channds
are more likely to oscillate between step-pool and meandering forms (at times braided) due to
changing sediment supply (B in Figure 1). A portion of the increased sediment storage may
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occur in association with obstructions. Cycles of aggradation and degradation will form
extensve terraces. Further downstream in lower-gradient areas (<1%), relaively stable valey
trains of sediment may be characterized by other perturbations, such as floods and bank erosion
(Cin Figure 1). Stochastic landscape processes yidld a variable morphology over timeat a
single channd location, a pattern parameterized by probability distributions? Asynchronous
occurrence of storms and fireswill also lead to a spatid variability of channd conditions across
apopulation of segments a any one time (Figure 10).

Magnitude and Frequency of Aquatic and Riparian Habitat Formation

The formation of aquatic and riparian habitats is dependent on the flux and storage of
sediment and organic debrisin channes and dong vdley floors. In landscapes where supplies
are punctuated, habitat festures, such asterraces, fans, gravel beds, pools, and large woody
debris may form rapidly in the course of asingle sorm. Moreover, large fires and floods may
as0 shape much of the riparian and aguatic ecosystem by controlling the influx of materids.
Punctuated releases or episodic movement of materials have commonly been referred to as
‘disturbances’ (Pickett and White, 1985; Swanson et al., 1988). The term disturbance is
defined in Websters as, “an outbresk of disorder”, “to interfere with” “to hinder” and “to
trouble’. Clearly, the term disturbance arose with the recognition that landscape dynamics play
an important role in ecosystems, but it originated in the context of a Seady Sate paradigm. The
term was gppropriate for itstime. However, the term is no longer adequate when considering
landscape behavior in terms of probability distributions of process rates or environmental states.

Perhaps, the term dynamics is more gppropriate since it does not contain the negetive

connotations of disorder, trouble, etc.

Dynamic landscape processes, or those process rates contained in the right tail of a
probability distribution (such as floods, erosion, sediment trangport, woody debris, etc.) often
destroy preexisting habitats. New, and perhaps more extensive and rguvenated riparian and
aquatic habitats may evolve after large fluxes of materidsin channds and valey floors (Swanson
et d., 1988). Thisseemingly incongruous dudity of landscape processes is an inherent property
of ecosystems, a property reflected in probability distributions. This aspect of ecosystems can
only be understood over long time and large spatia scales (i.e., landscapes over decadesto

centuries). Thisrefersto asingle Site over long time periods, or many sites over a short period
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(Figure 10). Dynamic landscape processes cannot be evaluated or understood over small
scaes (reaches over afew years), which iswhy it has proven difficult to articulate the concept
of ‘disturbance’ other than asa “concept” (Vannote et ., 1980; Minshall et d., 1985; Frissal
et a., 1986; Naman et a., 1988).

It isdifficult to extend the generd theory or its gpplications to the spatid scae of aguetic
or riparian habitat units at the present time. These scienceswill need to
develop a compatible suite of parameters at larger spatia and tempora scaesto couple with
generd landscape theories. In addition, it may be necessary to link ecologicd fied studieswith
hydrologic, geomorphic, and vegetative andyses that measure landscape attributes in ways that
are congstent with the generd theory. The probability distribution gpproach has dready been
applied conceptually to ecological issues (Reeves et d., 1995).

APPLICATIONS OF THE GENERAL THEORY
The genera landscape theory of organized complexity has a potentia range of
gpplications in the area of natura sciences, and in resource management, regulation, restoretion
and consarvation biology.

(1) Qrganizing Framework For Fidd Studies. Similar to theories at smaller scales (e.g., dope
gability, sediment transport), landscape-scae theory would promote a framework that
would encourage commensurability in data collection and in mode building across
disciplines and regions. Thiswould include providing acommon set of parameters that
could guide the collection of fidld data, test hypotheses, and modify and refine theories. The
objective would be ducidation of generd principles rather than provincia case studies.

