
Introduction

The distribution of riparian plant communities is deter-

mined by complex interactions between forest succession,

physical, biological and environmental variables that vary

over spatial and temporal scales (Bendix 1994). In riparian

areas, the nexus between soil condition, disturbance fre-

quency, reproductive traits and shade tolerance plays a key

role in determining the vegetation that naturally develops at

a site (Kaufmann et al. 1997, Beach and Halpern 2001).

Floodplain forests in the western hemlock (Tsuga hetero-

phylla) forest zone of western Washington and Oregon are

frequently disturbed by events such as channel migration,

landslides, debris flows and flooding (Franklin and Dyrness

1973, Agee 1988). These events can remove existing vegeta-

tion and scour organic matter from the soil surface, resetting

the successional process. Locations subjected to repeated in-

tense flooding or landslides provide conditions that often

yield a hardwood or shrub dominated climax community

(Volk et al. 2003). In the western hemlock zone, some of

these climax associations include: red alder/salmonberry (Al-

nus rubra / Rubus spectabilis), red alder/vine maple (A. ru-

bra / Acer circinatum), and red alder/ swordfern (A. rubra /

Polystichum munitum) (Franklin and Dyrness 1973, Hender-

son 1978, Shainsky and Radosevich 1992).

Riparian areas frequently exhibit a high degree of fine-

scale spatial variability in elevation and slope. As a result,

there is considerable spatial variation in the susceptibility to

fluvial disturbances which affects riparian forest structure,

composition and succession (Fonda 1974, Hawk and Zobel

1974, Hupp and Osterkamp 1985, Hupp 1986, Baker and

Walford 1995, Rot et al. 2000). Most of the research that has

examined the influence of riparian topography on vegetation

has occurred along larger river systems. Hawk and Zobel
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(1974) studied forest succession on alluvial landforms in the

McKenzie River Valley, Oregon. They classified vegetation

on three geomorphic landforms, including terraces, flood-

plains and glacial outwash plains. The authors found that

variation in edaphic factors and moisture availability among

the landforms exerted a major influence on plant composi-

tion and stand development. Eight plant communities were

identified across these geomorphic surfaces. Fonda (1974)

studied the effects of terrace formations on forest succession

along the Hoh River, Washington. He found a pattern of early

seral red alder stands in the floodway zone and more devel-

oped seres dominated by Sitka spruce (Picea sitchensis) and

western hemlock communities on progressively older terrace

levels. Rot et al. (2000) represents one of the few studies on

this topic which have examined smaller streams in mountain-

ous terrain. They examined the relationship of riparian forest

composition in old-growth stands to geomorphic charac-

teristics such as channel configuration, valley constraint,

geomorphology and channel bedform. Landform and dis-

tance from the active channel were found to be key determin-

ing factors of riparian canopy composition. Deciduous spe-

cies, especially red alder, were most numerous on low-lying,

floodplain landforms while surfaces higher above the chan-

nel supported higher levels of conifer. They attributed this

difference among landforms to their relative susceptibility to

fluvial disturbances. Baker and Walford (1995) investigated

the influence of fluvial processes, landforms and stand age

on riparian vegetation along a river reach in montane south-

western Colorado using correspondence analysis. They

found that floristic patterns were closely correlated with time

since last flooding.

In many areas of western North America, successional

trajectories in streamside forests have been altered as a result

of logging and other land clearing disturbances. In the coastal

regions of the Pacific Northwest, these activities often cause

red alder to become much more abundant in riparian areas

than was the case historically (Mikkelsen 2001, Compton et

al. 2003, Volk et al. 2003). One of the results of the increased

prevalence of deciduous trees in riparian areas has been a de-

cline in the input of large wood to streams in the region

(Beechie and Sibley 1997, Bilby and Bisson 1998, NCASI

1999). Recognition of this problem has led to the implemen-

tation of a variety of restoration strategies designed to ad-

dress this deficiency. Deliberate addition of conifer wood to

streams flowing through riparian areas dominated by hard-

woods has been widely practiced throughout the Pacific

Northwest (Roni et al. 2002). There have also been many ef-

forts to restore conifers to hardwood-dominated stands by re-

moving the current overstory and planting conifers or releas-

ing conifer seedlings and saplings present in the understory

(Roni 2005). Often these projects are implemented without

regard for the influence that fluvial disturbance and moisture

availability can have on the successional, trajectory of a spe-

cific site. A thorough appreciation of the floristic variation

among riparian landforms might help to focus these restora-

tion efforts at those locations where conifer establishment is

likely to be successful.

The research presented here contributes to the body of

work regarding the influence of landform on plant commu-

nity characteristics in riparian areas. Rot et al. (2000) exam-

ined tree species distribution by landform in riparian areas in

old-growth stands. However, they did not assess shrubs or

non-woody vascular plants and did not examine sites that had

previously been disturbed by human activities. We used tech-

niques to examine the relationship between landform type

and the distribution of the complete vascular plant commu-

nity in an area that was logged in the past. There were three

primary objectives for this work: 1) To examine the influence

of landform on floristic patterns, 2) To identify some of the

factors that might be responsible for the observed floristic

patterns. 3) To identify locations where re-establishment of

conifer trees would have the greatest chance of success.

