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The objectives of this study were to determine the water

holding capacity (WHC) of individual western juniper (Juniperus

occidentalis Hook. Subsp. occidantalis) trees, interception losses

for western juniper woodlands, and WHC of western juniper litter.

Small trees (crown volumes = 0.1 to 6.8 m3) held 0.3 to 1.6 mm

(0.1 to 6.1 1) of water from simulated rainfall (n = 32). The WHC

was dependant on tree size. Variables that produced significant

models for predicting WHC in order of significance included leaf

biomass, basal diameter, leaf area, total biomass, tree height, crown

volume, crown area, and crown diameter.

Large trees (crown volumes = 7 to 356 m3) held between 0.9 and

4.7 mm (6.5 to 398 1) of water from simulated rainfall (n = 19).

Water holding capacity was dependant on tree size. Variables that

produced significant models for predicting WHC in order of

significance included, leaf biomass, bole biomass, total biomass,

leaf area, basal diameter, branch biomass, tree height, crown volume,

branch number, crown diameter, and crown area. Variables that did

not correlate with WHC included age, crown density, branch density,

and branch angle. It required approximately 7 mm of simulated

rainfall before stemf low started. After approximately 26 mm of

input, stemf low ranged between 0.11 to 1.42 mm (1.6 to 80.3 1) for

the large western juniper trees. Approximately 88% of the first mm

applied was intercepted. The percent of each mm intercepted



decreased rapidly thereafter until the tree was saturated which

occurred at approximately 10 mm of input.

Interception loss as measured from natural precipitation events

(n = 19) in western juniper woodlands was significant. The amount of

precipitation reaching the understory was dependant on gross

precipitation (p < 0.001) and canopy cover (p < 0.001) with the

resulting model Pn = e°°°' * Pg'°° * (PCC +ly0.01, where PCC is percent

canopy cover, r2 = 0.99, p < 0.001. Estimated annual interception

losses in Central Oregon western juniper woodlands are 7.8 to 12.8%

for canopy cover values ranging between 9 and 43%.

Water holding capacity of litter, was determined by submersion,

was dependent on litter depth (LD), where litter WHC = e°75 * 1d°°7, r2

= 0.75, p < 0.001 (n = 108). There was approximately a 1 to 3 ratio

of WHC to litter depth, e.g. 1 cm of water was held by 3 cm of

litter.
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INTERCEPTION AND WATER HOLDING CAPACITY

OF WESTERN JUNIPER

INTRODUCTION

Western juniper (Juniperus occidentalis) woodlands have been

extending their range and density for more than 100 years (Burkhardt

and Tisdale 1969 and 1976). Currently, 2.17 million acres of range

(exclusive of national forest lands) in Central and Eastern Oregon

are occupied by western juniper woodlands with trees that are 30

years or older (Oswald 1990). A recent rate of western juniper

expansion into sagebrush/grass plant communities can be obtained from

the data extrapolated from Oswald (1990), which has been

approximately 24,000 acres per year. This figure would be higher if

data for National Forest lands were available.

With the expansion of western juniper woodlands into existing

sagebrush-grassland plant communities, understory vegetation has

decreased dramatically and available forage for livestock and

wildlife has been greatly reduced (Burkhardt and Tisdale 1969).

Biodiversity has also diminished with the encroachment of western

juniper woodlands. A reduction of understory vegetation has lead to

bare, unprotected soil, which has resulted in decreased infiltration,

decreased soil moisture storage, and increased surface erosion

(Buckhouse 1984).

While the encroachment of western juniper woodlands has had

negative impacts on the ecosystem, complete clearing may not be

beneficial. Total removal of western juniper could be detrimental in

at least three ways: reducing wildlife habitat, reducing

biodiversity, and decreasing a CO2 sink.

While the uptake and transpiration of water by western juniper

trees is fairly well understood (Miller 1990, Miller and Shultz

1987), the interception process by a woodland is not. An
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understanding of the interception process in western juniper

woodlands would be beneficial in making management decisions about

canopy removal, such as clear cutting versus thinning, and landscape

level configuration. Little information has been developed regarding

the optimal canopy removal level for the purpose of increasing

understory biomass, soil moisture, downstream water quantity, and for

decreasing overland sediment transport.

Information from this project would be useful in an economic

analysis of proposed rangeland improvements involving juniper

removal. Canopy interception, stemf low, throughfall, and litter

interception represent components not well understood for western

juniper woodlands, and an understanding of these components would

help fill a large void in the knowledge base for these rangelands.

This information would also be useful for hydrologic modelling, and

could be used in models such as SPUR (Simulation of Production and

Utilization of Rangelands).



LITERATURE REVIEW

Ecoloqy of Western Juniper

Western juniper (Juniperus occidentalis) woodlands are mostly

found in Central and Eastern Oregon, with some stands in Northern

California, Northern Nevada, Southwestern Idaho, and Southern

Washington (Dealy et al. 1978a).

Western juniper are perennial evergreen conifers occupying the

most xeric climate of all coniferous species (Dealy et al. 1978a, and

Grier and Running 1977). The average annual precipitation that has

been noted for western juniper zones is approximately 300 mm (Grier

and Running 1977), and ranges between 250 and 510 millimeters

(Burkhardt and Tisdale 1969, and Dealy et al. 1978a).

Western juniper woodlands are found in areas with a wide range

of environmental conditions. These conditions include different soil

types ranging from sands to clay, which are derived from different

parent material and may be 25-102 cm in depth (Dealy et al. 1978a,

and Driscoll 1964a). The different soils may also contain hardpans

and caliche layers, or fractured bedrock (Hall 1978). Hall (1978)

noted that a perched water table in a western juniper woodland zone

in Central Oregon was common during the winter. Johnsen (1962) also

noted that the closely related one-seeded juniper (Juniperus

monosperma) may be found on soils as deep as 600 cm in Northern

Arizona. Driscol]. (1964a) noted that the soils of western juniper

woodlands had a low percentage of organic matter and low

carbon/nitrogen ratios. Soils have been found to range from slightly

acidic, pH = 6.0, to neutral, pH = 7.0, (Driscoll 1964a). Also,

Doescher et al, (1987) recorded pH levels between 6.3 and 6.6 beneath

western juniper canopies.

The average air temperature for western juniper woodlands has

been recorded as 12°C, with ranges between -40°C and 45°C. Western

3
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juniper woodlands tend to lie in a elevation belt of 670-2130 m

(Burkhardt and Tisdale 1969, and Driscoll 1964a). Other closely

related juniper woodlands such as one-seeded juniper (Juniperus

monosperma) lie in a elevation belt of 915-2285 m in Arizona (Johnsen

1962). In Nevada pinyon-juniper (Pinus monophylla, and Juniperus

osteosperma) woodlands range from 975 to 2560 m in elevation

(Blackburn and Tueller 1970).

The extension of the western juniper woodlands has mainly been

a down slope movement, however some up slope movement has occurred

(Burkhardt and Tisdale 1976). The seeds of western juniper are

mainly dispersed by gravity, other factors including mammals, birds,

and overland flow aid in the dispersal of propagules (Eddleman 1984).

Small mammals and birds will eat the juniper berries and disperse

them along fences, other trees, and shrubs. This may account for the

clumped distribution found in establishing woodlands. The up slope

migration of western junipers, which is slower and less defined than

down slope movement, mainly results from birds and mammals dispersing

propagules up slope (Burkhardt and Tisdale 1976).

Western juniper seedlings have established under the canopies

of sagebrush and other trees (Burkhardt and Tisdale 1976, Eddleman

1984). The invasion of western juniper woodlands has mostly occurred

in sagebrush communities including big sagebrush (Artemisia

tridentata), and low sagebrush (Artemisia arbuscula) (Burkhardt and

Tisdale 1976). In Central Nevada, pinyon juniper woodlands have

invaded black sagebrush (Artemisia nova) communities as well

(Blackburn and Tueller 1970). Other shrubs that are common among

western juniper woodlands include grey rabbitbrush (Chrysothamnus

nauseosus), green rabbitbrush (Chrysothamnus viscidiflorus),

bitterbrush (Purshia tridentata), grey horsebrush (Tetradymia

canescens), and graniteglia (Leptodactylon pungens). Grasses

commonly found among western juniper woodlands include bluebunch
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wheatgrass (Agropyron spicatum), saridberg bluegrass (Poa sandbergii),

Idaho fescue (Festuca idahoen.sis), thurber needlegrass (Stipa

thurberiana), needleandthread (Stipa comata), bottlebrush

squirreltail (Sitanion hystrix), junegrass (Koeleria cristata),

sixweeks fescue (Festuca octoflora), and cheatgrass (Bromus

tectorum). Forbs that are commonly found include Agoseris,

Astragulas, Erigeron, and Lupinus species (Driscoll 1964a, Vaitkus

and Eddleman 1986).

Competing vegetation has had little or no affect on seedling

establishment and site invasion (Burkhardt and Tisdale 1976).

Seedlings may establish under the existing shrubs because the shrubs

modify the harsh environment. Temperature in open spaces have

reached higher than 65°C at the soil surface, which will cause

cambium and water stress to young seedlings (Burkhardt and Tisdale

1976, Dealy et al. 1978a). It is also possible that higher moisture

conditions exist beneath the canopy of shrubs when compared to the

interspace (Eddleman 1986b). Blackburn and Tueller (1970) suggested

that young pinyon and juniper seedlings in Nevada seem to require

high moisture conditions for establishment. Although there is less

light beneath shrub canopies, Johnsen (1962) found that competition

for light did not seem to affect juniper seedlings establishing under

shrubs.

Fire cessation in the last 100 years has been suggested as one

of the major factors allowing the current expansion of pinyon-juniper

woodlands throughout the Great Basin (Blackburn and Tueller 1970,

Burkhardt and Tisdale 1969, Dealy et al. 1977, Driscoll l964b, Tausch

et al. 1981, and Young and Evans 1981). Frequent fires can kill

young seedlings, which would keep the sagebrush/grass communities in

a disclimax state. Mature stands of pinyon and juniper are mostly

found in rocky soils and ridges where they are protected from fires

(Young and Evans 1981). Shinn (1980) suggested that indigenous
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native peoples used broadcast burning in the Pacific Northwest for

many centuries. This burning, coupled with natural fires, may have

prevented juniper woodlands from expanding historically.

However, Young and Evans (1981) also noted that sagebrush/grass

communities have existed for longer than 100 years without fire, and

without the invasion of western juniper. Consequently, fire may not

be the only causal factor responsible for preventing the spread of

western juniper woodlands.

There are several possibilities of explaining the current

expansion of western juniper woodlands, Changing climatic conditions

may play an important role in the current woodland expansion. The

climate has changed over the last several centuries (Davis 1986).

Western juniper establishment may be favored by climate change.

Mehringer and Wigand (1984) noted that pinyon-juniper woodlands have

expanded and retreated in prehistoric times. The current expansion

appears to be following normal prehistoric patterns which may simply

be an expression of climatic changes from hundreds of years ago.

Davis (1986) noted that woodlands may take several centuries for the

changes in climate to be expressed, during which they will be in

disequilibrium. Other researchers (Everett and Ward 1984, Koniak

1985, and Tausch et al. 1981) suggested that succession within

pinyon-juniper woodlands has occurred as a gradual shift of species

dominance on the site following a disturbance. Young and Evans

(1981) suggested that it may take 50 years for western juniper

seedlings to be noticeable following their establishment. When

pinyon-juniper woodlands mature they become the dominant species in

the community. Only a few hardy understory species, mostly annual

forbs, can survive in established pinyon-juniper zones (Everett and

Koniak 1981).

Another factor that may have allowed the current expansion of

western juniper woodlands was overgrazing by domestic livestock.
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Overgrazing reduces the competition for moisture and reduces fine

fuels that could carry a fire.

Western juniper seems to be a very aggressive invader and

competitor. Water use may be one of the reasons that western juniper

is so competitive. Since western junipers are evergreen they have

the potential to exploit winter soil moisture before other shrubs and

grasses begin growth. Jeppesen (1978) reported that soil moisture,

deeper than 51 cm, was depleted rapidly during the winter by western

juniper trees. He noted that the soil temperature remained between

1°C and 4°C during this time. Soil temperature is an important

limiting factor to water uptake. Another limiting factor is air

temperature. Miller (1990) found that transpirationw as essentially

stopped with air temperature near freeezing. However, Miller (1990)

also found that transpiration occurred in western juniper trees

during the winter months. As long as the soil and air temperature

was above freezing, and moisture was available, western juniper trees

exploited the soil moisture during the winter, while the other

competing species were dormant. If soil water is depleted by spring,

other species will not have moisture to grow. Western juniper trees

were also very aggressive in their water use during the summer

(Jeppesen 1977, Miller et al. 1987).

The rooting pattern of western juniper trees may also provide a

competitive advantage over other plants. Western juniper roots have

been found to traverse a great depth vertically, and expand a vast

distance horizontally (Krammer 1990). Juvenile western junipers may

invest their resources in roots to ensure long term survival, rather

than producing above ground photosynthetic tissue (Kummerow et al.

1981, and Miller et al. 1990 ). Miller et al. (1990) found that one

gram of western juniper branch/trunk or root tissue cost 28% less to

produce than above ground foliage. They also found that juvenile

roots for western juniper received more nutrients than small adults,
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and that juvenile trees allocated more dry mass to the roots than

they did to small adults. Since western junipers are long lived,

they apparently invest a lot of nutrients to develop an extensive

root system early in their life cycle. Miller et al. (1990) found

that root:shoot ratios (total dry mass) were 0.76 for juveniles and

0.67 for young adults, which is not as high as some shrubs.

The extensive root system of western juniper also allows them

to compete for nutrients as well as soil water. Invasion of western

juniper has lead to changes in soil chemistry (Driscoll 1964a). This

change may come from nutrient uptake from the extensive root system

and subsequent deposition of juniper litter. Nutrients sequestered

are incorporated into the long-lived tissue of western juniper and

may be recycled internally, consequently affecting the establishment

and growth of other understory vegetation. This change in the

spatial nutrient cycling may be an autogenic mechanism which western

juniper utilizes to insure its competitiveness (Doescher et al.

1987).

Western junipers are adapted to drier climates, and are very

efficient at using less soil moisture when it is limited. The leaf

morphology may be partly responsible for this. Miller and Shultz

(1987) found that adult leaves ranged from 0.9 to 1.2 mm long, and

were triangular with serrate margins. Leaf margins were slightly

curved which enabled them to seal themselves one against another.

The leaves overlaped each other and the adaxial surfaces were not

exposed to sunlight or air movement, also the abaxial surfaces were

only partially exposed. Most of the stomata were found on the

adaxial surface where they were protected from the environment.

Average leaf area for western juniper leaves was 1.78 mm2' and

stomatal numbers ranged from 36-40 (Miller and Shultz 1987). Miller

and Shultz (1987) concluded that the minimal leaf area, low surface
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to volume ratios, thick cuticles, and absence of stomata on the

exposed leaf surface allowed for maximum drought avoidance.

The evergreen nature of western juniper allows for continual

presence of photosynthetic tissue. When air and soil temperature and

soil moisture regimes are acceptable, western junipers can begin

fixing carbohydrates immediately, without waiting for tissue growth.

The readily available photosynthetic tissue, drought resistance

capabilities, and ability to exploit moisture and nutrients, allows

western juniper to be highly competitive, and an aggressive invader

in semi-arid environments.