(2) Defining Natural Disturbance Regimes and Range of Variahility. The digtribution parameter,
by definition, defines the frequency and magnitude of process rates and morphologica
dtates, and therefore provides an index of natura disturbance and the range of variability.

(3) Conducting Environmenta AssessmentsRegulation The absence of landscape-scae theory
has led to a preference for single process rates and environmenta states by many scientists,
resource managers, and regulators (Benda, 1999). Because of the inherently stochastic
nature of climate, adistribution of values is amore gppropriate index of the Sate of the
environment, either over time or over space (at asingle time).
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(4) Conducting Restaration and Manitaring. Naturdly functioning ecosystems may require the
occurrence of low-frequency processes, or extreme events. Probability distributions of

process rates can provide information on this aspect of ecosystems. Moreover, monitoring
programs need to consider variability in space and time, information thet is embodied in
frequency or probability distributions.

The gpplications listed above may require detailed theoretica predictions in contrast to
the generdized digtributions sketched in Figures 1-8. The theory can be gpplied to specific
geographic areas through numericd andyss to generate quantitative estimates of input and
output probability digtributions. Three examples are briefly summarized below. (1) Changesin
forest ages over timein western Washington; (2) Eroson by landdiding and debris flow and its
effects on fluvia sediment routing in the Oregon Coast Range. (3) Effects of five universa
landscape processes on the abundance of large organic debrisin streams in the Pecific
Northwest.

Geogr aphically-Specific Quantitative Modeling (1): A Dynamic Forest Cover

To invedigate the role of wildfire on landdiding and on variaionsin recruitment of large
wood to streams, an analysis of forest dynamics was conducted in western Washington. Data
on forest age classes obtained from 1939 aeria photography over a 1000 kn area were used
to develop a topographically-based probability of fire occurrence (Benda et ., Figure 11.5).
In conjunction with afire behavior modd (Benda, 1994), the changing age class digtribution of
forestsin pace and time was predicted over a severd thousand year period. The andyss
assumes a dationary climate and fire regime. The stochastic nature of fire resulted in forests that
fluctuated over time, depending on topographic position (Figure 11). Variahility in forest ages
was predicted to increase with decreasing basin area as the average fire size gpproached basin
gze. For example, in samdl basins alarge fire could reset the entire forest to zero age but it was
a0 likdy that amdl basins would be missed by even large fires, leading to exceedingly old
forests (>800 years).

Although the long-term probability distribution of forest ages predicted by the mode
was positively skewed, in accordance with existing theory (Johnson and Van Wagner, 1984)
and asillugtrated in Figure 2, digtributions of forest ages varied with topographic position or
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dream size. Thedigributions for forest ages up to year 200 for arange of channel Szesin
western Washington indicated that there was a higher likelihood of younger age classesin the
smdledt, stegpest streams and landdide Sites (Figure 12). Anincreasing amount of the
probability distribution of age classes shifted right into older forests with increasing stream size,
Thiswas due to a higher fire frequency in steeper hilldope positions compared to more humid,
lower gradient and wider valey floors. The amulations indicate that naturd forests cannot be
represented adequately be a specific age class but rather by a distribution of vaues, the shape
of which varies with region and topographic position. The role of firein forests has mgjor
consequences for mass wasting and recruitment of woody debris (see following two sections).

Geographically-Specific Quantitative Modding (2): Erosion and Sediment Routing in
the Oregon Coast Range
The genera landscape theory was applied to the central Oregon Coast Range to

examine how the mixture of infrequent sand-replacing fires, periodic intense rainstorms, and
steep, landdide-prone topography govern the probakility distribution of sediment flux to
channelsand valley floors. A further objective was to investigate how the sediment supply
digtributions affected sediment trangport and channd and valley morphology.