Study area

The Cedar River Municipal Watershed (CRMW) is man-

aged by the City of Seattle and located roughly 50 km east of

the city on the west side of the Cascade Range (121.99
�
W,

47.47
�
N). The CRMW is a mountainous landscape and

nearly the entire watershed (360 km
�
) is forested. Elevations

range from roughly 150-1,700 m (City of Seattle 2000). The

area experiences a maritime climate characterized by dry

summers and wet winters. Precipitation ranges from 1500 –

3000 mm annually, increasing with elevation and much of

the precipitation at the higher elevations in the watershed oc-

curs as snow (Franklin and Dyrness 1973).

Historically, the watershed was utilized for both timber

production and a source of water. Currently it is managed as

an ecological reserve and municipal water supply area, rep-

resenting a primary source of fresh water for the central

Puget Sound region. Logging within the watershed began in

the 1880s and continued to the 1990’s; many stands were last

cut in the 1930s (City of Seattle 2000). The watershed con-

tains stands ranging in age from 10-800 years. Due to the log-

ging history, second growth forests are heavily represented

(28,000 ha). Some areas have never been logged and cur-

rently support late-successional and old-growth forests; 16%

of the area is occupied by forest > 300 years of age (6000 ha),

most of which is fragmented (City of Seattle 2000). More

than half of the watershed has stands over 50 years old.

The watershed is primarily within the western hemlock

forest zone (Franklin and Dyrness 1973). Much of the area is

dominated by stands of Douglas-fir (Pseudotsuga menziesii)

established after logging. The primary conifer species in the

watershed are Douglas-fir, western hemlock, mountain hem-

lock (Tsuga mertensiana), western redcedar (Thuja plicata),

Pacific silver fir (Abies amabilis), grand fir (Abies grandis)

and subalpine fir (Abies lasiocarpa). Douglas-fir is the domi-

nant species found at lower elevations along with western

hemlock while Pacific silver fir is found at mid elevations

and mountain hemlock and subalpine fir at the highest eleva-

tions. Hardwoods such as red alder, bigleaf maple (Acer

macrophyllum) and black cottonwood (Populus trichocarpa)

are common primarily in riparian areas. Common understory
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shrub species are salmonberry, vine maple, Sitka willow

(Salix sitchensis), swordfern, Oregon grape (Mahonia ner-

vosa) and huckleberry (Vaccinium spp.).

Methods

Site selection

Study sites were selected randomly from riparian areas

along moderate gradient (< 4 percent gradient), unconfined

to moderately confined reaches of the main stem of the North

and South Forks Cedar River; Rex River; and Boulder Creek.

Only sites that had been harvested approximately 45 to 85

years ago were included. All of these reaches have unregu-

lated flow and are upstream of the Masonry Dam, below

which flow is regulated in the Cedar River. The number of

sites per reach was proportional to the fraction of total avail-

able stream for sampling represented by a given reach.

Within a reach, sites were selected by randomly locating dis-

tances along the reach length using ArcView 3.3 and navigat-

ing to the assigned plot locations using a Global Positioning

System (GPS), map, and compass. At each site (13), two

plots were located on opposite banks of the stream (26 plots).

Plots were monumented with rebar and PVC pipe, and the

plot centerline at the stream edge was recorded with a GPS.

Plots were installed perpendicular to the stream bank, ex-

tending 20 m along the bankfull edge and extending upslope

45 m. Each plot was subdivided into 5 subplots, giving a

combined total of 130 subplots across the 26 plots. The sub-

plots were numbered sequentially from 1 to 5, with subplot

#1 being closest to the stream bank and subplot #5 being on

the upslope side. All data were recorded by subplot. A GIS

polygon layer was created to delineate the plot boundaries

using distance/azimuth tools (Jenness 2003).in order to pre-

serve the actual location and orientation of the plot

Vegetation sampling

Trees. All trees in the plot ≥ 13 cm diameter breast height

(dbh) were recorded for subplot location, species, dbh, and

crown class (Henderson and Lesher 2002). Trees were

tagged with aluminum numbered tags for future monitoring.

Stem density and basal area were calculated.

Heights of trees in each crown class were measured with

a laser rangefinder and recorded by tree number. Typically,

at least 10 trees per plot were measured for height. Increment

cores of trees were taken at breast height from 4 to 10 of the

trees measured for height to estimate stand age. Tree core

samples were wrapped in paper to protect the core structure,

and dried for several days indoors at room temperature. They

were then glued into grooved boards and sanded to produce

a uniform planar surface smooth enough to allow counting of

tree rings with a microscope. For the purposes of our analy-

sis, the number of rings was considered to be equivalent to

the age of the tree.

