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As a key factor contributing to slope stability, in-stream habitat for aquatic

species (e.g., salmonids), nutrient cycling, and corridors for upland species, riparian

vegetation and its maintenance is of critical conservation importance. Subsequently,

the chronic degradation of aquatic and riparian ecosystems in the semi-arid and arid

landscapes of the western U.S. is the focus of many recent research efforts. A study

was undertaken to investigate historic and current black cottonwood populations in the

Grande Ronde River Basin, northeastern Oregon, U.S.A., and evaluate restoration

potential given present-day fluvial-geomorphic conditions and reproductive strategies.

Black cottonwood (Populus trichocarpa), a dominant tree species in these semi-arid

systems, has been severely impacted by intensive grazing, irrigation, and land

conversion activities over the past one and a half centuries.

With the explicit incorporation of space and time, a simple conceptual

framework was developed to examine the ecological restoration potential of black



cottonwood from ecological and evolutionary perspectives. Restoration potential is

defined in this study in terms of availability of suitable habitat and source (i.e.,

seedpool) for future generations.

Digital analyses of aerial photographs reveal changes in the extent, numbers,

and total area of cottonwood communities and habitat since 1937. Restoration

potential is evaluated using historic stream flow records, stream cross-section analysis

to predict current stream discharge, and DNA RAPD procedures to assess the effects

of changing stream geomorphology and disturbance regimes on cottonwood

reproductive strategies. Optimal spatial and temporal conditions for potential

restoration locations of black cottonwood have been identified relative to channel

morphology and flood events (e.g., frequency and magnitude). This multiple scale

mechnistic approach is used to evaluate the feasibility of restoration efforts toward the

re-establishment of viable black cottonwood riparian plant communities in two sites in

the upper Grande Ronde River Basin.
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Evaluating the Restoration Potential of Black Cottonwood
(Populus trichocarpa) from Multiple Scales of Observation,

Grande Ronde River Basin, Oregon, USA

LITERATURE REVIEW

Life History of Black Cottonwood

Black cottonwood (Populus trichocarpa) is the largest American poplar and the

largest hardwood in the American West (Debell 1990, Roe 1958). The historical

native range of black cottonwood extends from as far north as Kodiak Island (62°30' N)

through southeastern Alaska and British Columbia, and into Washington, Oregon, and

the mountainous areas of southern California and northern Baja California (31°N).

This species stretches to the western slope of the Rocky Mountains of British

Columbia, western Alberta, western Montana, and northern Idaho. Smaller scattered

populations are found in southeastern Alberta, eastern Montana, and western North

Dakota, Wyoming, Utah, and Nevada (Debell 1990, Roe 1958).

Sexual Reproduction

Black cottonwood is typically a copious annual seed producer. Large mature

trees yield millions of seeds per tree (Braatne et al. 1996), though it is unknown if all

seeds are equally viable from year to year. Seeds ripen and disperse, via wind and

water, from late May to late June. This timing is concurrent with normal spring

flooding (Roe 1958, Bradley and Smith 1986, Debell 1990). Wherever propitious

conditions for germination are met (i.e., bare moist substrates) seedling emergence is



expected to occur following a two to four week period of seed dispersal (Fenner et al.,

1984, Bradley and Smith 1986, Debell 1990, Siegel and Brock 1990, Friedman et al.

1995). Land surfaces sufficiently above the average water level provide relative safety

from future floods while offering adequate water resources (e.g., water from the water-

table, capillary fringe, hyphoreic zone, and/or surface water) to the root system for

establishment success (Everitt 1968, Kauffijian et al. 1985, Bradley and Smith 1986,

Asplund and Gooch 1988, Case 1996, Scott et al. 1996, Stromberg and Patten 1996).

This pattern is particularly evident in arid regions characterized by flashy and highly

variable conditions (Scott et al. 1996, Zimmerman 1969). Continuous moisture during

the first month of growth is needed for survival. Implicitly, establishment and survival

during early growth require a relatively disturbance-free environment (e.g., flood

waters recede and the threat of subsequent fatal flooding diminishes). Given these

general requirements, black cottonwood can grow on a variety of substrates and sites

ranging from upland, well-drained, loamy soils greater than 100 cm deep to the

unconsolidated nutrient poor sands, gravels, and cobbles of new river bars and islands

(Barnes 1985, Kauffman et al. 1985,). Sites offering an abundance of moisture,

oxygen, nutrients, and soils with neutral pH levels (pH 6.0 to 7.0) provide the best

growing conditions (Roe 1958, Everitt 1968, Kauffman et al. 1985, Debell 1990).

Black cottonwood is a drought- and shade-intolerant pioneer species with rapid

initial growth on highly favorable sites. This growth strategy allows cottonwood to

avoid competition with slower growing associated species (Roe 1958, Bradley and

Smith 1986, Debell 1990, Siegel and Brock 1990, Scott et al. 1996; 1997, Tyree et al.
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1994, Friedman et al. 1995). However, because of their shade-intolerance, cottonwood

seedlings are generally not found growing in the shade of parent trees, nor in the shade

of any other plant species (Roe 1958, Behan 1981, Kauffman et al. 1985, Debell 1990,

Rood et al. 1994, Scott et al. 1996). Once established, seedlings grow rapidly and in

great numbers; as time progresses, the stands thin as stronger seedlings out-compete

weaker individuals for sunlight and other resources.

Most seedling mortality occurs in the late summer months as stream levels and

water tables drop and sites begin to dry (Rood and Mahoney 1990, Tyree et al. 1994,

Rood et al. 1995, Stromberg and Pattern 1996). In the winter and early months of

spring, ice scouring, flood scouring, and peak flows contribute to extensive cottonwood

mortality (Everitt 1968, McBride and Strahan 1984, Rood et al. 1994, Scott et al.

1996). In view of their dependence on the hydrologic regime, favorable conditions for

seedling establishment and recruitment are typically not met annually. In fact, suitable

conditions occur quite irregularly at intervals of about five to ten years or longer

(Bradley and Smith 1986, Braatne et al. 1996). This temporal heterogeneity is reflected

in the uneven age structure of cottonwood distributions along most western North

American streams (Behan 1981, Bradley and Smith 1986, Rood and Mahoney 1990,

Stromberg and Patten 1992, Scott et al. 1997). Successful young cottonwoods reach

flowering age at about 10 years (Roe 1958, Everitt 1968, Bradley and Smith 1996,

Debell 1990). Though the life span of black cottonwood is largely a function of the

hydrologic and disturbance regime, black cottonwoods may live up to 100 or more

years in some areas of Oregon (e.g., the Willamette Valley; Debell, 1990). In the



semi-arid region of eastern Oregon it is common to fmd large riparian cottonwoods

living up to 100-150 years and up to 200-250 years in parts of Canada (Roe 1958,

Debell 1990). While propagation by seed following large-scale disturbances (e.g.,

peak stream flow events) is reported as the primary means of cottonwood

establishment, black cottonwood is not limited to reproducing by germination (Shull

1944, Roe 1958, Debell 1990, Rood et al. 1996).

Asexual Reproduction

In several recent studies, vegetative reproduction by coppicing, root and shoot

suckering, and cladoptosis, (i.e., propagation from abscised shoot fragments from

male trees) have been described as key strategies for the successful colonization of

Populus species. This is particularly true for black cottonwood (Roe 1958, Sigafoos

1964, Everitt 1968, Kauffman et al. 1985, Bradley and Smith 1986, Asplund and

Gooch 1988, Debell 1990, Rood et al. 1994, Braatne et al. 1996, Case 1996, Scott Ct.

al. 1996). Vegetative regeneration is considered either a response to damage caused by

disturbance (e.g., fire, beaver activity, ice scouring, herbivory, and burial or toppling

of saplings during flood events) or a means of colonizing denuded surfaces in the

absence of major successful seedling events (Shaw 1976, Nanson and Beach 1977,

Kauffman et al. 1985, Rood et al. 1994, Case 1996). Rood (1994) recognized the

potential contribution of clonal regeneration to cottonwood forests, but points out that

clonal recruitment does not involve the genetic recombination necessary to maintain

genetic diversity. From this perspective, seedling establishment and survival are
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considered necessary components for long-term integrity of riparian cottonwood forests

(Silander 1985, Rood 1994, Braatne et al. 1996).

Although sexual reproduction is reported as the dominant means of black

cottonwood recruitment, asexual propagation also plays an integral role during

establishment and recruitment processes (Rood et al. 1994, Brodie et al. 1995, Braatne

et al. 1996). The majority of seedlings located along the stream edge and on other low

landforms (e.g., meander bars) are lost to annual flood events (Everitt 1968, Bradley

and SmIth 1986, Scott et al. 1996; 1997). At first glance, it seems remarkable that

black cottonwood is able to colonize these land features when so few seedlings survive

from year to year. However, colonization may occur in several ways: 1) a large

number of seedlings arrive and survive on elevated sites (e.g., benches, terraces); 2)

first arrivals establish on channel bars and successfully trap sufficient sediment, and

through aggradation, increase the elevation of the fluvial surface thereby increasing the

survival probability of future cohorts; 3) a few surviving seedlings located at higher

elevations or on protected microsites, reproduce vegetatively, and colonize the fluvial

surface. Although documentation is limited, several studies addressing asexual

reproduction of cottonwood and willows have been conducted. Shull (1944) and

Barnes (1985) found vegetative propagation plays a key role in the successful

colonization of river islands by species in the Salicaceae family Rood et al. (1994)

reported that shoot suckers were more prevalent than seedlings with increasing distance

from the stream. This reciprocal pattern of asexual reproduction is probably due to the

presence of established parental trees at greater distances from the water's edge. Reed



(1995) suggested clonal recruitment, similar to seedling recruitment, favors unshaded

and exposed sites. Thus, one should expect the pattern of clonal cottonwood

recruitment to decline at greater distances from the stream as the closure of the forest

canopy creates less favorable conditions for asexual regeneration (Shaw 1991, Rood et

al. 1994). Although this pattern of establishment has been documented in forested

uplands and bottomlands, no known study has been conducted on clonal establishment

patterns in arid shrublands.

Fluvial-Geomorphic Processes and Cottonwood Ecology

Patterns of cottonwood establishment and recruitment are intimately related to

dominant fluvial processes and geomorphic surfaces created by the ebb and flow of a

highly variable hydrology operating along the stream. As a pioneer riparian species,

cottonwood is one of the first species to occupy surfaces recently created by the

governing fluvial processes. Suitable habitat may be formed by flood deposition,

channel narrowing, meandering, braiding, and the redistribution of colluvial

accumulation by flood action (Everitt 1968, Kauffman et al. 1985, Bradley and Smith

1986, Asplund and Gooch 1988, Brodie et al. 1995, Case 1996, Scott et al. 1996).

As the flow regime interacts with the physical environment, a spatial and temporal

continuum of varying physical habitats along and within the stream is created (e.g., the

alteration of narrow and broad reaches, pool-riffle-pool sequences; McBride and

Strahan 1984, Asplund and Gooch 1988). Optimal conditions for cottonwood success

may be viewed as a delicate balance between opposing gradients where the expression
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of temporally-varying disturbance patterns interact with existing spatial patterns within

the basin network. The distributions of potential cottonwood habitat are an expression

of the interactions among past and current gradients of moisture and stream-derived

disturbance with increased distances from the stream (Figure 1).

The configuration and physical structure of riparian habitats are determined by,

and subject to changes in, dominant fluvial-geomorphic processes such as stream

discharge, frequency and type of disturbances (e.g., ice floes, colluvial activity) and

changes in stream competency during periods of peak and low flow (Leopold et al.

1964, Keller 1977, McBride and Strahan 1984, Asplund and Gooch 1988). Stream

banks are a mosaic of degrading, aggrading, and relatively stable strata of great variety

and size of sediments and cobbles (Leopold et al. 1964, Hedman and Osterkamp 1982,

Asplund and Gooch 1988). Diversity in soil moisture, topography, aspect, velocity,

depth of flood waters, and many other physical properties interact with riverine

vegetation to further increase the complexity of the riparian landscape mosaic (McBride

and Strahan 1984, Asplund and Gooch 1988, Descamps 1993, Gosz 1993).

Subsequently, patterns of cottonwood reproduction, establishment, and survivorship

reflect the multiple temporal scales of disturbance cycles (Everitt 1968, Nanson and

Beach 1977, Sedgewick and Knopf 1989, Auble et al. 1994, Scott et al. 1997).

Flows and Habitat - Annual to Decadal Time Scale

Cottonwood gennination and establishment occur under conditions that satisfy

environmental requirements and seasonal timing necessary for annual development of
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cottonwood seedlings. Typically, these conditions are met at the edge of the

watercourse (Everitt 1968, Kauffman et al. 1985, Busse 1989, Rood 1994, Scott et al.

1996). Ironically, survival of developing cottonwoods immediately adjacent to the

water's edge is unlikely to occur. It is here that subsequent flooding, burial, and

scouring of established seedlings occur more frequently, threatening survivorship.

While the probability of germination and survival of seedlings located at more distal

sites is greater, the likelihood of survival also decreases as moisture decreases.

Nonetheless, seedlings established at elevations higher than the average water level, are

less apt to be disturbed. In most riparian systems, it is reasonable to expect that

seedlings growing on low elevations along the river's edge will be scoured away or

flooded within one or two years following germination; even mature trees are subject to

loss by scouring. It is not surprising that few seedlings reach adulthood. (Everitt 1968,

Asplund & Gooch 1988, Auble et al. 1994, Scott et al. 1996; 1997).

Not all cottonwood habitats are equally subject to disturbance, because

cottonwood establishment is largely determined by reach type and stream flow. As a

result, high flow along one reach of a stream may promote cottonwood establishment

while an equivalent flow along a second reach may scour away established cottonwood

(Everitt 1968, Bradley and Smith 1985, Asplund and Gooch 1988, Scott et al. 1994).

Differences in geology, elevation, climate, and tributary influence can exist between

two reaches of the same stream (Frissell 1986, Gosz 1993), and as a result, the

dominant fluvial processes will also differ, contributing differentially to the disparity of

cottonwood distribution (Everitt 1968, Asplund and Gooch 1988, Stromberg and Patten
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1996, Scott et al. 1997). Variation in the spatial and temporal patterns of cottonwood

are also dependent on peak streamfiow duration and timing during establishment, and

concomitant factors such as cool temperatures, subsequent precipitation, sediment load,

particle size, rate of flood water recession and inundation, groundwater availability,

etc. (Asplund and Gooch 1988; Figure 2).

Flows and Habitat - Decadal to Century Time Scale

As a river migrates over the landscape, sediments are picked up on the concave

sides of the stream and deposited downstream along the convex sides of the stream

creating point bars. These features dominate meandering streams (Leopold et al. 1964,

Mount 1995). As sediment builds, extending the banks streamward, potential

cottonwood habitat develops. During channel meandering, cottonwood establishment

takes place on point bars proceeding moderate or higher peak flows (Everitt 196,

Bradley and Smith 1986, Scott et al. 1996). In 1968, Everitt investigated the

meandering watercourse of the Little Missouri River in western North Dakota. He

calculated the approximate rates of channel migration and floodplain sedimentation

using the temporal and spatial patterns of Populus deltoides (plains cottonwood)

establishment. He determined that distinct and separate arcuate bands of even-aged

trees, located on point bars, could be related to specific hydrologic events. In

describing his findings, he reported observing several seedlings on sand bars near the

channel, but not under mature forests. Finding no other cottonwoods of differing age

from those of the forest canopy, he noted cohort age increased with distance from the
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channel (Everitt 1968, Noble 1979). Noble (1979) concurred with Everitt's findings

after conducting a comparable study on a meandering portion of the Minnesota River.

Seedling survival on point bars along the Minnesota River were correlated with

increasing elevation above the stream following recruitment. Similar arcuate bands of

cottonwood trees have been found aligned parallel to the meander lobes on point bars

of meandering river floodplains. These age-area distributions concurred with previous

studies relating discrete hydrologic events to cottonwood establishment and survival

(Bradley and Smith 1985).