The central Oregon Coast Range is comprised of rdatively week Tertiary marine
sandstone rocks that have been sculpted into steep, low relief hillsby shdlow landdiding in
bedrock hollows and debris flowsin first- and second-order channels. Coniferous forests of
Douglasfir, western hemlock, and western red cedar thrive under 2200 mm of precipitation
faling modly asrainin thewinter. Infrequent large Pacific low pressure systems cause intense
rain, floods, and concentrated landdiding. In addition, stand-replacing fires with cycles of 200
to 300 years (Agee, 1993) reduce rooting strength and lead to accelerated landdiding and
debris flows (Benda and Dunne, 1997a).

In the modd, the temporad and spatid patterns of landdiding and debris flows were
predicted to be an outcome of: 1) probability distributions of storm intensity and duration; 2) fire
size digtribution; 3) digtributions of topographic and geotechnica properties; 4) deterministic
thickening of colluvium in landdide Sites; 5) deterministic trgectories of rooting strength; and 6)
debris flow scour of firgt- and second-order streams (Benda and Dunne, 19974). The modedl
predicts that episodes of concentrated diding occur within burned areas during rainstorms for a
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decade to two after awildfire, with few landdides at other places and times (Figure 13).
Frequency of falluresislow in smal watersheds because of the low frequency of firesand
rdaively smdl number of landdide Stes. Landdide frequency and magnitude increases with
increasing drainage area because of increasing number of landdide Stes and an increasing
probability of storms and fires. At abasin areaof 200 kn, landdliding occurs dmost every
year (Figure 13).

The smulation modd in the Oregon Coast Range predicts that the frequency
digtributions of landdiding and debris flows at dl drainage areas are sharply right skewed, partly
reflecting the non correation of erosion (Figure 13). This digtribution reflects a pattern of low
eroson rates (dominated by few dides and soil creep) in most years and concentrated
landdiding occurring during large sorms and fires. With increasing drainage ares, the
probakility distribution of landdiding shifts towards the right into higher numbers of dides.

The effects of gpatia and tempora patterns of erosion on sediment routing and channel
morphology required, in addition to probability distributions of erosion, the incorporation of
network topology, channel geometry, particle attrition, and an estimated probability distribution
of trangport capacities. Predictionsincluded the effect of non correlated erosion and basin scale
on the spectra of sediment transport and storage, a process represented in the gradual evolution
of the shape of the sediment flux and storage distributions downstream (Figure 14). In upper
parts of the network, distributions are predicted to be positively skewed reflecting the hilldope
distribution of sediment supply and few other upsiream channedl sources of sediment. Frequency
distributions of supply and storage become gpproximately log norma to norma downstream
because of the integrating effects of the converging, hierarchical network that combines sediment
from many different sources in awatershed (Benda and Dunne, 1997b). The shapes of long-
term digtributions of sediment flux and storage yield theoretical ingghts into the frequency and
magnitude of terrace development and channd changes (Benda et d., 1998; Figure 11.9).

Other predictions include that the Sze and duration of pulses of fine sediment and gravelly
bedload (sediment waves) depend on the magnitude of sediment flux, the scale and topology of
the network, particle attrition, and sediment trangport processes (Dunne, 1998).
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Severd of the theoretical predictions are in accord with field measurements and
observations. The predicted potentia for catastrophic sedimentation in the Oregon Coast
Rangeis verified by agrid photography of spates of landdiding following stand replacing firesin
the mid twentieth century (Benda et d., 1998; Figure 11.4). Evidence for watershed and
landscape-scae channe sedimentation leading to formation of dluvid terraces dso exigtsin the
Oregon Coast Range (Personius et al., 1993). The theoreticaly-based model provides a
process-based explanation for the spatialy varying ratio of sediment supply to trangport
capacity that is exhibited in the observed spatial and tempord patterns of bedrock and boulder
floored channels. Moreover, high particle atrition rates of the wesk sandstone bedload
(measured by tumbling experiments, Benda, 1994), lead to a compressed and left-shifted
probability ditribution of sediment volumes and depths (Figure 14). That patternisin
accordance with the bedrock-dominated channels and sand-dominated terraces found at large
drainage areas in the Oregon Coast Range.