Seedlings and saplings. Young trees were defined as stems >

15 cm in height and < 13 cm dbh. Three different size classes

of young trees were established: class (1): between 15 and

140 cm height; class (2): > 140 cm height and < 8 cm dbh;

class (3): > 140 cm height and between 8 and 13 cm dbh. In

addition to size class, subplot number, species, and the sub-

strate (mineral soil, coarse woody debris and stumps) were

recorded for all seedlings and saplings. Where emergents

were extremely numerous (> 200 saplings per plot), they

were recorded only in the upstream half of each subplot.

Seedling and sapling density was estimated from these data.

Shrubs. Percent cover of shrubs (≤ 1.8 m high) and sword

fern were recorded. Shrub cover was measured by species

along the centerline transect of the plot (extending from the

channel edge to the upslope edge of the plot) using the line-

intercept method (Canfield 1941). Shrub cover intercepting

the centerline transect was recorded to the nearest 10 cm in-

crement.

Herbs. Herb cover was measured within a 1 m
�

quadrat lo-

cated at the center of each subplot at 2.5, 10, 20, 30 and 40 m

along the centerline transect. Within each quadrat, the cover

of all herb and fern species was estimated using a modified

Daubenmire (1959) cover class method. Herbs were re-

corded by subplot number and species.

Landform surface classification

Riparian geomorphic surfaces were assigned to one of

four landform classes based on topographic characteristics

and position relative to the stream channel: low floodplain,

high floodplain, terrace and hillslope. This classification

scheme was based on a system described in Rot et al. (2000).

Elevation data were collected at each site following standard

surveying methods using a stadia rod and a hand level

mounted on a monopod. The elevation data were used to pro-

vide a profile of the valley floor and walls, and used in the

landform classification (Table 1). Subplot elevation was cal-

culated as the average of the elevation measurements within

its boundaries. Flood frequency for a given subplot was de-

termined by relating discharge, stage, and flow recurrence in-

terval to an elevation profile established across the stream

channel and along the centerlines of the plots on each side of

the stream.

Inundation frequency of the landforms was estimated us-

ing an analysis of high flows within the stream channel adja-

cent to the riparian plots. The elevation of the 100 year peak

flow was estimated as 2x the bankfull elevation, as measured

from the thalweg depth to the edge of permanent vegetation

(Rosgen 1998). The 2 year floodplain was defined as the ele-

vation inundated by a peak flow with a 2 year recurrence in-

terval. To estimate the 2 year peak flow, we used the formula

presented in USGS (2001) for estimating peak flows in un-

gaged areas of gaged basins (all the basins in which riparian

plots were located have USGS gaging stations), given by

where Q� is the peak discharge, in cubic feet per second, at
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the ungaged site for a specific recurrence interval, Q� is the

weighted peak discharge, in cubic feet per second, at the

gaged site for a specific recurrence interval, A� is the contrib-

uting drainage area, in square miles, at the ungaged site, A�

is the contributing drainage area, in square miles, at the gaged

site, and x is the exponent for the region in which both sites

are located (0.98 for King County, Washington).

For 2-year peak flow discharges at the gaged locations

(Q�), we used the 2 year flow calculated using a log Pearson

Type III distribution of peak flow data from the following

gages:

Mainstem Cedar River: USGS gage 12115000;

North Fork Cedar River: USGS gage 12113500;

Boulder Creek: USGS gage 12115700;

Rex River: USGS gage 12115500.

The elevation, or stage, which is inundated at the 2 year peak

flow, was determined for each site using the software

WinXSPRO (USDA Forest Service and WEST Consultants,

Inc. 1998). WinXSPRO is a channel cross-section analyzer

that calculates the stage of a given discharge, as well as a va-

riety of other hydraulic variables. The “User-Supplied Man-

ning’s n resistance method” was used in this analysis, which

required a specified Manning’s n for each profile. Manning’s

n was estimated for each profile using Barnes (1967) as a

guide. During plot sampling, elevation profiles from each

site were made across the stream channel and through the

centerline of paired plots at each riparian sampling site. Only

the stream channel and channel bank portions of the profiles

were used in the WinXSPRO analysis, as we wanted to de-

termine the stage of bankfull discharge (i.e., the 2 year peak

flow) at each site. The contributing drainage area above each

sample site was calculated using ArcView 3.3.

Statistical analysis

Summary statistics were calculated using MS Excel 2002

and MS Access 2002. Data transformations and multivariate

procedures were performed using PC-Ord 4.3.3 (McCune

and Mefford 1999). Data transformations were performed to

mitigate the zero truncation effect and reduce the spread of

values. Species that occurred ≤ 2 times were deleted in order

to reduce the scarcity of the dataset. A log (x + 1) transfor-

mation was applied to the tree abundance data. A general re-

lativization and arcsine–square root transformation was ap-

plied to the percent cover data for shrubs and herbs (McCune

and Grace 2002). The relationship between landform and

floristic patterns was tested using multiple techniques in or-

der to determine if there was consistency in results using dif-

ferent procedures. This approach provided added assurance

that the patterns recognized by any one method were actually

occurring.

