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East Maui (Haleakala volcano) rises 3054 m above
the ocean, and clouds intercepting the mountain slopes
are an integral part of the climate. To what extent do
the trees and shrubs on the mountainsides extract cloud
water that contributes to soil moisture, groundwater
recharge, and stream flow in the watersheds? Two sites,
on the windward and leeward sides of the mountain,
were instrumented to study this process. Weather sta-
tions at each site measured climate parameters, and
stable isotopes of fog, rain, soil water, stream flow and
tree sap were measured monthly to track the proportion
of cloud water in the forest hydrologic system. When
clouds envelop a forest, the precipitation ranges from
light mist to rain, leading to difficulties in measuring
cloud water as opposed to rainfall. Deposition of cloud
water depends on wind speed, droplet size, surface area
of the vegetation, and many other factors. Cloud wa-
ter deposition was measured on a continual basis us-
ing a vertical screen collector, which did not exclude
rainfall. The fog isotope collectors did exclude verti-
cally falling rain, and cumulative monthly fog volumes
were compared with volumes from isotope rain collec-
tors. Throughfall collectors provided information on
the efficiency of the vegetation in collecting cloud wa-
ter (fog drip). At the windward site, fog screen/ rain
gage volume ratios normalized to collection area ranged
from 0.74-4.9, with a median value of 1.5. The median
fog/ rain ratio from the isotope collectors (normalized
to surface area) was 0.35. The screen collector can-
not be directly extrapolated to forest canopy, but the
data suggest substantial impaction of cloud water on
vegetation surfaces exposed to the wind. Isotopic com-
position of stream water reflected recent precipitation,
including cloud water, while the soil water had a larger
proportion of precipitation from large rainstorms. Met-
rosideros polymorpha tree sap isotopic composition was
sometimes identical to fog drip, almost never similar
to soil water, and generally appeared to be a mixture
of fog drip and rainfall. The leeward site was defor-
ested in the early part of the 20th century, and has
remnants of cloud forest. Most water input is from in-
frequent large storm systems, while the clouds that en-
velop the site on a more frequent basis have relatively
low water content. Fog screen/ rain gage volume ratios
here ranged from 0.21-13.5, with a median value of 0.70.
The median fog /rain ratio from the isotope collectors
was 0.21. Soil water isotopic composition reflected the
large rainstorms, with little cloud water input. Isotopic
composition of M. polymorpha sap at this site was simi-
lar to soil water, suggesting that the trees tap a deeper
water source than at the windward site. Results from
the study will lead to a better understanding of the re-
lationship of cloud forests to recharge and streamflow
along mountain slopes.

URL: http://water.usgs.gov/nrp/proj.bib/hawaii/
maui fog.htm
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Forest canopies are important modifiers of precip-

itation, both spatially and temporally. Because of
the nonlinearities in water fluxes through soils, under-
standing precipitation redistributions in space and time
will allow advances in predicting rainfall-runoff pro-
cesses in forested watersheds. We found distinct spatial
patterns of throughfall persisting in time in three for-
est stands in the Pacific Northwest, USA. Variograms of
storm-total throughfall, collected in small gauges, dif-
fered by stand but were consistent among storms within
each site. Nondimensionalizing throughfall amounts in
the small gauges revealed persisting wet and dry ar-
eas, which preserved variograms through time deter-
ministically instead of simply statistically. Cumula-
tive distribution functions of study-total throughfall at
each gauge were useful for characterizing persistence
of throughfall variability. We measured throughfall in-
tensity within storms using larger throughfall gauges
attached to tipping buckets. By comparing these data

to rain gauges in nearby openings, we quantified at-
tenuation of rainfall intensity by canopies. There was
both temporal and spatial variability in intensity at-
tenuation. Spatial variability was low under a homo-
geneous canopy of young conifers, but high under a
heterogeneous canopy of old-growth conifers. High in-
tensity attenuation was generally correlated with low
storm-total throughfall. These persisting patterns in
throughfall amounts and intensity suggest there may
be corresponding variation in infiltration and soil wa-
ter movement.
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The purpose of this study was to characterize the re-