Developing General Qualitative Principles. Landscape Controlson LargeWood in
Streams
The genera landscape theory was gpplied to the problem of defining the range of

variability of wood abundance in streams. The effect of two end member fire regimes on
variability in wood loading was examined: a 500-year cycle associated with the wettest forests
and a 150-year cycle associated with drier areas in the southern and eastern parts of the Pacific
Northwest region. The analysis of fire kill and subsequent forest growth applies a series of
amplifications to reduce complexity. (1) Increasesin forest biomass over time during dominance
by even-aged stands can be represented as alinear function (Borman and Likens, 1979), a
pattern consistent with the linear rate of coarse woody debris accumulation on forest floors up
to about year 500 in coniferous forests in the Pecific Northwest (Spieset d., 1988); (2)
Mortdlity in mature coniferous west-Sde forests averages about 0.5% annually (Franklin,

1979); (3) Significant mortaity of large conifer trees does not begin until about year 100 (Spies
et a., 1988), a which time the mgority of tree height is attained (McCardle et d., 1961); and
(4) Fire-killed trees topple over a period of severd decades (Agee and Huff, 1987). Time
trends and probability digtributions of flux of wood for the two fire cycles were predicted based
on ageometric random fal modd (Van Sickle and Gregory, 1990), piece size digtributions
(Heimann, 1988; Veddhuisen, 1990), and specified toppling periods of fire-killed trees (Agee
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and Huff, 1987). In pursuit of generd quantitetive principles, in-stream woody debris was
expressed in arbitrary units of wood volume.

Roleof Mortality VergisFire

The magnitude of wood recruitment associated with chronic sand mortdity is
ggnificantly higher in the 500-year cycle because a congant rate of stand mortdity is applied
againg the larger standing biomass of older forests. Furthermore, fire pulses of wood are
sgnificantly greater in the 500-year fire cycle because of the greater standing biomass
associated with longer growth cycles (Figure 15). Hence, longer fire cyclesyield longer periods
of higher recruitment rates and higher peak recruitment rates post fire. Post-fire toppling of trees
in the 500-year cycle, however, accounts for only 15% of the total wood budget (in the
absence of other wood recruitment processes). In contrast, drier forests with more frequent
fires (eg., 150-year cycle) have much longer periods of lower wood recruitment and lower
maximum pogt-fire wood pulses (Figure 15). Because the average time between firesin the
150-year cycleis amilar to the time when significant mortaity occurs (100 yrs), the proportion
of the total wood supply from post-fire toppling of treesis approximately 50%. Hence, stand-
replacing firesin drier forests plays a much larger role in wood recruitment compared to firesin
wetter forests. Although the range of variability of wood recruitment in the rainforest caseis
larger, the likelihood of encountering more significant contrasts (i.e., zero to ardativey high
volume) is higher in drier forests.

e of I .

Bank erasion recruits trees at rates depending on erodibility of banks, flood frequency
and magnitude, and stand density (Keller and Swanson, 1979; Murphy and Koski, 1989).
During periodic flooding, bank eroson istypicaly greetest in lower, actively migrating portions
of channel networks and least in upper networks where banks are comprised of bedrock or
boulders and cobbles. Bank erosion also occurs when flow is diverted around debris jams and
other obstructions, and can occur anywherein a channel network. Hence, the importance of
bank erosion should vary with position in a channd network and with flood frequency. Bank
erosion has the potentia to be an important recruitment agent since trees undercut by bank
erosion tend to fall toward the channel (Murphy and Koski, 1989).