Multivariate group classification techniques

Multi-Response Permutation Procedures (MRPP). MRPP is

similar to MANOVA, but does not require assumptions of

normality or homogeneity of variances, which are seldom

met with ecological community data (Mielke 1984, Biondini

et al. 1985, Mielke and Berry 2001, McCune and Grace

2002, Peck 2004). This procedure was used to examine the

differences in plant assemblages across the landform types.

A Sorensen (Bray-Curtis) distance measure was used, and

two test statistics were calculated. The T Statistic measured

between-group separability. A large negative T value (≤ -9.0)

indicates high separability (i.e., the more negative the test

statistic, the greater the species differences among the

groups). The A Statistic estimated the within-group homoge-

neity and was chance-corrected. The A statistic ranged from

0.0 – 1.0 with higher values indicating a high degree of ho-

mogeneity. A is usually < 0.1 when there are a high number

of species.

Indicator Species Analysis (ISA). The ISA classification

method used abundance and frequency (cover) data to exam-

ine the faithfulness of a plant to a particular landform cate-

gory. The null hypothesis was no difference in species re-

sponse across landform classes. The result produced

indicator values (IV) for each species by landform (Dufrene

and Legendre 1997). IV scores ranged from 0-100 based on

relative abundance and frequency within each class. The

higher the IV score, the more closely correlated the taxon was

to a particular landform. A Monte Carlo test was used to

evaluate the statistical significance of the maximum indicator

value recorded for a given species (Dufrene and Legendre

1997, McCune and Mefford 1999, McCune and Grace 2002,

Peck 2004).

In order to interpret the results, each taxon was defined

by its distribution pattern based on how the IV scores were

allocated across the geomorphic classes. The results pro-

duced two contrasting distribution patterns that were called

“faithful” and “transitional”. A plant was defined as faithful

to a landform, if it was highly correlated with one landform

and not the others. A species was considered “transitional” if

Table 1. �������������	 ��
��� �� ����	�	� ��� ��	���� ��������
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it exhibited the highest correlation on one landform but also

exhibited lower IV scores for other types.

Ordination techniques

Weighted Averaging (WA). This ordination technique uses a

priori knowledge of species attributes, such as moisture tol-

erance, to produce ordination scores (Curtis and McIntosh

1951, Whittaker 1967, Reed 1988, Gauch 1982, McCune and

Grace 2002). We employed WA using moisture tolerance

values in order to explore the influence of variation in mois-

ture availability among landforms on floristic patterns. WA

was conducted only for understory plants. Shrub, herbaceous

and fern taxa were assigned a wetland indicator value accord-

ing to their tolerance of hydric soils (Reed 1988). The indi-

cator values ranged 1 for “upland species” (plants that almost

always occur in non-wetlands) to 10 for “obligate wetland

species” (plants that almost always occur in wetlands). Mois-

ture tolerance codes were assigned to each species and used

as categorical variables and the abundances of species were

used as continuous variables to weight the values in the cal-

culation of moisture scores for each subplot. A wetness index

for each subplot was generated.

Non-metric Multidimensional Scaling (NMS). NMS is an or-

dination technique that was used to explore the effect of land-

form on plant distribution. NMS has been shown to provide

a realistic representation of the variation in plant community

data and is often preferred over other indirect gradient analy-

sis methods, such as principal components analysis and de-

trended correspondence analysis, for this reason (Fasham

1977, Minchin 1987, ter Braak 1994). NMS uses rank order

information in a dissimilarity matrix replacing the problem-

atic assumption of linearity with the assumption of mono-

tonicity (Shepard 1962, Kruskal 1964a, b, Gauch 1982). This

procedure measures the departure from monotonicity in the

relationship between the dissimilarity (distance) in the origi-

nal p-dimensional space and distance in the reduced k-di-

mensional ordination space (Gauch 1982, McCune and Mef-

ford 1999, McCune and Grace 2002). It conducts an iterative

search for a ranking and placement of n entities on k dimen-

sions (axes) that minimizes the “stress” of the k-dimensional

configuration. “Stress” is a measure of the departure from

monotonicity. Stress levels from 10-20 are considered good

solutions (Clarke 1993, Peck 2004). NMS was executed with

a Sorensen (Bray-Curtis) distance measure. Significance of

results was tested using a Monte Carlo permutation proce-

dure (McCune and Mefford 1999).

Results

Multivariate analysis

Multi-Response Permutation Procedure. The MRPP analy-

sis clearly indicated a relationship between landform and

plant community composition. The T statistic, which meas-

ures between landform heterogeneity, was -17.8, signifying

strong dissimilarity in plant communities among the four

groups (Table 2). The A statistic measured the within-group

homogeneity of landform types. This analysis showed a sig-

nificant A (A=0.1) which suggested a similarity of plant as-

semblages within each landform type. The separability

among landforms was a much stronger relationship given the

large negative T statistic.

Indicator Species Analysis . The IVs provided an index of the

relative abundance and frequency of a species correated with

a landform class (Table 3). Out of a set of 56 taxa, half ex-

hibited a strong correlation with landform based on IV.