Seedling establishment on point bars is highly susceptible to fluvial disturbances

resulting in the annual loss of a great number of seedlings to flooding and scouring.

For this reason, it is likely that the majority of colonization of point bars results from

the vegetative reproductive abilities of cottonwoods as opposed to seed. Barnes (1985)

suggested that site recruitment is actually dependent on sprouting and re-sprouting of

seedlings rather than the number of successful instances of seedling establishment.

Vegetative propagation allows for the immediate and local colonization of cottonwood

following the successful establishment of a few young stems. This process of

reproduction increases the probability of survival of new cottonwood cohorts (Everitt

1968, Barnes 1985).

Changes in stream morphology and flow regime can have a marked effect on

cottonwood establishment (Figure 3). For example, channel narrowing resulting from

many natural processes and human activities (e.g., climate change, invasion by exotic

species, damming and diversion) provides environmentally suitable conditions for
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seedling establishment (Friedman et al. 1996a; 1996b, Scott et al. 1996). Channel

narrowing may also come about when a period of low flow follows an episode of flood-

induced channel widening during a high-flow event (Friedman et al. 1996a; 1996b,

Scott et al. 1996). Generally, channel narrowing occurs when a portion of the stream

bed is temporally abandoned during a period of one to several years of low flow,

thereby reducing the river's competency to rework the channel bed. The newly

exposed stream bed promotes cottonwood seedling establishment and vegetative spread

of nearby cottonwood saplings and mature trees (Friedman et al. 1996a; 1996b, Scott et

al. 1996; 1997). The process of channel narrowing does not always promote

vegetation establishment on exposed channel beds. In some instances, channel

narrowing occurs by lateral deposition at the channel bank or at channel islands

resulting in seedling establishment or root or shoot sprouting from adjacent vegetated

surfaces on these elevated surfaces (Nadler and Schumm 1981, Rood et al. 1994, Scott

et al. 1996). Temporal distributions of cottonwood established along narrowed

channels are not usually even-aged. Periods of low flow may last several years,

allowing establishment opportunities at anytime within the time period (Friedman et al

1996a; 1996b, Scott et al. 1996; 1997).

Flood deposition during peak flow events is even more critical in cases of

confined channels for cottonwood establishment (Scott et al. 1996). Along confmed

reaches, (i.e. channels whose valley floors are less than two active channel widths, and

are prevented from moving laterally; Gregory et al. 1992), only the largest floods

create the required conditions for cottonwood seedling establishment. Establishment is
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usually restricted to upsiope locations or terraces resulting in a small number of even-

aged trees lining the channel (Rood et al. 1995, Scott et al. 1996). Since higher

magnitude flow events are separated by relatively long intervals of less severe and

intense fluvial disturbances (e.g., 10-, 50-, 100-year floods) it may be that cottonwood

colonization of constrained reaches occurs primarily by asexual reproduction of a few

surviving individuals. Only local disturbances (e.g., channel narrowing during low

flow) may offer additional opportunities for establishment and recruitment. However,

if environmental conditions for seedling establishment are not being met between

landscape-level disturbances, it seems likely that any recruitment following localized

perturbations would be vegetative reproductive processes such as root suckering or

possibly, cladoptosis. The processes and constraints influencing black cottonwood

establishment and survival are summarized in Tables 1 and 2.

Land Alteration Effects on Riparian Cottonwood

Riparian cottonwood forests once extended for tens to hundreds of miles from

the plains to the mountains in western North America creating dispersal corridors for a

myriad of plants and wildlife (Braatne et al. 1997). Like the vast majority of

ecosystems, western U.S. riparian landscapes have been subjected to substantial

alterations in their natural disturbance regime (e.g., hydrologic regime and fire regime)

stream morphology, vegetation structure and composition, and ecological and physical

processes for more than 150 years (Borman 1996, McIntosh 1992, Gilvear et al. 1995).

The onset of noticeable decline in cottonwood populations is concurrent with an array
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of settlement activities which span a range of space and time scales. Considerable

alteration of riparian, terrestrial, and aquatic habitat, initiated by Euro-Americans,

began in late 1800's to early 1900's. Extensive beaver trapping and the grazing of

livestock on homesteads encompassing riparian floodplains were the initial activities

(Elmore and Beschta 1987, Borman 1996). Contemporary dominant land-use

activities, such as placer mining, which predated homesteading in some locations,

logging, damming, and channelization are accountable for the continued degradation of

riparian landscapes throughout western North America (Hupp 1992, McIntosh 1992,

Gilvear et al. 1995). Degradation of these once highly productive and biologically

diverse landscapes has contributed to the alarming decline in migrant and resident fish

and wildlife populations (McIntosh 1992, Reeves et al. 1994). Effects of specific

land-use practices on cottonwood are discussed individually.

River Damming and Diversion

In recent years, the decline of cottonwood forest in western North America has

been attributed to the impoundment and diversion of rivers (Rood and Mahoney 1990,

Johnson 1992, Stromberg and Patten 1992, Tyree et al. 1994, Miller et al. 1995,

McKay 1996). Studies addressing the effects of river damming for hydropower, water

supply, and flood control suggest that declines in cottonwood recruitment are directly

related to stream flow regulation (Bradley and Smith 1985, Fenner et al. 1985,

Stromberg and Patten 1992, Rood et al. 1994). Timing and duration of water release,

in conjunction with overall stream flow reduction, has decreased the magnitude of
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floods and altered natural fluvial-geomorphic and biologic processes (Rood and

Mahoney 1990, Stromberg and Patten, 1992).

Dams along meandering rivers disrupt normal downstream patterns and cycles

of river flow by reducing the river's intensity, magnitude, and seasonal timing (Reily

and Johnson 1982, Bradley and Smith 1985, Rood and Mahoney 1990, Johnson 1992;

1994, Richter et al. 1996). These effects on riparian vegetation may be subtle or

extreme. Extensive loss of low elevation arid-land ecosystems is an example of the

extreme effects that have prompted researchers to begin developing restoration and

maintenance programs (e.g., in-stream flow methodologies) for riparian vegetation

(Elmore and Beschta 1987, Schmidt 1987, Rood and Mahoney 1990, Arthington et al.

1991, Braatne 1995, Dombeck 1997, Robertson in press).

A study conducted by Stromberg and Patten (1992) reveals that although some

rivers diverted for hydropower purposes continue to support cottonwood populations,

the mere presence of riparian cottonwoods cannot be employed as the single indicator

of sufficient flow regimes. Even though symptoms of extreme ecosystem stress (e.g.,

changes in species composition, disappearance of species) may not (yet) be present,

there may be subtle population level changes present (e.g., relatively infrequent

recruitment, relatively higher rates of mortality) suggestive of less intense, but still

stressful conditions. While these subtle effects have the appearance of being less

critical than the obvious effects (e.g., loss of vegetation cover, absence of cottonwood

recruitment) such parameters signifying low biotic integrity (e.g., age structure and
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mortality) pose a threat to the long-term viability of cottonwood populations

(Stromberg and Patten 1992, Rood et al. 1994).

As part of a long-term study of cottonwood response to stream flow alterations,

Rood et al. (1994) investigated populations of cottonwood along the St. Mary River in

Alberta, Canada. Stream flow reduction, as a result of damming and diversion along

this river, has triggered a decline of cottonwoods downstream of the dam. Over a

period of 34 years, drought stress, brought on by insufficient flows and a lowered

water table during periods of hot dry surmners, seems to have had a cumulative effect

on these cottonwood populations. The minimal abundance of cottonwood along the

lower St. Mary River appears to be an effect of past and presently poor environmental

conditions. This study indicates that because habitat conditions were already limited,

these cottonwood stands were particularly susceptible to the flow reduction.

Conversely, the expansion and encroachment of riparian Populus-Salix woodlands in

response to reduced flows (i.e., damming) along braided meandering rivers in semi-

arid regions, have been documented (Nadler and Schunim 1981, Johnson 1994; 1997

Barinaga 1996). In such cases, the river's inability to move sediments downstream has

transformed wide channels once dotted by widely-spaced patches of cottonwood

communities to narrow channels constricted by tree-lined banks (Barinaga 1996,

Johnson 1997). These changes in stream dynamics have not only altered tree

recruitment patterns, but in some reaches of these rivers, have eliminated aquatic

habitat (e.g., gravel spawning beds filled with sand; Beschta 1979, Barinaga 1996).
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In the absence of dams, peak flow events are typically a spring occurrence

varying between March-May in the northern hemisphere. Flooding during late winter

and early spring, followed by the receding flood waters, provide favorable habitat for

cottonwood germination. Seed dispersal usually occurs in the spring, coinciding with

the period of high discharge. Receding flood waters typically begin at the same time

most cottonwood seeds have been dispersed. River flow usually decreases through the

spring and summer with the exception of brief pulses caused by summer storms.

Timing of peak flow events is critical for the process of cottonwood seedling

establishment (Asplund and Gooch 1988, Rood et al. 1995, Scott et al. 1996; 1997).

Peak flow on dammed rivers usually occurs during the summer when water is to be

withdrawn for irrigation (Snyder and Miller 1991, Stromberg and Patten 1992, Rood et

al. 1995). Winter water release is usually low unless winter storms cause a threatening

rise in the reservoirs; under these conditions, the water is released. Generally, no

water is released until early spring. Fluvial processes normally operating during the

winter and spring months are therefore absent; no alluvial seed beds are formed during

this period. The duration of summer releases lasts until September or October. Since

water level recession is not likely to occur until October, the seeds released during

spring and early summer are met with unfavorable environmental conditions and a lack

of exposed sites for germination (Stromberg and Patten 1992, Rood et al. 1995).

In contrast to the reduction in stream flow from flow regulation and stream

diversion, an increase in mean flow, though not well documented in the literature, is

expected to occur on rivers which are the recipients of diverted water. Removal of
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vegetation cover due to land-use activities operating within a basin (e.g., logging and

mining activities, and grazing) may decrease the amount of precipitation that infiltrates

into the soil, raising the amount of overland flow, thereby contributing to the increase

in stream discharge (Jones and Grant 1996, Brosofske et al. in press). Depending on

annual precipitation, in-stream and bank material, and flow competence, an increase in

upstream erosion can escalate sediment transport downstream (Bradley and Smith

1984). Possible effects on meandering streams resulting from increased stream

discharge include: 1) an increase in the rate of lateral channel movement, 2) an

increase in channel entrenchment, and 3) an increase in erosion on meander lobes

(Bradley and Smith 1984).

For cottonwoods, increased sediment transportation and deposition can actually

increase the amount of potential habitat. However, at the same time, there is an

increased chance of erosion and scouring which removes both seedlings and mature

individuals (Everitt 1968 Bradley and Smith 1984). It is reasonable to hypothesize that

an increase in stream flow will lead to an overall decline of mature cottonwoods due to

scouring and a decrease in the cottonwood recruitment. In consideration of the effects

of river damming and diversion, restoration of riparian vegetation along such rivers

will depend in part on returning minimum and maximum flows to approximate normal

conditions (Poff and Ward 1989, Stromberg and Pattern 1992, Rood and Mahoney

1990, Rood et al. 1995, Poff et al. 1997).
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Channelization

Channelizatjon and the construction of levees are built for a number of reasons

to: 1) control flooding and to maintain channel stability, 2) increase channel capacity

(particularly for irrigation), 3) expand land development of the floodplain, and 4)

expand agricultural activities on the floodplain (Brookes 1988, Hupp 1992, Mount

1995). Although the uniform structure ofa channelized river is extremely effective

from an engineer's point of view, the overall effect of this river metamorphosis, from

an ecological perspective, is quite the opposite (Hines, J.E., pers. comm.). Loss of

contiguous and spatially diverse habitats seriously effects species that depend on

riparian ecosystems for survival (Sedell 1990, Mount 1995). For example, in the

northwest region of North America, the fragmentation of the riparian landscape has

impacted the life cycle of anadromous salmonid species. Studies indicate that the

reason fewer salmonids return each year to spawn may be because of poor habitat

conditions (McIntosh 1992; 1995, Reeves et al. 1995, Gregory and Bisson 1997,

Barinaga 1996, Mundy 1997). Rising stream temperatures due to the reduction of

shade-providing vegetation, and the loss of pool riffle sequences due to the alteration in

stream morphology are two examples of the deterioration of salmonid habitat

influenced by channelization. The transformation of a sinuous heterogeneous river into

a homogenous uniform channel disrupts aquatic-land interactions, patterns, and

processes (Brookes 1988, Hupp 1992, Mount 1995).

Along some channelized rivers in the west, thickets of Russian olive, salt cedar,

and cottonwood trees and native shrubs, line these new river "highways" as a result of
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overbank floods of lowered intensities. Along other streams, habitat conditions are met

only by the active channel during periods of low flow (Howe and Knopf 1991).

Riparian vegetation is often cleared by fire, tree cutting, and other techniques during

river maintenance activities. Because of the alteration of natural fluvial-geomorphic

processes, the clearing of riparian vegetation may be the only source of disturbance

necessary to reset the process of primary succession for cottonwoods and other riparian

species inhabiting these stream channels (Howe and Knopf 1991).

Permanent disruption of riparian ecosystems caused by river "improvement"

(i.e., channelization) and maintenance activities is likely to occur when maintenance of

the channels includes dredging, removal of vegetation along the channel, and the

addition of concrete and riprap. Restoration, as a result, may be unlikely. In these

situations, system recovery may be possible with the placement of levees far enough

away from rivers to allow them to meander freely and to develop pool-riffle sequences

and riparian vegetation, is one approach to dampening the impacts of channelization

(Brookes 1988, Hupp 1992, Mount, 1995).

Grazing

The impact of riparian degradation caused by extensive and concentrated year-

long or spring-summer domestic livestock grazing are found all over the American

West (Skovlin 1984; 1991, Schultz and Leininger 1991, Snyder and Miller 1991,

Borman 1996). Livestock grazing is considered the primary cause of severe ecological

damage in many western riparian ecosystems (Kau ffiuian et al. in press). The removal
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and trampling of riparian vegetation, increased stream bank erosion, and compacting of

soils by livestock have resulted in the reduction or loss of riparian vegetation cover, a

decrease of bank stability, and an increase of flash-flooding (Kauffman and Krueger

1985, Schultz and Leininger 1991, Case 1995). Studies conducted by Busse (1989) in

central Oregon, and by Kauffman (1993) and Case (1995) in northeastern Oregon, have

found that the absence or lack of cottonwood and willow establishment is directly

related to livestock grazing. Removing grazing pressures from riparian zones in these

areas has enabled cottonwood/willow communities to recover at relatively rapid rates

(Schultz and Leininger 1989, Case 1995, Green and Kauffiiian 1995). These fmdings

indicate that cessation of livestock grazing is a necessary and critical step toward

restoration (Beschta 1991, Case 1995, Green and Kauffman 1995). However, the

resolution of domestic livestock issues may not be so easily solved (Armour et al.

1991) Simply removing livestock from private and public lands is seen as a naive

solution to an array of ecological and economic issues. Rather, managing livestock in

conformance with other recognized uses and consideration of complex ecological

interrelationships is considered a more reasonable approach to solving grazing issues

(Armour et al. 1991, Elmore and Kauffman 1994). When properly implemented,

supervised, and monitored, Armour et al. (1991) and Elmore and Kauffman (1994)

propose that grazing could become an important management tool; one that would

benefit fish and wildlife habitat. One such management strategy is to time grazing

(i.e., season of grazing) while considering physiological processes (e.g., plant growth

and development) of riparian and rangeland vegetation (Armour et al. 1991, Elmore
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and Kauffman 1994). For example, winter grazing, grazing during winter dormancy of

grasslands when plant carbohydrates are being stored below ground in the root mass

instead of above ground in the meristematjc tissue, allows livestock to graze with little

ecological damage to grasses (Elmore and Kauffiiian 1994). Although improved

livestock management may reduce rangeland and riparian ecosystem damage in less

degraded systems, the implementation of such grazing strategies may be difficult in the

more severely degraded riparian systems. In these cases, recovery through grazing

cessation may first be necessary. Without forage in these systems there will be little

grazing opportunity.