A smple modd was devised that used the stland growth and random tree fall

assumptions stated above in combination with bank eroson occurring on one side of the channd
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to compute the proportion of wood flux from bank eroson. At alow bank erosion rate (0.01
m/yr), wood loading is dominated by stand mortality and punctuated inputs from episodic fires
(90%). In such environments, wood recruitment and storage may be relativey low in the
absence of other disturbances, such asfires, landdides, or wind (Figure 16). In contrast, a
higher bank erosion rate (0.5m yr™) dominates wood recruitment and yields an dmost uniform
digtribution of storage, de-emphasizing effects of episodic disturbances, such asfires. Hence,
the importance of stand mortality should decrease downstream in a network in direct proportion

to the rate of increase in bank erosion.

Rale of MassWasdting

Shdlow and deep-seated landdides and debris flows recruit large woody debristo
channels and valey floors (Swanson and Lienkaemper, 1978; Keller and Swanson, 1979;
McGarry, 1994). In anaturd setting, concentrated landdiding and debris flows can occur
under mature forests during large rainstorms (Benda et d., 1998) and following mgor fires that
reduce rooting strength (Benda and Dunne, 1997). The importance of wood recruitment by
mass wasting will depend on the type and size (area) of the landdide, the age (or size) of trees
recruited, the number and area of landdide source aress intersecting a channel segment-t of a
given length, and the tempord frequency of landdiding.

Based on parameter valuesin the literature for tempora frequency and spatid dengity of
shdlow landdiding (Swanson et d., 1982; Benda and Dunne, 1997a), mass wasting was
predicted to be the single largest point source of wood to stream channels (Figure 17).
However, the overdl contribution to the long-term wood budget by debris flows was less than
15% because debris flows occurred every 3 to 6 centuriesin conjunction with aannua decay
rate of 3% (the mid point of field measurements). More frequently occurring landdides and
debris flowsin combination with a higher spatid dengity of Stes should result in larger
contributions from mass wasting. Wood recruitment from mass wasting has been estimated in
field studies to range from 7% (Murphy and Koski, 1989) to 48% (McGarry, 1994).
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CONCLUSIONS

It has proven difficult to scale up mechanigtic descriptions of physica and biologica
processes at small scaes to obtain an understanding of a system of such processes a larger
scales (e.g., 10* knt, 10° years). Thisis partly dueto the inherent complexity and variability of
ecosystems. Parameterizing landscape behavior, either in space or time, in the form of
frequency or probability distributions alows characterizations of certain types of complexity and
varigbility. Assuch, the genera landscape theory is commensurable with recent advancesin the
study of complex systems (Kdlert, 1993; Gdll-Man, 1994; Bak, 1996; Mclntrye, 1998).

Andyses a large scdes indicate under what environmenta conditions certain types of
variagbility arise, such as sediment wavesin fluvia environments or episodic sedimentationin
estuarine and marine depositiona records. Probability distributions aso provide information on
the most probable morphologica state and variances around the mean state. Most probable
dtates can be congdered ether at a single location over long time periods or across many
locations over short time periods (e.g., the ergodic hypothess).

The probahility didtribution of the flux and storage of mass from terrestria through
aguatic environments reflects the seemingly incongruous dudity of landscape processes that
destroy existing habitats when rguvenating old or creating new riparian and aguetic habitats.
The digtribution parameter indicates how firgt-order environmentd drivers govern the frequency
and magnitude of habitat forming processes, whether they are moderate floods leading to wood
recruitment or concentrated landdiding leading to large fluxes of sediment and wood. Therole
of extreme or low-probability events (i.e., disturbances) in maintaining ecosystems has become
acentrd tenet in ecology (Pickett and White, 1985; Frissdl et d., 1986; Swanson et d., 1988;
Poff et d., 1997). Hence, there has been an increasing cdl for incorporating concepts of
disturbance or dynamics into naturd resource management, restoration, environmenta
assessments, and regulation (Botkin, 1990; Naiman et a., 1992; Reeveset d., 1995; Reid,
1998; Dunne, 1998b; Lackey, 1998; Benda et d., 1998). The general landscape theory offers
aframework for incorporating such a perspective in watershed science, management, and