With the aggressive capability to out-compete other species,

western juniper woodlands have dominated each site they occupy. Very

few natural enemies exist in juniper woodlands. Young and Evans

(1981) ±ndicated that it may take several centuries for diseases and

insects to significantly damage these communities.

Young and Evans (1981), found that as western juniper woodlands

matured, understory vegetation decreased dramatically, which reduced

fire risks to the stands, Tausch et al. (1981) found similar results

for pinyon-woodlands throughout the Great Basin. Under these

conditions, stands may remain stable for many years. For example

Austin (1987) found no change in understory composition during a 10

year study in a mature pinyon-juniper woodland in Utah. West and

Vanpelt (1986) suggested that a monoclimax view of pinyon-juniper

woodlands may apply to many of the existing stands. However, Caraher

(1978) pointed out that many of the young to mature stands of

junipers did not have young seedlings establishing within them.

Propagule poois can change as pinyon-juniper woodlands mature.

Koniak and Everett (1982), and Everett (1986) found that seed rain,

soil seed reserves, and species diversity declined with time.

Everett and Koniak (1981) pointed out that the decrease in seed rain
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and seed pools may make the prediction of future succession following

a disturbance much more difficult.

Interception

Precipitation can be intercepted by the plant canopy or the

litter layer beneath the canopy. For western juniper, the canopy

includes the foliage, branches, and bole. The total amount of

incoming precipitation is defined as gross precipitation. During a

storm, a portion of gross precipitation is retained by the canopy,

while the rest either falls through the canopy (throughfall) or runs

down the stem (stemf low). Terms for canopy interception, litter

interception, stemf low, and throughf all were defined by Branson et

al. (1981). Throughfall is the portion of gross precipitation that

reaches the litter layer through holes in the canopy or drip from

leaves and branches. Stemf low is the portion of gross precipitation

that is collected by the canopy and diverted down the outside of the

bole. Canopy interception is the portion of gross precipitation that

is retained by the canopy and eventually lost by evaporation.

Litter interception is the portion of gross precipitation that

is retained by the litter layer, and lost by evaporation. Total

interception loss includes precipitation retained by the canopy and

litter layer. Therefore, net precipitation is defined as the portion

of gross precipitation that reaches the mineral soil.

Interception occurs for both snow and rain. In discussing

rainfall interception, Grah and Wilson (1944) gave some additional

insights into interception processes. They divided canopy

interception into three parts: 1) transitory storage, water that will

drain from foliage from still air conditions, 2) conditional storage,

additional water that will drain from foliage as a result of a

disturbance such as wind, 3) and residual storage, water lost by

evaporation. Factors that affect interception losses include,
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interception capacity (water holding capacity) of the canopy,

rainfall intensity, frequency of precipitation inputs, and amount of

precipitation inputs (Branson et al. 1981). Lockwood and Sellers

(1982), Sellers and Lockwood (1981b) also pointed out that wind is a

very important component in determining interception losses. The

wind can create boundary layer turbulence, which allows the

evaporated water to be transported to the atmosphere as vapor. The

characteristics of the canopy, e.g. grass, shrub, or forest, as well

as wind speed determine the boundary layer turbulence. Wind speeds

at the top of a canopy can be higher than wind speeds within the

canopy layers (Sellers and Lockwood 1981a). Therefore, multilayered

canopies (such as forests) can have greater resistance to boundary

layer turbulence than single layered canopies (such as grasslands)

and can take longer to evaporate the wetted surfaces of the foliage,

especially deep within the canopy (Sellers and Lockwood l981a).

Evaporation rates are very sensitive to windspeed, and

evaporation can occur at any time, even during a rainstorm and wet

days (Lockwood and Sellers 1982, and Sellers and Lockwood l98lb,

Mount 1980). Pearce et al. (1980) indicated that evaporation from

wetted canopies was driven by advective energy, and evaporation rates

occurred equally during daytime and nighttime hours. A single

rainless day may be sufficient for a wetted canopy to completely dry.

Therefore, the amount of interception loss for any one rainstorm is

limited by the water holding capacity of the canopy, the duration of

the storm, the evaporation rate during the storm, and the evaporation

from the wetted canopy following the storm.

Snow interception needs to be considered in areas where

snowfall occurs. For most conifers, snow interception starts slowly

with most of the snowflakes hitting, then bouncing off and

subsequently falling through the canopy. After a short time snow

flakes begin piling, thus building bridges within the canopy. Snow
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will pile until the weight bends the branches and the snow sloughs

of f around the canopy of the tree (Schmidt and Gluns 1991).

In areas where the majority of precipitation comes as snow,

interception during the winter may not be a significant loss.

Goodell (1963) stated that snow interception may not result in an

excessive net loss of water from the site to the atmosphere.

However, he pointed out that more analytical studies were needed to

determine the amount of water that is lost through interception of

snow. Hoover and Leaf (1967) studied snow interception of lodgepole

pine and Engelmann spruce in a subalpine woodland in Colorado. They

found that snow transport through mechanical means was more important

than sublimation losses, subsequently water loss to the system was

minimal.

Mechanical transport of snow is redistribution by wind

following interception. Also, snow melt caused by rainfall which

results in throughfall and sternflow, can be considered as mechanical

transport.

Schmidt and Troendle (1992) summarized the important steps in

the snow interception process. They concluded that storm size,

canopy surface area, wind-temperature effects, and species growth

habits, were the important factors (listed in order) for determining

interception of snow by conifers.

Interception Losses

Eddleman (1986a) studied interception losses of western juniper

trees. He looked at small, medium, and large trees defined as having

canopy diameters of 2, 4, and 6 meters, and heights of 4, 6.8, and

10.4 meters, respectively. He found that individual trees

intercepted approximately 52, 59, and 69 percent, for small, medium

and large trees, out of 487 mm of input. The 487 mm of precipitation

came during 24 storm events usually 1 - 9 mm, with one storm
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producing 58 mm. These storms included both rain and snow. The

stemfiow was 2.5, 2.0 and 0.9 percent of small, medium, and large

trees respectively. The smaller trees being more efficient at

producing stemf low than the larger trees. However, the larger trees

intercepted more precipitation. He estimated that 20% of annual

precipitation could be lost by interception in a woodland with a

canopy cover that exceeded 30 percent.

Young et al. (1984> studied stemf low on western juniper trees

in Northern California. They reported that an individual western

juniper tree, 10 m in height, intercepted 42% of the annual

precipitation. They also reported that the stemf low was very small,

0.09% of the total input.

Collings (1966) studied interception losses of Utah juniper

(Junipertzs osteosperma) in Central Arizona. He reported interception

losses (does not include stemf low) by individual Utah juniper trees

that ranged from 4 to 44 percent for rainfall inputs ranging between

2 and 62 miii. The total interception loss, of the 19 storms that were

studied, was 14 percent. These trees were small, less than a 30 cm

bole diameter, the height was not given. The averages for each storm

came from 21 wedge-type rain gauges placed in different locations

beneath the canopy of trees. He did not report stemf low values.

The interception capacity for a alligator juniper woodland was

studied by Skau (1964). He found that annual interception losses

ranged from 2 - 25 percent of total precipitation for a canopy cover

of 8 - 58 percent. He estimated an average annual precipitation loss

of 17 percent.

The interception capacity for individual trees of Utah juniper

(Collings 1966), alligator juniper (Skau 1964), and western juniper

in Northern California (Young et al. 1984) were all less than the

values reported for western juniper in Central Oregon (Eddleman

1986b).
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Many interception studies in coniferous forests have been made,

as indicated by the reviews from Helvey (1971), and Zinke (1965). A

few results will be discussed here.

Patric (1966) studied a mature stand of western hemlock (Tsuga

heteropyla), and sitka spruce (Picea sitchensis) in Southeast Alaska.

Average rainfall was approximately 2286 mm. The canopy cover for the

stand was greater than 90 percent. He reported that daily

interception losses changed throughout the season and were greatest

in summer and least in winter. The total annual interception loss

was about 25% of gross rainfall.

Swank et al. (1972) studied interception loss from 5, 10, 20,

and 30 year old loblolly pine (Pinus taeda) stands in South

Carolina. These stands were 4.5, 11.5, 18.9, and 26.6 meters tall.

They estimated the interception loss at 14, 22, 18, and 18 percent of

annual precipitation (1370 mm). Grah and Wilson (1944) reported

interception losses of 76% to 6% for inputs of 2.5 to 25 mm in a

Monterey pine stand.

Gash et al. (1980) studied interception losses from three

coniferous forests in Great Britain. The Hafren forest consisted of

a 29 year old Sitka spruce forest with 4250 stems/ha, complete canopy

cover and an average height of 8.9 meters. The Roseisle forest was a

41 year old Scots pine (Pinus sylvestris) with 1870 stems/ha, 87%

canopy cover and an average height of 15 meters. The Kielder forest

was a 27 year old Sitka spruce forest with 3600 stems/ha, complete

canopy cover with an average height of 12.9 meters. Within the

Hafren forest 479 mm (27%) of a total of 1,795 mm was intercepted.

Within the Roseisle forest 209 mm (42%) of a total of 493 mm was

intercepted. Within the Kielder forest 254 mm (32%) of a total of

802 mm was intercepted. All of these values were considered a total

intercept ion loss.
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Helvey (1971), and Zinke (1965) concluded from their reviews on

forest interception studies that evergreen species have been found to

intercept more precipitation than hardwoods. Helvey (1971) also

noted values of interception loss ranged between 3 and 27 percent of

total precipitation in the evergreen species. Helvey (1971) found

that canopy interception loss was greatest in the spruce-fir-hemlock

type, intermediate in pine, and least in the hardwood species. Swank

et al. (1972) also estimated that over a years time, pines

intercepted approximately 100 mm (from a total of 1370 mm) more

precipitation than hardwoods in the same area.

The interception losses (excluding snow) may be very

significant, ranging from 3 to 27 percent of annual precipitation

(Helvey 1971). In contrast, Nicolson et al. (1968) stated that

interception may not be a complete loss. They found that intercepted

precipitation reduced transpiration losses by 12 and 13 percent for

white pine and white spruce. They concluded that the intercepted

water conserved soil moisture by reducing transpiration.

Their appears to be a lot of variation in the reported results

of snow interception. Schmidt and Gluns (1991), studied interception

on branch tips of Engelmann spruce (Picea engelmannii), subalpine fir

(Abies lasiocarpa), and lodgepole pine (Pinus contorta). They found

that the greatest interception occurred with 3-4 mm (water

equivalent) of snowfall with low specific gravity. Engelmann spruce

intercepted 50% of storms with 10 mm of water equivalent input, while

subalpine fir and lodgepole pine intercepted 40%. The percent

intercepted decreased to 30% in 20 mm water equivalent storms. They

also noted that as specific gravity of snow increased the percent of

interception decreased.

The amount of moisture lost through sublimation would be less

than that intercepted. Schmidt and Troendle (1992) estimated the

amount of water lost by sublimation from intercepted snow in the
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boreal forest across Canada. They estimated that 14 mm at the

southern tip of the broadleaf-conifer forest, to 72 mm at the

northern conifer forest would be lost through sublimation. They

estimated an average of 46 mm of intercepted snow was sublimated from

the boreal forest.

Satterlund and Haupt (1970) found that over 80% of snow

intercepted by western white pine saplings was redistributed by wind

or melting, and contributed to throughfall. They concluded that only

a small percentage of snow was lost by evaporation.

Other herbaceous and shrubby plants can intercept water as

well. Hull (1972) evaluated rain and snow interception by big

sagebrush in Idaho. He found that 69% (total input of 183 mm) of

rainfall was intercepted by a full stand (2.2 plants/rn2) of sagebrush.

He also noted that 61% of snow (total input of 38 mm water

equivalent) was intercepted.

Hamilton and Rowe (1949) studied interception by chaparral in

California. They had three study sites, North Fork A, North Fork B,

and San Dimas, all of which had different mixtures and densities of

shrubs.

The North Fork A study site contained five deciduous species

including: California buckeye (Aesculus californica), deerbrush

ceanothus (Ceanothus integerrimus), pacific poison oak (Rhus

diversiloba), California black oak (Quercus kelloggii), and

California fremontia (Fremontia californica). This site also

contained four evergreen species which included interior live oak

(Quercus wislizenii), buckbrush ceanothus (Ceanothus cuneatus),

mountain mahogany (Cerocarpus betuloides), and mariposa manzanita

(Arctostaphylos mariposa).

The North Fork A was a 202 m2 plot which had a 20% canopy cover

in the winter and 50% canopy cover in the summer. The canopy height
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ranged from 1.2 to 6.1 m for a 19 year old stand, and California

buckeye was the dominant species. North Fork B had a 20 m2 plot which

contained 22 year old buckbrush ceanothus and mariposa manzanita.

The average height was 3 m with a canopy cover of 50 percent. The San

Dimas site had a 90 m2 plot which contained California scrub oak

(Ceanothus oliganthus), hoaryleaf ceanothus (Ceanothus crassifolius),

and mountain mahogany. The shrubs on the San Dimas site were 23

years old, 3.0 - 3.7 m high, and had a canopy cover of 75 percent.

The study was conducted for at least three years at each site

(1937 to 1945). The precipitation came mostly as rain, some snowfall

did occur during the winter months. Results for annual interception

losses only were shown.

The results for North Fork A showed an annual interception loss

ranging from 7 to 5 percent, for annual precipitation inputs between

615 and 1557 mm, respectively. Stemf low values for annual inputs of

615 to 1557 mm ranged between 11 and 15 percent. Annual interception

losses for the North Fork B site ranged from 11 to 7 percent, for

annual precipitation inputs of 706 to 1077 mm, respectively.

Stemf low values for the annual inputs 706 and 1077 mm ranged between

26 and 32 percent. Annual interception losses for the San Dimas site

ranged between 12 and 9 percent for annual precipitation inputs of

518 to 846 mm, respectively. Stemf low values for the annual inputs

of 518 and 846 mm ranged between 8 and 10 percent.

The results reported by Hamilton and Rowe (1949) indicate that

total annual interception losses were lower than stemf low values for

these shrubs. They did not provide water holding capacities for

individual shrubs. However, they did calculate water holding

capacity for the total plot. The vegetation for the North Fork A

site held 0.8 mm during the winter, and 1.3 mm during the summer.
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The vegetation for North Fork B held 1.5 mm. While the denser

vegetation at the San Dimas site held 2.1 mm of water.

West and Gif ford (1976) estimated a 4% annual rainfall loss

(does not include snowfall) for shadscale (Atriplex confertifolia)

and big sagebrush (Artemisia tridentata). Shadscale and big

sagebrush both held approximately 1.5 mm of water when averaged over

all sampling dates and rainfall intensities of 5 cm/hr and 10 cm/hr

(West and Gifford 1976).

Grah and Wilson (1944) found that the water holding capacity

for Baccharis pilularis ranged from 58% (1.5 mm) to 8% (2 mm) for 2.5

to 25 mm of input respectively. Statements have been made that some

shrubs, particularly mulga (Acacia aneura) in Australia, will

intercept virtually all rainfall inputs, thus eliminating

throughfall. However, the majority of the intercepted rainfall for

mulga was diverted to stemf low (USDA Soil Conservation Service 1975).