INTRODUCTION

Ecological restoration, as defined by the National Research Council (NRC) and

the Society for Ecological Restoration (SER), is the process of repairing human-

induced damage to the diversity and dynamics of indigenous ecosystems (National

Research Council 1992, Jackson at al. 1995). The long-term goal of ecological

restoration is to restore the persistence and integrity of native species through the

restoration of natural dynamic interactions among organisms and their physical

environment (Jackson et al. 1995). This defmition of ecological restoration implies

that the process of restoration will return the landscape to historic conditions (i.e.,

spatiotemporal pauers and processes) which often have been severely altered or, in

some cases, lost. However, this perception of the role of ecological restoration is

erroneous (wrong) and will likely prevent us from achieving the overall objective:

maintaining nature's flux. Embedded in this defmition of ecological restoration is the

concept of ecological conservation (Jackson et al. 1995). Ecological conservation

concentrates on the wise use and protection of natural resources (Frankel and Soule

1981). Preventing ecosystem degradation and resource waste through conservation

activities allows for the continued evolution, persistence, and natural complexity and

flexibility of ecosystem interactions for continued use by present and future generations

of all organisms (Jackson et al. 1995).

Given the current defmitions of ecological restoration and conservation,

ecological restoration of a system, which begins with a different set of initial physical

27
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and biological conditions, will likely lead ecosystems to a different end point than

would have been realized through ecological conservation. To this end, we believe it is

a fallacy to equate, and employ as a substitute, ecological restoration to ecological

conservation.

Ecological restoration, as defmed above, is likely unrealizable in many cases.

Because our knowledge of pattern-process interactions is bound by the few

spatiotemporal relationships we have only begun to unravel (e.g., fluvial disturbance

regimes, fire regimes) our ability to reconstruct, or recover, more than a few of the

components contributing to the desired historic landscape is limited. Therefore, the

potential to restore all probable expressions and variations within the realm of possible

outcomes (e.g., successional pathways; genetic variation) is also limited. This is not to

say that some form of ecological restoration is not possible and should not be

attempted. However, it is important to understand that the extent to which ecological

restoration is achievable depends in part on the severity of degradation sustained by the

ecosystem (Werner 1987, Holloway 1994, Kauffman et al. 1997), and the likelihood of

ecological restoration given present-day ecosystem pattern-process interactions.

Most often, ecosystem degradation is noted when overt symptoms, such as

declines in or extirpation of species, occur. Often, species declines are attributable to

the improper functioning of ecosystems (Reily and Johnson 1982, Holloway 1984,

Fenner et al. 1985, Medina 1988, Molles 1995). In other words, ecosystem processes,

once operating sufficiently to support particular species, are no longer operating at the

necessary levels necessary for species persistence.
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Initial responses to such declines were generally directed to the restoration of

overt patterns (e.g., reintroduction of species, reconstruction of habitat). Little

attention was paid to ecosystem processes influencing species distributions and long-

term viability. Often restoration entailed little more than making a change in the

system and then standing back to see what happened (Werner 1987). As a result,

restoration often failed to produce the expected outcome (e.g., fish species recovery)

and the restoration process (e.g., the addition of structural elements to improve in-

stream habitat; Beschta 1997) was perceived as failure. An inability to reconstruct the

theoretical past, and therefore the possible future patterns of developmental pathways

of a system through time (Frissel et al. 1997), prevents us from achieving what has

been defmed as ecological restoration. In many cases, the inability to infer process

from pattern occurs at the sampling stage of ecological studies (Bradshaw and Fortin in

review). This presents ecologists with two problems. First, not only may pattern-

process relationships change as the scale of observations changes, but the pattern may

actually be the summation of several processes, leaving the interpretation of patterns

and relating them to processes a difficult task (Allen and Hoekstra 1992, Allen 1998,

Bradshaw 1998, Gardner 1998, Bradshaw and Fortin in review.). Second, temporal

relations are not always easily discerned from spatial patterns (Bradshaw and Fortin in

review). As experiments in chaos theory have demonstrated (Gleick 1987, Kauffman

1993), iterative effects resulting from ecosystem dynamics do not always result in the

repeated patterns (Gleick 1987, Kauffman 1993).
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In response to knowledge gained from failed restoration attempts, contemporary

restoration research has focused on developing a systematic conceptual framework of

ecology such as hierarchy theory. The conceptual framework of hierarchy theory was

developed to help scientists understand ecosystem structure, function, as well as other

aspects of organization and development of ecosystems (Allen and Starr 1982, Rosgen

1985; 1994, Frissell et al. 1986, O'Neill et al. 1986; 1989, Allen and Hoekstra 1992,

Zweygardt 1995) and to defme ecological restoration success, and improve the success

rates of restoration activities. Hierarchy theory addresses the issues of complexity of a

system at multiple levels (Allen and Starr 1982, AlIen & Hoekstra 1987, O'Neill et al.

1989, Gosz 1993) and allows for the identification of interacting components within a

biological or physical system, at a given level of resolution (Allen and Starr 1982,

Allen and Hoekstra 1987, O'Neill et al. 1996). Hierarchical structuring emphasizes the

concept of constraint (Gosz 1993, O'Neill et al. 1996); an ecological system is largely

controlled by 1) the organization, structure, and dynamics of the physical habitat and 2)

the potential behavior the system's components (Frissell et al. 1986, O'Neill et al.

1986, Gosz 1993). However, it should be noted that the hierarchical structuring of

organizational levels based on a relationship between levels, as in the spatial

juxtaposition of an ecosystem to a landscape, does not necessitate a scalar relationship

(Allen and Hoekstra 1998). In landscapes, such as in a watershed, as one moves from

lower- to higher-levels of organization, and from fmer to coarser scales of observation,

and vice versa, a landscape process may increase (or decrease) to cover not only a

larger area and at a greater rate, but it may develop qualitatively and quantitatively
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different characteristics (Allen and Hoekstra 1990; Allen and Hoekstra 1998). This is

particularly noted in stream ecosystems (Hynes 1970; 1975, Cunimins et al. 1974,

Wolman and Gerson 1978, Vannote et al. 1980, Asplund and Gooch 1988, Frissell

1986, Descamps 1993, Gosz 1993, Mjnshall et al. 1989, Mount 1995, Poff et al. 1990;

1997, Bradshaw 1998).

Scaling-up (or down) from scale-dependent observations may cause difficulty

when trying to predict behavior and species response to disturbance at multiple scales

and locations within the watershed (Bradshaw and Fortin in review). Generalizations

and predictions of system behavior across scales, suggested to be one of the primary

objectives of hierarchical classification schemes, becomes difficult as spatiotemporal

pattern-process dynamics vary across scales. Variations in spatiotemporal dynamics

makes the identification of critical aspects and critical scales of observation a challenge

(Allen and Hoekstra 1990, Allen 1998). However, this problem may be overcome by

employing a multiple-scale mechanistic approach to restoration efforts in conjunction

with hierarchy theory (Allen and Hoekstra 1987, Werner 1987) and patch dynamics

theory (White and Pickett 1985). Use of a multiple-scale mechanistic approach is an

attempt to explain causal relationships useful for determining critical factors, and the

scales at which they operate, for the re-assemblage and monitoring of authentic

ecosystems processes complete with the appropriate species (Werner 1987, Olson et al.

1997). Employment of this type of approach is consistent with the general move

toward mechanistically-based management plans (e.g., cause-and-effect monitoring;

Olson et al. 1997). In stream ecology studies, mechanistic approaches have been
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adopted to better understand the function of natural disturbance regimes, roles of

vegetation, land-use history, and the need for reference sites which provide the

ecological context for restoration (Briggs 1996, Beschta 1997).

Achievement of restoration goals depends on our ability to accurately predict

the behavior and interactions of species and their environment (Southwood 1977,

Werner 1987, Allen and Hoekstra 1987, Pickett et al. 1992). The ability to predict

species behavior and interactions with the environment requires a better understanding

of why species occur where they do. To understand the mechanisms influencing

species distributions, the identification of requisite conditions for species maintenance,

distribution and long-term viability is needed. How much human intervention is

required to achieve restoration goals relies on this knowledge and ability to determine

whether such species requirements exist given present-day conditions. On the basis of

this understanding, we will also be able to predict the outcome of species behavior and

their interactions to human activities (Werner 1987). Restoration ecology, described as

an acid test of ecology (Bradshaw 1987), relies on our understanding of ecological

complexity and our ability to predict the outcome of management efforts made during

the course of a restoration attempt (Allen and Hoekstra 1987).

Riparian ecosystem recovery depends in part on the restoration of the

temporally dynamic flow regime (Irvine and West 1979, Medina and Martoy 1988,

Resh 1988, Poff 1989, Rood and Mahoney 1990, Rood et al. 1995, Stromberg and

Patten 1996, Stromberg et al. 1996, Stanley et al. 1997, Scott et al. 1997). In river

ecosystems, fluvial processes, as controlled by the interactions between regional
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gradients of geology and climate (Curnmins 1974, Bailey 1983, Resh 1988, Minshall et

al. 1989, Gregory et al. 1991, Gosz 1993, Naiman et al. 1993, Power et al. 1995, Poff

et al. 1997, Bradshaw and Fortm in press) are considered the "master variables" which

shape and strongly influence the distribution, abundance, and integrity of riparian and

aquatic species(Resh 1988, Power et al. 1995, Poff et al. 1997). For example,

cottonwood establishment and survival is governed by specific complex interactions

between habitat, created by fluvial-geomorphic processes, (Everitt 1968, Nanson and

Beach 1977, Noble 1979, McBride and Strahan 1984, Rood and Mahoney 1990, Hupp

1992, Stromberg and Pattern 1996, Friedman et al. 1996, Johnson 1992; 1994, Scott

et al. 1996; 1997) and source (i.e, reproductive mode; Roe 1958, Galloway and

Worrall 1979, Debell 1990, Siegel and Brock 1990, Rood et al. 1994, Reed 1995,

McKay 1996). As flood frequency, timing, and magnitude interplay with the

heterogeneous morphology of stream channels, favorable cottonwood locations and

conditions for seedling recruitment vary spatially throughout the basin (Asplund and

Gooch 1988, Scott et al. 1996; 1997). Favorable locations and conditions for

establishment and survival vary temporally as well, occurring at irregular intervals of

about five to ten years (Bradley and Smith 1986, Braatne 1996). On an annual basis,

habitat is created along some reaches while stands of cottonwood are scoured away in

other reaches (Asplund and Gooch 1988, Scott et al. 1996; 1997). As a result, a

shifting mosaic of cottonwood patches is created in the riparian landscape which

reflects the multiple temporal scales of fluvial disturbance cycles. This spatiotemporal

pattern of cottonwood establishment and survival illustrates the important role played
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by the natural flow regime in stream ecosystems (Table 1-2). As is the case for black

cottonwood in northeastern Oregon, careful consideration of the temporally variable

processes (e.g., flow regime) which shape riparian ecosystems are fundamental to any

stream restoration attempt (Poff et al. 1997). Given the importance of the natural flow

regime in stream ecosystems, still little is known of the interactions among organisms

and hydro-fluvial-geomorphic processes operating in and across stream networks.

Because of this, past restoration projects have treated the overt symptoms (e.g.,

replanting of trees) of damaged systems rather than targeting and removal (or return) of

the source of degradation (e.g., human-caused alteration of natural steam flow regime).

Recently, mechanistic process-based approaches to river restoration have made

their way into the literature emphasizing the need for careful identification of key

processes such as stream hydrology processes (Rood and Mahoney 1990, Johnson

1992; 1994, Miller et al. 1995, Stromberg and Patten 1996, Poffet al. 1997).

However, few studies have been conducted as a means of demonstrating this approach,

nor have they evaluated restoration potential in terms of the cumulative effects of

human activities (e.g., genetic architecture of species; presence of mychorrizae; habitat

connectivity). These potentials likely vary from one riparian system to the next, and

from reach-to-reach in the same watershed, depending on disturbance and moisture

regime. As a result, such approaches to river conservation and restoration, as

proposed by Poff et al. (1997), while representing significant advances, remains an

incomplete description of the complexity and flexibility of pattern-process interplay.
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In this study, hierarchy theory, patch dynamics, and a multiple-scale

mechanistic approach are used to frame the problem of the ecological restoration

potential of Populus trichocarpa (black cottonwood) in the upper Grande Ronde River

Basin of northeastern Oregon. Restoration of riparian and aquatic habitat within the

upper Grande Ronde River Basin is currently under consideration because it provides

critical and endangered habitat for salmonid and resident fish populations (USDA

Forest Service 1996). Restoration is also motivated by Native American interests;

many regional tribes once referred to the Grande Ronde Basin as the Valley of the

Cottonwoods (McIntosh pers. comm.). To the Native Americans, the status of the

Grande Ronde River Basin not only reflects the loss of biotic diversity, but also

weakens the authenticity of tribal rituals and the teaching of traditional ways. For

more than 150 years, they have witnessed the decline in its collective natural resources

(e.g., the value of riparian forests wild game and fish, etc.).

Many recent river ecosystem studies have reported declines in riparian and

aquatic species and habitats, declines in water quality, groundwater depletion, and

increased flood frequencies and magnitudes as consequences associated with current

land-use practices (e.g., agriculture, grazing, river impoundment, and channelization)

in the semi-arid and arid regions of the western United States (Nadler and Schumm

1981, Kauffman and Krueger 1984, Bohn and Buckhouse 1985, Weltz et al. 1989,

Rood and Mahoney 1990, Schultz and Leimnger 1990, Armour et al. 1991, Howe and

Knopf 1991, Murphy and Meehan 1991, Hupp 1992, Johnson 1992; 1994, Stromberg

and Patten 1992, McKay 1996, Case 1996, McIntosh 1992, Reeves et al. 1995,
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Abramovitz 1996, Collier et al. 1996, Beschta 1997, Poff et al. 1997). Decreased

levels of riparian cottonwood recruitment and survival have been the focus of many

recent riparian studies in western North America (Noble 1979, Rood and Mahoney

1990, Johnson 1992; 1994; 1997, Stromberg and Patten 1992; 1996, Tyree et al. 1994,

Friedman et al. 1995, Molles et al 1995, Scott et al. 1996; 1997) for several significant

reasons. First, cottonwood provides a structural component to arid riparian areas that

can not be counterbalanced by the establishment of other native trees species (Braatne

et al. 1996). Second, without this significant structural component, declines in riparian

cottonwoods are likely to lead to an overall shift in ecosystem composition, dynamics,

and function (Braatne et al. 1996). This shift in, and in some cases, loss of native plant

communities, may promote the recruitment of additional species and communities

affecting not only plant communities, but aquatic species' habitat (Braatne et al. 1996),

and regional economics (Kauffman et al. 1997, Beschta 1997). The reduction of

cottonwood forests, once dominant along stream corridors in the arid western United

States, (Thwaites 1959, Fenner et al. 1985, Kauffman et a! 1985, Scott 1986, Asplund

and Gooch 1988, Busse 1989, Bonnan 1996, Miller et al. 1995, Case 1996) is

especially alarming since mature cottonwood communities are commonly the most

structurally diverse communities within riparian ecotones in this region; often

containing six layers of vegetation (Kauffuian et al. 1985). Such structural diversity

provides critical terrestrial and aquatic wildlife habitat (Sedgewick and Knopf 1986,

Kauffman et al. 1985).
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It has become increasingly more obvious that the successful restoration of the

region's black cottonwood populations requires a multiple-scale spatial and temporal

plan. Recent research has proposed an existing link between fluvial-geomorphic

processes and genetic diversity of cottonwood populations (Reed 1995, McKay 1996).