policy.
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The genera theory of organized complexity dso sets the stage for evauating forms of
knowledge and certainty. The theory, either in its genera form or in its numerica gpplications,
suggests that understanding of complex landscapes is conditioned by time and space scales.
Knowledge & the leve of digtributions will be most applicable to larger scaes. Detailed
regponses of systemsat small spatia and tempora scales become uncertain due to limitationsin
scientific understanding and to the high degree of complexity and naturd variability. At the scde
of landscapes (including long time periods), evaluaing environmental impacts may depend on
whether certain landscape processes fall indde or outside the range of variability of process
rates or environmental states, either in time or space. Because of uncertainties over arange of
scales, science should not be considered the sole source of guidance on how society should

respond to environmentd effects of land use.
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Figure 1. The study of landscapes requires landscape-scale parameters in the form of spatial and
temporal probability distributions. Temporal distributions indicate the frequency and magnitude

of process rates or environmental states. A positively-skewed or exponential distribution (A)
indicates a dominance of high frequency, low magnitude conditions, infrequently punctuated by

low frequency and high magnitude events. More symmetrical distributions (B & C) change the
relationship between process frequency and magnitude with consequences to valley and channel
morphology. Spatial distributions tabulated in any year partition the spatial ensemble of

watershed attributes amongst the range of environmental conditions, often in the form of a frequency
histogram.
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Figure 2. The probability distributions of climate interacting with distributions of topography and
other physical and biological factors give rise to long-term temporal distributions of forest ages.
Distributions are positively skewed but change with the frequency of stand-replacing disturbances
and hence with topographic position (A & B). The spatial distribution of forest stand ages varies
over time (C) due to a watershed-specific history of fires and other disturbances.
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Figure 3. Time series of climatic events (for example fires and rain) can be represented by
probability distributions. Climatic distributions interact with populations of erosion source
areas (i.e., topographic attributes) and vegetation patches. Interactions yield a time series of
erosion events or a probability distribution of sediment fluxes. Unique combinations of climate,
topography (including lithology and soils), and vegetation will yield landscape-specific
probability distributions of erosion and sediment flux.
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Figure 4. Three idealized distributions of erosion and sediment flux from different
erosion processes. Threshold erosion processes, such as landsliding or sheet wash
and gully erosion yield strongly right-skewed or even exponential distributions of
sediment flux. In landscapes dominated by bank erosion, sediment flux may mimic
flood flow distributions (more log normal). Very large but infrequent deep-seated
landslides may result in polymodal distributions. In real landscapes, topographic
heterogeneity will yield some mixture of the idealized distributions shown. Different
distribution shapes have ramifications on channel and valley morphologies and
habitats.




Tributary Junctions: Converging Distributions
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Figure 5. Tributary junctions represent abrupt mergers of different probability distributions
of sediment flux. The right tail of erosion or flux distributions (A) strongly influences the
size and texture of fans that can effect channel and valley morphologies. Narrow

valley floors will cause sediment flux into the channel (B) to mimic the hillslope distribution
of supply (A). Wider valley floors, in contrast, may absorb much of the delivered sediment
thereby yielding a distribution of fluxes governed by bank erosion (C).
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Figure 6. Sediment flux from hillslopes to stream channels can be correlated or uncorrelated in time.

A channel network over long time periods obtains sediment from the probability distributions of
sediment supply from individual hillslopes and tributary channels. Sampling from numerous independent
distributions that increase in number downstream should yield a sum represented in more symmetrical
distributions, a consequence of the central limit theorem. Other important factors govern the downstream
evolution of sediment flux distributions, including particle attrition, transport capacities, and storage
regimes (including obstructions).