lationships between soil respiration and some physical
and biological properties of the soil that drive it, in-
cluding soil temperature, soil water content, and litter
depth. We also examined spatial patterns of each fac-
tor at the hillslope scale (13,000 m2) and the individual
plot scale (25 m2) to identify spatial correlations us-
ing geostatistics. Our study area in the Medicine Bow
Mountains of Wyoming encompasses adjacent North-
and South-facing slopes at 2800 m elevation. Lodgepole
pine (Pinus contorta) forest dominates the watershed,
and spruce (Picea engelmannii), fir (Abies lasiocarpa) , and
aspen (Populus tremuloides) are also present where soils
are moist. Within each spatial scale, semi-variograms
were used to identify the spatial range of soil respi-
ration and its drivers. At the plot scale, soil respi-
ration drivers exhibited stronger spatial patterns than
soil respiration. At the hillslope scale, aspect played
an important role in the relationships between soil res-
piration and these drivers. Drivers of soil respiration
are still poorly understood at varying spatial scales;
this project aims to better quantify these linkages for
improved modeling of carbon fluxes at the watershed
scale.
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Stream Channel Morphology I
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We examined hydraulic controls on the spatial dis-

tribution of chinook salmon spawning gravels in the
Middle Fork Salmon River, a mountain basin in the
Frank Church Wilderness of central Idaho. Reach-
scale predictions of substrate size were integrated via
a digital elevation model (DEM) to assess the basin-
scale distribution of spawning gravels. Channel reaches
were delineated between 40’ contour intervals within
the DEM, and were further subdivided at tributary
junctions. Reach-scale predictions of channel compe-
tence (size of sediment that can be carried by the chan-
nel) were determined from the Shields equation eval-
uated at bank-full stage and empirically adjusted for

local channel roughness and sediment supply (both as
functions of bank-full shear stress). We use the bank-
full shear stress because channel morphology and sed-
iment size in coarse-grained rivers are commonly ad-
justed to bank-full flow. Shear stress in the Shields
equation was predicted from a depth-slope product,
with bank-full depth determined from a basin-specific
hydraulic geometry relationship (expressed in terms of
drainage area), and channel slope was determined from
the DEM. Data for the empirical relationships were de-
rived from field measurements of 121 channel reaches.
The final grain-size prediction is a function of drainage
area and slope, values readily obtained from the DEM.
Field observations of chinook salmon spawning sites
within the study area were used to define preferred
substrate sizes. Predicted grain sizes were compared
to preferred values to determine the basin-scale dis-
tribution of suitable spawning gravels. To test the
model, predicted spawning-gravel sites were compared
to an 8 year record of observed redd locations. Results
demonstrate that nearly 90% of the redds (n=5135) oc-
curred within reaches predicted to have suitable sub-
strate sizes, with 98% of those reaches predicted to
have a pool-riffle morphology. Moreover, redd densi-
ties were roughly 3 times greater in reaches predicted
to be suitable. However, redds tended to be clus-
tered in upstream portions of the accessible network,
rather than evenly distributed throughout the suitable
reaches. This may be due to a variety of factors, in-
cluding 1)depressed population sizes and preferential
selection of the best spawning sites; 2)loss of chinook
salmon phenotypes that once spawned in currently un-
derutilized habitats, and fidelity of remaining subpopu-
lations; or 3)constraints imposed by environmental fac-
tors other than substrate size (e.g., stream temper-
ature, velocity, scour regime, hyporheic flow, winter
icing, etc.). Sources of error in our predictions are
largely due to scatter in the correction for channel
roughness and sediment supply. Correspondence be-
tween observed channel slopes and those predicted from
the DEM are reasonably good. Although reach-scale
predictions perform well, spawning site selection likely
depends on subreach hydraulics and textural patches
that are not accounted for in our analysis. Never-
theless, subreach textural variability can be associated
with reach-scale channel type, allowing empirical ad-
justment for the potential subreach area available for
spawning.
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Many reach-scale aspects of channel morphology,