Evidence suggests that the selection of the dominant mode of reproduction (i.e., sexual

versus clonal growth) is a function of flow regime and channel morphology (Rood et

al. 1994, Reed 1995, McKay 1996). Not only do stream processes appear to influence

black cottonwood habitat, but also have long-term effects on population viability

(McKay 1996). Disturbance dynamics, specifically fluvial processes, govern not only

the creation of suitable habitat for cottonwood establishment (e.g., spatial distributions)

but influence species' survivorship (e.g., temporal patterns; Everitt 1968, Nanson and

Beach 1977, Noble 1979, Sedgewick and Knopf 1989, Snyder and Miller 1991,

Stromberg and Patten 1992, Johnson 1994; 1997, Friedman et al. 1995, Scott et al.

1996; 1997). Significantly, many areas where black cottonwood was historically found

have sustained dramatic alteration in the hydrologic regime (Howe and Knopf 1991,

Noble 1979, Kauffman and Krueger 1985, Rood and Mahoney 1990, Johnson 1992;

1994; 1997, Stromberg and Patten 1992; 1996, Tyree et al. 1994, Friedman et al.

1995, Molles et al 1995, Case 1996, Scott et al. 1996; 1997). This raises the

questions: to what extent are changes in hydro-fluvial-geomorphic processes linked to

cottonwood reproductive modes? Has human-caused alteration of the natural

disturbance regime affected the selection of asexual versus sexual black cottonwood

reproduction?
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This study was motivated by the question whether or not black cottonwood

restoration in the upper Grande Ronde River Basin is likely to be successful given

present-day fluvial-geomorphic conditions. This research sought to evaluate whether

suitable habitat for black cottonwood establishment exists or could be created given

dramatic changes the basin has undergone over the past century and a half (Kauffuian

and Krueger 1985, Kauffman and Elmore 1994, Kauffman et al. 1995, McIntosh 1992,

Reeves et al. 1995, Case 1996, Beschta 1997). We propose that land-use practices,

which span a range of activities (e.g., removal and trampling of vegetation by domestic

livestock, the alteration of stream flow (e.g., channelization and irrigation), and

agriculture) have greatly contributed to the decline of suitable available cottonwood

habitat.

The primary goals of this study were to identify space-time potential envelopes

(i.e., spatial and temporal domains (OtNeill et al. 1989) in which black cottonwood

establishes) for black cottonwood establishment and survival. These envelopes are

examined at three scales: 1) fme-scale (e.g., point bars), 2) meso-scale (i.e., reach-

scale), 3) basin-scale. A simultaneous goal was to examine these patterns using a

chronosequence of aerial photographs which span 50 years. The basin is used both as a

geographical and functional term. That is, we are concerned with the issue of black

cottonwood restoration within the spatial extent of the upper Grande Ronde River

basin. The establishment and restoration of black cottonwood is necessarily controlled

by processes which range from the fme to coarse scales. The role of these patterns and

processes will vary according to position within the basin (Vannote et al. 1980,
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Minshall et al. 1983; 1989, Rosgen 1985; 1994, Frissell et al. 1986, Wevers et al.

1986, Gregory et al. 1991, Gosz 1993, Descamps 1993). As such, a basin assessment

is not merely the sum of equal parts. Specific study objectives included: 1)

documentation of change in the riparian landscape; 2) identification of optimal spatial

and temporal locations for black cottonwood establishment and survival within reaches;

3) determination of the relationship, if any, between stream dynamics alteration and

black cottonwood reproduction mode (i.e., sexual reproduction versus clonal growth).
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METHODS

Study Landscape

The Grande Ronde River Basin is a sub-basin of the Columbia River Basin.

Originating in the Elkhorn Mountains, the Grande Ronde River flows 342 km north

through the Blue Mountains of eastern Oregon before merging with the Snake River

approximately 10 km northwest of the Oregon, Washington, and Idaho tn-state border.

The upper Grande Ronde River drainage ranges from approximately

2100 m in the headwaters descending to about 450 m elevation at the Grande Ronde

and Snake River confluence. The river drainage area is 3000 km2 and for the last 90

years, it has averaged an annual discharge of roughly 11 cms (380 cfs) peaking during

the months of March and April (McIntosh 1992). The study area comprises 1805 km2

within the basin, extending from the 15-Tails site in the Wallowa-Whitman National

Forest to nearly 80 river kilometers (50 miles) downstream at Pierce Lane, (2.4 km

east of Island City).

The Columbia River Basin geology, diverse in its make-up, is comprised of

basalts, granitics, volcanics, sedimentary and metamorphic rocks (Crowe and

Clausnitzer 1997). During the late Paleozoic to mid-Mesozoic periods (290-140

million BP), the basement rocks of the Blue Mountains Region, composed of deep

ocean floor rocks (e.g., basalts, serpentine) and shallower ocean floor rocks (e.g.,

limestones, sandstones), volcanics, and granitics, were formed. In the Cretaceous era

(140-66 mya), the granitic batholiths of the region (e.g., Wallowa Batholith, Idaho
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Batholith) were created through metamorphic, volcanic, and intrusive activity. More

recently, extensive extrusive igneous events created the John Day Formation during the

Oligocené (37-24 mya). During the Miocene, the Columbia River basalts were formed

(25-5 mya) which were subsequently uplifted forming the Blue Mountains. Pleistocene

glaciation (2-3 mya) created landforms (e.g., U-shaped valleys) and alluvial deposits.

The Mt. Mazama eruption (6,000 BP) deposited a thick layer of ash across the

landscape influencing hydrologic processes (e.g., upland and terrace soil water holding

capacity) and vegetation patterns (Baldwin 1964, Crowe and Clausnitzer 1997).

The Grand Ronde River Basin vegetation is dominated in the uplands by Pinus

contorta (lodgepole pine), Pinus ponderosa (j)onderosa pine) Pseudotsuga menziesii

(douglas fir), Abies grandis (grand fir), Abies lasiocarpa (sub-alpine fir), Picea

engelmannii (engleman spruce), and Larix occidentalis (western larch) associations.

Wetland vegetation, in the middle to lower elevations, is typically dominated by black

cottonwood, Alnus incana (mountain alder), Cornus stolonifera (red-osier dogwood),

Crataegus douglasii (black hawthorne), Ribes spp. (currants), Salix spp. (willows), and

other shrubby communities as well as many herbaceous, sedge, and rush species

(Crowe & Clausnitzer 1997).

Land-use History of the Upper Grande Ronde River Basin

Native American Activities

Native Americans have long been residents of the Columbia River Basin and

surrounding area. Many of the region's Native American tribes traversed the
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landscape, rich with a plentitude of various resources, moving from fisheries along the

Columbia River and her tributaries to the arid interior of the uplands where plant

resources abounded (Wolf 1995). Migrations from the interior uplands to the river

basins were timed as resource availability varied with the changing seasons. Riparian

ecosystems offered a highly diverse and abundant assemblage of aquatic and terrestrial

species used for food, industrial purposes, (e.g., wood for making fishing weirs, house

timbers, spear shafts; leaves used for woven mats and door coverings) and medicinal

purposes, (e.g., roots and bark made into tea to treat colds, tuberculosis, and venereal

disease). Among the principal plants harvested were willows and black cottonwood

(Train et al. 1941, Turner et al. 1979, Turner et al. 1980, Murdock 1980, Wolf 1995).

Euro-American Settlement Activities

Early Euro-American explorers' journals from the 1800's and fur trappers of

the Columbia Basin, describe meandering streams teeming with salmon and beaver

(Castor canadensis), and riparian zones covered by dense galleries of riparian forests

(Scott 1852, Thwaites 1904, Rollins 1935). Early homesteaders and pioneer cattle

drivers traveling the Oregon Trail, descended into the Grand Ronde Valley fmding lush

grasslands, rich soils, and meandering streams lined with dense stands of willows

(Salix spp.), birch (Betula spp.), cottonwood (Populus spp.), and alder (Alnus spp.).

Some emigrants ended their journey in the valley and established some of the first of

many emigrant settlements in the Blue Mountains region (Scott 1852, Evans 1991).

During the 1860's, cattle grazing practices began in the upper Grande Ronde River
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Basin to service the mining boom. By the 1880's, overgrazing of sheep and cattle in

the area had already occurred (Skovlin 1991, McIntosh 1992, Case 1996).

The first lumber mill in the upper Grand Ronde was established in 1889,

marking the earliest documentation of logging practices. As timber harvesting

increased and expanded into higher elevations, splash dams were constructed to

transport timber downstream to mills. By 1919, railroad tracks were extended to the

upper reaches. Splash dams were abandoned as the improved transporting of logs via

railway not only allowed increased access to forested lands, but improved the reliability

of the delivery of timber to mills and ports. Road building increased significantly from

1954-1978 as USFS timber harvesting increased (Farnell 1979, McIntosh 1992).

Channelization of the upper Grande Ronde River's mid-section for agricultural

purposes and urbanization, is evident as early as 1937 (Figure 4). Channelization also

occurred in the upper reaches of the basin. A section of the river which flows through

a mountain meadow was channeli.zed in response to the 1964 flood. In this case, the

purpose was to protect private property owners from future flood events (McIntosh

1992).

Although the upper Grande Ronde River is no longer mined, riparian and

aquatic ecosystems continue to be impacted by the long-term repercussions of this

activity. Residual mine tailings, for example, are thought to significantly increase the

input of sediment (McIntosh 1992). Livestock grazing has declined nearly 80% on

private lands since the early 1900's (McIntosh 1992, Case 1996), but grazing on
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public lands grazing has increased overall (McIntosh 1995) and remains an integral

component of northeastern Oregon's economy (Kauffman 1995). Agricultural

practices, also greatly contribute to northeastern Oregon's economic base. Combined

with urbanization, they continue to prevail in the upper Grande Ronde River valley.

Timber harvesting and subsequent road building, particularly in the USFS managed

portions of the basin, have steadily increased over time (McIntosh 1992).

Site Selection

Based on a temporal sequence of aerial photographs (1937, 1964, 1987/88)

obtained from USDA Forest Service Pacific Northwest Research Station library, the

largest probable mature galleries and patches of black cottonwood communities were

identified as candidate sites using the 1937 and 1964 photographs, then located in the

1987/88 photographs. Candidate sites were then categorized into previously

determined constrained and unconstrained stream segments (McIntosh 1992), as defmed

by Gregory et. al (1992), and field verified. While aerial photography did not support

occurrence of cottonwood in the headwater reaches, field reconnaissance revealed, in

contrast, several sites supporting small populations (less than 20 individuals). Field

observations revealed a general absence of cottonwoods in the geologically and

topographically constrained headwater reaches of the upper basin. Instead, these

reaches were dominated by mountain alder, western larch, douglas fir, and several true

fir species within the riparian zone. A single population was observed, however, in a

geologically constrained reach within the lower section of the upper Grande Ronde
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River. For this reason, this study did not include comparisons between geologically

constrained and unconstrained reach types as originally envisioned. However, black

cottonwood were found across a range of physical features and environmental

conditions observed along a continuum of unconstrained reaches within the basin.

Geologically, these reaches are considered unconstrained. However, these reaches are

characterized by various degrees of observed entrenchment. Site selection was based

on varying degrees of functional channel morphology, characterized by in-field

measurements and classification of fluvial-geomorphic features, width-to depth ratios

(i.e., incision) and location within the watershed (Rosgen 1985, 1989, Figure 5;

Table 3).

Size-class structure, numbers, location, and general health of black cottonwood

individuals observed throughout the basin were recorded to reflect the variability of

habitat availability and conditions for establishment and survival relative to elevation,

substrate, geomorphology, and disturbance regime, both natural and human-induced.

For example, in the Three-Lone site, one of the upper-most study sites, only five

individuals were found; three of which were categorized as old or mature trees with the

remaining two classified as young trees. In contrast, Red Bridge State Park, 35 km (22

miles) downstream, is a site supporting more than 200 individuals. Approximately half

of the individuals were considered to be young trees, the other half were considered

mature. No old individuals were encountered (Table 3).

Although nine sites were initially selected and surveyed, identification of black

cottonwood patches through aerial photograph interpretation of four of these sites
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Table 3. Number and size-class of individuals sampled in each site, stream rea -depth ratios, as well
as the fluvial geomorphic features upon which sampled stems were fo icated for each site.
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Table 3. continued. Number and size-class of individuals sampled in each site, stream reach width-to-depth ratios, as well
as the fluvial geomorphic features upon which sampled stems were found are indicated for each site.



Site: Red Bridge
Date channel measured: Oct-96
W:D of active channel: 805/I

Size Classes

Geoiuorpli
6

14 26

Old floodplain

20 26 0

46

Sapling Mature Old

Bank
Active floodplain
Terrace bench

total per class

total stems
sampled

Table 3. continued. Number and size-class of individuals sampled in each site, stream reach width-to-depth ratios, as well
as the fluvial geomorphic features upon which sampled stems were found are indicated for each site.
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(Train Bridge, Spool Cart, Three-Lone, Carson Mine Tailings) was not possible

because of resolution and quality of 1937 photographs. In addition, the back-

calculation of stream flow discharge was not performed on these sites, nor on the Red

Bridge site, because drainage areas of these sites were not comparable to the drainage

area of the gaged site (Harris and Hubbard 1983, Grant pers. comm.) Therefore, GIS

analysis and predicted stream flow discharge was performed only on the remaining two

sites. Although samples for genetic analysis were collected at all sites, DNAanalysis

was conducted on the two sites presented in detail in this study. DNA analysis will be

performed on the remaining seven sites at a later date as part of an on-going analysis of

fluvial-geomorphic effects on black cottonwood reproductive mode. For these reasons,

two of the nine sites, Hilgard State Park and Pierce Lane are described here in detail to

illustrate the range of conditions (Figure 6).

Based on USGS maps and aerial photographs, the Hilgard site was hypothesized

to behave as an unconstrained and relatively unincised stream channel. A population of

approximately 200 cottonwood individuals, diverse in size, was observed at this site.

In contrast, the Pierce Lane site, hypothesized to function as a constrained reach as a

result of channelization (Brookes 1988, Hupp 1992, Mount 1995) is a reach which

historically functioned as an unconstrained reach.
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Aerial Photographs and GIS

Digital analyses of contact black and white 1937 (scale 1:15000), color 1987,

and 1988 color infrared (scale 1:12000 and 1:24000 respectively) aerial photographs

were performed to establish the historical changes in stream morphology, potential

habitat (i.e., gravel bars) extent, abundance, and pattern of black cottonwood

communities. The Mono-digitizing Stereo Digitizing software program (MDSD) was

used to digitize control points from USGS (U. S. Geological Survey) maps (scale

1:24000) and 1964 aerial photographs (scale 1: 12000) (Carson pers. comm., Carson

1993, Jordforsk 1992). Eight classes of land cover were identified. Dominant land

cover classes (river, gravel bars, cottonwood patches, grassland/converted land,

conifer, mixed cottonwood/conifer, roads, urban areas/homesteads) were digitized as

derived from the 1937 and 1987/88 photographs and exported to a Geographic

Information System (GIS) (Arc/Info 7.0.4, ESRI 1996) to quantify percent change in

available habitat, extent, abundance, and patterns of black cottonwood communities,

and channel morphology over 50 years. Although this grouping is fairly coarse, it is

consistent with the description of the main functional changes sustained by the

landscape over the 50-year period. A 500-rn riparian buffer was employed to capture

and calculate landscape cover changes within 100 meters of the active channel plus the

floodplain (Minear 1995). Black cottonwood patches were digitized based on the

smallest visibly coherent indivisible unit. Typically the unit contained an optically

estimated average of 10 trees. However, some patches consist of only one or several
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trees; other patches contain up to 20 or more trees. The active stream channel was

digitized to calculate the linear distance of the stream.