The interception capacity of grasses and forbs varies

according to species, grass height, and canopy cover. Clark (1940)

reported values of maximum interception capacity for several species

including big bluestem (Andropogon furcatus), buffalo grass (Buchloe

dactyloides), slough grass (Spartina pectinata), tall goldenrod

(Solidago altissiam), prairie sage (Artemisia gnaphalodes), saltbush

(Atriplex argentea), spotted spurge (Chamaesyce maculata), and

knotweed (Polygonum avicuiwere).

The water holding capacity for a dense stand of big bluestem

grass, 60 cm height, was 2.3 mm. A very dense, 20 cm stand of

buffalo grass held 1.7 mm of water. The reported value 0.8 mm for

slough grass seemed low. However, the basal cover was very sparse

even though the slough grass was about 114 cm tall and the foliage

cover was approximately 100%.

In the above study forbs also held a significant amount of

water ranging from 0.6 to 2.8 mm of water. Tall goldenrod, 151 stems
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per m2 and 163 cm tall, held 2.3 mm of moisture. Prairie sage, 194

stems per m2 and 107 cm tall, held 2.8 mm of water. A 46 cm tall,

dense stand of saltbush held 2.0 mm of water. Spotted spurge (height

and density was not given) only held 0.6 mm of water. The mat

forming knotweed held 0.8 mm of water.

In addition to species, interception capacity was also

determined by the stage of growth. Merriam (1961) reported that

surface water storage of annual rye grass (presumably Lolium

multiflorum, species not given in text) changed with the season.

Early in the season annual rye grass, with an average height of 10

cm, held 0.4 mm of water. As the growth stage matured to an average

of 48 cm in height, the annual rye grass held 2.8 mm of water.

Corbett and Crouse (1968) reported values of interception storage

capacities for blando brome (Bromus mollis), annual rye grass (Lolium

rnultiflorum), and tall wheatgrass (Agropyron elongatum) that ranged

from 0.3 to 5.1 mm for each of these species for early to late stages

of growth, respectively. Burgy and Pomeroy (1958) reported that a

range mix (mostly tall fescue and soft chess) held approximately 1 mm

of moisture. The range mix was 41 cm tall and had a biomass of 168

g/m2, air dry.

Some values for total interception losses have been reported by

several authors. Clark (1940), reported interception losses under

natural rainstorms for big bluestem and slough grass. The losses for

big bluestem grass were 90 and 68 percent for rainfall inputs of 0.5

and 45 mm, respectively. The losses for slough grass were 80 and 67

percent for rainfall inputs of 0.5 and 10 mm, respectively. The

interception losses, especially for the higher inputs of rainfall,

reported by Clark (1940) seem very high.

Haynes (1940) studied the interception losses of vegetative

crops. He reported interception losses for timothy (Phleum) and



20

bluegrass (Poa). Timothy had a foliage cover of 95%, and was 64 to

89 cm tall. Bluegrass had a foliage cover of 100%, and was 46 cm

tall. The interception losses reported were 34% and 55% for inputs

of 268 and 488 mm over a three year period for timothy and bluegrass,

respectively. These values do not include stemf low, which means the

actual interception losses may be less.

Corbett and Crouse (1968) studied interception on annual grass

and compared it with interception losses for chaparral shrublands in

California. They reported losses of approximately 5% (633 mm input)

for one year and 14% (389 mm input) for another year. They

attributed the difference to the timing of precipitation input. The

low interception loss occurred in a year when the majority of rain

fell early in the growth stage of annual grass. The higher

interception loss occurred in a year when the majority of

precipitation came during the maximum growth stage of annual grass.

Using their data, they estimated an approximate 32 year average

annual interception loss of 8 percent for annual grass. In

comparison, the 32 year average annual interception loss for

chaparral shrubland in California was 13 percent. The values for the

chaparral shrubland came from the interception equation developed by

Hamilton and Rowe (1949). The average annual rainfall during this 32

year period was 660 mm.

Sellers and Lockwood (1981b) developed a model to compare

vegetation type changes on hydroclimatology. They concluded that the

average annual interception loss for a multilayered pine forest was

approximately 35%, compared to 9% for a grassland, with an annual

input of 714 mm.

In contrast to the interception losses of grasses that have

been reported by several authors, McMillan and Burgy (1960), found

that intercepted water may not represent a loss to the system. They

studied the interception loss from grass using lysimeters. They did
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losses from wetted and unwetted vigorous grass covers. From these

results they suggested that intercepted water reduced transpiration,

and therefore did not represent a loss to the system. However,

interception losses were significant when dead grass stubble was

used.

Couturier and Ripley (1973) developed a model for gross and net

interception losses in a mixed prairie of Agropyron-Koeleria in a

Stipa-Bouteloua association. Average biomass was 500 g/m2 for dead

material and 140 g/m2 for live vegetation on a dry weight basis.

Ninety percent of the total above ground biomass was less than 15 cm

in height, with a leaf area index of 3.5 for dead, and 1.2 for live

vegetation. They calculated net interception losses of 14 and 22

percent for two growing seasons. They did not include stemf low

measurement while developing their model.

Ndawula-Senyirnba et al. (1971) studied the interception of

bluebunch wheat grass (Agropyron spicatum) in terms of its ability to

direct and concentrate water directly beneath individual plants.

Bluebunch wheat grass grows in bunches leaving bare interspaces in

semi-arid environments. They found that moisture penetration in the

soil was 12 cm for bare ground and 15, 17, and 20 cm for plants that

were 30, 40, and 53 cm tall, with an input of 29 mm. They did not

report the water holding capacity of blue bunch wheatgrass.

Litter Interception

Gif ford (1970), studied the water movement through pinyon

(Pinus monphylla) and Utah juniper litter with a maximum depth of 6.3

cm, and average of 3.8 cm. He found that the water had penetrated

2.5 cm into the litter, after 96 mm of input, in areas where the

canopy was closed. He also noted that water had penetrated through

21
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the litter layer and 15 cm into the soil in areas where the canopy

was somewhat broken.

Litter may be a very important factor in determining total

precipitation losses in a woodland. Litter has generally been

defined by stages of decomposition within different layers. Reynolds

and Knight (1973) divided litter into three different layers

including the "L" layer consisting of undecomposed leaves, the "F"

layer consisting of partially decomposed leaves, and the "H" layer

consisting of fully decomposed leaves. In general the "F" layer held

more water per gram than either the "L" or "H" layers for lodgepole

pine and spruce fir (Reynolds and Knight, 1973). However, the "H"

layer held more moisture for ponderosa pine (Clary and Ffolliott,

1969). In addition to water holding capacity of litter, the rate at

which the water is absorbed may also vary for different layers of

litter. Grelewicz and Plichta (1985) found that different layers of

litter had different absorption properties. The rate water was

absorbed by the "L" layer did not depend on initial water content,

but did for the "F" and "H" layers. However, the absorption rate for

the "F" and "H" layers increased as the initial water content

increased. Grelewicz and Plichta (1985) concluded that absorption

properties of organic materials may be linked to the degree of

decomposition. The rate of wettability decreased as the degree of

decomposition increased.

In addition to dividing litter into different layers, most

studies also report the water holding capacity for the total litter

layer. Water holding capacity of litter can be variable. Reynolds

and Knight (1973) reviewed several studies that measured maximum

litter water holding capacity from different woodland types. These

litter water holding capacity values ranged from 116% for ponderosa

pine to 220% for loblolly pine, expressed as percent dry weight.

Walsh and Voigt (1977) found that the water holding capacity of beech
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litter exceeded that of pine litter. The absolute amount of water

retention was a function of litter weight, the greater the weight of

litter, the greater the retention. For a given weight, 3229 g/m2'

beech litter held 2.1 mm and pine litter held 1.5 mm of water. Metz

(1958) found that 5.0 cm of loblolly pine litter held 2.2 mm of

water. Reynolds and Knight (1973) reported that an average of 3.7 cm

of lodgepole pine litter held 9.5 mm of water, and 3.8 cm of spruce

fir held 12.8 mm of water. Rowe (1955), found that water holding

capacity of pondersosa pine (Pinus ponderosa) and monterey pine

(Pinus radiata) litter was related to depth. He found that 2.5, 6.9,

and 9.1 cm Ponderosa pine litter held 2.3, 8.1, and 11.2 mm of water

respectively. He also gave values of 0.6, 1.3, 1.9, and 3.2 cm of

monterey pine litter held 0.5, 1.0, 1.8, and 3.6 mm of water

respectively.

The average annual loss of gross precipitation by litter

interception depends on the water holding capacity of the litter,

drying rate of litter, and rainfall characteristics (Metz 1958,

Reynolds and Knight 1973, Helvey and Patric 1965, Walsh and Voigt

1977). The majority (60 -70%) of retained water can be evaporated

from pine litter in the first four days following a rainstorm (Metz

1958, Reynolds and Knight 1973). Metz (1958) reported that it took

an additional 7 days for the litter to reach equilibrium, i.e. a

point where evaporation ceased. Rowe (1955) reported an average

annual loss of approximately 5% from ponderosa pine litter that was

6.6 cm deep and had 1067 mm of precipitation input.

Garcia and Pase (1967), found that Pringle manzanita

(Arctostaphylos pringlei) litter held more moisture than shrub live

oak (Quercus turbinella) litter in dense, uniform stands. The

average litter depth was 3.7 and 5.2 cm for pringle manzanita and
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shrub live oak respectively. The water holding capacity was 5.1 and

2.8 mm for pringle manzanita and shrub live oak respectively.

Corbett and Crouse (1968) measured interception of blando brome

litter in an annual grass range in California. They used two

different densities (group 1 and 2) of litter, 184 g/m2 and 616 g/m2.

The water holding capacity for litter in group one was 0.3 mm and

group two held 1.5 mm. They found that the litter dried rapidly,

losing most of its water by the end of the second day. They

developed regression equations and applied them to 32 years of data.

They determined that annual interception loss averaged about 4% of

total input (660 mm). Clark (1940) reported that 2.5 to 5.0 cm of

litter from little barley (Hordeum pusilluzn) and cheat grass (Broznu$

tectorum) held 0.17 and 0.23 mm of water respectively.



OBJECTIVES

The overall objective of this study was to determine the effect

of structure of western juniper canopies on the precipitation input

partitioning at both the individual and woodland levels.

The first specific objective (objective 1) was to determine the

water holding capacity (WHC) of individual trees of varying sizes.

Objective 1, was accomplished by further division into objectives l

and Objective la was to obtain the WHC of small trees, those

with crown volumes less than 7 m3. Objective 'b was to obtain WHC of

large trees, those with crown volumes greater than 7 m3. The

objective was the same for objectives 'a and 1b but the methods for

obtaining WHC were different.

Information from objective 1 was used to determine potential

interception losses for individual trees. In addition several

variables were measured to test for their relationship to WHC.

Variables measured on all trees included tree height, crown diameter,

crown volume, projected crown area, leaf biomass, total biomass, and

basal diameter of the bole. Additional variables measured for large

trees included leaf area, branch biomass, bole biomass, total number

of branches, branch density, branch angle, and crown density index.

The second specific objective (objective 2) was to determine

effect of individual tree canopies on the partitioning processes of

precipitation into interception (I), crown throughfall (TF), and

stemf low (SF). Determining WHC and partitioning of precipitation of

individual trees will be used to help understand interception by

juniper trees on a woodland level. The partitioning of precipitation

helped understand the interception process and was divided into

saturated water holding capacity (SWHC) and WHC. Important

considerations were: 1) cumulative input (in mm) which determines

when SF begins, 2) total SWHC, drip, and WHC of the tree, 3) size of
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storm needed to exceed SWHC and WHC, and 4) isolation of those

structural variables associated with WHC, and testing their

relationship using multiple regression analysis.

The third specific objective (objective 3) was to determine

interception losses of natural precipitation at the woodland level

with varying canopy cover. A model was developed to predict net

precipitation (Pn) (or conversely the amount of interception loss)

given the percent canopy cover and gross precipitation (Pg) input.

The fourth specific objective (objective 4) was to determine

the WHC of western juniper litter. Litter depth and litter volume

beneath western juniper trees was also determined. The litter water

holding capacity (LWHC) was used to determine the amount of TF that

could be intercepted by litter and eventually lost by evaporation.

A precipitation history representative of Central Oregon was

provided to better understand and evaluate each objective. This

history included daily, monthly, and yearly precipitation values.



METHODS

Study Site Characteristics

This study was carried out at two locations. Measurements

related to objectives 'b and 2 were examined at Sanford Creek.

Measurements related to objectives 13, 3, and 4 were examined at Combs

Flat.

Sanford Creek is located in the Crooked River drainage basin

(T17S R18E sec 17), approximately 30 kilometers southeast of the city

of Prineville, Crook County, Oregon. Sanford Creek is a small

perennial stream located in a north-south canyon of the Maury

Mountains which emptied into the Crooked River. The elevation at the

site is 1310 m.

Combs Flat is located in Crook County, Oregon, approximately 15

kilometers east of the city of Prineville (T17E R15S sec 27 and 35).

Elevations at the Combs Flat site ranged from 1000 to 1150 m, with

slopes that were between 0 and 10%. The Combs Flat study site was

approximately 1.5 * 1.0 km (1.5 km2) in size. The soils ranged from a

sandy loam, derived from volcanic parent material, to a clay loam.

The average annual rainfall is 250 - 300 mm (10 - 12 inches), and the

majority comes during the winter months.

Precipitation History

The precipitation history was obtained from three weather

stations, Madras, Prineville, and Redmond, to represent Central

Oregon. Madras, Prineville, and Redmond, were located in valley

bottoms of Central Oregon, approximately 50 kilometers from each

other, and are lower in elevation and receive less precipitation than

the Combs Flat study site. However, the records for Madras,
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Prineville, and Redmond, were easily obtained, and represent weather

patterns for Central Oregon.

The information from the Madras, Prineville, and Redmond,

weather stations was obtained from the State Climatologist, at Oregon

State University, Corvallis Oregon.

Water Holdinq Capacity of Western Juniper Trees

The WHC was determined for 51 trees. These trees were

categorized as small or large based on crown volume, expressed as a

function of crown height and crown diameter, with the assumption that

each tree was a near cone shape. The 51 trees were divided into the

two groups consisting of 32 in the small category (crown volume < 7

rn3), and 19 in the large category (crown volume > 7 m3).

Water Holdinq Capacity of Small Western Juniper Trees

The WHC of small trees (objective la) was determined at the

Combs Flat site. Small dry trees were cut and weighed on a platform

scale. Each tree was then saturated with water using the mist

setting from a "forest service fire pump". After the trees were

saturated, they were immediately reweighed for SWHC, and then weighed

again when the canopy drip had ceased, for WHC. The SWHC was defined

as "transitory storage + residual storage". Transitory storage was

the water which exceeded residual storage and was held in the crown

for short periods, but eventually fell to the ground as drip. The

WHC was defined as residual storage, water that remained on the

vegetative surfaces after free drip has ceased following saturation.

The SWHC was calculated from the difference of dry weight minus

the immediate wet weight. The WHC was calculated from the dry weight

minus post drip wet weight. Values for WHC were converted to mm by

dividing WHC(g) I CRAREA *10. Where WHC was in grams, CRAREA was
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projected crown area in cm2 this gave a WHC value in cm. The WHC

value was then multiplied by 10 to obtain mm.