Twenty-two of the species exhibiting a correlation with land-

form were identified as “faithful” to a single landform, oc-

curring on other types rarely or not at all. Conifer and hard-

wood trees showed a distinct distribution relative to the

geomorphic classes. Red alder indicated a decreasing gradi-

ent whereby it was highly correlated with the lowland forma-

tions and then decreased progressively towards the hillslope.

Douglas-fir was faithful to the hillslope, only rarely being

found on other landforms. Western hemlock and western

redcedar were common on hillslopes and terraces but rare in

the lowlands. Conifer saplings were most prevalent on the

high floodplain and hillslope while still found, at much re-

duced abundance, on the other two surfaces. The hardwood

saplings were strongly correlated with the low floodplain and

moderately correlated with the high floodplain. The tree data

indicated a pattern of deciduous dominance in the valley bot-

tom and conifer in the uplands.

The understory taxa stink currant (Ribes bracteosum),

Sitka willow, Scouler’s corydalis (Corydalis scouleri) and

pig-a-back plant (Tolmiea menziesii) all exhibited a high de-

gree of correlation with the low floodplain (Table 2). Thim-

bleberry (Rubus parviflorus) and trailing blackberry (Rubus

ursinus) were equally correlated with both low and high

floodplains. Enchanter’s nightshade (Circaea alpina), bleed-

ing heart (Dicentra formosa) and Cooley’s hedge-nettle

(Stachys cooleyae) were almost exclusively correlated with

the high floodplain. Salmonberry was strongly correlated

with both floodplain landforms but also exhibited high IV for

the terrace, but lower than that for floodplains. Fool’s huck-

leberry (Menziesia ferruginea) was highly correlated with

the terrace while Oregon grape was faithful to the hillslope.

Lady fern (Athyrium filix-femina), false-lily-of-the-valley

(Maianthemum dilatatum), five leaved bramble (Rubus

pedatus) and foam flower (Tiarella trifoliata) were all highly

associated with the terrace while trillium (Trillium ovatum)

and the violet (Viola sempervirens) were found exclusively

on hillslopes. Interestingly, none of the herbacious taxa were

distributed in a transitional pattern, but rather they were all

faithful to a particular landform type.

Table 2. ���� ���� ���������� ������	� ����������� �	� �����

��	� ����� �
� ��� ��	���� ������
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Table 3. ��� �	������ ������ �� ���
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Weighted Averaging ordination. The WA ordination values

correlated well with the landform classification of each sub-

plot. The floodplain subplots all clustered near the wet end of

the distribution and the upland subplots occupied the dry end.

The distribution in abundance of four taxa along the ordina-

tion axis is shown in Figure 1. These species were illustrative

of plant distribution along a gradient of increasing elevation

above the channel. Stink currant was most abundant on the

low end of the axis and mostly occurred on low and high

floodplains. In contrast, Oregon grape was most plentiful on

the high end of the gradient, especially on hillslope subplots.

Salmonberry was found to be more evenly spread across the

axis; however, it was most profuse on the floodplains. In con-

trast, swordfern was widely dispersed across the higher ele-

vation end reaching peak abundance on hillslopes and ter-

races but rarer on the floodplain landforms.

Non-metric Multidimensional Scaling ordination. The final

results of NMS produced a minimum “stress” of 13.3 and

produced a significant result in the Monte Carlo test. This

low level of stress was indicative of a good fit to the mono-

tonic line. Ninety percent of the variation in the dataset was

explained by the three NMS axes with 74% explained by the

first two axes (Table 4). Axis 2 explained more of the vari-

ability than axis 1. To evaluate statistical independence, cor-

relations were calculated between pairs of axes expressed as

% orthogonality (Table 5). These pairwise comparisons dem-

onstrated that all the axes were essentially orthogonal signi-

fying they were statistically independent. Given that most of

the variability was represented by the first two axes, our in-

terpretation was limited to these two dimensions.

Twenty-four taxa of the 56 included in the ordination ex-

hibited strong correlations with one or more of the axes (Ta-

ble 6). Some field-measured site variables showed a relation-

ship (r = 0.2) with of axis 1. Height above the channel and

slope (%) were positively correlated with axis 1. Nonethe-

less, the relationship of axis 1 with slope and height above

the channel suggested that this axis may represent a gradient

in moisture and exposure to fluvial disturbance. As elevation

and slope increased, moisture and frequency of inundation

would be expected to decrease. Thus, along axis 1 the wet,

floodplain sites were located on the left and dry sites to the

right. None of the field measured environmental variables

were correlated with axis 2; however, the distribution of flora

along this axis suggested a disturbance gradient.

Hardwood and conifers were differentially positioned in

ordination space (Figure 2). Young deciduous trees showed

a very strong negative correlation (r = -0.76) with axis 1;

their abundance increased to the left of the axis as elevation

and slope declined and moisture and flooding increased (Fig-

ure 2). There was a positive correlation with axis 2 (r = 0.21),

also suggesting a response to disturbance, although this rela-

tionship was weaker. This analysis illustrated that hardwood

saplings were more abundant on lowland plots. Mature red

alder (Figure 2) was positively correlated (r = 0.53) with axis

2 and found predominantly in lowland areas. However, red

alder was also found on the upland landforms albeit to a

lesser extent. This suggested that alder is well adapted to a

wide range of conditions within the riparian zone. In contrast

mature Douglas-fir (Figure 2) was most abundant on the ter-

race and hillslope landforms exhibiting an inverse relation-

ship to the axes. It was positively correlated with increasing

elevation and slope while being negatively correlated with

disturbance.