Local Sediment Storage = Change in Distributions
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Figure 7. Obstructions, in the form of fans, boulders, and logjams can locally alter

transport capacities and cause an increase in sediment storage. The number and location

of such obstructions can vary deterministically based on network geometry. Supply of boulders,
wood, and sediment can also vary stochastically over time. Different pattern of intersecting
tributaries can lead to differences in in-channel sediment storage at the segment scale (103 m).
Increasing roughness elements lead to increasing storage (B) and vice-a-versa (A).
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Figure 8. Recruitment and storage of large woody debris can be represented in the form

of probability distributions. Universal processes that deliver wood to streams include

fires, wind, mortality, bank erosion, and mass wasting. Fire cycles impose a strong
influence on long-term wood supply by governing trajectories of forest growth and
punctuated toppling of fire-killed trees. Hence, different fire regimes yield different
distributions (A). Mass wasting is the largest single point source of wood, and it should
affect the right tail of the distribution of wood loading (B). Since bank erosion increases
downstream, the distribution of wood supply should evolve downstream with increasing
supply of trees (C). Wood Transport: An increasing channel width downstream in conjunction
with a constant piece size distribution will yield patterns of increasing inter-jam spacing and
jam size downstream.



A Dynamic Channel and Valley Morphology

Landform L’r_‘\g

Channel  Steep

Response
High

Sediment
Storage

Low

Stationary
Waves

Terrace\FormirJg

Migrating

Waves
Moderate Low
Gradient Gradient

High Supply

Low Supply

Location ———

Figure 9. Channel and valley morphology have both stochastic and deterministic origins. Sediment storage
generally increases deterministically downstream due to declining channel gradient (indicative of increasing
sediment supply and decreasing transport capacities). Sediment also becomes stored upstream of obstructions.
Stochastic effects include variation in sediment supply and in the number and location of obstructions.
Migrating sediment waves increase storage mostly in moderate- to low-gradient portions of the channel network.
Stationary waves form upstream of obstructions such as fans, boulders, and woody debris,

extending and thickening existing sediment wedges. Cycles of aggradation and degradation lead to terrace

formation.




Temporal Variability = Spatial Variability
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Figure 10. A stochastic supply of sediment and woody debris will yield a
temporally-varying channel morphology, a condition parametrized by a
probability distribution (A). Because disturbances are spatially variable
across landscapes, temporal variability equals a spatial variability in channel
form in any year (B). It may be feasible to estimate the temporal distribution
based on spatial samples under the condition that the spatial ensemble of
measurements is statistically equivalent to sampling over time at a single
location (the ergodic theorem, Thornes and Brunsden, 1977).
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Figure 11. The stochastic nature of fire causes the forest age distribution to fluctuate over
time. Mean stand age was calculated over three different basin areas and for three
topographic locations. There is a systematic decrease in mean stand age moving from
valley floors to ridgetops, indicating the field estimated gradient of fire susceptibility.
There was also an increasing variability within smaller basins that is caused by mean fire

size approaching basin size.
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Figure 12. Probability distributions of riparian forest ages. The average proportion of
channel length with forest stands of a particular age, using 25-year bins up to 200 years
(i.e., forests greater than 200 years no shown) was tabulated for “zero-order” (i.e.,
shallow landslide sites) through fourth-order. These predicted histograms indicate, that
on average, the proportion of the channel length containing trees less than 100 years old
varied from 30% (zero-order), 24% (first-order), 24% (second-order), 21% (third-order),
and 15% (fourth-order). The decreasing amount of young trees with increasing stream
size is a consequence of the field-estimated susceptibility of fires. Fire frequency was the
highest on ridges and low-order channels (~175 years) and the lowest (~400+ years) on
lower gradient and wide valley floors.
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Figure 13. Model predictions of landsliding in the Oregon Coast Range over a simulated
1000 year period for three different drainage areas. Landslide rates are governed by the
density of source areas, topographic attributes, soil geotechnical properties, soil
production rates, frequency of tree death (fire), and frequency of large rainstorms. At 3
km?, landsliding is rare occurring every few centuries. The number of landslides
increases with increasing drainage area because the number of potential source areas and
the frequency of fires increase. At 200 km?, landslides occur somewhere in the basin
every few years. At the site level, landslides are predicted to have an average frequency
of about 2500 years. The probability distribution of erosion by landsliding approximates
an exponential form. Adapted from Benda et al., 1998.
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Figure 14. The exponential probability distribution of erosion (Figure 13) has
consequences for the flux and storage of sediment throughout a 200 km? drainage basin
in the Oregon Coast Range. The frequency of sediment perturbations is the lowest and
the magnitude the highest at the smallest drainage areas. The distribution of flux and
storage mimics the distribution of hillslope supply. With increasing drainage area, the
probability distribution becomes more symmetrical because the channel is sampling from
an increasing number of source distributions. At 200 km?, the distribution is shifted left
due to weak sandstone bedrock that has hi gh attrition rates. Some consequences for
channel morphology are shown. Adapted from Benda and Dunne (1997b).