Twenty-five trees with crown volumes between 0.1 m3 and 6.8 m3

were sampled using the platform scale. The platform scale had a

precision of ± 113 g which equates to ± 0.6 mm for the smallest tree

and ± 0.02 mm for the largest tree.

An additional 7 trees with crown volumes between 1.6 m3 and 6.6

were sampled using a hanging scale, which had a precision of ± 100

g which equates to ± 0.05 mm for the smallest tree and ± 0.02 mm for

the largest tree.

The WHC value was tested for its relationship to structural and

size variables of the tree. The data were analyzed using multiple

regression analysis techniques (Neter et al. 1989) within the

statistical analysis system (SAS) (Cody and Smith 1991). The

dependant variable was WHC in mm, while the independent variables

included tree height, crown diameter, basal diameter, crown volume,

and leaf biomass.

Leaf biomass was estimated from circumference using the

equation: y = -5.381 + 0.352x (Miller et al. 1987), where y is leaf

biomass in kg, and x is basal circumference in centimeters.

Basal diameter was measured by taking the average of two

diameter measurements at the base of the bole on the cut surface near

the ground where the tree was cut off. Tree height was measured from

the base where the tree was cut to the tip of the crown. Crown

diameter was an average of two diameter measurements through the

widest and narrowest part of the crown, assuming that the crown was

approximately circular. Crown volume was calculated by ½nr2h, where r

is the radius which was derived from crown diameter, and h is tree

height, assuming that the tree was a near cone shape.



Water Holdina Capacity and Precipitation Partitioninci of

Larqe Western Juniper Trees

The WHC and precipitation partitioning of large western juniper

trees (objective lb and 3) was determined at the Sanford Creek site.

This site was selected because of access to flowing water and minimal

surface winds.

The WHC of mature western junipers was determined on 19

randomly selected trees using simulated rainfall. Trees selected had

to meet certain criteria (e.g. one bole and a generally circular

crown).

Three rainbird impact sprinklers were used to simulate

rainfall. The water for sprinkling was produced by a U.S. Forest

Service fire pump equipped with a 7-hp engine. The simulated

rainfall was controlled with a pressure valve and flow meter, at a

constant rate of approximately 23 mm/hr. Sprinkling occurred between

6:00 am and 7:30 am to eliminate wind effects, and to reduce

evaporation during sprinkling.

Prior to sprinkling the western juniper trees, the rainfall

pattern within the zone of influence was established by setting up

three runoff tarps on a level area without the tree and replicated

treatments applied.

For sprinkling of trees the three sprinklers were placed around

the tree, 6.1 meters from the bole at a 120° angle from each other

(Figure 1). The sprinklers were attached to 9.2 meters of 1" steel

pipe. The steel pipe was raised into the air, and leveled

vertically, and held in place by three guide ropes (Figure 2). An

extension was added to the sprinklers for trees that were taller than

9 meters, which kept the sprinkler heads elevated above the tree top.

All three sprinkler heads were kept at the same elevation,
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irrespective of the slope of the land, to maintain the same pressure

for each sprinkler.

Approximately 21% of the area underneath each crown was sampled

to determine TF. This was accomplished by placing three triangular

shaped tarps, approximately 7% of crown area each, beneath the tree.

The tarps were placed around the tree between the sprinklers, 1200

apart (Figure 1). The tarps were 3.54 m long, and were 0.0 m at one

end to 1.98 m wide at the other end (Figure 1). The tarps were

triangular shaped to keep the percent of crown area sampled constant

with distance from the bole, irrespective of the crown diameter. For

the trees which had a radius less than 3.54 m a plastic cover was

used on the exposed portion of each tarp (Figure 1). For the trees

which had a radius larger than 3.54 m an extension, made from

plastic, was used to extend the tarp.



Figure 1. Overhead view of the sprinkler setup. Position of the
three rainbird sprinklers, three runoff tarps, and nine rain gauges.
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Figure 2. Side view of the sprinkler setup, only one sprinkler and
runoff tarp is shown. The bottom branches of the tree were cleared,
up to one meter for placement of the runoff tarp. The runoff tarps
drained into a 2½ gallon jug. The sternf low drained into a one gallon
jug.
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The tarps were used to collect TF. Each tree was prepared by

cutting the bottom branches up to approximately one meter above the

ground to place the tarps beneath the tree (Figure 2). Each tarp

drained into a 2½ gallon jug, and the contents were measured in ml

(Figure 2). The jugs were sampled every four minutes, for

approximately 60 minutes. Each 4 minute measurement was converted to

a TF rate (TFr)I from using the formula; ((TF(ml)/4 mm) * (1/x cm2) *

(10 mm/cm) * (60 min/hr)), where x equals the area of the tarp in cm2,

and ml is equivalent to cm3, to obtain TFr in mm/hr. After sprinkling

was stopped, the trees were allowed drip, and the jugs were

remeasured. The drip values were then converted to depth by using

the formula; (TF(ml) * (1/x cm2 * 10 mm/cm), where x equals the area

of the tarp in cm2.

SF from each tree was also determined at 4 minute intervals. A

one inch clear plastic flexible tubing was cut in half. The half

tube was tacked to the bole to form a spiral trough, and sealed to

the tree bole with silicone to collect SF. The tubing emptied into a

gallon jug, and the contents were then measured in ml (Figure 2).

Each 4 minute measurement was converted to a SF rate (SFr) This was

accomplished by using the formula; ((SF(ml)/4 mm) * (1/x C2) * (10

mm/cm) * (60 mm/hr))1 where x was the projected crown area, to

obtain SFr in mm/hr. After sprinkling was stopped, the water on the

bole was allowed to drain (SF drip), and was then measured in ml.

The values were converted to mm by (ml * (1/x cm2) * 10), where x

equals the projected crown area.

In addition to the tarps, nine rain gauges were also used to

measure TF. The rain gauges were placed in three different zones

beneath the crown. Zones 1, 2, and 3 were based on three areas

(inner ½, middle ½, and outer ½ respectively) from the bole to the

edge of the tree (Figure 3). The nine rain gauges, centered in each
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of the three zones alongside each of the three tarps (see Figure 1>,

were collected at the end of each sprinkling event to estimate total

TF, including drip, by each zone (Figure 3). A weighted WHC (WHCw)

value was obtained from the average of the rain gauges in each zone

by using the formula (0.11 * WHC zone 1) + (0.33 * WHC zone 2) +

(0.56 * WHC zone 3), where 0.11, 0.33, and 0.56 represent the areas

associated with zones 1, 2, and 3, respectively (see Figure 3).

The WHC for each tree was determined by using the equation WHC

= SWHC - drip. The SWHC for each tree was determined by using the

equation SWHC = SI - (TF + SF), where SI was sprinkling input. TF

and SF were converted to a rate per each four minute period. TFr and

SFr changed over time, for each 4 minute interval measured, until the

tree reached a point of saturation while SIr remained constant.

Therefore, SWHC was obtained by integrating over time, for the

difference between SIr - (TFr + SFr)I from time 0 to the point of

saturation. These values were obtained by using the program TANTRUM

(written by Randy Lundquist, Department of Physics, Oregon State

University, 1992). TANTRUM was a program which utilized the

marquardt algorithm (Bevington, 1969), a non-linear least squares

data fitting procedure.

The TFrat each four minute interval, used in this program were

from a combination of the TFr measurements for the three tarps and

SFr The TFr values from the three tarps were added, and considered

as representing approximately 21% of the crown area. This value was

then adjusted (sum of three tarps I percent of crown area sampled)

to estimate the amount of whole TFr for the tree without accounting



Figure 3. Top and side view of zones 1, 2, and 3 beneath each tree
illustrated.
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for the SFr portion. The SFr value was then added to obtain a total

TFr value (TFr + SFr) for the tree.

The model used to fit this data used two mathematical

functions. The rate (total TFr) obtained at each 4 minute interval

was used in the model. The value for TFr was assigned to the mid

point of each four minute interval (e.g. 2, 6, 10 etc.), for the

purpose of developing the model.

First, an inverse exponential decay function was used in the

model which was:

y(t) = A1 + B1 * e(t), for 0 < t < T.

Where:

y(t) = total TFr (TFr + SFT) in mm/hr at a given time t.
A1 = value which the exponential function decays to.
B1 = approximately the negative value of A1, this value changes
the direction of the exponential decay, e.g. an inverse
exponential decay function.
t = time (mm) for data points e.g. 0, 2, 6, etc.
Ti = time (in minutes) when the model switched from using
function 1 to using function 2.
expi = exponential decay rate.

Secondly, a cosine function was used which was:

Y(t) = C1 + * cos(( * t) + 1), for t > Ti.

Where:

Y(t) = total TFr (TFr and SFr) mm/hr at any given time t, for t
> Ti.
C1 = defines point above zero which the cosine function revolves
around, which represents the constant SIr in mm/hr.

= amplitude of the cosine function.
= period of the cosine function, 1 period = 2ic, so omega was

21t/t.
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function 1 to using function 2.

An illustration of these two functions is shown in Figure 4.

The SIr was considered a constant and was equal to the value

calculated for the variable C1. These values were close to 23 mm/hr,

but varied slightly from tree to tree.

t = time (in minutes) for data points e.g. 0, 2, 6, 10, etc.
I = point or phase where cosine function begins.
Ti = Time (in minutes) when the model switched from using
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Figure 4. Illustration of the two functions used in the program
TANTRUM, which used the marquardt algorithm, a non-linear least
squares data fitting procedure. The first function: y(t) = A1 + B1 *
e(P1*t) for 0 < t < Ti, was an inverse exponential decay function.
The second function: Y(t) = C1 + D1 * cos(( * t) + T) for t > Ti, was
a cosine function.



Figure 4.
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The variable measured was total TFr (TFr and SFr) therefore WHC

was calculated from total amount applied up to the point of

saturation, minus total TFr and drip. Total applied to the point of

saturation comes from SIr multiplied by the time when saturation

occurs. Saturation occurs when total TFr equalled 51r TF was

calculated by integrating beneath the curve, up to the point of

saturation (Figure 4). The difference between SI and total TF (TF +

SF) was equal to the amount of water the tree held at the point of

saturation (SWHC). Water holding capacity was equal to total amount

at SWHC minus drip. Drip was measured the same way as TF and SF, and

was equal to the amount of water dripping from the tree following

sprinkling cessation.

The factors of tree size and architecture affecting

precipitation partitioning include tree height, crown diameter, crown

volume, basal diameter, leaf area, leaf biomass, branch biomass, bole

biomass, total biomass, branch angle, and crown density index. Age

was an indirect factor representing tree size and architecture,

therefore was included.

Tree height was measured from the bottom of the remaining

branches to the tip of the bole. Crown diameter, was converted from

an average of 6 different radius measurements taken from the center

of the bole to the edge of the crown. Crown volume was calculated

using the same methods as for the small trees. Basal diameter was

measured by taking two diameter measurements from the slice of the

bole taken immediately below the remaining branches. Age was

obtained by counting the growth rings from the slice of bole taken

immediately below the remaining branches.

After treatment, each tree was cut immediately below the lowest

retained branches and the bole and branches (including leaves), were

weighed separately. Three samples each of the bole, branches, and
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leaves of each tree were oven dried at 60 °C for 4 days and the

percent moisture content was determined. The percent moisture

content was then used to estimate dry biomass values for bole, branch

and leaves as a percent of dry weight.

Since the branch and leaves were weighed together, leaf biomass

of each tree was estimated from the equation y = 0.473 + 0.04x

(Miller et al. 1987). Where y was leaf biomass (kg), and x was

sapwood area (cm2). Sapwood area of each tree was determined by

tracing the sapwood from a cross section slice of each bole on to

black paper, and the area determined using a Licor leaf area meter.

The leaf biomass was then separated from the branch biomass.

Leaf area was estimated from the equation y = 0.22 + 0.504x -

(-0.0024x2), (Miller et al. 1987). Where y equals leaf area (m2), and

x equals sapwood area (cm2).

Branch angle was determined by taking a photograph of the tree

at a 90 degree angle from a transect that was from the bole to the

edge of the canopy. The tree was photographed at three different

locations. The pictures were projected onto a screen, and branch

angles measured at 4 locations (bottom, lower middle, upper middle,

and top) on each photograph for a total of 12 measurements. branch

angle was obtained by taking a weighted average of these 12

measurements. The bottom measurement received a weight of 44%, the

lower middle 32%, the upper middle 18%, and the top 6%.

Crown density index was determined by using a spherical

densitometer and measuring the crown density at three locations from

the bole to the edge of the canopy in zones 1, 2, and 3, and at three

locations around the tree for a total of 9 measurements. The crown

density index was an average of these 9 measurements, and recorded as

percent.
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The data collected were analyzed using multiple regression

analysis techniques (Neter et al, 1989) within the SAS program (Cody

and Smith, 1991). The deperidant variables SWHC and WHC were each

tested separately against the independent variables to develop a

predictive model. The independent variables included age, tree

height, crown diameter, basal diameter, crown area, crown volume,

trunk volume, leaf area, leaf biomass, branch biomass, total biomass,

crown density index, branch number, and branch density.

Interception Losses from a Western Juniper Woodland

Snow fall, and to a lesser extent rain fall, within a western

juniper woodland can be highly variable. The distribution of

precipitation, especially snow, within a woodland is affected by the

wind and tree height. Therefore, precipitation interception by

individual trees was expected to be affected by the woodland.

Because of expected variability in net precipitation (P11), the

portion of precipitation reaching the soil surface was measured on a

woodland basis rather than a single tree basis.

Definitions for precipitation include, gross precipitation (Pg)

= rainfall input for each plot prior to any losses due to canopy

interception, and net precipitation (Pn) = precipitation below canopy

cover and above the litter layer.

The measurement of interception for the woodland level study

was by storm events. A storm event was defined as complete snowmelt

after one or more storms, or at least one full day without

precipitation inputs. Most storm events included inputs for more

than one day.

The experimental design for the woodland level interception

study was originally organized as a completely randomized block

design. The factors consisted of four different canopy cover

classes, zero (control), low (8-14% cover), medium (16-28% cover),
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and high (34-43% cover), and each storm event was treated as a block.

Twenty plots, five for each cover class, were randomly located within

the Combs Flat study site (Figure 5). Each plot was 28 X 28 m (784

m2). Plots 1, 2, 3, 17, and 20 were used as a control, e.g. zero

canopy cover. The low canopy cover class consisted of plots 6, 7, 8,

and 15. The medium canopy cover class consisted of plots 5, 9,

14, and 16. The high canopy cover class consisted of plots 4,

13, 18, and 19.

Canopy cover for each plot was measured by creating a map of

each plot on graph paper. The coordinates for each tree were

obtained and plotted on the map. Crown diameter for each tree was

measured by averaging four measurements of the crown radius and then

plotted, to scale, on the map. Canopy cover was obtained by

averaging the canopy intercept on 14 transects, every two meters,

across the map, and recorded to the nearest percent. All shrubs

were cleared from each plot to avoid any possible interception

effects from shrubs.

In addition, tree height for each tree was measured by standing

a 10 m pole, marked in 10 cm segments, next to each tree and

recording the tree height. Basal diameter of each tree was measured

by taking one measurement near the ground surface, recorded to the

nearest 1 cm. Foliage density index, or tree health was subjectively

determined for each tree. An index from 0 - 10 was used for each

tree. A rating of zero represented a dead tree. An index value of

10 was given for a tree with extremely dense foliage. An foliage

density index value of 7 was given for an average healthy western

juniper tree.