Stream Survey

To identify potential habitat within each site, the channel geometry of each

reach was surveyed using a rod and level. A theodolite was located on the highest land

surface feature of interest. A cross-section transect was established perpendicular to

the site, bisecting the site at its approximate mid-point. Elevational changes were

recorded along the transect every 5-10 meters until the elevation of each land surface

feature of interest within the site was recorded. Predicted stream flow discharge (i.e.,

Q,; flow magnitude) required to inundate identified land surface features supporting

black cottonwood within each reach was calculated as a function of the hydraulic radius

at each cross section, channel roughness, and slope of the water surface using the

following equations:

Stream Discharge Equation

(Equation 1) Q = vA

where v is the stream's velocity, and A is equal to the cross-sectional area;

Manning's Roughness Coefficient

(Equation 2) v 1.49 R213 S"2

n

where v is the stream's velocity, R is the hydraulic radius, S is the slope, and n is

Manning's roughness coefficient.
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Water-surface slope is assumed to equal the slope of the channel bed and remain

unchanged as flood stages rise and fall. Stream discharge, was predicted at two-foot

stage intervals for each cross-section using the software program, WinXSPro (USDA

Forest Service 1996; Figure 7a-b). Flood frequency, defined as the number of times a

specific land surface feature has been flooded according to a 90 year record of annual

peak flow data, was calculated using the drainage area of each site, stream capacity of

each site, as predicted by channel geometry, and the return intervals and magnitudes of

flood events at each site. Annual peak flows per site were pro-rated using a drainage

area of site-to-area of gaged site ratio (USDA Forest Service 1996, Grant peTs.

comm.). Drainage area was determined using a GIS grid format cell accumulation

algorithm in Arc/Info 7.0.4 (ERSI 1996). Following the method presented by Harris

and Hubbard (1983), flood return intervals and magnitude for ungaged sites of Hilgard

and Pierce Lane were calculated for each reach using historic annual peak flow

records. Analyses were based on 1880 to 1989 flow records for the USGS La Grande

gauge 13319000. With this information, optimal spatial and temporal condition

envelopes for species establishment and survival were identified for each site relative to

flood magnitude and flood frequency.
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Demography and Genetic Analysis

Population status was defmed using the following criteria: 1) number and

locations (i.e., distance from stream) of live trees per site, and 2) size structure of each

site; individuals were grouped by size (dbh) into one of three size categories. These

size categories were established after determining the approximate ages of trees of

various trunk sizes (Howe and Knopf 1991, Hinchman and Birkeland 1995). Because

of the difficulties of accurately aging cottonwoods and the discrepancies in the

predictability of age-size relationships, a small subset of 40 live black cottonwoods of

various sizes were cored for the dendrochronology component of this study. Only 22

individuals were used to establish crude age-size relationships; 18 trees were not aged

because of rotten centers (Sedgwick and Knopf 1989, Howe and Knopf 1991,

Hirichman and Birkeland 1995). Trees with a dbh of >61 cm were classified as old, a

dbh of 38-61 cm were classified as mature, and a dbh <38 cm were considered young

individuals. Only trees healthy and vigorous in appearance were cored to avoid any

negative impacts of tree-coring on an already shrinking population.

To explore the genetic diversity of the upper Grande Ronde watershed, two

clippings from two limbs from 240 trees were collected from the nine wild cottonwood

sites in the winter of 1996. Sampled individuals were then classified by size as old,

mature, or young. Size-classes were used to determine whether a change in the

expected dominant mode of reproduction had occurred in response to changes in fluvial

processes. Old- and mature-size trees were used as "indicators" of past reproductive

mode dominance as a function of stream morphology and disturbance regime. Young-
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size stems were sampled to compare contemporary dominant modes of reproduction to

expected dominant modes in older (i.e., larger) trees. Two dormant buds were also

collected from each individual tree for genetic analysis. The following method was

devised for sampling (Weaver pers comm., Ganio pers Comm.). Sites were sampled by

dividing each site into plots of equal area (i.e., grid design). In sites supporting >20

trees with an apparent age gradient (i.e., younger individuals nearest to the stream with

established older individuals occupying substrates further from the stream) two equally

spaced transects were established parallel to the stream creating three grid-rows of

approximately equal area. Each of these rows was labeled from downstream to

upstream as an "A, B," or "C" row. Row-area was a function of the area of each site.

Perpendicular to the stream, equally spaced transects were established creating grid-

columns. The number of columns per site was determined by the total number of

samples to be collected at each site (e.g., n = 24 at the Pierce Lane site; n= 48 at the

Hilgard site) divided by the number of samples to be collected in cells sampled (i.e., 3

or 4 individuals were sampled per randomly selected grid-cell). The number of

samples collected from each site was based on the total approximate number of black

cottonwood in each site. In sites where the number of individuals was > 50, plant

material from approximately 50 was collected. In sites where < 50 and > 20 trees

occurred, approximately 24 trees were sampled. This ensured that all sites would be

equally represented in a total sample of approximately 250 trees. Along parallel

transects, columns were numbered as column 1, column 2, etc. Plots were sampled

using a two-level a priori randomization technique ensuring an evenly distributed



60

sample. Sampled grid-cells were first selected at random. Only a single grid-cell from

each column was sampled. Individuals in randomly selected grid-cells were selected by

the following modified nearest neighbor technique (Cottom and Curtis 1949; 1956, Dix

1961, Strickler et al. 1963, Greig-Smith 1964) devised for this project: 1) a random

point was located within each cell, 2) the nearest cottonwood individual to the random

point was sampled as well as two to three nearest neighbor cottonwoods (Figure 8).

This procedure was continued systematically across the parallel transect. Cells without

cottonwoods were avoided. Another cell in the same grid column was then randomly

selected and sampled (Weaver peTs. comm.). In cases where 20 or less individuals

occupied a site, all individuals were sampled. In linearly configured sub-populations of

>20, every fourth tree was sampled beginning with the individual located furthest

upstream within the study reach. Sampling continued downstream until 50 trees were

sampled. If < 50 trees were present, sampling continued until the linear extent of the

sub-populations was covered. The dominant geomorphic land surface feature upon

which sampled trees were growing (e.g., terrace, floodplain, upsiope, streamside (<10

m from the stream)) was recorded and mapped for every site.

Genomic DNA was isolated from plant tissue samples; 2 to 3 from each tree.

DNA isolation followed the procedure, with modifications, of Bradshaw et al. (1994).

DNA concentration was measured using a spectrofluorometer. Randomly amplified

polymorphic DNA (RAPD) fingerprinting procedures of Williams et al. (1990) were

used to distinguish clonal trees from sexually derived individuals. Clones are defined
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Figure 8. Plot design for Pierce Lane site. Twenty-four black cottonwood individuals were sampled at this
location from a site-population of approximately 40 trees. At the Hilgard site, forty-eight black cottonwood
trees were sampled from a site-population of approximately 200+ black cotlonwood individuals. The
dimensions of the Hilgard site were 520 ft x 425 ft. The Hilgard site was divided into 15 grid-row cells x 3
grid-column cells.
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as two or more individuals with the exact DNA amplified banding patterns. A clonal

pair refers to a pair of trees that make up a clone or a part of a clone. A clonal tree is

defmed as a tree that is part of a clone (McKay 1996). Fourteen RAPD primers

(University of British Columbia primers 132, 169, 173, 181, 188, 318, 327, 328, 336,

436, and Operon primers AE 12, AE 18, and G5) were initially screened using eight

DNA samples, one from all sites except the Mine Tailings site. Three of the 14

primers were chosen for the analysis based on the number of highly visible

(unambiguously present or absent) polymorphic bands each primer produced. Though

distinct genotypes

are identifiable using

only one primer,

multiple primers

increase the

resolution of the

method, thereby

further
* After Sigurdsson et al. 1995

discriminating one

genotype from

another. Under this assumption, the number of different banding patterns (i.e.,

genotypes) produced by the three primers would be identified (Sigurdsson et al. 1995).

A total of 19 fmgerprints were identified with the three primers (Table 4). Patterns of

amplified DNA fragments were visually examined by scoring only tight intense bands

Table 4. Nucleotide sequences of DNA RAPD primers
and number of fmgerprints used for identification of
unique genotypes in the 68 plant samples.

Primer Nucleotide Number of

Sequence Fingerprints

OPAE 12 CCGAGCAATC 6
UBC 173 CAGGCGGCGT 7
UBC 336 GCCACGGAGA 6
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in ethidium bromide-stained gels as present (or positive). "Ghost" bands (e.g., a band

whose intensity was too weak to defmitively recognize as present) were recorded as

absent (Reed 1995, Sigurdsson et al. 1995, McKay 1996, Difazio pers. comm.,

Krutovskii pers. Comm.; Figure 9). Duplicate samples of tree numbers 1A of the

mature size class and 5D, also of the mature size class, from the Hilgard site as well as

duplicate samples of tree numbers 14A and 14B, both of the sapling size class, from

the Pierce Lane site were used to test for reliability of banding pattern results of the

polymerase chain reaction (PCR) procedure (Figure 10). To determine the number of

clones present, each individual's banding pattern was compared to all others, both

within and among sites, using a band similarity index (BSI; Reed 1995, McKay 1996).

The number of occurrences of exact banding pattern matches was ascertained as well as

the identity and location of those individuals with exact banding sequences (Leonardi

pers. comm.).
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Figure 9. Amplification of black cottonwood genomic DNA showing banding

sequences of 28 individuals from the Hilgard site Two pairs with identical fingerprints
are produced by primer UBC 173 (trees 43 and 44; 50 and 51) which are later
determined as different genotypes by primers OPAE 12, and UBC 336. Tree number is

indicated across top and band number is indicated down left side of photograph.
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Figure 10. Amplification of four duplicate samples of genomic DNA showing
identical RAPD banding sequences for three of the four individuals for oligonucleotide

primers UBC 181, UBC 173, OPAE 12, and UBC 336. Dissimilar banding patterns

between duplicate genomic DNA samples of tree 55 raises the question of reliability of

the technique. Tree number and primers are indicated at top of photograph

Tree 15 16 56 55

Primer 181 173 12 336



RESULTS

GIS Analysis

Black cottonwood patches along the Pierce Lane segment declined in number,

aerial extent, and average size (-45%, -82%, and -70% respectively) from 1937 to

1987 (Table 5; Figure 1 la-b; 12a-b). Those patches that remained in 1987 were more

homogenous in size (mean ± SD; 0.023 km2 ± 0.007 km2) yet consistently smaller

than in 1937. In contrast to the Pierce Lane stream segment, black cottonwood patches

along the unconstrained Hilgard segment increased slightly in number and aerial extent

(+23% and + 14%; Table 6; Figure 13a-b), however the average patch size remained

the same (average ± SD in Hilgard 1937 versus 1987; 0.005 km2 ± 0.006 km2; 0.005

km2 ± 0.008 km2). By 1987, both sites had similar black cottonwood patch sizes and

variability among patch sizes (average ± SD for Pierce Lane versus Hilgard; 0.007

km2 ± 0.007 km2 versus 0.005 km2 ± 0.008 km2)

Gravel bars were less numerous and smaller in 1987 than in 1937 in the Pierce

Lane stream segment (Table 5; Figure 1 la-b; 12a-b). Although the number of gravel

bars increased along the Hilgard segment (Table 6; Figure 13a-b), both sites showed

similar declines in total and average gravel patch area (-67% versus -57% total area

and -50% versus 60% average patch area in Pierce Lane versus Hilgard).

In the Pierce Lane stream segment, the aerial extent of grass/converted land

patches increased over the 50-year period (+18%; Table 5; Figure 11 a-b; 12a-b). As

black cottonwood patches decreased in number and total area, urban and
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grass/converted land patches increased in number, total area, and average size from

1937 to 1987 (+ 219%, + 481 %, and 178% respectively; Table 5; Figure 11 a-b; 12a-

b). However, the variability in patch size remained constant (average ± SD; 0.151

km2 ± 0.035 km2 in 1937 versus 0.127 km2 ± 0.034 km2 in 1987). In contrast,

grass/converted land patches in the Hilgard segment were roughly the same in aerial

extent from 1937 to 1987 (Table 6; 13a-b). A slight decrease in total area (7.79 km2

in 1937 versus 7.71 km2 in 1987) and average patch grass/converted land patch size

occurred as well (average patch size ± SD; 0.570 km2 ± 1.408 km2 in 1937 versus

0.482 km2 ± 1.265 km2 in 1987; Table 6; Figure 13a-b). Urban aerial extent also

decreased in the Hilgard stream segment over the 50-year period. The average patch

size decrease nearly one order of magnitude (0.005 km2 ± 0.010 km2 in 1937 versus

0.004 km2 ± 0.0003 km2 in 1987), however the total number of urban patches

increased 329% (Table 6; Figure 13a-b).



Table 5. Percent change of land cover within a 500-rn boundary of the Pierce Lane stream
segment and an average stream distance imately 11 km.

Pierce Lane Site

Land Covei Yeai Number Total Area Mean Area Max. Area Mm. Area Standard
Category of Patches (kin2) (kin2) (kin2) (km2) Deviation

Trees/shi ubs 1937 none identified in atea digitized
1987

Grass/converted 1937 9 7.42 0.825 4.021 0.0004 1.608
land 1987 2 8.723 4.164 8.290 0.039 5.834

% change -88 +18 +505 +206 +9750 +363

Ui ban 1937 16 0.161 0.009 0.151 0.0003 0034
1987 35 0.777 0.016 0.127 0.0003 0034

% change +219 +481 +178 -16 0 0

Cottonwood 1937 64 1 471 0.023 0.377 0.00002 0 068
1987 35 0260 0.007 0.028 0.0003 0007

% change -45 -82 -70 -93 + 1500 -90

Gravel bars 1937 42 0.254 0.006 0.047 0.0002 0011
1987 23 0.085 0.003 0.012 0.0005 0003

% change -45 -67 -50 -74 +250 -73

Mixed/conifer 1937 none identified in area digitized
cottonwood 1987
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Table 6. Percent change of land cover categories within a 500-rn boundary of the Hilgard stream
segment and a stream distance of approximately 12 km.

Hilgard Site

Land Cover Year Number Total Aiea Mean Area Max. Area Mm. Area Standard
Category of Patches (km2) (km2) (km2) (kin2) Deviation

Tiees/shrubs 1937 20 2.26 0.113 0.755 0.0005 0.185
1987 27 2.53 0.094 0.426 0.0007 0.129

% change +35 + 12 -27 -44 +40 -30

Grass/conveited 1937 14 7.97 0.570 4.975 0.0004 1.408
land 1987 16 7.71 0.482 4.171 0.0001 1.265

% change +14 -15 -16 -75 -10

Uiban 1937 7 0.031 0.005 0028 0.0003 0.010
1987 23 0.009 0.0004 0001 0.0002 0.0003

% change +329 -71 -92 -33 -97

Cottonwood 1937 43 .225 0 005 0.032 0 0004 0.006
1987 53 .257 0005 0.039 00001 0.008

% change +23 +14 0 +22 -75 +33

Gravel bars 1937 20 0.110 0.005 0028 0.0001 0006
1987 27 0.047 0.002 0010 0.0002 0002

% change +35 -57 -60 +200 -67

Mixed conifei/ 1937 3 .045 .015 0.029 0 008 0.012
cottonwood 1987 3 .021 .007 0.0 10 0 002 0.004

% change 0 -53 -66 -75 -67
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River

(a) 1937. Scale approximately 1:15000.

(b) 1987. Scale approximately 1:24000.

Figure 14a-b. Vegetation and land-use in 1937 (a) and 1987 (b) in aerial photographs

of different scales. Mid-section of Grande Ronde River near Island City, Oregon and

Pierce Lane study site.
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The linear distance of the active stream has decreased 21 % in the Pierce Lane

segment from 12 km in 1937 to 9.4 km in 1987. The Hilgard stream segment has

undergone a 3% reduction in linear distance of the active channel; 12.2 km in 1937

have been reduced to 11.9 km in 1987. The linear distance of roads has increased in

both sites since 1937. The linear distance in roads increased from 19.4 kin to 27.1 km

representing an additional 40% of roads now available for travel and transport near the

Hilgard stream segment (Figure 16). In contrast, the Pierce Lane riparian landscape is

traversed by 3 % less linear km of roads since 1937; linear distance of roads decreased

from 8.6 in 1937 to 8.4 in 1987 (Figure 16).