Lynne R Miller



Q0r .
Fire recumrence

E 80 interval (years) ‘ F‘ IRE’ S ; A

o 70t 150 {500-yr cycle)

8 —x— 500

~ 60 r

S .

3 50 b ’ FIRES Stand

R x (150-yr cycle) m?)’l,'ta iity

o 40f x/\

g 30t

(2] 5

A 20 x

S 10}

a

0 1 b 1 g 1 1 ) 3
0 200 400 600 800 1000 1200
Year (first fire at year 500)

usor ——=1710 4
@ 045 F M eI 5
g 0.40 } cumulative 1 os8 %
g oast distributions g
2 030 r {063
S o2s } Fire recurrence e
% 020 b interval (years) i R %
L 015 F 3150 500 <
% 010 b —150 -~ 500 0.2 g
3 005 [ =
X o0.00 0.0

0-5 5.2 30-35 45-50 60 -65 75-80
LWD storage (v.u. per 100 m reach)

Figure 15. Using a simple set of first-order principles and parameter values (see text and
Benda and Sias, 1998), the patterns of wood storage for two end member fire regimes are
contrasted. The predicted time series and associated probability distributions are plotted.
The 500-year fire cycle accumulates more wood since standing biomass increases
linearly over time. Higher wood biomass also leads to larger punctuated fluxes due to
toppling of dead trees post fire. The distributions indicate that there are theoretically
large differences in wood loading between the two fire regimes. In wetter forests (i.e.,
Olympic Peninsula) large wood volumes persist over time. In contrast, in drier forests
(i.e., east of the Cascade crest), very low wood volumes are predicted to occur a much

larger proportion of time.
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Figure 16. Bank erosion can be a very effective wood recruitment process since undercut
trees tend to fall towards the channel. A simple set of rules and parameter values indicate
the relative importance of wood recruitment compared to inputs from fires and mortality
(using a 500 year fire cycle, see Figure 15). A 1 cm/yr bank erosion rate on one side of
the channel contributes about 10% of the total wood flux. In contrast, a 50 cm/yr bank
erosion rate, perhaps indicative of low-gradient and meandering channels, dominates
wood recruitment (about 80%). It is predicted that bank erosion contributes
approximately 50% of the total wood flux to streams when bank erosion approaches 8
cm/yr (on one side of the channel). Adapted from Benda and Sias (1998).
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Figure 17. The role of debris flows in wood recruitment to streams in a 500-year fire
cycle is shown. Debris flows occurring in first- and second-order streams account for the
largest point loading of wood, even larger than post-fire toppling of dead trees. However,
the predicted low frequency of debris flows (average 500 years) in conjunction with an
annual decay rate of 3% limited the total amount of wood fluxed into the channel from
mass wasting. The model predicted that debris flows accounted for less than 15% of the
total wood recruitment in a forest with a 500-year fire cycle. However, the contribution
from mass wasting will increase with increasing frequency of debris flows or a higher
spatial density of landslide and debris flow source areas. Adapted from Benda and Sias
(1998).
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