Net precipitation was measured by using between 15 and 22 rain

gauges on each plot. Because of expected variability of blowing
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Figure 5. Location of each plot and the weather station at the Combs
Flat study site.
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Figure 6. Display of rain gauge installation as used in each plot.
Rain gauges were buried ground level, filled with sawdust and
surfaced with 2.5 cm of ¼" round pea gravel. A rain gauge sleeve
(made from aluminum sheeting) was used to allow the rain gauges to be
interchanged easily.
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precipitation, especially snow, each rain gauge was buried at ground

level to obtain a more accurate measurement of Pn. In places where

litter existed the rain gauges were buried at the level of the

litter.

To avoid a cavity that snow could fill by drifting, each rain

gauge was filled with sawdust and surfaced with2.5 cm of 1/4 round pea

gravel to simulate a natural ground surface (Figure 6).

The rain gauges were buried by placing a rain gauge sleeve

(made from aluminum newspaper template sheeting) into the ground

(Figure 6). After the rain gauge sleeves were in place, the rain

gauges could be interchanged easily, without the soil adhering to the

rain gauge.

The rain gauges were weighed prior to placement (dry weight)

and at the end of each storm event (wet weight), to the nearest g,

which equates to ± 0.1 mm. For storm events consisting of snow, the

rain gauges were not reweighed until the snow had melted. Amount of

Pn input (g) was calculated by subtracting dry weight from wet

weight. The weight of water (1 g = 1 cm3) was then divided by the

area of the rain gauge (cm3 / cm2) to obtain depth (cm). The values

were then multiplied by 10 to obtain mm. The fifteen rain gauges

from each plot were averaged to determine a Pn value for each.

After each storm event the gravel was removed and air dried.

The sawdust in each rain gauge was oven dried at 60°C for one week.

The rain gauges were then removed from the oven and stored in a

unheated laboratory allowing them to equilibrate with natural

relative humidity levels. A small experiment was conducted to test

several kinds and depths of materials for restricting evaporation,

and that would work as a surface filler. These materials were

vermiculite, perlite, soil, pea gravel, and pumice gravel. The

depths were 2.5, 5.0, and 7.5 cm for each of the materials, Of the
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depths and materials tested, the 2.5 cm 1/4 round pea gravel provided

the most restriction of evaporation losses, therefore it was used.

Evaporation from the rain gauges following a storm event and

prior to exchange of rain gauges was expected to be insignificant

(Boersma, 1992, Personal Communication). However, the amount of

moisture the gravel layer held was measured. This was measured by

wetting the gravel by submersion, then allowing free drip to drain.

The gravel was then weighed wet, oven dried at 60 °C for 24 hours and

reweighed. The amount in mm was converted from weight in g by

(g/186.2 cm2), where g = cm3, and rain gauge area was in 186.2 cm2,

then converted to mm.

Some measurements within the lab, and in the field were also

made to help document evaporation from the gravel. Measurements in

the laboratory consisted of wetting samples of gravel and placing

them in a rain gauge with and without sawdust (3 samples each), and

allowing a 16" fan at high speed to dry them for five days. This was

done in a unheated laboratory in Corvallis, Oregon in December of

1992. Moisture loss was obtained through weighing the samples before

and after treatment.

The field measurements were obtained at the Combs Flat site in

July of 1992. Four different treatments were measured. The four

treatments consisted of adding 75 and 186 ml of water, equating to 4

and 10 mm depth respectively, to each rain gauge. Each rain gauge

was then placed in either the interspace or beneath trees crowns (n=6

per treatment). These rain gauges were weighed wet, and then daily

for seven days. Since the field measurements were during July, it

represented a evaporation loss that was greater than that expected

for the sampling period.

In addition, 13 gravel samples taken after storm event 19 were

checked for the amount of water retained in the gravel layer. The
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amount of water was determined by weighing the gravel samples wet,

drying at 60 °C for 24 hours, and reweighing to the nearest g. The

weights were converted to mm.

Initially Pn was measured by randomly placing 15 rain gauges in

each plot (total of 300 cans in all plots). The randomization of the

rain gauges was achieved by obtaining random location coordinates

using a random numbers generator.

After collection and analysis of the first fifteen storm

events, a new measurement method was included in the design.

Following the analyses, there was suspicion that the random placement

of the fifteen rain gauges did not adequately describe the Pn value

on a plot level. A restricted random sampling method, which

included 9]. (numbered 301 - 391, Appendix B) additional rain gauges,

was incorporated.

The interception capacity of each individual tree was expected

to change with the distance from the bole to the edge of the canopy,

e.g. different zones under each tree. Therefore, the projected crown

area of each tree sampled was divided into three zones 1, 2, and 3

(see Figure 3). Three cans were randomly placed in each zone for

each forested plot. Therefore, there were at least nine rain gauges

beneath tree canopies in each forested plot while the number of rain

gauges in the interspace remained the same.

Using the 91 extra rain gauges, a weighted net precipitation

(Pnw) value was obtained for each plot. First, the average Pn for

the rain gauges in the different zones beneath the trees was

obtained. To obtain a Pn value for a whole tree, the averages for

each zone were multiplied by a weighted factor as follows ((Pn zone 1

*0.11) + (Pn zone 2 * 0.33) + (Pn zone 3 * 0.56)) (see Figure 3.).

Where the inner % zone = 11% of total crown area, the middle % zone =

33% of total crown area, and the outer ½ zone = 56% of the total

crown area. Second, a Pn value from the average of the rain gauges
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in the interspace was obtained. The Priw was obtained by multiplying

((Pn tree value * PCC for whole plot) + (Pn interspace * % area of

interspace for whole plot)), where PCC is percent canopy cover.

SF for six trees within the study site, near plot number 5,

were measured for storm events 6 - 19. The methods for measuring SF

was the same as for the trees sprinkled at the Sanford Creek site,

except the SF drained into a 2½ gallon jug. The contents of the jug

were measured in ml at the end of each storm event. The SF values

were then converted to depth by dividing the volume (ml = cm3) by

crown diameter (cm2), then converting to mm.

A one-way analysis of variance (ANOVA) using SAS was used to

analyze the data from each open plot to determine the consistency of

Pg across the study site, and to test for throughfall for different

zones beneath the trees. The Scheffe's method of mean separation was

used for multiple comparisons. Though this method is general, it

allows for an infinite number of comparisons and still maintains an

experiment wise error rate a, and it allows for data snooping

(Scheffe 1959).

Even though the original design was set up as a randomized

block design, multiple regression analysis techniques (Neter et al.,

1969), were used to analyze the forest level data. The equation "Pn

= +
(

* Pg) + (12 * PCC)", where PCC is percent canopy cover, was

used to analyze the data. This allowed for individual Pg and canopy

cover values to be used for each plot in the analysis (Thomas, 1992

personal communication). The individual canopy cover values were

then considered as a infinite variable instead of a class variable.

All analyses were done using the program SAS.



Water Holdinq Capacity of Litter

The WHC of litter (LWHC) (objective 4) was determined at the

Combs Flat site.

Litter samples, 108 total, were taken by driving a sharpened

end of a #10 food can through western juniper litter to the mineral

soil surface, and retaining it inside the can. Varying or different

thicknesses of litter were sampled. The samples (can and litter)

were submerged in water for 18 hours. After pulling the samples from

the water they were allowed to drip for 20-30 minutes, until all free

water had drained, and then weighed. The samples were oven dried at

60 °C for 2 days, and reweighed. Water holding capacity was

determined by the weight of water (1 g = 1 cm3) divided by the area

(cm2) to determine depth (cm). A relationship between litter depth

and LWHC was developed using simple regression analyses techniques

(Neter et al., 1989).

In addition to LWHC, water penetration into the litter below

each tree sprinkled at the Sanford Creek site was measured.

Immediately after drip ceased following sprinkling cessation, the

wetting front into the litter was measured for each tree. The

measurements were taken from three transects, alongside each tarp

(see Figure 1), from the bole to the edge of the crown. Moisture

penetration, in cm, was measured every 30 cm, along each transect.

These measurements were then averaged for each zone (see Figure 2)

beneath each tree.

Sampling Litter Depth and Volume

Litter depth and litter volume beneath individual trees were

measured to estimate total amount of litter on a forest level. Three

trees from each of the forested plots (3 * 15 = 45) at Combs Flat

site, and 15 trees from the Sanford Creek site (total of 60 trees)
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were sampled for litter depth and litter volume. The measurements

were made from three transects beneath each tree. The transects were

120 degrees apart, and went from the bole to the edge of the crown.

Measurements were made every 30 cm along the transects.

Average litter depth (cm) and litter volume (cm3) beneath each

tree was calculated from the measurements along each transect. A

regression equation, using simple regression analyses techniques

(Neter et al., 1989), was developed to estimate average litter depth

and litter volume.

Additional Equipment

A weather station, with a Campbell Scientific Data Logger (CR10

measurement and control module), was operated at the Combs Flat site

during the study period.

Total precipitation was recorded on a hourly basis with a TE525

6" tipping bucket rain gage. The rain gauge was calibrated by adding

known amounts of water using a burette. The amount added was then

compared to the amount recorded, and adjustments were made as

necessary.

In addition, air temperature and relative humidity were

measured with a model 207 probe. Incoming solar radiation, wind

speed, and wind direction were also measured. The weather station

was located approximately in the middle of the Combs Flat study site

(see Figure 5).



RESULTS

Precipitation History

The forest level interception study was planned for late fall,

winter, and early spring. This coincided during the time that the

majority of the precipitation occurs in Central Oregon. The average

long term (up to 80 years) monthly precipitation for Central Oregon

shows a distinct primary peak in November, December, and January and

a secondary peak in May and June (Table 1).

The sampling for the forest level interception study occurred

during a period of lower than average annual precipitation. An

eleven year, 198]. - 1991, yearly total precipitation for Central

Oregon shows that the years 1989, 1990, and 1991 were below average

(Table 2). Further, the majority of sampling for this study occurred

in 1990, a year that was approximately 100 mm below average. The

monthly precipitation inputs at the Combs Flat study site also

indicate that the late fall, winter, and early spring months were

drier than normal, except for January 1990, and November 1991 which

may be closer to normal (Table 3). The long term average annual

precipitation for Combs Flat is not known, but is expected to be

higher than Madras, Prineville, or Redmond because it is at a higher

elevation. The peak precipitation inputs that occurred in May 1990

and 1991, were not sampled due to logistics (e.g. sampling did not

occur during the summer months because of other responsibilities).

Since interception losses depend on the amount and distribution

of precipitation inputs, daily inputs for Central Oregon were

evaluated. The 11-year average daily precipitation inputs for

Madras, Prineville, and Redmond were divided into 2 mm classes, >0.0

to 1.9, 2.0 - 3.9, etc. Average number of daily precipitaton inputs

per class, average precipitation per year per class, and percent of

total yearly input for each class was evaluated. The evaluation of
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Table 1. Long term monthly and yearly average precipitation inputs
for Madras (MAD), Prineville (PRN), and Redmond (RED).

Yearly Average

247 252 217 238
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MAD
1926-1991
(mm)

PRN
1910-1991
(mm)

RED Average
1949-1991
(mm) (mm)

Monthly Average

Jan 31 27 28 29
Feb 21 22 17 20
Mar 20 17 17 18
Apr 16 18 12 16
May 24 27 22 24
Jun 21 26 21 23
Jul 8 9 9 9

Aug 10 11 11 11
Sep 13 13 10 12

Oct 17 20 15 17
Nov 34 32 27 31
Dec 32 31 27 30



Table 2. Eleven year, 1981 - 1991, yearly total precipitation
inputs for Madras (MAD), Prineville (PRN), and Redmond (RED).

Yearly Average

264 268 219 250
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MAD
(mm)

PRN
(mm)

RED
(mm)

Average
(mm)

Yearly Total

1981 378 419 296 365
1982 290 256 276 274
1983 458 450 315 408
1984 312 285 251 283
1985 163 169 128 154
1986 268 219 192 226
1987 275 280 261 272
1988 197 201 187 195
1989 197 237 200 211
1990 139 179 121 146
1991 226 253 176 219



Table 3. Monthly precipitation inputs at Combs Flat, during the
study period.
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1990
(mm)

1991
(mm)

1992
(mm)

Jan 40 19 5
Feb 13 12 12
Mar 31 36
Apr 18 13
May 49 51
Jun 15 26
Jul 14 10
Aug 28 4
Sep 3 5
Oct 23 20
Nov 19 53
Dec 18 21

Total 271 270 17
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the 11-year, 1981 - 1991, record indicated that the majority of daily

precipitation inputs for Central Oregon were very small.

Approximately 32% of all daily precipitation inputs were less than 4

mm, and 66% were less than 10 rmn (Table 4). This same pattern also

existed during the study period on Combs Flat where 41% of all daily

inputs were less than 4.0 mm, and 92% were less than 10.0 mm (Table

4).

Water Holdinq Capacity of Small Western Juniper Trees

Tree height for the 32 small trees that were sampled at the

Combs Flat site ranged from 1.0 to 4.7 m (Table 5). Crown diameter

ranged from 0.5 to 2.7 m (Table 5). The corresponding crown volume

ranged from 0.1 to 6.8 m3, (Table 5). Basal diameter ranged from 3.3

to 18.3 cm (Table 5).

Leaf biomass (dry weight) ranged from 0.4 to 14.8 kg, while total

biomass (dry weight) ranged from 0.6 to 35.3 kg (Table 6). Leaf area

ranged from 3.8 to 96.6 m2 (Table 6).

The WHC for the small trees ranged from 0.3 to 1.6 mm, which

equates to 0.1 to 6.1 liters (Table 7). The SWHC for the small trees

ranged from 0.7 to 3.6 mm, while drip ranged from 0.2 to 2.2 mm

(Table 7).

The data were tested for linearity, normality, and

stabilization of variance using techniques in SAS (Sabin and

Stafford, 1990). A natural log transformation was required to meet

the assumptions of linearity, normality, and stabilization of

variance.

A regression analysis was performed to test the relationship of

WHC and tree size. The variable crown volume was used as a measure

of tree size. The dependant variable was WHC and the independent
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Table 4. Precipitation inputs in 2 mm classes. Average number of
days per year per class (ANDC), average precipitation inputs per
year per class (APYC), and percent of total yearly precipitation
within each class (PYPC) for Central Oregon, 1981-1991. Total number
of days for sampling period per class (TNDC), total precipitation
inputs for samping period per class (TPSC), and percent of total
precipitation within each class (PTPC) for storm events' 2-19 at
Combs Flat.

1 Recording rain guage was not operational for storm event 1; a
breakdown of daily inputs for each storm event is shown in Appendix C.