Roads Roads Active channel Active channe

Pierce Lane Hilgard Site Pierce Lane Site Hilgard Site

Figure 16. Change in the linear stance (1cm) of roads and the active
stream channel from 1937 to 19 in both the Hilgard and Pierce Lane
stream segments.
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Stream Survey

In the Hilgard site, an estimated discharge of 1127 cfs is required to inundate

land surfaces at or below the 4-foot stream height, or Q2 stage (Figure 7a). When

compared to the historic flow record, flows of this magnitude have occurred 89 times

over the 90-year period within this reach (Figure 1 7a). At the Pierce Lane site, Q2

flow events, or flow magnitudes of 1026 cfs (Figure 7b), have been equally frequent

within this stream reach (Figure 17b).

Demographics

Twenty-nine of the trees sampled at the Hilgard site were of the sapling class

size, 14 trees were of the mature class size, and one tree was classified as old. Tree

size distribution appeared to increase with increasing distance away from the stream as

well as with increases in surface elevation, although some mature trees were present on

lower elevations near the stream edge. The majority of sapling-size stems were found

growing in close proximity to the stream edge. Larger individuals (i.e., mature- and

old-size trees), were observed at greater distances from the stream. Though an

apparent size-class gradient was present, pole-size individuals were virtually missing

from the Hilgard site.

In the Pierce Lane site, 13 of the 23 trees sampled were mature-size with the

remaining classified as sapling-size individuals. No trees in this site were sampled nor

observed that would have been considered old relative to size. As in the Hilgard site,

smaller trees were observed establishing on land relatively low in elevation and
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(stage height) calculations for each reach and historic annual peak flow records. Optimal
locations for black cottonwood establishmeni and survival were then identified relative to
flood frequency and flood magnitude. For example, at the Hhlgard reach, land surfaces
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proximate to the stream edge. Unlike the Hilgard site, mature trees were only found

on surfaces of higher elevation (i.e., benches) at greater distances further from the

stream. At the Pierce Lane site, there were fewer individuals overall. Individuals

were confined to a narrow band within approximately 30 m of the stream edge. The

few mature trees observed were found on the higher elevations, such as terraces, which

were virtually void of young trees. Young trees were observed growing on the sloping

stream banks suggesting a size-class gradient was also present in the Pierce Lane site

(Appendix E).

DNA RAPD Analysis

In contrast to similar recent studies (Sigurdsson et al. 1995, Reed 1995, McKay

1996), the DNA RAPD technique detected no clones in either the Hilgard or Pierce

Lane site. Electrophoresis gels illustrating banding results can be seen in Figures 9 and

10.



DISCUSSION

GIS Analysis

GIS analysis of a 1937 to 1987 time series of aerial photographs was employed

to assess land cover changes in riparian black cottonwood abundance and habitat as

well as the adjacent floodplain and upsiope areas within 500 m of the Pierce Lane and

Hilgard sites in the upper Grande Ronde River Basin. Evidence suggests that land

cover changes in the floodplains in the Pierce Lane and Hilgard sites is a consequence

of land conversion practices (e.g., floodplains were converted to urban areas and

agricultural fields) of the past. Land conversion within these stream segments

continues to be a dominant land-use activity particularly within the Pierce Lane

segment. Although no cause and effect relationship between land-use activities and

changes in black cottonwood abundance and habitat, can be established, the

development of intense land-use practices in the upper Grande Ronde River Basin,

interacting with such natural variations as climate and precipitation, is believed to have

offset the balance between available area and favorable environmental conditions for

black cottonwood establishment and survival (e.g., geomorphology, disturbance

regime, herbivory); the temporal requirements for establishment and replenishment of

black cottonwood are not being met spatially (Wolman and Gerson 1978, Reily and

Johnson 1982, Petts 1984, Poff and Ward 1989, Rood and Mahoney 1990, Armour et

al. 1991, Johnson 1992, Stromberg and Patten 1992; 1996, Elmore and Kauffman

1994, Miller et al. 1995, Rood et al. 1995, McKay 1996, Richter et al. 1996, Scott et

89
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al. 1996; 1997, Nilsson etal. 1997, Poffet al. 1997, Todd and Elmore 1997). This

condition appears to be particularly acute along the mid-section of the upper Grande

Ronde River as illustrated by the Pierce Lane stream segment. Changes captured by

GIS analysis of the Pierce Lane stream segment are a sterling example of the significant

loss of riparian cottonwood habitat seen throughout the arid west. Alteration of the

disturbance regime (e.g., channelization) and physical removal of suitable sites (e.g.,

land-clearing for agricultural purposes) in the upper Grande Ronde River Basin, as seen

in the Pierce Lane segment, has likely contributed to decreased numbers and

availability of habitat for the establishment and survival of black cottonwood. In

comparison, changes in the Hilgard stream segment, though less obvious, reflect subtle

changes which may also be attributed to the cumulative effects of land management in

the basin.

It is interesting to note that documented structural changes in the riparian and

adjacent land features in the Pierce Lane and Hilgard stream segments may have been

altered by Euro-American and Native American land-use activities prior to 1937. That

is, the structure depicted in the 1937 aerial photographs may have only been a fragment

of historical conditions; Native Americans had been active components of ecological

systems for thousands of years, encouraging the resources they used and discouraging

those they did not (Barker 1996, Todd and Elmore 1997). Native Americans

significantly altered the composition, distribution, and behavior of plant and animal

communities through the use of fire, water diversions, hunting tactics, and vegetative

manipulations (Barker 1996, Todd and Elmore 1997). These historic ecosystem
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alterations in conjunction with more recent Euro-American land-use activities (e.g.,

logging; splash damming; beaver trapping) have likely contributed to the present state

of the riparian landscape in the upper Grande Ronde Basin (Thwaites 1904, Farnell

1979, McIntosh 1992).

In the Pierce Lane segment, loss of habitat through land-conversion has

significantly contributed to the changes seen in black cottonwood abundance and

availability of spatially and temporally suitable black cottonwood habitat. A reduction

in black cottonwood abundance, as measured by the decrease in area, size, and number

of black cottonwood patches, and the reduction in number, area, size, and location of

gravel bars (i.e., potential habitat), characterize the overall simplification of the

riparian ecotone seen within this stream segment. Aerial photographs suggest stream

channelization has transformed the active channel and adjacent vegetation from a once

complex system of sloughs, shifting gravel bars, and side channels to a simplified

homogenous waterway (Leopold et al. 1964, Brookes 1988, Hupp 1992, Mount 1995).

The riparian ecotone present in the 1937 air photographs appears to have been

transformed from a gradual river-to-floodplain transition zone into an abrupt, more

defmed gradient or edge. Channelization has also apparently contributed to the

reduction in the linear distance of the stream (Leopold et al. 1964, Mount 1995).

Although not quantified, the extent of black cottonwood patches, both in terms

of continuity along the stream and distance from the stream, and the inter-patch

distance (i.e., connectivity), of black cottonwood patches appear to have been

drastically reduced in the Pierce Lane section. Fewer black cottonwood patches line
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the stream while distances between black cottonwood patches have increased

significantly from 1937 to 1987 (Figures 1 la-b; 12a-b). In the Hilgard stream

segment, changes in the extent of black cottonwood patches appear to be less obvious;

virtually the same number of patches exist in the same locations. Instead, connectivity

between black cottonwood patches appears to have shifted rather than decreased in this

section over the 50-year period. An apparent relocation of connected black cottonwood

patches from and downstream of Whiskey Creek Road to the confluence of Rock Creek

and the Grande Ronde River has occurred (Figure 13a-b). The extent and inter-patch

connectivity of gravel bars has been greatly reduced in both sites over the 50-year

period. The reduction in extent and connectivity is particularly noteworthy along the

stream reach above Island City in the Pierce Lane segment (Figure 1 la-b; 12a-b), the

reach below Whiskey Creed Road, and the reach at the Rock Creek and Grande Ronde

River confluence in the Hilgard segment (Figure

13a-b).

In the Hilgard stream segment, little to no new formation of and less potential

habitat, in terms of area and location, has occurred over the 50-year period. This

observation, and the persistence of black cottonwood patches along this segment,

suggest that a move from a dynamic fluvial-geomorphic system to a more static system

has occurred (White and Pickett 1985, Baker and Walford 1995, Johnson 1997). The

GIS analysis indicates that black cottonwood patches in 1937 have persisted, and

expanded over the 50-year period. However, the presence and persistence of mature

black cottonwood patches is insufficient to infer that establishment and survival
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conditions have not changed. Field observations reveal an absence of younger

generations, in the majority of sites surveyed, suggesting that auspicious conditions for

establishment have been absent during this time suggesting a change in stream flow

(Bradshaw and McIntosh 1993) and habitat availability has occurred. Thus, from a

landscape level of resolution (i.e., land area covered by aerial photographs), no

apparent changes in the fluvial-geomorphic disturbance regime were observable within

the Hilgard segment other than a loss of total gravel bar area. The loss of total gravel

bar area suggests that sufficient fluvial-geomorphic processes required for sediment

accumulation are have been altered or are no longer present (Leopold et al. 1964, Hupp

and Osterkamp 1996, McClure 1998) along the two segments. In both segments, a

loss of extent and shflabi1ily, defmed here as the move from a dynamic patch mosaic to

a static state (White and Pickett 1985), of black cottonwood has likely been influenced

by this loss in available habitat; less habitat area, number, and locations offers less

chances for establishment. It is interesting to note that the changes in absence (or

presence) of gravel bar formation may be useful for monitoring purposes.

Keeping in mind that digital and GIS analysis of the 1937 and 1987 aerial

photographs represent "snap shots in time," and from the perspective of pattern to infer

process, spatiotemporal changes in the dominant land cover categories within the Pierce

Lane and Hilgard stream segments appear consistent with Euro-American land-use

practices in the upper Grande Ronde River Basin (Skovlin 1984; 1991, Kauffman 1985,

Anderson et a! 1992, Bouhle 1994, Case 1996, Beschta 1997). Field observations

coupled with GIS results suggest that the Hilgard stream segment has been less severely
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impacted by land-use activities over the 50-year period than the Pierce Lane stream

segment. However, as previously mentioned, more significant changes in the structure

(e.g., vegetation; geomorphology) of this stream segment may have occurred prior to

the earliest aerial photographic record. Thus, conditions depicted in the 1937 aerial

photographs may be misleading as they do not likely represent the range of impact

induced by a millennium of human-activities. In contrast, changes in the Pierce Lane

stream segment over the 50-year period are more obvious. The Pierce Lane segment

has seemingly endured more drastic modifications which may not be easily reversed.

One explanation for the highly degraded state of the Pierce Lane segment is location;

valley floodplains and bottomlands are also desirable locations for humans. These

bottomlands offer rich soil and level land optimal for homesteading, cultivation, and

urbanization. Nearby rivers provide a source of water for irrigation, hydropower, and

human consumption. As defmed in terms of the extent and intensity of land practices

sustained, the Pierce Lane landscape has been more severely impacted and changed

relative to its initial state prior to 1937. In light of these fmdings, restoration of the

Pierce Lane stream segment may not be realizable.

Stream Survey

Stream cross-section data and field observations from this study suggest that the

temporal mosaic of cottonwood establishment and survival, as manifested in the meso-

(i.e., within-reach distribution) to fine-scale (e.g., point bars) spatial domains, is a

function of available suitable habitat and disturbance process dynamics (i.e., flood
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events (Everitt 1968, Hedman and Osterkamp 1982, Osterkamp and Hupp 1984, Scott

et al. 1996; 1997). Disturbance dynamics, defined by the interactions between fiuvial

processes (flood magnitude and frequency) and geomorphology (Leopold et al. 1964,

Hedman and Osterkamp 1982) were characterized for two reaches differing in

functional channel morphology. Optimal spatial and temporal envelopes for potential

restoration locations of black cottonwood were identified for each reach relative to

channel morphology and flood events. In the Pierce Lane site, optimal locations for

black cottonwood establishment and survival might be on land surface features above

Q1 to Q3 and below Q6 where flood frequency is sufficiently high to adequately prepare

sites for black cottonwood germination, but of low enough magnitude to allow

successful establishment without scouring. Black cottonwood establishment on land

surfaces at Q and Q6 elevations are subject to less frequent flood events, but it is at

these elevations that moisture availability decreases as the depth to the water table

increases; increasing the chance of xylem cavitation (Stromberg et al. 1992; 1996,

Tyree et al. 1994). Optimal conditions for establishment and survival at the Hilgard

site are likely more favorable on land surface features disturbed by Q3 and Q4 flow

events (Figure 17a-b).

It is a question whether the restoration of historic ecosystem function is

realizable for the Pierce Lane site. The mid-section of the upper Grande Ronde River,

where the Pierce Lane reach is located, historically consisting of multiple channels and

meanders, has been channelized and simplified as depicted in aerial, photographs.

Black cottonwood in the Pierce Lane site was most likely first confined to narrow
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bands of riparian habitat by Euro-American land-clearing activities for agricultural

expansion. Channelization has likely pushed this reach into what is referred to as a

"new" domain outside the range of natural variability. Land-water interactions within

this new domain have likely further confined black cottonwood, and other riparian

species, establishment and survival to the few geomorphic features offering "safe sites"

in immediate proximity to the channel. Field observations and stream cross section

results suggest channelization and incision of this reach has led to a decoupling of

stream function and geomorphology, separating the stream from it's former floodplain.

Today, only high magnitude flow events inundate the former floodplain. Unlike recent

studies of regulated streams in the western U.S. (Rood et al. 1994, Reed 1995, McKay

1996, Scott et al. 1996), which suggest restoration may be possible with improved

regulation, or the mimicking of the historic flow regime, "turning on (or off) the

pump" in the Pierce Lane site may not be sufficient to rectify the extant problems.

Floods of higher magnitudes are now necessary to adequately flood the once connected

flood plain. Within this reach, a flow event of this magnitude has occurred only once

over a 90 year period. Field observations coupled with stream flow data, suggest

increased annual peak flow (Bradshaw and McIntosh 1993) and stream capacity,

influenced by channelization, appears to frequently reset black cottonwood populations

to the first stages of its life history. Mature individuals were only observed on the

higher land features suggesting that younger trees on lower elevations nearer to the

stream edge are unable to survive long enough to reach maturity because of intense

scouring (Everitt 1968, Scott et al. 1996). Little and/or an absence of cottonwood
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establishment and survival may allow for better adapted non-native and/or competitor

species to inhabit what little suitable cottonwood habitat there is. Though continued

renewal of cottonwood populations is necessary to sustain the population, the structural

development of maturing and old growth riparian cottonwood forests is crucial to many

aquatic and terrestrial wildlife species which depend on heterogeneous and structurally

diverse communities for critical habitat (Sedgewick and Knopf 1989, Kauffman et al.

1985). Field observations also indicated a general absence of young individuals on

higher land surfaces less frequently disturbed by fluvial events. Without recruitment

on these land features, senescent cottonwoods are not likely to be replaced by a new

generation.

In contrast, the Hilgard site exhibits few demographic similarities. Hilgard may

be one site where restoration may be realizable. Field observations at the Hilgard site

suggest favorable conditions were present for black cottonwood establishment and

survival based on the number of live trees at this site and diverse size-class structure.

However, pole-size individuals were virtually missing from this site-population. As

similar studies have suggested (Everiu 1968, Stromberg and Patten 1991, Rood et al.

1994, Scott et al. 1997), these observations suggest auspicious conditions for black

cottonwood not only vary spatially but temporally as well.