The NMS results for understory vegetation were similar

to those produced with the ISA and WA methods. Oregon

grape was positively associated with the elevation/slope gra-

dient and found abundantly on the hillslope sites. In contrast,

Sitka willow was negatively correlated with axis 1, suggest-

ing a preference for lowland sites, but not correlated with axis

2. Salmonberry and swordfern were both positively corre-

lated with axis 2 and swordfern also was positively correlated

with axis 1, increasing in abundance as elevation and slope

increase. Both species occurred on a range of landforms, yet

salmonberry trended towards floodplains and swordfern on

terraces and hillslopes.

Discussion

We employed a variety of multivariate statistical tech-

niques to examine the distribution of the full riparian plant

community by landforms. Each technique had strengths and

weaknesses relative to their application to this dataset. We

chose to use multiple tools in order to look for congruence in

the results from these various analytical techniques, offering

added confirmation regarding the relationship between land-

form and riparian plant communities. The use of multiple

techniques to evaluate vegetation patterns is an approach that

has been applied in other studies examining similar ques-

tions. Mawhinney (2003) used MRPP to classify sites based

on wetness and was able to demonstrate that vegetation char-

acteristics were statistically different (p< 0.001) among three

water regimes; wet, intermediate and dry. Mawhinney

(2003) also used ISA to evaluate the value of different spe-
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cies for indicating wetland conditions. Inundation frequency

was used as a grouping variable to determine which commu-

nities were characterized by each of three flood regimes. In

addition, a study by Pittillo and Prater (2005) implemented

NMS and ISA to assess the effects of development on shore-

line vegetative communities. Their findings revealed signifi-

cant differences between plant assemblages on developed

and undeveloped shoreline areas.

The results from the various analytical techniques we ap-

plied were in close agreement (Table 7). The strong negative

T value produced in the MRPP analysis indicated a distinct

difference in floristic patterns occupying the four riparian

landforms. Results from the ISA technique corresponded

closely with those of the MRPP analysis. About half of the

56 species included in the ISA analysis were significantly

correlated with particular landforms. Trees tended to be cor-

related with more than one landform, but none of them were

found to be equally abundant across all four. Deciduous trees

dominated on the floodplain and conifers on the upland land-

forms. There were also clear distinctions in the distribution

of understory plants among landforms identified by this

analysis. Interestingly, the herbaceous taxa were all strongly

correlated with a particular landform and none displayed

comparable representation across multiple landforms. This

pattern could imply that the habitat requirements of her-

bacious plants tend to be more specific than for shrub or

overstory taxa.

The WA ordination strongly suggested that moisture

availability plays a role in determining the distribution of ri-

parian plants among landforms (Figure 1). Floodplain sub-

plots were at the wet end of the gradient while slope and high

terrace types were on the dry side. Species such as stink cur-

rant were heavily represented on the floodplain landforms on

the wet end of the gradient. In contrast, Oregon grape was

highly correlated with hillslopes and dry conditions. The re-

sults for salmonberry and swordfern demonstrated yet a dif-

ferent pattern. These taxa were found to be widely distributed

along the gradient but still more heavily represented at one

end or the other. However, the broad distribution of these two

species suggested that certain plants were capable of outcom-

peting other species across a range of moisture and distur-

bance conditions. Salmonberry was a particularly good ex-

ample of a species equipped to succeed under a wide range

of conditions as it possess both high shade tolerance and in-

tense vegetative reproduction. The WA strongly suggested

that moisture was one of the factors contributing to the ob-

served differences in species distributions among landforms.

The floristic patterns and their geomorphic associations iden-

tified by WA and ISA were in near total agreement for all

species (Figure 1, Table 3).

The ISA results showed that the range of moisture values

for the taxa at our sites was narrow and clustered around the

middle. The clustering of the IVs was likely due to two fac-

tors. First, the study area was located on the west side of the

Cascade Mountains and experiences abundant rainfall, pre-

cluding taxa correlated with of very dry environments. Sec-

ondly, aquatic species, which represent the extreme wet end

of the IV spectrum, were also not encountered at our study

sites. Despite the narrow range of moisture IVs, there was a

clear difference in the ISA results among the landform types,

indicating that soil moisture was influencing the floristic pat-

terns. This analysis was not meant to imply that moisture

availability was the only limiting factor driving species as-

semblages. For instance, many trees such as Douglas-fir and

western redcedar have far reaching root systems that can ac-

cess water far below the soil surface in riparian areas so mois-

ture often is not the most limiting factor affecting their distri-

bution. For shallow-rooted plants, however, seasonal

droughts, common in late summer in this region, may create

moisture limitations on some riparian landforms severe

enough to limit the distribution of some species..