Class
(mm) (day) (mm) (%)

Central Oregon ANDC APYC PYPC
>0.0 - 1.9 35.85 40.4 16
2.0 - 3.9 9.67 38.5 16
4.0 - 5.9 7.61 37.2 15
6.0 - 7.9 3.79 25.9 10
8.0 - 9.9 2.48 22.0 9

10.0 - 11.9 1.88 20.7 8

12.0 - 13.9 1.15 15.1 6

14.0 - 15.9 0.58 8.6 3

16.0 - 17.9 0.61 10.2 4

18.0 - 19.9 0.36 6.8 3

20.0 - 24.9 0.55 11.8 5

25.0 - 29.9 0.15 3.9 2

> 30.0 0.18 6.9 3

Totals 65 248 100

Combs Flat TNDC TPSC PTPC
>0.0 - 1.9 45 43.7 18
2.0 - 3.9 20 55.5 23
4.0 - 5.9 9 43.3 18
6.0 - 7.9 6 40.9 17
8.0 - 9.9 2 19.0 8

10.0 - 11.9 1 10.9 4

12.0 - 13.9 1 12.7 5

14.0 - 15.9
16.0 - 17.9
18.0 - 19.9 1 36 7

20.0 - 24.9
25.0 - 29.9

> 30.0

Totals 85 245 100



Table 5. Tree height (HT), crown diameter (CRDIAM), basal diameter
(BADIAN), and crown volume (CRVOL) for small western juniper trees,
for which water holding capacity measurements were made at Combs
Flat, 1991. Trees are arranged in ascending order by crown volume.
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Tree HT
(in)

CRDIAM
(in)

BADIAN
(cm)

CRVOL
(in"3)

22 1.1 0.5 3.3 0.1
15 1.2 0.7 3.9 0.1

4 1.0 0.7 5.3 0.1
21 1.2 0.7 3.7 0.1

5 1.0 0.8 3.5 0.2
14 1.0 0.8 4.0 0.2
19 1.5 0.9 6.5 0.3
18 1.3 1.1 6.9 0.4
17 1.6 1.1 7.0 0.5
10 1.8 1.1 5.0 0.5
20 2.2 1.1 6.8 0.6
27 2.1 1.3 6.8 0.9

6 2.0 1.4 8.5 1.0
7 2.1 1.4 6.8 1.1
3 2.3 1.5 10.0 1.4

16 2.5 1.6 10.1 1.6
26 2.2 1.7 10.0 1.7
28 2.5 1.6 9.0 1.7

2 2.9 1.5 12.0 1.7
13 2.9 1.6 9.7 2.0

1 3.3 1.5 12.5 2.0
8 3.1 1.6 11.5 2.1
9 3.2 1.6 10.0 2.2

24 3.2 1.8 11.9 2.6
11 3.4 1.8 9.5 2.7
12 3.1 2.0 13.0 3.0
29 3.4 2.1 12.0 3.9
30 3.8 2.0 15.5 3.9
31 4.0 2.4 16.0 5.8
32 4.5 2.3 15.0 6.0
25 4.7 2.3 18.3 6.6
23 3.7 2.7 16.3 6.8

Average = 2.5 1.5 9.4 2.0



Table 6. Leaf biomass (LEFBIO), total tree biomass (TOTBIO), and
leaf area (LAREA) for small western juniper trees, for which the
water holding capacity measurements were made at Combs Flat, 1991.
Trees are arranged in ascending order by crown volume.
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Tree

(dry

LEFBIO
(kg)
wt) (dry

TOTBIO
(kg)

wt)

LAREA
(m''2)

22 0.4 0.6 3.8
15 0.7 0.8 5.3
4 1.3 1.4 8.6

21 0.6 0.7 4.8
5 0.5 1.3 4.4

14 0.8 1.1 5.6
19 1.9 2.7 11.7
18 2.0 2.6 12.5
17 2.1 2.8 12.9
10 1.2 2.6 8.0
20 2.0 3.4 12.3
27 2.0 4.8 12.3
6 2.8 6.8 16.5
7 2.0 6.3 12.3
3 3.4 9.4 20.1

16 3.5 9.3 20.3
26 3.4 6.8 20.1
28 3.0 5.1 17.7
2 4.3 13.9 24.9

13 3.3 6.5 19.4
1 4.6 9.3 26.1
8 4.1 11.3 23.7
9 3.4 11.7 20.1

24 4.3 14.1 24.5
11 3.2 10.6 18.9
12 4.8 12.0 27.3
29 4.3 13.8 24.9
30 5.9 20.2 33.3
31 6.1 26.1 34.5
32 5.7 24.9 32.1
25 14.8 35.3 96.6
23 6.3 24.3 35.1

Average = 3.4 9.5 20.3



Table 7. Saturated water holding capacity (SWHC), drip, and water
holding capacity (WHC), for small western juniper trees, for which
WHC measurements for made at the Combs Flat site, 1991. Trees are
arranged in ascending order by crown volume.

Tree SWHC Drip WHC WHC
(mm) (mm) (rain) (mm) (liter)
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22 0.8 0.3 0.6 0.1
15 0.7 0.3 0.3 0.1
4 2.5 2.1 0.4 0.2

21 1.4 1.0 0.5 0.2
5 1.2 1.0 0.2 0.1

14 2.5 2.0 0.5 0.3
19 3.2 1.8 1.4 1.0
18 2.6 1.5 1.2 1.0
17 2.3 1.0 1.3 1.2
10 1.8 1.1 0.7 0.6
20 2.7 1.5 1.2 1.0
27 3.1 1.8 1.3 1.7
6 1.7 0.7 1.0 1.4
7 1.9 1.1 0.9 1.4
3 1.4 0.8 0.6 1.1

16 2.3 0.9 1.4 2.7
26 1.9 1.1 0.8 1.8
28 1.8 0.9 0.8 1.7
2 3.0 1.3 1.6 2.8

13 1.8 0.8 0.9 1.9
1 1.2 0.2 0.9 1.7
8 2.2 1.1 1.0 2.2
9 2.0 1.0 0.9 2.0

24 3.3 1.8 1.4 3.6
11 3.0 1.7 1.3 3.1
12 1.3 0.4 1.0 2.9
29 2.3 1.5 0.8 2.9
30 3.8 2.2 1.6 5.0
31 2.9 2.1 0.8 3.5
32 3.6 2.2 1.4 5.8
25 2.6 1.3 1.3 5.4
23 2.2 1.1 1.1 6.1

Average = 2.2 1.2 1.0 2.1
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variable was crown volume. The analysis of variance for the

regression model was highly significant p = 0.0002). Therefore, WHC

of small western juniper trees is related to trees size.

A correlation analyses showed that tree height, crown diameter,

basal diameter, crown volume, leaf biomass, and total biomass were

all significantly correlated (p < 0.001) with WHC. Crown area and

leaf area were also significantly correlated (p > 0.001) with WHC.

However, these variables were similar (i.e. they were not

independent) to crown diameter and leaf biomass, and were not used in

any models simultaneously. Also, tree height and crown diameter were

similar to crown volume, and were not used simultaneously in any

model.

A stepwise procedure (using SAS) was used to develop the best

possible model for predicting WHC. Leaf biomass was the only

variable that met a a = 0.15 significance level to be included in the

model, when compared against the other variables. All of the

variables that correlated with WHC were also highly correlated with

each other. Therefore, only one variable was significant for any

given model (i.e. the addition of any other variable did not

significantly add to the model). Each variable that correlated with

WHC was modelled independently (Table 8).

Water Holdinq Capacity and Precipitation Partitioninq

of Larqe Western Juniper Trees

Age for each of the 19 large western juniper trees sprinkled at

Sanford Creek ranged from 37 to 115 years. Tree height ranged from

4.2 to 12.5 m, crown diameter ranged from 2.5 to 10.4 m, basal

diameter ranged from l4.o to 57.5 cm, and crown volume ranged from 7

to 356 m3 (Table 9).

Estimated values for leaf biomass (dry weight) ranged from 5 to

137 kg, and leaf area ranged from 31 to 940 m2 (Table 10). Calculated



Where:
WHC = water holding capacity (mm).
LEFBIO = leaf bioxnass (kg).
Badiam = basal diameter (cm), at ground level.
LAREA = leaf area (in2).
TOTBIO = total tree biomass (kg).
HT = height of tree (in).
CRVOL = crown volume, derived from diam arid ht,
CRAREA = area of projected crown cover (in2).
CRDIAN = crown diameter (in).
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Table 8. All significant regression models for water holding
capacity of small (crown volumes < 7.0 m3) western juniper trees for
which the water holding capacity measurements were made at the Combs
Flat site, n = 32.

Variable Model r2

P-value()

LEFBIO WHC = &0.490 * 1efbio0401 0.496 0.001

BADIAM WHC = &1.512 * badiam0656 0.470 0.001

LAREA WHC = e1350 * larea°446 0.465 0.001

TOTBIO WFIC = e0598 * totbio0277 0.448 0.001

HT WHC = e08 * ht°658 0.442 0.001

CRVOL WHC = e0131 * crvol°233 0.417 0.001

CRAREA WHC = e0238 * crarea03454 0.387 0.001

CRDIAN WHC = e0326 * crdiam07 0.381 0.001
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Table 9. Age, tree height (HT), crown diameter (CRDIAM), basal
diameter (BADIAM), and crown volume (CRVOL) for large western juniper
trees, for which water holding capacity measurements were made at
Sanford Creek, 1991. Trees are arranged in ascending order by crown
volume.

Tree Age
(yr)

HT
(in)

CRDIAN
(in)

BADIAN
(cin)

CRVOL
(in3)

19 37 4.6 2.5 14.0 7

13 45 4.2 3.9 16.8 17
14 53 6.1 3.4 20.3 18
2 41 6.2 3.5 25.5 20
3 43 7.3 3.3 26.5 20

16 40 5.7 4.0 22.3 24

5 41 8.5 3.9 25.3 33
8 42 7.4 4.4 33.3 38

12 43 7.5 5.0 33.3 49
9 44 8.0 5.1 27.8 54

10 42 8.1 5.1 31.0 55
11 40 6.3 5.8 26.3 55
4 51 7.9 5.3 23.8 58
1 56 8.2 5.3 35.0 60

7 81 10.6 5.5 40.3 85
6 82 11.2 6.7 40.8 130

17 92 10.7 7.1 49.0 140
18 82 12.1 7.1 46.3 161
15 115 12.5 10.4 57.5 356

Average = 56 8.1 5.1 33.3 73
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Table 10. Leaf biomass (LEFBIO), branch biomass (BRBIO), bole
biomass (BOLBIO), total tree biomass (TOTBIO), and leaf area (LAREA)
for large western juniper trees, for which water holding capacity
measurements were made at Sanford Creek, 1991. Trees are arranged in
ascending order by crown volume.

Tree LEFBIO
(Kg)

(dry wt)

BRBIO
(Kg)

(dry wt)

BOLBIO
(Kg)

(dry wt)

TOTBIO
(Kg)

(dry wt)

LJREA
(in2)

19 5 15 10 30 31

13 7 19 11 37 49

14 8 24 24 56 56
2 23 37 36 95 153
3 20 54 52 127 135

16 14 36 21 71 95

5 15 65 54 134 97
8 38 79 55 172 254
12 44 62 64 170 299
9 21 73 54 148 139

10 24 119 64 206 159
1]. 16 94 39 149 110
4 12 74 45 131 82

1 39 145 88 272 263

7 41 144 121 306 274
6 48 259 211 518 328

17 86 273 135 495 590
18 112 271 166 549 766
15 137 558 509 1204 940

Average 37 126 93 256 254
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values for branch biomass (dry weight) ranged from 15 to 558 kg, bole

biomass (dry weight) ranged from 10 to 509 kg, while total biomass

(dry weight) ranged from 30 to 1204 kg (Table 10). Total branch

number ranged from 73 to 444 while branch density ranged from 8 to 36

branchs/m (Table 11). The branch angle ranged from 29 to 63 degrees

while crown density index ranged from 88 to 96 percent (Table 11).

Prior to sprinkling each tree, the pattern exhibited by the

sprinkler set-up was determined. A sprinkling rate of approximately

23 mm/hr was established and tested by measuring runnoff from each

tarp over two different trials. The results are shown in Figure 7.

The model TANTRUM was used fit the data for each of the 19

trees sprinkled at Sanford Creek to obtain SWHC, drip, WHC, and

stemflow values. In addition the model was used to obtain the

partitioning of precipitation. The results of the model that was fit

for each tree is shown in Figure BA - 8S. The values obtained for

each predictive model (includes functions 1 and 2) are given in

Appendix A (Tables 1 and 2).

The trees were sprinkled for approximately 60 minutes, which

allowed the TFr to equal the SI. One exception, tree 5, was only

sprinkled for 32 minutes because of a mechanical breakdown of the

pump. The actual SIr ranged from 18.4 to 27.4 mm/hr, with an average

of 23.6 mm/hr. The cause of sprinkling input rate variation is

unknown. Sprinkling time and sprinkling input rates for each tree

are shown in Table 12.

WHC ranged from 0.9 to 4.7 mm. All the values for SWHC, drip,

and WHC are shown in Table 13.

Once the water holding capacity of each tree was determined, a

multiple regression analysis, using WHC as the dependant variable,

was performed.
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Table 11. Total number of branches (BRNUM), branch density (BRDEN),
branch angle (BRANG), and crown density index (CDI) for large western
juniper trees, for which water holding capacity measurements were
made at Sanford Creek, 1991. Trees are arranged in ascending order
by crown volume.

Tree BRNUM BRDEN
(branch/ni)

BRANG
(degree)

CDI
(%)

19 81 18 46 92
13 73 17 49 92

14 134 22 47 95
2 95 15 47 94

3 160 22 42 96
16 90 16 29 96

5 157 18 50 96
8 100 14 37 93

12 152 20 38 96
9 111 14 44 89

10 154 19 46 94
11 139 22 52 94
4 103 13 54 88
1 117 14 47 94

7 222 16 44 94
6 124 20 47 93

17 173 12 39 93
18 102 8 38 96
15 444 36 63 96

Average = 144 18 45 94



Figure 7. Results of sprinkling trials for establishing simulated
rainfall rates. Each trial was run for 12 minutes.
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Figure 8. Non-linear, least squares, data fitting results using
TANTRUM, for the 19 large western juniper trees, for which water
holding capacity measurements were made at Sanford Creek, 1991. The
model was based on throughfall (TF) and Stemf low (SF), and was fit
for each tree as shown in diagrams A through S. In addition,
stemf low for each tree is also shown separately.
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Table 12. Total sprinkling time (ST) and calculated sprinkling input
rates (SIr) for large western juniper trees, for which water holding
capacity measurements were made at Sanford Creek, 1991. Trees are
arranged in ascending order by crown volume.

Tree ST SIr
(mm) (mm/hr)

19 68 25.0
13 60 27.4
14 60 24.8

2 52 24.4
3 88 24.5

16 68 26.7

5 36 20.8
8 64 22.5

12 64 23.2
9 64 27.5

10 80 23.0
11 60 26.4

4 64 24.6
1 68 18.4

7 60 22.0
6 64 23.1

17 72 21.1
18 72 22.7
15 88 20.7

Average = 66 23.6



83

Table 13. Saturated water holding capacity (SWHC), drip, and water
holding capacity (WHC) for large western juniper trees (crown volume

7.0 m3), for which water holding capacity measurements were made at
Sanford Creek, 1991. Trees are arranged in ascending order by crown
volume.

Tree SWHC Drip WHC WHC
(mm) (mm) (mm) (liter)

19
13
14
2

3

16

5
8

12
9

10
11
4

1

7

6

17
18
15

Average =

2.8
1.6
2.1
3.6
2.9
3.5

3.7
3.4
2.4
2.0
2.9
2.1
2.1
2.7

3.].