Demographics

Black cottonwood demographics collected from the additional seven sites

suggest an overall absence of adult recruitment. Young sapling-size stems were



98

virtually missing from most sites. Similarly, few mature-size individuals were

observed, and even more rare were old-size individuals. Although it was not expected

that young-size trees (i.e., seedlings and young saplings) would be found under the

canopy of larger cottonwoods because black cottonwoods are shade-intolerant (Roe

1958, Everitt 1968, Debell 1990), seedling and sapling establishment on newly formed

meander lobes and gravel bars was expected to be encountered. Copious amounts of

seedlings were observed along stream edges at Hilgard and Red Bridge during 1996

and 1997 site visits, however, there was little evidence of survival from one year to the

next. Frequent seedling mortality is a common occurrence in a natural setting (Everitt

1968, Friedman et al. 1995, Scott et al. 1996) and is probably more frequent with the

alteration of natural flow regimes. Increased stream capacities, as a result of

channelization (Leopold et al. 1964, Brookes 1988, Hedman and Osterkamp 1982,

Hupp 1992, Mount 1995), are likely to scour away establishing seedlings, as well as

older individuals, more frequently.

DNA RAPD Analysis

Previous studies and anecdotal evidence suggests that asexual and sexual

reproductive modes are present in natural black cottonwood populations with one mode

being dominant relative to geomorphology (Rood 1994, Reed 1995, McKay 1996). At

the project's onset, it was hypothesized that patterns of reproductive mode would

reflect the acute changes in the habitat disturbance regime. Clonal propagation was

expected to be the dominant mode of reproduction in geologically confined reaches
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whereas sexual regeneration was thought to dominate in unconstrained reaches (Rood et

al. 1994, Scott et al. 1996, McKay 1996). An absence, or asymmetry in distribution,

was hypothesized to be a potential measure of land-use impacts. Under the initial

hypothesis, the fact that no clones were identified suggests that land-use impacts have

sufficiently altered disturbance regimes to attenuate clonal propagation. If this is the

case, genetic variability may be at risk since both modes of reproduction have been

found to significantly increase genetic diversity, ensuring long-term variability of the

species (Reed 1995, McKay 1996). However, if altered hydrologic and habitat

conditions are selecting for only one mode of reproduction, the genetic diversity of

black cottonwood populations is likely to be dangerously imperiled when asexual

versus sexual reproduction is dominant. This cannot be ascertained without further in-

depth study including increased sample sizes as well as more study sites within the

basin network.

Although no clones were detected using RAPD techniques, a band sequencing

index (BSI; ) identified potential clones (Reed 1995, McKay 1996, Difaziopers.

comm., Leonardi peTs. comm). Potential clones are defmed as those individuals with

similarity indices of 0.8 or better (where 1.0 indicates no difference between

individuals). Interestingly, some of the trees most similar in their genetic banding

sequences were trees from the different sites (i.e., some Hilgard individuals were more

similar to some Pierce Lane individuals). The similarity between individuals at these

different sites demonstrates the importance of the interconnectivity of riparian habitat

and the availability of a viable seed source for the long-term viability of black
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cottonwoods. The mixing of seed poois and the transport of plant tissue, via stream

flow, to distant reaches contributes to the evolution and persistence of black

cottonwood (Reed 1995, McKay 1996, Silander 1985). Because RAPD results have

been reported as difficult to reproduce, with banding patterns shown to vary from one

electrophoresis gel to another (Meumer and Grimont 1993, Karhu et al. 1996, Jones et

al. 1997, Difazio and Krutovskiipers. comm.), the "no clone" results may be an

artifact of the techniques used in this study. Future research should address the validity

and reproducibility of the DNA RAPD technique employed in this study. Verification

of RAPD results with other PCR procedures (e.g., micro-satellites) is a logical next

step.

Results presented in this paper and similar studies (Reed 1995, McKay 1996)

have raised some enticing theoretical questions concerning evolutionary ecology, and

population genetics including: 1) do sub-populations of the same species exhibit

varying degrees of genetic variability as Reed (1995) and McKay (1996) reported? If

so, 2) what are the explicit environmental forces which correlate or drive genetic

variability and at what scales? 3) do plants, as self-organizing systems, take advantage

of local environmental conditions producing mosaics of more highly evolved

individuals (i.e., is genetic variability driven more by natural selection or by self-

organization (e.g., rainfall patterns versus somatic mutation) resulting in finer tuning to

local habitat and disturbance conditions leading to ecotypic variation as suggested by

Whitham and Slobodchikoff (1981)? Because the survival of a species depends on a

diverse gene pooi, successful restoration plans must include the maintenance of genetic
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diversity and the processes which sustain this diversity to ensure prolonged persistence

of that species (Fenster and Dudash 1994, Dyer and Rice 1997). Important subsets of

genetic variation within a species must be identified and preserved (Fenster and Dudash

1994). In the case of black cottonwood, we saw that this implies preservation and

restoration of the disturbance dynamics as well as physical structures. This strategy

may lead to an adjustment of restoration activities to achieve optimal results relative to

the status of the genetic make-up of sub-populations. Restoration strategies for sub-

populations of less genetically diverse individuals may require more active and drastic

intervention, and be more costly than those sub-populations of greater variability.



CONCLUSION

In less than 200 years, Euro-American land-use activities have severely altered

many of the natural processes which shape western semi-arid and arid riparian

landscapes. In many instances, human-induced changes in the natural interplay

between pattern and process have greatly contributed to the debasing of and sharp

declines in the occurrences of native terrestrial and aquatic species in these ecosystems.

Because knowledge of the complex interactions between pattern and process is

somewhat limited, restoration efforts often target the restitution of spatial patterns with

little consideration given to the full range of processes which fulfill species

requirements. While past studies have enabled us to recognize process as a critical

piece of the restoration puzzle, few studies have examined the dynamic variability of

process relative to multiple space and time scales (Bradshaw 1998, Lertzman and Fall

1998). A better understanding of the range of natural variability is imperative in order

to devise realizable restoration strategies.

This study developed a theoretical construct and methodology, based on

hierarchy theory, chaos theory, and patch dynamics, to address the ecological problem

of restoration from a landscape perspective. A process-based multiple-scale approach

was explicitly employed to identify the restoration potential of black cottonwood in the

upper Grande Ronde River Basin to demonstrate this problem. Specifically, the role of

disturbance dynamics influencing the geographic extent of cottonwood establishment,

survival, and genetic diversity across spatiotemporal surfaces was investigated. The

102
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proximal goal was to identify sites most suitable for restoration efforts and investigate

species long-term viability. Investigation of more sites within the basin is necessary to

further characterize and unravel pattern-process dynamics of black cottonwood and

characterize the impacts of cumulative effects of land-use activities on this species.

Aerial photographs documented the dramatic changes in black cottonwood

populations over a 50-year time period which have been cited in many other contexts.

Optimal spatial and temporal conditions for cottonwood survival were identified based

on stream channel morphology and a 90-year stream flow record. Several recent

studies report the presence of both asexual and sexual reproduction in wild black

cottonwood populations. According to these studies, one might expect, based on

probability alone, to encounter clones in a sub-population. However, this study

presents ambivalent fmdings; only seed-derived individuals were detected using DNA

RAPD analysis. The apparent lack of clones suggests several possible interpretations:

1) land-use activities bave sufficiently altered the hydrologic regime impairing clonal

propagation. Because recent fmdings indicate that populations where both modes of

reproduction are present are more genetically diverse (Reed 1995; McKay 1996), the

upper Grande Ronde River Basin may be in a more critical state than other studied

Northwest basins. 2) It is also possible that natural selection of reproductive mode

occurs at a scale larger than believed. The critical scale for observing dominant modes

of reproduction may not be fme scales (e.g., reach and sub-reach scales where

geomorphology is thought to influence the natural selection of reproductive mode), but

at the landscape- or basin-level where homogeneous patches of clones and non-clones
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may exist as landscape patches. 3) The "no-clone" result may be an artifact of the

DNA RAPD technique. Clonal absence in the two study sites of the upper Grande

Ronde River Basin underscores the need for baseline knowledge regarding the

distribution of reproduction selection in "natural" settings relative to habitat and

disturbance regimes. It is a question whether the changes in the historic pattern-

process interactions within the upper Grande Ronde River Basin have set in motion

changes we may not, as scientists or members of our present political-economic

society, be able to reverse. In this and similar cases, it is necessary to evaluate

restoration potential relative to current conditions.

Future research should build on the process-based approaches, as illustrated in

this study, to further unravel the significance of the dominance of one mode of

reproduction versus another. A better understanding of this aspect of cottonwood

ecology may provide a reference from which population status can be assessed at

multiple scales. With this information, the designing of realizable restoration and

conservation strategies and viable monitoring plans may be within reach.
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Appendix A-!. Plot layout and locations of stems sampled in the Pierce Lane site.
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Appendix A-2. Plot layout and locations of stems sampled in the Riverside Park site.
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Appendix A-3. Plot layout and locations of stems sampled in the Train Bddge site.
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Appendix A-4. Plot layout and locations of stems sampled in the Spool Cart site.
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Appendix A-5. Plot layout and locations of stems sampled in the Starkey site.
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Appendix A-6. Plot layout and locations of stems sampled in the Hilgard site.
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Appendix A-7. Plot layout and locations of stems sampled in the Red Bridge site.
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geore

Absolute Orientation Report: 1937 Aerial Photo All-l--2-208 (Black/Whit
Control Photo 1964 AH-1-2EE-250
Job: cpicrcc3.job Camera File: cyn37.eam Focal Length:

Left photo orientation (omega, phi, kappa), degs: 0.880542
Object coordnates of left-perspective (X, Y, Z): 417905.072
Object/model scale, object units/mm: 5 1.3658
Expected accuracy: object units: Absolute Orientation Deviations (X, Y,

Absolute Orientation Report: 1937 Aerial Photo AIH-3-243 (Black/White
Control Photo
Job: cpierc37.jb2 Camera File: cyn37.cam Focal Length;

Left photo orientation (omega, phi, kappa), degs: 0.900879
Object coordnates of left-perspective (X, Y, Z): 420594.369
Object/model scaic, object units/mm: 49.2995
Expected accuracy: object units: Absolute Orientation Deviations (X, Y

Absolute Orientation Report: 1937 Aerial Photo AlJ-I-3-30l (Black/Whi
Control Photo
Job: cpierc37.jb3 Camera File: cyn37.cam Focal Length:

Left photo orientation (omega, phi, kappa), degs: -1,397759
Object coordnates of left-perspective (X, Y, Z): 424359.199
Object/model scale, object units/mm: 49.4868
Expected accuracy: object units: Absolute Orientation Deviations (X, Y

Appendix Table A-i: Absolute Orientation Report for digitized aerial photos (1937, 1987) of Pierce Lane stream segment.
Aerial Photos were ferenced to USGS 7.5 quadrangle map sheets and to 1964 corresponding aerial Dhotos.

e) Relative Accuracy +1- 5.14 m

1.111435 -0.03329
5020594.722 5202.699

Z): 6.907 7.949 0.0125

) Relative Accuracy +1- 4.93 m

1.016636 -0.018986
5021106.541 5020.312

Z): 10.437 10.073 0.012

te) Relative Accuracy +1- 4.95 m

-0.986832 0. 122291

5021323.133 5040.367

5.395 6.547 0 00



Absolute On
Control Phot
Job: cpierce

Left photo orientation (omega, phi kapp
Object coordnates or lett-perspective (X,
Object/model scale, object units/mm:
Expected accuracy: object units: Absolu

geo map orresponci photos.

Appendix Table A-i continued: Absolute Orientation Report for digitized aerial photos (1937, 1987) of Pierce Lane stream segment.
Aerial Photos were referenced to USGS 7.5' auadran1e sheets and to 1964 c ing aerial

entation Report: 1987 Aerial Photo NAPP 1174-64 (Color infared) Relative Accuracy +1- 4.49 m
0
87.job Camera File: 116211.cam Focal Length:

a), degs: 0.255216 -1.243064 0.12171
Y, Z): 418888.448 5021390.029 7689.8

44.9193
te Orientation Deviations (X, Y, Z): 11.715 12.886 0.02



Absolute Orientation Report: 1937 Aerial Photo A1H-1-82 (Black/White)
Control Photo
Job: ch37-82.job Camera File: cyn37.cam Focal Length:

Left photo orientation (omega, phi, kappa), degs: -1.549617 -2.025361
Object coordnaies of left-perspective (X, Y, Z): 401326,802 5021080.624
Object/model scale, object units/mm: 51.196
Expected accuracy: object units: Absolute Orientation Deviations (X, Y, Z):

Absolute Orientation Report: 1937 Aerial Photo AIH-1-94 (Black/White)
Job: eh37-94.job Camera File: cyn37.cam Focal Length:

Left photo orientation (omega, phi, kappa), degs: - 1.551565 1.65022
Object coordnates of left-perspective (X, Y, Z): 405416.176 5020625.298
Object/model scale, object units/mm: 55.224
Expected accuracy: object units: Absolute Orientation Deviations (X, Y, Z):

Absolute Orientation Report: 1987 Aerial Photo USDA-F 12 616140A 787-37 (Color)
Job: ch87-787.jb2 Camera File: I 16228.cam Focal Length:

Left photo orientation (omega, phi, kappa), degs: -3.537786 -3.17 1305
Object coordnates of left-perspective (X, Y, Z): 402099.436 5020861.189
Object/model scale, object units/mm: 14.0046
Expected accuracy: object units: Absolute Orientation Deviations (X, Y, Z):

geore photos.

Appendix Table A-2: Absolute Orientation Report for digitized aerial photos (1937, 1987) of 1-lilgard stream segment.
Aerial Photos were ferenced to USGS 7.5' quadrangle map sheets and to 1964 corresponding aerial

Relative Accuracy +1- 5.12 m

-0.048604
5255.117

9.843 7.642 0 366

Relative Accuracy +1- 5.52 m

0.385004
5648.084

5.98 9.692 0.23

Relative Accuracy +1- 1.4 m

-0.02695
3865.112

4.742 3709 0152



Aerial Photos $

corresponding photos.

Absolute Orientation Report: 1987 Aerial Photo USD F 12 616140A 987-9-66 (Col
Job: c87hg-66.jbl Camera File: 1 16228.cam Focal Length:

Left photo orientation (omega, phi, kappa), degs: -5,68363 -12.0261
Object coordnates of left-perspective (X, Y, Z): 403317.967 5022024.5]
Object/model scale, object units/mm: 14.6915
Expected accuracy: object units: Absolute Orientation eviations (X, Y, Z):

Appendix Table A-2 continued: Absolute Orientation Report for digitized aerial photos (1937, 1987) of 1-lilgard stream segment
were georeferenced to USGS 7 5 quadrangle map sheets and to 1964 aerial

A- or) Relative Accuracy +1- 1 47 m

8 -0.130006
1 39001.134

D 11.532 13.248 0.514



Appendix Table B-I. Stream survey data for gaged site (USGS gage 13319000) near Perry, Oregon

Stream x-section: Stream Gauge (Perry) Date: July ii 97
Site elevation: 2800

Cross section of channel at old gage near Perry Weigh Station
Hwy 84 Eastbound

(it)
Manning's N: n=Øb -E nI + n2 + n3 + n4
Base N value (Chow's 1959 base values)

n= (.025 + .001 + .001 + .005 + .08) * I
n= .112

Median Size Bed Ma
Concrete
Rock cut
Firm Soil
Coarse Sand
Fine Gravel (1-2 mm
Gravel (.08-2.5')
Coarse Gravel:

Cobble (2.5

I ngularity (ni
onditions
oured valley w
banks - negligi

0

. ..-
- y

0

stream) Alternating frequently

Slope of H20 Surface: 1%

terial

dist
X

0

elev
Y

4 9 rod reading at 0 distance
0.011 10 66
0.025 20 9.3
0.02 30 10.1

40 10.5
) 0.024 50 10 85

0.025 60 10.8
0.026 70 10.7

-10') 80 120.6
Boulder(>10) 90 108

vegreeoi ) [00 10.9
Channel c n value adjustment I 1C 11
slightly se all near river's edge Smooth 12C 11.15
vegetated bie erosion and Minor 0.001-0.005 13C 10 95
scourin2 Moderate 0.006-0.010 140 11

Severe 0.01 1-0.020 144 12
variation in cnannei x-section (n2) Gradual 148 10.8
flow shifts from side to side (around bars in Alternating occasionall 0.001-0.005 150 10.9 valley vail

0.010-0.015



Appendix Table B-i continued. Stream survey data for gaged slie (USGS gage 13319000) near Perry, Oregon

Sinai! 0.002-0.010
lots of al! trees (willow and cottonwood) Medium 0.010-0.025
several canopy layers; tall grass on bench Large 0.025-0.050
more veg than other sites (density) Very Large 0.050-0.100
Degree of Meandering (m) Minor

Effect oF Obsiruction (n3) Negligible 0.0-0.004
several small bars in stream Minor 0.005-0.015

Appreciable 0.020-0.030

Amount Vegetation (n4)
Severe 0.040-0.050

Appreciable 1.15
Severe 1.3



Appendix Table B-2. Stream survery data for Pierce Lane site east of Island City, Oregon

Manning's N: n=(nb
Base N value (Chow's

n=CO28+.002+O
n = .091

few large cobbles
smooth channel

straight channel

Size Bed Ma
e

it

iii
Sand

avel (1-2 mm
.08-2.5")
Gravel:

Cobble (2.5

I...