The NMS ordination (Figure 2) showed a relationship of

axis 1 with slope and height above the channel suggesting

that moisture and susceptibility to disturbance exerted con-

siderable influence on tree regeneration. Deciduous sapling

abundance was widely distributed relative to axis 2, suggest-

ing that hardwood saplings became established on moist,

floodplain sites across a broad gradient of disturbance. On

the other hand, conifer saplings showed a highly negative re-

lationship with axis 2 (r = -0.83), suggesting that these spe-

cies did not establish on frequently disturbed sites. There was

no relationship between young conifers and axis 1, which

could indicate that the lack of disturbance was the driving

force behind the establishment and survival of young coni-

fers in the riparian zone. The results identified by WA and

ISA techniques also agreed well with NMS axis 1 which ap-

peared to be heavily influenced by moisture. Those species

found to be associated with slopes or terraces tended to be

positively related to NMS axis 1 and floodplain trees nega-

tively related, a result consistent with that from the ISA

analysis

NMS has been regarded as an extremely effective

method for explaining patterns of plant community distribu-

tion (Anderson 1971, Austin 1976, Prentice 1977, Kenkel

and Orlóci 1986, Bradfield and Kenkel 1987). Krzysik

(2001) used NMS to examine the effects of environmental

gradients on the distribution of woody ground cover. The

author also found a disturbance gradient along one of his pri-

mary axes. The ordination provided a clear picture of the dis-

tribution of each taxon with respect to the disturbance gradi-

ent. Franklin and Kupfer (2004) used NMS to explore

vegetation patterns in a Mississippi coastal plain forest. They

determined that topography, including slope position and as-

pect, were factors contributing to the distribution of plant

communities in this system.

Riparian plant communities and landforms

When comparing the results from all the analyses (Table

7), we found that roughly half of the total number of plants

in the dataset exhibited strong correlations with riparian

landforms in our study area. We used the combined results

from the various statistical procedures to identify plant as-
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semblages typical of each of the four riparian landforms (Ta-

ble 8). In general, the correlations observed for these species

were consistent with what is known regarding their ecology

(Franklin and Dyrness 1973, Burns and Honkala 1990, Pabst

and Spies 1997, Fralish and Franklin 2002). The distribution

of these species indicated a clear separation between commu-

nities occurring on floodplain surfaces, where the overstory

was dominated by deciduous species, and assemblages found

on upland landforms, where conifers dominated. Shrubs like

stink currant and Sitka willow were highly correlated with

the floodplain surfaces but not found in any abundance on the

slope or terrace landforms. The herbs Scouler’s corydalis,

pig-a-back plant, enchanter’s nightshade and bleeding heart

were strong indicators of the floodplain. Species most com-

mon on drier landforms included Oregon grape, which was

found on both slope and terrace landforms and lady fern,

false-lily-of-the-valley and foam flower, which were all

highly correlated with terraces. We found that salmonberry

was an example of a species found on a wide range of sur-

faces. As noted earlier, salmonberry has habitat requirements

that aren’t as limited as some other plants and with relatively

high shade tolerance and vigorous vegetative reproduction, it

can succeed on multiple landforms.

It is likely that the same riparian plant associations we

found distributed by landform occur in similar watersheds

along mid-order streams at comparable elevations across the

western hemlock forest zone on the west side of the Cascade

Mountains in Washington. These plants will occur on other

surfaces than those indicated in Table 8, but they were more

likely to be most abundant on the landforms with which they

showed a strong correlation. It is also important to note that

the floristics we observed were correlated with stands of ap-

proximately the same age, thus our analysis did not account

for changes in plant associations with seral stage. In addition,

the analysis did not take into account site variability at very

fine spatial scales (< 10 m) that might alter community com-

position. Microsite variations occurring on toe slopes or

hillslope seepage areas could affect community composition

but occurred at scales to small to be captured by this analysis.

Factors contributing to patterns of riparian plant

distribution

The analytical approach we used provided some ability

to identify factors contributing to the distribution of plant

species observed in this study. The WA analysis strongly

suggested that water availability varied among landform

types as species with higher moisture requirements were

typically correlated with floodplain surfaces. Similarly, axis

1 of the NMS ordination was significantly correlated with

slope and elevation above the channel. These attributes are

correlated with moisture and susceptibility to flooding, the

most common type of disturbance in these riparian areas.

Axis 2 of the NMS ordination did not relate significantly with

any physical parameter measured during the study. However,

the distribution of species along this axis did suggest that dis-

turbance also might be a contributing factor. The plant spe-
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cies found on the floodplains were often both better able to

cope with repeated fluvial activity and require high soil mois-

ture while the terraces and hillslopes host upland plants that

were less tolerant of disturbance and capable of thriving un-

der drier conditions.