3.1
3.0
3.0
5.9

2.9

1.4
0.7
1.2
1.0
1.7
1.0

1.2
1.0
0.9
0.8
1.0
0.8
0.7
0.7

1.1
0.9
1.2
1.1
1.3

1.0

1.3
0.9
0.9
2.6
1.3
2.5

2.5
2.4
1.5
1.2
1.9
1.3
1.4
2.0

2.7
2.2
1.8
2.0
4.7

1.9

6.5
11.0
8.5

25.8
10.5
31.6

29.9
37.0
29.1
24.3
39.2
33.9
29.8
44.7

63.7
75.7
70.7
79.1

397.8

55.2
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A correlation analysis was completed first to test which

variables correlated with SWHC, drip and WHC.

The data were tested for linearity, normality, and

stabilization of variance using techniques in SAS (Sabin and Stafford

1990). A log transformation was required to meet the assumptions of

linearity, normality, and stabilization of variance.

The variable SWHC correlated (at a = 0.05) with tree height,

basal diameter, leaf biomass, branch biomass, bole biornass, total

biomass, leaf area, crown density index, and branch number. All of

these variables had correlation values of, r 0.47 and p 0.04.

The correlation between SWHC and crown diameter was not significant

at a = 0.05 (r = 0.34, p = 0.15).

Drip, includes drip for TF and SF, following the cessation of

sprinkling, ranged from 0.7 mm to 1.7 mm (Table 13). Drip correlated

(at a = 0.05 level) with SWHC (r = 0.52, p = 0.02), and crown density

index (r = 0.45, p = 0.05). However, drip did not correlate with WHC

(r = 0.18, p = 0.46) or any other variable describing tree size or

architecture. WHC correlated (at a = 0.05 level) with tree height,

crown diameter, crown area, crown volume, basal diameter, leaf

biomass, branch biomass, bole biomass, total biomass, leaf area, and

branch number. All of these variables had correlation values of, r

0.496 and p 0.03.

The variables age, crown density index, branch density, and

branch angle did not correlate (at a =0.05) with WHC, r 0.429 and p

0.67.

Some of the variables were similar to another, e.g. tree height

and crown diameter were used to calculate crown volume, and crown

diameter was used to calculate crown area, therefore they were not

used together in the analysis. All of the variables that correlated

with WHC also correlated with each other.
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A stepwise procedure (using SAS) was used to develop the best

possible model for predicting WHC. Leaf biomass was the only

variable that met the significance (a = 0.15) level when compared

simultaneously with all other variables, and represents the best

variable for predicting WHC.

All of the variables that had significant correlations produced

significant models. However, since all variables were highly

correlated with each other, there were no improvements in any model

by adding additional variables. A list of all models that were

significant are shown in Table 14.

The analysis of variance for the regression model, WHC

(dependant) = crown volume (independent variable), is significant (p

= 0.017, r2 = 0.29). Therefore, water holding capacity is related to

tree size. Water holding capacity is also related to crown diameter

(r2 = 0.25, p = 0.03). Therefore, crown diameter could be used on a

woodland level to predict water holding capacity, or conversely,

interception losses for a juniper woodland.

Since WHC was dependant on tree size, groups of trees with

similar crown volumes were lumped together for the purpose of

demonstrating water holding capacity for inputs of one mm increments.

One mm increments were calculated by multiplying the SI by amount of

time needed to obtain one mm of input. The area beneath the curve

was then calculated to determine the amount of TF verses the amount

held by the canopy.

From the 19 trees sprinkled, groups were lumped together into

categories of small, medium, and large. The data for trees with

small crown volumes (7 - 24 in3), medium crown volumes (33 - 60 m3),

and large crown volumes (85 - 356 m3) were averaged using the program

TANTRUM to develop a mathematical model. Trees 2, 3, 13, 14, 16, and

19 were averaged for the small trees, the results of the model are



Where:
LEFBIO = leaf bioxnass (kg).
BOLBIO = bole biomass (kg).
TOTBIO = total tree biomass (kg).
LAREA = leaf area (in2).
BADIAM = basal diameter (cm), at approximately 1
meter above ground level.
BRBIO = branch biomass (kg).
HT = tree height (in).
CRVOL = crown volume, derived from diam and ht, (in3).

BRNTJN = total number of branches.
CRDIAM = crown diameter (m).
CRAREA = area of projected crown cover (m2).

86

Table 14. All significant regression models for water holding
capacity (WHC) of large (crown volume 7.0 m3) western juniper trees,
for which water holding capacity measurements were made, at Sanford
Creek (n = 19).

Variable Model r2

P-value
()

LEFBIO WHC = e0334 * 1efbio0280 0.407 0.003

BOLBIO WHC = e0490 * bo1bio0261 0.404 0.003

TOTBIC WHC = e0788 * totbio°265 0.393 0.004

LAREA WHC = e0828 * larea°272 0.393 0.004

BADIAM WHC = e17265 * badiam08 0.379 0.005

BRBIO WHC = e0521 * brabio°248 0.359 0.007

HT WHC = e0944 * ht°761 0.319 0.012

CRVOL WHC = e0325 * crvol0232 0.292 0.017

BRNUM WHC = e1905 * brnum°508 0.271 0.022

CRDIA}I WHC = e0369 * crdiain0595 0.247 0.031

CRAREA WHC = e3035 * crarea0297 0.246 0.031
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shown Table 15. Trees 1, 4, 5, 8, 9, 10, 11, and 12 were averaged

for the medium trees, the results of the model are shown in Table 16.

Trees 6, 7, 15, 17, and 18 were averaged for the large trees, the

results of the model are shown in Table 17.

Approximately 86% of the 1 mm of input for small and medium

sized western juniper trees was intercepted, and approximately 88%

for the large trees. Approximately 62% and 43% of the and 3 mm

of input was intercepted for the small and medium trees, while 68%

and 51% was intercepted for large trees. The amount that was

intercepted for each additional mm of input decreased rapidly until

the trees were saturated. The amount of input required to reach the

point of saturation of each individual tree ranged from 6 to 23 mm

(Table 18).

The stemf low portion of WHC was separated from total

throughfall and drip. Stemf low did not begin until each tree had

received approximately 7 mm of input, and ranged from 5 to 11 mm for

the 19 trees sprinkled (Table 18).

The amount of stemf low for each tree sprinkled ranged from 0.26

to 1.22 mm, which equates to 1.3 to 70.1 liters, based on

approximately 23 mm of input (Table 19). The amount of stem flow

drip following the cessation of sprinkling ranged from 0.04 to 0.20

mm, which equates to 0.3 to 10.2 liters (Table 19).

The amount of TF for different zones (zone 1, zone 2, zone 3),

appeared to be different. There were significant differences at p =

0.08, between means for the three different zones (Table 20). The

inner zone intercepted more precipitation than the middle or outer

zones.



Time SI SWHC SWHC SI SWHC SWHC
(mm) (mm) (mm) (%) (mm) (mm) (%)
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Table 15. Average sprinkling input (SI) based on 1 mm increments
over time, and average saturated water holding capacity (SWHC) for
western juniper trees with crown volumes between 7 - 24 m3. Includes
trees 2, 3, 13, 14, 16, and 19, for which water holding capacity
measurements were made at Sanford Creek, 1991.

Additional Increments Cumulative Increments

0.0 0.0 0.00 0.0 0.00
2.4 1.0 0.86 86 1.0 0.86 86
4.8 1.0 0.62 62 2.0 1.47 74
7.1 1.0 0.44 44 3.0 1.91 64
9.5 1.0 0.26 26 4.0 2.17 54

11.9 1.0 0.21 21 5.0 2.38 48
14.3 1.0 0.08 8 6.0 2.46 41
16.7 1.0 0.09 9 7.0 2.55 36
19.0 1.0 0.05 5 8.0 2.60 33
21.4 1.0 0.05 5 9.0 2.65 29
23.8 1.0 0.05 5 10.0 2.70 27
26.2 1.0 0.05 5 11.0 2.75 25
28.6 1.0 0.04 4 12.0 2.79 23
30.9 1.0 -0.03 -3 13.0 2.77 21
33.3 1.0 0.03 3 14.0 2.79 20
35.7 1.0 0.03 3 15.0 2.82 19
38.1 1.0 -0.05 -5 16.0 2.77 17
40.5 1.0 0.00 0 17.0 2.77 16
42.8 1.0 -0.00 -0 18.0 2.77 15
45.2 1.0 -0.01 -1 19.0 2.76 15
47.6 1.0 -0.08 -8 20.0 2.68 13
50.0 1.0 -0.01 -1 21.0 2.67 13
52.4 1.0 -0.07 -7 22.0 2.60 12
54.7 1.0 -0.00 -0 23.0 2.60 11
57.1 1.0 0.00 0 24.0 2.60 11
59.5 1.0 0.01 1 25.0 2.62 10
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Table 16. Average sprinkling input (SI) based on 1 mm increments
over time, and average saturated water holding capacity (SWEC), for
western juniper trees with crown volumes between 33 - 60 m3. Includes
trees 1, 4, 5, 8, 9, 10, 11, arid 12, for which water holding capacity
measurements were made at Sanford Creek, 1991.

Time
(mm)

Additional Increments Cumulative Increments

SI
(mm)

SWHC
(mm)

SWHC
(%)

SI
(mm)

SWHC
(mm)

SWHC
(%)

0.0 0.0 0.00 0.0 0.00
2.6 1.0 0.86 86 1.0 0.86 86
5.1 1.0 0.63 63 2.0 1.49 74
7.7 1.0 0.42 42 3.0 1.90 63

10.2 1.0 0.32 32 4.0 2.22 56
12.8 1.0 0.18 18 5.0 2.40 48
15.4 1.0 0.10 10 6.0 2.50 42
17.9 1.0 0.10 10 7.0 2.60 37
20.5 1.0 0.06 6 8.0 2.67 33

23.0 1.0 0.05 5 9.0 2.72 30
25.6 1.0 0.05 5 10.0 2.77 28
28.1 1.0 0.03 3 11.0 2.80 25
30.7 1.0 -0.04 -4 12.0 2.76 23
33.3 1.0 -0.05 -5 13.0 2.70 21
35.8 1.0 -0.00 -0 14.0 2.70 19
38.4 1.0 -0.07 -7 15.0 2.63 18
40.9 1.0 -0.01 -1 16.0 2.62 16
43.5 1.0 -0.01 -1 17.0 2.61 15
46.1 1.0 -0.06 -6 18.0 2.55 14
48.6 1.0 0.01 1 19.0 2.56 13

51.2 1.0 -0.04 -4 20.0 2.52 13

53.7 1.0 0.03 3 21.0 2.56 12
56.3 1.0 -0.01 -1 22.0 2.54 12

58.8 1.0 0.05 5 23.0 2.60 11
61.4 1.0 0.01 1 24.0 2.60 11
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Table 17. Average sprinkling input (SI) based on 1 mm increments
over time, and average saturated water holding capacity (SWHC), for
western juniper trees with crown volumes between 85 - 356 m3.
Includes trees 6, 7, 15, 17, and 18, for which water holding capacity
measurements were made at Sanford Creek, 1991.

Additional Increments Cumulative Increments

Time
(mm)

SI
(mm)

SWHC
(mm)

SWHC
(%)

SI
(mm)

SWHC
(mm)

SWHC
(%)

0.0 0.0 0.00 0.0 0.00
2.8 1.0 0.88 88 1.0 0.88 88
5.6 1.0 0.68 68 2.0 1.56 78
8.5 1.0 0.51 51 3.0 2.07 69

11.3 1.0 0.37 37 4.0 2.44 61
14.1 1.0 0.26 26 5.0 2.70 54
16.9 1.0 0.17 17 6.0 2.87 48
19.7 1.0 0.10 10 7.0 2.97 42
22.5 1.0 0.04 4 8.0 3.00 38
25.4 1.0 0.02 2 9.0 3.03 34
28.2 1.0 0.00 0 10.0 3.03 30
31.0 1.0 0.01 1 11.0 3.04 28
33.8 1.0 0.02 2 12.0 3.06 26
36.6 1.0 0.01 1 13.0 3.08 24
39.4 1.0 0.00 0 14.0 3.08 22
42.3 1.0 -0.01 -1 15.0 3.07 20
45.1 1.0 -0.01 -1 16.0 3.06 19
47.9 1.0 -0.01 -1 17.0 3.05 18
50.7 1.0 -0.06 -6 18.0 3.00 17
53.5 1.0 0.02 2 19.0 3.01 16
56.3 1.0 0.02 2 20.0 3.03 15
59.2 1.0 0.01 1 21.0 3.04 14
62.0 1.0 0.00 0 22.0 3.04 14
64.8 1.0 -0.01 -1 23.0 3.03 13
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Table 18. Cumulative inputs needed for stemf low initiation (CISI)
and cumulative inputs up to the point of crown saturation (CICS) for
large western juniper trees, for which the water holding capacity
measurements were made at Sanford Creek, 1991. Trees are arranged in
ascending order by crown volume.

Tree CISI
(mm)

CICS
(mm)

19 10 7
13 7 8
14 8 6

2 7 10
3 7 12

16 11 20

5 6 10
8 8 12

12 9 7
9 7 7

10 8 7
11 9 13

4 8 10
1 6 9

7 6 8
6 5 8

17 6 8
18 5 9
15 6 23

Average = 7 10
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Table 19. Total sprinkling input (SI), stemf low drip (SF drip) total
stemf low (SF) for the large western juniper trees, for which water
holding capacity measurements were made at Sanford Creek, 1991.
Trees are arranged ascending order by crown volume.

SI SF SF SFSF drip drip
Tree (mm) (liter) (liter) (mm) (mm)

19 28.3 0.3 1.3 0.06 0.26
13 26.9 0.5 3.2 0.04 0.27
14 24.8 1.3 5.7 0.14 0.62
2 21.1 0.5 1.5 0.05 0.15
3 35.9 2.3 11.6 0.27 1.39
16 30.3 1.0 4.9 0.08 0.38

5 12.4 0.4 0.7 0.04 0.06
8 24.0 0.6 3.3 0.04 0.21
12 24.7 1.5 8.0 0.08 0.41
9 29.3 0.4 3.7 0.02 0.18
10 30.7 0.8 5.0 0.04 0.25
11 28.2 1.7 8.2 0.06 0.31
4 25.4 0.4 3.1 0.02 0.14
1 21.3 0.3 2.0 0.01 0.09

7 21.9 4.8 29.3 0.20 1.22
6 24.1 3.3 27.3 0.10 0.78
17 25.3 2.8 25.5 0.07 0.65
18 27.2 3.0 25.6 0.08 0.64
15 30.4 10.2 70.1 0.12 0.82

Avg. = 25.9 1.9 12.6 0.08 0.47



Table 20. sprinkling input (SI), and estimates of water holding
capacity (WHC) for the three different zones and weighted WHC (WHCw)
for the whole tree. WHC measurements were based on the rain gauges
beneath the 19 trees for which water holding capacity measurements
were made at Sanford Creek, 1991. Trees are arranged in ascending
order by crown volume.
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Zone 1 = the area represented by the inner (from the
bole to the crown edge) of the projected crown.
Zone 2 = the area represented by the middle li (from the
bole to the crown edge) of the projected crown.
Zone 3 = the area represented by the outer ½ (from the
bole to the crown edge) of the projected crown.
WHCw = (0.11 * WHC zone 1) + (0.33 * WHC zone 2) + (0.56 *
WHC zone 3).