,

S

-

e ly
o

geometry

Stream x-sect of channel upstream appx.
site elevation: rande Ronde River Valley
Slope of 1120

ion: Pierce Lane
2710

Surface: 1%
+nl+n2+n3+n4)m
1959 base values)

+ .001 + .06) * 1

vegree Or irrguiarity (flI)
Channel conditions
slightly scoured sides of bank in several
places

UIIiUUU in cnannei x-section (flI
traight channel no aiparent charn in

Date: june 27 97 Cross section 500 from Pierce Lane
bridge over G

cicv iit
X Y

Median terial 0 4.6 rod reading at 0 distance
Concret 0.011 IC 6.4
Rock ci 0.025 20 7.9
Firm Sc 0.02 30 8.8
Coarse: 40 11.2
Fine Gr ) 0.024 50 10
Gravel ( 60 11.2
Coarse 0.026 70 14.65

"-10") 0.028 80 13.6
Boulder(>10') 90 15 1

97 16 15 water's edge
n value adjustment 100 7.3
Smooth 0 1 1C 7.4
Minor 0.001-0.005 12C 7.5
Moderate 0.006-0.010 130 7 6
Severe 0.01 1-0.020 140 7.5
Gradual 150 7.3
Alternating occasional 0.001-0.005 160 7.2
Alternating frequently 0.010-0.015 170 6.9



Appendix Table B-2 continued. Stream surveiy data for Pierce Lane site east of Island City, Oregon

0.0-0. 004

0.005-0.015

0.020-0.030

waters edge

side (going b

Cove Hiway

Large 0,025-0.050
Very Large 0.050-0.100

Degree of Meandering (m) Minor

dist (ft
x

elev (ft)
y

Effect of Obstruction (n3) Negligible 172 15.4 opposite
Minor 18C 12 ack toward

some small riffles/large cobbles Appreciable 190 15 1 13
Severe 0.040-0.050 200 13

-uuuuiu vegeauon n') Small 0.002-0.010 205 11.2
ots of tall grasses few large trees on bench Medium 0.010-0.025 210 4.2

Appreciable 1.15
Severe 1.3



Stream x-sect
site elevaLion:

Slope of 1-120

Manning s N: ii = (jib + ill + n2 + n3
Base N value (Chow's 1959 base values)

n = (0.26 + .004 + .00! + 0 + .01) *

few riffles
few large boulders as negligible obstructi

Median Size Bed Materia
Concrete
Rock cut
Firm Soil
Coarse Sand
Fine Gravel (1-2 Rim)
Gravel (.08-2.5")
Coarse Gravel:

Cobble (2.5-10')

I

Degree of lrrgularit
Channel conditions
scouring/\erosion al
banks a tong outside

n value adjustment
Smooth
Minor (high minor)
Moderate
Severe

- - ly

0

ing freque ly

Appe rvey data for Hilgard site, F-lilgard State Parkndix Table B-3. Steam su

ion: Hilgard Date: june 27 97 Cross section of channel at Hilgard State Park down hill
3000 from pipeline

Surface: 1% dist (ft elev (ft
+ n4)m x y

0 4.8 rod reading at 0 elevation
0.011 ii 8.4 river's edge (valley wall)

I 0.025 [5 9 15
0.02 30 10 S

45 9.3 water depth (2.5
0.024 0 8.9

ons 75 8.9
0.026 90 7.9

92 7.5 river's edge Hug side
Boulder (>10") 105 5.1

y (ni) 120 4.45
135 3.7

ong valley wall and cut 0 150 3
of meander 0.001-0.005 165 2.55

0.006-0.010 180 2.4
0.011-0.020 195 2.3

variation in channel x-section (n2) Gradual 215 2.2
flow may change in some sub-reaches Alternating occasional 0.001-0.005 235 2.1

Alternat nt 0.010-0.015 265 1 75



Appc rvey data for Hilgard site, Hilgard State Park

Degree of Meandering (n)

Large 0.025-0.050
Very Large 0.050-0.100
Minor I

Appreciable 1.15
Severe 1.3

1.4295

1.8325

355
4.4610

ndix Table B-3 continued. Steam su

Effect of Obstruction (n3) Negligible 0.0-0.004
Minor 0.005-0.015

boulders Appreciable 0 020-0.030
Severe 0.040-0.050

Amount Vegetation (n4) Small 0.002-0.010
Medium 0.010-0.025



Appendix Table C-i. WinXpro software output data for stream gage site (USGS gage 13319000) near Perry, Oregon

Control Site: stream gage
Input File: control
Run Date: july 28 97
Analysis Procedure: hydraulic
Cross Section Number: I

Survey Date: july ii 97

Subsections/Dividing Stations
A

Resistance Method: Mannings n
Section A

Low Stagen 0.112
High Stagen 0.112

Stage (ft) # Sec Area(sq ft) Perim(ft) Width(ft) R(ft) DHYD(ft) Slope(ft/ft) n
1 11 18.2 18 0.6 0.6 0.01 0.112
3 247.2 130.2 128.3 1.9 1.9 0.01 0.112
5 514.2 142.5 138.7 3.6 3.7 0.01 0.112
7 801.9 154.7 149 5.2 5.4 0.01 0.112
9 1104.3 161.2 153.4 6.9 7.2 0.01 0.112

11 1415.4 167.7 157.7 8.4 9 0.01 0.112
12 1574.2 171 159.9 9.2 9.8 0.01 0.112



Appendix Table C-I continued. WinXpro software output data for stream gage site (USGS gage 13319000) near Perry, Oregon

VAvg (ft/sec) Q (cfs) Shear Stage Alpha Froude
1 10.47 0.4 1 0.21
2 504.28 14.2 3 0.26

3.1 1609.58 2.3 5 0.29
4 3195.22 3.2 7 0.3

4.8 5298.98 4.3 9 0.32
5.58 7805.65 5.3 11 0.32
5.8 9200.92 5.7 12 0.33



Appendix Table C-2. WinXpro software output data for Pkrce Lane site east of Island City, Oregon

Site: Pierce
Input File: pierce
Run Date: July 29 97
Analysis Procedure: hydraulic
Cross Section Number: 1

Survey Date: june 27 97

Subsections/Dividing Stations
A

U

Resistance Method: Matmings n
Section A

Low Stage n 0.09
High Stage n 0.09

Stage (ft) # Sec Area(sq ft) Perim (ft) Width(ft) R(ft) DHYD(ft) Slope(ft/ft)
2 142.3 79.1 78.5 1.8 1.8 0.01 0.09
3 223.8 85.6 84.7 2.6 2.6 0.01 0.09
4 329 127.2 125.7 2.6 2.6 0.01 0.09
5 461.4 141.3 139.2 3.3 3.3 0.01 0.09
6 603.5 147.4 145 4.1 4.2 0.01 0.09
7 760.5 172.3 169 4.4 4.5 0.01 0.09
8 931.6 177 173.1 5.3 5.4 0.01 0.09
9 1106.7 181.7 177.1 6.1 6.2 0.01 0.09

10 1289.2 193 187.9 6.7 6.9 0.01 0.09
11 1482.4 204.2 198.6 7.3 7.5 0.01 0.09
12 1683.9 210.6 204.3 8 8.2 0.01 0.09
13 1891 216.9 210 8.7 9 0.01 0.09



Appendix Table C-2 continued. Wiaxpro software output data For Pierce Lane site east of Island City, Oregon

VAvg(ft/sec) Q(cfs) Shear Stage Alpha Froude
2.4 348.3 1.1 2 0.32
3.1 703.48 1.6 3 0.34
3.1 1026.56 1.6 4 0.34
3.6 1681.62 2 5 0.35
4.2 2556.56 2.3 6 0.37
4.5 3388.59 2.8 7 0.37

5 4667.32 3.3 8 0.38
5.5 6111.44 3.8 9 0.39
5.9 7571.6 4.2 10 0.4
6.2 9200.69 4.5 11 0.4
6.6 11148.21 5 12 0.41

7 13262 5.4 13 0.41



Appendix Fable C-3. WiaXpro software output data for Ililgard site, Hiigard State Park near 1-lilgard, Oregon

Site: Hilgard
Input File: hilgard
Run Date: July 29 97
Analysis Procedure: hydraulic
Cross Section Number: 1

Survey Date: june 27 97

Subsections/Dividing Stations
A

U

Resistance Method: Manning's n
Section A

Low Stage n 0.04
High Stage n 0.04

Stage (ft) # Sec Area(sq ft) Perim (ft) Width(ft) R(ft) DHYD(ft) Slope(ft/ft)
2 30 30.3 30 1 1 0.01 0.04
3 102.9 82.2 81.2 1.3 1.3 0.01 0.04
4 194.5 100.2 99.5 1.9 2 0.01 0.04
5 299.1 110.7 109.7 2.7 2.7 0.01 0.04
6 414 121.2 120 3.4 3.5 0.01 0.04
7 542.3 138.1 136.7 3.9 4 0.01 0.04
8 687.3 155.1 153.3 4.4 4.5 0.01 0.04
9 879 202.1 200 4.3 4.5 0.01 0.04

10 1303.5 491.5 489.2 2.7 2.7 0.01 0.04
11 1857.3 621 618.3 3 3 0.01 0.04
12 2476.4 622.9 620 4 4 0.01 0.04
13 3096.4 622.9 620 5 5 0.01 0.04



Appe pro Igard Igard, Oregonndix Table C-3 continued. WinX

VAvg(ft/sec)

software output data for Hilgard site, Hi

Q(cfs) Shear Stage Alpha

State Park near Hi

Froude
3.7 111.09 0.6 2 0.65
4.3 444.93 0.8 3 0.68
5.8 1127.45 1.2 4 0.73
7.2 2161.81 1.7 5 0.77
8.4 3498.17 2.1 6 0.8
9.3 5027.14 2.4 7 0.82

10 6906.63 2.8 8 0.84
9.9 8723.9 2.7 9 0.83
7.1 9303.2 2.7 10 0.77
7.7 14361.61 1.9 11 0.79
9.3 23149.73 2.5 12 0.82

10.8 33594.42 3.1 13 0.86



Appendix Table D-1. DNA band scores for black cottonwood individuals in Hilgard and Pierce Lane sites.
Size-classes, geomorphic features upon which individuals were encounered,
and identification of trees sam also noted.

Obs. Size Geo- ReproN
Site Tree I n cn cn cn cn o 'o o " 'cNo. Class morph ModeNN

Pierce I id S F S 101001010101111 111
Pierce 2 2a S F S 100001001110011 101
Pierce 3 2c S I S 001111010110000 001
Pierce 4 4a M I S 111010111111011 101
Pierce 5 4b S I S 111010111111011 100
Pierce 6 4c M I S 100011011101011 001
Pierce 7 5a M I S 110011111111011 100
Pierce 8 5b M T S 010111100110100 101
Pierce 9 5c S T S 001011101110011 100
Pierce 10 6d M I S 011111111110011 000
Pierce 11 7b M I S 110000110011011 111
Pierce 12 6c M T S 000011010001111 000
Pierce 13 ic S F S 110001110001111 101
Pierce 14 lb S F S 011001110001111 000
Pierce 15 la M F S 110011000101011 100
Pierce 16 5d M T S 100001010001111 100
Pierce 17 6b M T S 101001000101111 100
Pierce 18 4d S T S 111011110101011 101
Pierce 19 6a S F S 101011000001111 001
Pierce 20 2d S I 5 101100110101011 100
Pierce 21 7c M I S 101001000101111 101
Pierce 22 2b M I S 101100110100011 100
Pierce 23 7a M T S 011110001101110 001



ack cottonwo

upon which
samp

Appendix Table D-1 continued. DNA band scores for bi
and Pierce Lane sites. Size-classes, geomorphic features
and identification of trees led also noted.

od individuals in Hilgard
individuals were encountered,

Obs. Size Geo-Site Tree n m c c. cn cn 'o o oNo. Class morph Mode N N N S S N N
Hilgard 24 16a M F S 111010111110010 000
Hilgard 25 la S B S 110001010000110 001
Hilgard 26 7b S F S 111011110111010 101
Hilgard 27 2a S F S 110011011111010 011
Hilgard 28 lib S F S 110010011101010 000
Hilgard 29 4a S B S 100111111110010 001
Hilgard 30 2b M F S 110011010111010 010
Hilgard 31 ic M B S 101111111110010 001
Hilgard 32 lb M B S 000111110111110 010
Hilgard 33 5b S F S 111010110110010 000
Hilgard 34 3c S F S 101010110010010 101
Hilgard 35 3b S F S 101010110010011 101
Hilgard 367b S F S 100010010111110 100
Hilgard 37 7a S F S 111001010010110 000
Hilgard 38 6c S F S 010100101111110 001
Hilgard 39 8b S B S 001100110101010 101
ililgard 40 7c S B S 000010110111010 001
Hilgard 41 17a M F S 110010010111010 001
Hilgard 42 lOa S F S 000010011101000 101
Hilgard 43 9c 0 F S 110010110111010 101
Hilgard 44 9b M F S 110010110111010 001
Hilgard 45 12b S F S 000101010110011 001
Hilgard 46 12a S F S 110101010110111 001
Hilgard 47 lOb S F S 100010010111011 001
Hilgard 48 18b S F 5 100001000100011 001



ack cottonwo
upon which
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Appendix Table D-1 continued. DNA band scores for bI od individuals in Hilgard
and Pierce Lane sites. Size-classes, geomorphic features individuals were encountered,
and identification of trees sam also noted.

Obs Size Geo-Site Tree
i-.- - N N N N fl cfl rfl rnNo. Class morph Mode

Hilgard 55 14b S F S 101110101010 1 100
Hilgard 56 14a S F S 101110101010 1 101
Hilgard 57 Sc S F S 1 0 0 1 1 1 1 0 1 0 0 0 1 0 0 1

Hhlgard 58 2c M F S 010010100011 1 101
Hilgard 59 3a S F S 011101100100 1 101
Hilgard 60 8c S B S 011001101011 1 100
Hilgard 61 lic S F S 100110111010 1 101
Hilgard 62 5a S F S 1 0 0 1 1 1 1 0 0 0 0 0 1 0 0 1

Hilgard 63 ha S F S 000 1001o1010 1 001
Hilgard 64 12c S F 5 110100101010 1 100
Hilgard 65 4c S B S 101001101010 1 011
Hilgard 66 9a M F S 0 0 0 1 1 1 1 0 1 0 1 0 1 1 0 0
Hilgard 67 6b S F S 1 0 1 0 0 1 0 0 0 0 0 1 1 0 0 1

Hilgard 68 6a S F S 101001000001 0 001