habitat structure, and disturbance regime arise from
basin-scale interactions. Valley-floor landforms and
channel types reflect a potentially long history of events
that have mobilized sediment from upstream and ups-
lope. Processes that move sediment and woody debris
act over a basin topography that controls the location
of sediment delivery to channels. Subsequent movement
and fluvial rearrangement of this sediment is modulated
by valley morphology and channel-network structure.
These controls on sediment production, movement, and
storage can be inferred using digital elevation data cou-
pled with simple models of sediment mobilizing pro-
cesses. This characterization of the active processes can
then be used to infer the spatial distribution of chan-
nel morphology and habitat structure. Coupled with
climatic and anthropogenic drivers that produce tem-
poral variability in the rate of sediment and wood pro-
duction (storms, fires, road construction), these tools
can be used to characterize channels throughout a basin
in terms of the distribution of morphologies and habi-
tat structures that can arise at each reach. We’ll de-
scribe GIS modeling tools developed for debris-flow-
prone landscapes of the Pacific Northwest and describe
our strategy for verifying and using model predictions.
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Detecting Cumulative Effects on
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Cumulative watershed effects (CWEs) result from
multiple activities over time and space. The assess-
ment of CWEs in the Sierra Nevada is severely limited
by the lack of field data on the effects of a given ac-
tion, the lack of models to predict the effects of mul-
tiple actions at the watershed scale, and the limited
data relating stream channel conditions to measured or
predicted changes in sediment yields. Since 1999 we
have been measuring hillslope-scale sediment produc-
tion rates from roads, timber harvest, wildfires, and
minimally-disturbed areas. From these and other data
we are developing models to predict sediment produc-
tion rates from different land uses. The next, more
difficult step in developing a reliable CWE model is to
compare predicted changes in catchment-scale sediment
production rates to stream channel conditions. Chan-
nel conditions were measured in 28 pool-riffle reaches
in the American and Cosumnes river basins. Contribut-
ing areas ranged from 2.9 to 70 km2, and the elevations
of the reaches ranged from 1200 to 1800 m. The basins
were selected to encompass a wide range in the amount
of natural and anthropogenic disturbance. Variables
used to characterize the amount of disturbance include
road density, number of road crossings, modeled road
sediment production, percent forest harvest, and the
percent burned by wildfire. The data collected in each
reach included gradient, channel dimensions, grain size,
amount of large woody debris, and pool size and sed-
iment infill. Preliminary results indicate that basins
with more than 20% of the area in granitic litholo-
gies have significantly more fine sediment coverage in
pools (r2=0.35; p=0.0002). The fine sediment coverage
in pools also was correlated with the amount of large
woody debris. After removing the variability due to
lithology and basin area, there was a significant, pos-
itive correlation between the estimated sediment pro-
duction from unpaved roads and residual pool infill
volume (r2=0.14; p=0.02). Other than these relation-
ships, there appear to be no significant correlations
between the measured channel characteristics and the
amount of disturbance. The limited number of signif-
icant correlations may be a consequence of a record
flood event in early 1997. This event may have effec-
tively “reset” the stream channels, resulting in a lower
detectability of cumulative watershed effects.
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We examined evidence of anthropogenic sedimen-
tation in Oregon and Washington coastal streams us-
ing relatively rapid measurements taken from surveys
during summer low flows (probability sample, n= 104
reaches). We inferred bankfull channel dimensions from
evidence at low flow and compared bed substrate ge-
ometric mean diameter (Dgm) with critical diameter
(D*cbf) calculated from estimated bed shear stress at
bankfull flow stage. We derived an index of Relative
Bed Stability, RBS* = Dgm / D*cbf , based on a modi-
fied Shield’s criterion for incipient motion that includes
adjustments to bed shear stress for energy dissipated
by large wood and channel irregularities. D*cbf aver-
aged 56 percent of unadjusted values, and Dgm ranged
from silt to boulder size. Log10[RBS*] in streams rel-
atively undisturbed by humans was generally between
-0.7 and +0.5, showing approximate balance between
observed and mobile substrates, but declined to low
values (-1.5 to -3.0) in streams with substantial ripar-
ian and basin disturbances. Streams draining soft sedi-
mentary lithology showed greater apparent response to
these disturbances than did those draining hard basalt
lithology. The association of low RBS* with land dis-
turbance, and the stronger absolute values of correla-
tion of Dgm (negative) than D*cbf (zero or positive)
with land disturbance in this region strongly suggest
that activities including road building, land-clearing,
logging and agriculture have augmented sediment sup-
plies and increased fine sediments in stream beds.
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The morphological influences of the near-riparian
zone on channel morphology and channel responsive-
ness to urbanization were analyzed in low- and high-
urbanized watersheds. Study sites included 22 reaches
in a low-urbanized system on the Kitsap Peninsula in
western Washington State, paired with 22 reaches hav-
ing comparable slopes and drainage areas from highly
urbanized watersheds in and east of the City of Seattle.
Remarkably different channel morphologies were ob-
served between low and high-urbanized reaches. Low-
urbanized reaches displayed mainly forced pool-riffle
morphology; the high-urbanized reaches were domi-
nated by constrained (armored) step-pool and plane-
bed morphologies. In comparison, the low-urbanized
reaches had less bank erosion and more in-stream wood,
pools, and sediment storage. In low-urbanized wa-
tersheds, channel morphology (as quantified by mea-
sures of in-stream wood frequency and distribution,
pool frequency, sediment storage, and bank erosion)
was related to the degree of channel confinement and
to characteristics of the near-riparian vegetation. High-
urbanized reaches, in contrast, were substantially less
sensitive to the condition of the near-riparian zone due
to the common stream disconnection with the flood-
plain triggered by the placement of bank-armoring
structures. From a management perspective, an in-
crease in woody debris in plane-bed reaches could
yield an eventual morphologic shift to forced pool-
riffle. However, increased wood loading in these chan-
nels does not guarantee such a shift. These channels
also need to be reconnected to their forested flood-
plain and to the channel-bank sediment, which pro-
vide long-term sources of both large woody debris and
gravel. In the case of anthropogenically confined chan-
nels, restoration is even more challenging because sus-
tainable morphologic improvements would require re-
moval of bank-armoring structures to facilitate that re-
connection. The common practice of adding logs re-
sults in short-term improvements, but is not likely to
provide a sustainable solution in many settings unless
equal consideration is given to geomorphic processes
that maintain floodplain connectivity.