The influence of fluvial disturbance on riparian plant

community characteristics has been explored by a number of

authors (Harris 1987, 1988, Baker and Walford 1995, Rot et

al. 2000, Chapin et al. 2002). Chapin et al. (2002) found a

relationship between riparian plant community distribution

and the depth, duration and frequency of flooding in the Kla-

math Basin, Oregon. Baker and Walford (1995) investigated

the influence of fluvial processes and landform on riparian

vegetation in southwestern Colorado and found that floristic

patterns were closely correlated with time since last distur-

bance by floods. Rot et al. (2000) found that landform and

distance from the active stream channel were key determi-

nants of riparian canopy composition in old-growth forests

of western Washington. Deciduous trees, especially red al-

der, were more numerous on floodplains than conifers while

low terraces, high terraces and hill slopes supported mixed

stands. Douglas-fir increased in importance with height

above the active channel. These results were consistent with

those of this study. Rot et al. (2000) also determined that as

the stand reached late seral stages, the presence of Douglas-

fir decreased regardless of landform as shade-tolerant climax

species, such as western hemlock, became increasingly

dominant in the overstory.

Our data also suggested that factors other than moisture

and disturbance influence plant distribution. For example,

Oregon grape was found abundantly on the hillslope sites but

not on terraces. Both of these landforms are dry and rela-

tively are immune to effects of frequent flooding. However,

the high correlation of Oregon grape with the hillslope and

not the terrace suggests that topographic attributes associated

with these two landforms cause differences in moisture avail-

ability that may be driving the distribution of this species.

Life history and morphological traits such as shade tolerance,

reproductive strategy or root morphology, also appear to play

a key role in determining the distribution of certain species.

Species that were found on multiple landforms often exhib-

ited characteristics enabling them to compete effectively for

resources under a broad set of conditions (Mawhinney 2003).

Notable examples of these generalist species included sal-

monberry and swordfern. Salmonberry achieved greatest

abundance on floodplains and swordfern on hillslopes but

both of these plants occurred on a range of surfaces. Sword-

fern is a shade tolerant plant that grows in low light environ-

ments where other species are unable to flourish and it is also

relatively resistant to disturbance. These traits enabled it to

do well across a range of landforms where low light and drier

conditions occurred. Salmonberry also is shade tolerant and

propagates vegetatively, enabling aggressive regrowth after

a disturbance. As a result, salmonberry often dominates un-

derstory communities on floodplains but is also able to com-

pete effectively on higher landforms.
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Identification of sites for conifer reestablishment

Our results suggest that protection from disturbance is an

important factor in the establishment and survival of young

conifers in the riparian areas. Young conifers were rare on

low and high floodplains and mature conifers were most

abundant on higher landforms (Figure 2). This distribution

supports the notion that conifers flourish under upland con-

dition. Hardwoods are likely less able to occupy upland sites

owing to lower availability of moisture or the lack of open

substrates created by disturbance for seed germination.

These conclusions are supported by other studies exam-

ining conifer and hardwood interactions in riparian areas.

Shainsky and Radosevich (1992) explored the mechanisms

of competition between Douglas-fir and alder seedlings and

concluded that faster growth conferred a considerable com-

petitive advantage on red alder under most conditions . Pabst

and Spies (1997, 1999) found that competition from shrubs,

in particular salmonberry, was a key factor limiting regenera-

tion of conifers in riparian areas in coastal Oregon. They

documented a pattern of decreasing hardwood and increasing

conifer dominance with distance from streams, consistent

with the results of this study. Henderson (1978) came to a

similar conclusion regarding the role shrubs play in restrict-

ing conifer establishment in riparian areas.

Other traits also contribute to the competitive advantage

that some deciduous trees enjoy on floodplains. Fluvial dis-

turbance of floodplain surfaces often removes organic matter

from the soil surface. The exposed mineral surfaces in these

disturbed areas tend to be very low in nitrogen. Red alder can

fix atmospheric nitrogen, providing this plant with a signifi-

cant advantage on nitrogen-poor substrates (Fralish and

Franklin 2002). In addition, alder is a prolific and consistent

seed producer. Given that the seeds are very light, they are

easily disseminated by wind and water (Burns and Honkala

1990). These characteristics enable wide ranging estab-

lishment in disturbed environments. Alder does not only ger-

minate in wet locations. It is a great colonizer of road sides

and landslide scars. The seeds require bare soil to success-

fully germinate and establish. The availability of this type of

substrate on floodplains is one reason that red alder does so

well there.

A very popular restoration strategy in the Pacific North-

west is planting conifer seedlings in hardwood-dominated ri-

parian areas. The purpose of this action is to increase the rep-

resentation of conifers near streams in order to provide a

future source of large, decay-resistant wood to improve

stream habitat (Roni 2005). However, there is little apprecia-

tion of the influence of riparian landforms on the plant com-

munities evident in the implementation of most of these ef-

forts. Our results suggest that conifers planted on higher,

drier, riparian landforms would be the most likely to survive

and ultimately improve fish habitat quality.

Our results indicate that conifer restoration efforts should

be targeted on riparian sites that are currently dominated by

hardwood but have substantial representation of terraces and

hillslopes. At these sites, conifer planting and associated site

soil preparation and maintenance treatments should be re-

stricted to the upland landforms where conifer has a high

probability of persistence. Attempting to introduce conifers

on floodplain landforms is unlikely to succeed.
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