H32F-06 1510h

Case Studies in Quantification and
Mapping of Stream Channel
Morphology in the Pacific Northwest:
Lessons From Past Efforts and
Recommendations for Future Studies,
Montana, and Northern California

Matthew D O’Connor (707 431 2810;
matto@oe-i.com)

O’Connor Environmental Inc., PO Box 794, Healds-
burg, Ca 95448, United States

Watershed analysis seeks to identify patterns in
channel geomorphology and sensitivity of different
channel types to management influences. Although
most analyses succeed in identifying patterns in the
distribution of stream channel morphology and develop
reasoned hypotheses regarding effects of past and fu-
ture management, these conclusions generally rely on
extrapolation of trends with high statistical variance.
Field data are rarely collected in sufficient quantity
and precision to satisfy common standards of statistical
rigor. Nevertheless, field data form the basis for con-
clusions regarding watershed form and process. This
paper reviews data from previous analyses in Washing-
ton, Montana, and northern California to gain insights
regarding limitations on collection of data sets for rig-
orous analyses, including both high statistical variance
in fluvial systems and cost of field surveys. Recommen-
dations for techniques and protocols to develop rigor-
ous field data sets that can be combined with remote
sensing data to produce improved watershed scale as-
sessments are offered. These methods are suitable for
developing monitoring baseline surveys, which can be
utilized for either long-term monitoring and adaptive
management experiments.
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GIS efforts can produce a very large number of

watershed variables (climate, land use/land cover and
topography, all defined for multiple areas of influ-
ence) that could serve as candidate predictors in a re-
gression model of reach-scale stream features. Invari-
ably, many of these candidate predictors are correlated
with each other, leading to ambiguities in regression
model choice, prediction and interpretation. Strategies
for coping with collinearity and model choice are il-
lustrated, using watershed and stream data collected
from the Willamette Basin in Oregon. Collinearity can
greatly inhibit one’s ability to determine the relative
importance of individual predictors. Sometimes it is
easier and clearer to assess the relative importance of
groups of conceptually-similar predictors (for example,
”natural-gradient” versus ”human disturbance” predic-
tors). In addition, one can estimate the amount of
model-explained variance in a response variable that is
shared by multiple predictors and hence cannot be dis-
entangled. Finally, if multiple, collinear variables are
considered as candidate predictors, then model devel-
opment will likely yield several ”best” models, all of
them believable and all of them nearly equal in their
quality of fit. In this case, one can carry out model av-
eraging of predictions, of relative importance measures,
or of the effects of an individual predictor.
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Tertiary coal seams in the Powder River Basin in

southeastern Montana provide three very important re-
sources: ground water, coal, and natural gas. Ground
water from springs and wells is essential for the lo-
cal agricultural economy. Because coal seams in the
Fort Union Formation have higher hydraulic conduc-
tivity values and are more continuous than the sand-
stone units, they are the primary aquifers in this re-
gion. Coalbed methane (CBM) production is begin-
ning in the Powder River Basin, and requires removal
and management of large quantities of water from the
coal-seam aquifers. The extensive pumping required
to produce the methane is expected to create broad
areas of severe potentiometric decline. The Montana
CBM ground-water monitoring program, now in place,
is based on scientific concepts developed during more
than 30 years of coal-mine hydrogeology research. The
program includes inventories of ground-water resources
and regular monitoring at dedicated wells and selected
springs. The program is now providing baseline po-
tentiometric and water-quality data, and will continue
to be active through the duration of CBM production
and post-production ground-water recovery. An exten-
sive inventory of ground-water resources in the Mon-
tana portion of the Powder River Basin has located 300
springs and 21 wells on private land, and 460 springs
and 21 wells on U. S. Forest Service and U. S. Bureau
of Land Management land, all producing ground wa-
ter from the methane bearing strata. In southeast-
ern Montana, 134 monitoring wells are currently in-
cluded in the CBM monitoring program. They are com-
pleted either in coal seams, adjacent sandstone units,