Tree SI
(mm)

WHC
Zone 1
(mm)

WHC
Zone
(mm)

WHC
2 Zone 3

(mm)

WHCw
Tree
(mm)

19 28.3 3.3 -1.6 3.2 1.6
13 26.9 4.6 3.7 1.9 2.8
14 24.8 8.0 -1.2 -2.3 -0.8
2 21.1 9.9 7.3 4.6 6.1
3 35.9 11.0 6.2 4.3 5.6

16 30.3 8.0 5.3 3.0 4.3

5 12.4 3.7 2.1 -0.5 0.8
8 24.0 7.6 2.3 0.4 1.8

12 24.7 6.0 0.9 1.7 1.9
9 29.3 6.0 2.2 3.2 3.2

10 30.7 13.8 3.1 -2.9 0.9
1]. 28.2 3.4 4.7 3.6 4.0
4 25.4 7.4 -0.5 3.5 2.6
1 21.3 -2.4 0.5 -0.6 -0.4

7 21.9 -5.4 3.9 0.3 0.8
6 24.1 1.5 4.9 1.5 2.6

17 25.3 3.0 5.3 6.9 5.9
18 27.2 -0.5 3.3 1.5 1.9
15 30.4 -3.3 2.4 2.5 1.8

Average = 4.7 2.9 1.9 2.5

Where:



All Trees Combined

The WHC from the small and large trees were obtained from two

different methods. A model was used to determine if the results from

these two different methods were comparable. The model developed for

basal diameter was used. The model developed for the small trees was

extended to the data for the large trees, and the model developed for

large trees was extended to the data for small trees (Figure 9). It

was determined that the models for both small and large trees results

were comparable.

The data from the small and large trees were combined for

developing a prediction model. A log transformation was necessary to

meet the assumptions of linearity, normality, and constant variance.

Only variables which were common to both small and large trees were

used for modelling purposes. The single best variable for predicting

WHC was leaf biomass. All models are shown in Table 21.

Interception Losses From A Western Juniper Woodland

The canopy cover for the woodland plots ranged from 9 to 43%

(Table 22). Number of trees per plot, number of trees per hectare,

and average values for tree height, crown diameter, basal diameter,

and foliage density index values are also shown in Table 22. A

diagram of each plot showing the location of trees and rain gauges is

shown in Appendix B. In addition, the number of trees per plot,

number of trees per hectare, average tree height, crown diameter,

basal diameter, and foliage density index per tree height class are

also shown in Appendix B. The tree height classes are 1.0 - 2.9, 3.0

- 5.9, 6.0 - 8.9, and > 9.0 m.

Precipitation that was measured for the woodland level

interception was based on storm events. There were 19 storm events

measured which ranged from 1.5 mm to 43 mm of precipitation input.
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Figure 9. Results of the water holding capacity models, using the
independent variable basal diameter (BADIAM), for small and large
western juniper trees. The model for the small trees was extended
forward, into the data for the large tree. The model for the large
trees was extended backwards, into the data for the small trees. The
regression model for the small trees was: WHC = e-512 * badiam°, r2 =
0.47, p 0.001, n = 32. The regression model for the large trees
was: WHC = e7 * badiam°, r2 = 0.39, p 0.004, n = 19.
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Table 21. All significant regression models for water holding
capacity (WHC) of all western juniper trees. Includes trees for
which water holding capacity measurements were made for at Combs
Flat, and Sanford Creek, n = 51.12.

Where:
LEFBIO = leaf biomass (kg).
BADIAN = basal diameter (cm), at approximately ground
level for small trees and one meter above ground for
large trees.
TOTBIO = total tree bioinass (kg).
LAREA = leaf area (m2).
HT = height of tree (m).
CRVOL = crown volume, derived from diam and ht, (in3).

CRAREA = area of projected crown cover (in2).
CRDIAN = crown diameter (in).
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Variable Model r2

P-value()

LEFBIO WHC = e0426 * lefbio°317 0.648 0.001

BADIAN WHC = e1331 * badiam°5 0.641 0.001

TOTBIO WHC = e0530 * totbio0223 0.626 0.001

LAREA WHC = e07 * 1area0312 0.624 0.001

HT WHC = e0614 * ht°594 0. 617 0. 001

CRVOL WHC = e0149 * crvo10195 0. 598 0.001

CRAREA WHC = &0.234 * crarea02 0. 578 0.001

CRDIAM WHC = e0307 * diaxn0572 0. 574 0. 001



Table 22. Percent canopy cover (PCC), number of trees per plot and
hectare, average tree height (HT), average crown diameter (CRDIAI4),
average basal diameter (BADIAM), and average foliage density index
(FDI). Plots are arranged in ascending order by canopy cover.
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Plot PCC
(%)

Trees
(#/plot)

Trees
(#/ha)

HT
(m)

CRDIAN
(m)

BADIAN
(cm)

FDI

12 9 12 153 3.9 2.2 15.8 7.0
8 9 7 89 4.7 3.4 17.6 7.0

15 13 11 140 3.7 2.5 14.1 7.0
6 13 15 191 4.8 2.8 17.9 7.0
7 14 25 319 2.6 1.7 9.5 6.8

10 16 21 268 4.1 2.4 15.6 6.2
14 18 25 319 4.0 2.2 13.8 6.9
16 21 18 230 4.2 3.0 17.3 6.9

9 24 26 332 4.1 2.5 14.7 6.6
5 28 37 472 3.9 2.4 14.0 6.1

13 35 41 523 5.0 2.8 17.7 6.4
18 35 37 472 4.7 2.6 20.0 6.0

4 38 64 816 4.2 2.4 15.7 5.9
19 39 37 472 5.3 3.2 21.6 6.0
11 43 43 548 4.0 2.8 18.2 6.7
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During this study the majority of precipitation was in the form of

rainfall, rather than snow fall. A breakdown of each storm event,

including daily precipitation inputs, average temperature, average

wind speed and direction, average relative humidity, and total solar

radiation are shown in Appendix C.

Six gravel samples, used on the rain gauges, were tested for

water holding capacity of the gravel. The water holding capacity of

the gravel averaged 1.4 mm and ranged between 1.1 - 1.6 mm.

The amount of moisture lost from the gravel through evaporation

at the Combs Flat study site in July 1991, ranged from 0.8 mm to 3.0

mm over a seven day period in the interspace (Table 23). The amount

of moisture lost from the rain gauges beneath the canopy ranged from

0.5 to 2.3 mm for the same seven day period (Table 23).

Moisture loss from gravel on sawdust and gravel alone and fan

dried, unheated laboratory for five days was 1.0 mm for gravel and

0.6 mm for gravel on sawdust, (Table 23). The amount of moisture

that was retained in the gravel from storm event 19 was 0.9 mm, two

days following precipitation inputs, see storm event 19 in Appendix

C.

SF from the six trees for storm events 6-19, varied from 0.0 mm

to 0.71 mm (volume converted to depth based projected crown area)

(Table 24). All but one storm event had stemf low values that were

0.21 mm. These values were considered insignificant because of the

small of amounts of stemf low. Therfore, Pn measurements on each plot

were not adjusted for SF inputs.

The amount of Pg was not equal across the study site (Table

25). A one-way analysis of variance was performed for the open plots

(plots 1, 2, 3, 17, & 20) for each storm event. Seventeen of the

storm events had at least one plot that was significantly different

from the other plots at p 0.05. One storm event was significantly



Fan Dry, Unheated, Laboratory Treatment

Time Gravel Only Gravel On Sawdust
(mm) (mm)
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Table 23. Possible moisture evaporation losses from the rain gauges
used at the Combs Flat study site. Results of moisture loss measured
during the summer at Combs Flat, with 4 and 10 mm of water added (n6
per treatment). Also, the results of moisture loss from gravel
(n=3) and gravel on sawdust (n=3) which was fan dried in a unheated
laboratory at Corvallis, Oregon during December 1991.

Combs Flat Treatment

Days
4mm

Interspace
10mm

Interspace
4mm
Canopy

10mm
Canopy

½ 0.8 0.8 0.5 0.5
1½ 1.6 1.6 1.0 1.1
2½ 2.0 2.1 1.4 1.4
3½ 2.4 2.4 1.7 1.7
4½ 2.6 2.7 1.9 1.9
7½ 2.9 3.1 2.3 2.3

1 hour 0.2 0.2

5 day 1.0 0.6
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Table 24. Average stemf low (SF) in depth (mm), and volume (1) (n=6).
The SF values are for storm events 7-19 at the Combs Flat site,
1990 - 1992. The apparatus for collecting stemf low was not installed
during the first six storm events. The SF values are arranged in
ascending order by gross precipitation input (Pg).

Storm
Event

Pg
(mm)

SF
(mm)

SF
(1)

7 1.4 0.00 0.003
12 4.4 0.00 0.000
19 4.8 0.00 0.006
10 6.4 0.00 0.000

8 8.4 0.05 1.067
14 12.5 0.21 4.956

6 14.1 0.05 1.109
15 15.0 0.06 1.422

9 15.5 0.12 2.674
11 15.7 0.09 2.168
16 16.0 0.02 0.464
18 16.3 0.21 4.417
17 16.3 0.21 4.417
13 44.9 0.71 16.000
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Table 25. Gross precipitation (Pg) means from the open plots, 1, 2,

3, 17, and 20 (n = 15 for each plot) at Combs Flat. A one-way
analysis of variance was performed for each storm event. Values with
different letters are significantly different

(
= 0.05 level) using

Scheffe's mean separation method.

Storm
Event

P
Value
()

Pg
1

(mm)

Pg
2

(mm)

Pg
3

(mm)

Pg
17
(mm)

Pg
20

(mm)

1 0.21 30.4 a 29.7 a 30.7 a 28.8 a 30.3 a

2 0.01 6.0 a 6.0 a 5.8 a 5.2 b 5.2 b

3 0.01 6.0 a 6.0 a 6.1 a 5.4 b 5.4 b

4 0.01 15.2 a 15.0 ab 14.5 abc 14.5 bc 14.3 c

5 0.01 18.7 a 18.0 ab 17.4 abc 15.4 C 16.2 bc

6 0.01 14.6 a 14.2 ab 13.7 C 13.8 C 14.1 bc

7 0.01 1.4 bc 1.5 ab 1.6 a 1.4 bc 1.3 C

8 0.01 9.0 a 8.9 a 9.0 a 7.8 b 7.6 b

9 0.01 15.8 a 15.7 a 15.7 a 14.7 b 15.4 ab

10 0.01 7.1 a 7.4 a 7.3 a 4.4 C 5.7 b

11 0.01 16.2 a 15.6 b 15.8 b 14.6 c 16.2 a

12 0.01 5.2 a 4.7 b 4.3 bc 4.0 Cd 3.6 d

13 0.01 45.8 a 46.1 a 44.9 ab 43.5 c 44.2 bc

14 0.01 13.2 a 13.1 a 13.4 a 11.5 b 11.4 b

15 0.01 15.4 a 14.9 b 14.5 c 15.5 a 14.7 bc

16 0.01 16.9 a 17.1 a 17.3 a 13.5 c 14.9 b

17 0.01 16.7 a 16.6 a 16.7 a 15.4 b 15.8 b

18 0.01 16.4 a 16.4 a 16.5 a 16.1 ab 16.0 b

19 0.07 4.8 a 4.9 a 4.9 a 4.7 a 4.7 a
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different at p = 0.07. These differences ranged from 0.3 to 3.8 mm.

The Scheffe method for mean separation was used to determine

significant differences between plots. The results of this analysis

are shown in Table 25.

Since there were significant differences of Pg input across the

study site, a Pg value for each plot was needed. Two different

methods were evaluated for obtaining estimates of Pg input for each

plot.

First, the average value of the gauges from the interspace of

each plot was used to estimate the Pg for that plot. This method

requires the assumption that the woodland did not influence Pg values

obtained from the interspace area. However, interspace measurements

of Pg may be influenced by tree canopies in the forest. Because of

this possible influence an average from the interspace gauges may not

be an accurate measurement of Pg.

In addition to possible woodland effects, plots 17 and 20 had

consistently lower inputs of moisture than plots 1, 2, and 3 (Table

25). This pattern would suggest an orographic influence across the

study site. Therefore, a value for each plot was calculated from

these five open plots. Pg values were calculated using a weighted

distance procedure in Idrisi (Eastman, 1992). The values obtained

for Pg from both approaches are shown in Table 26. Two models for

predicting Pn was obtained by using Pg values which were calculated

using both averaged and predicted values. Regression analysis using

SAS was performed to obtain these models. The dependant variable was

Pn, and the independent variables were canopy cover and Pg.

A log transformation was required to meet the assumptions of

linearity and constant variance. Since a log transformation was

required the relationship is multiplicative rather than additive.

The first model was obtained by using the Pg values averaged

from the interspace rain gauges. The model was highly significant (p
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< 0.0) and r2 = 0.993. The result for the model is Pn = e°°4 *

* (PCC + iy°°429, where PCC is percent canopy cover. A value of one

had to be added to the variable percent canopy cover, because the

plots with a zero percent canopy cover could not be log transformed.

Both Pg (p < 0.001) and percent canopy cover (p < 0.001) were

highly significant. Therefore, the percent lost by interception

varied depending on percent canopy cover, and gross precipitation

input. The amount lost, with 1.5 mm of Pg1 ranged between 11.6% to

17.2% for a canopy cover ranging between 9% to 43%, respectively.

The percentage lost with a Pg input of 45 mm was slightly less.

These values ranged from 5.4% to 11.5% for the same canopy cover. The

percentages lost by interception for different amounts of gross

precipitation inputs and by canopy cover are shown in Figure 10.

A second model using the predicted Pg values obtained from the

open plots was also was developed. The model was highly significant

(p < 0.001) and r2 = 0.992. The result for the model is Pn = e°°°°' *

* (PCC + 1°°381. A value of one had to be added to the variable

PCC, because of the plots with a zero canopy cover could not be log

transformed.

Both Pg (p < 0.001) and PCC (p < 0.001) were highly

significant. Therefore, the percent lost by interception varied and

depended on canopy cover Pg input.

The amount lost, with 1.5 mm of Pg, ranged between 8.1% to

13.3% for a canopy cover ranging between 9% to 43%, respectively.

The percentage lost with a Pg input of 45 mm was slightly less.

These values ranged from 6.9% - 12.2% for the same canopy cover. All

values for interception loss by canopy cover and gross precipitation

inputs are shown in Figure 11.

The results for the two models were very similar. The amount

of interception increased as PCC increased. However, the amount of



Table 26. Gross precipitation input values for each plot, obtained from two different methods. Values for
interspace (Inter.) are from the rainguages in the interspace of each plot. Values predicted (Pred.) were
calculated using idrisi (weighted distance procedure), using plots 1, 2, 3, 17, & 20, as indicators of storm
size.

0
U,

Storm 4

(#) (fin)

5

(imi)

6

(imi)

7
(niii)

8
(imn)

PLot Number
9 10

(no) (no)

11

(fin)

12

(m)
13

(nm)

14

(ran)

15

(ran)

16

(ran)

18

(ran)

19 Average
(rim)

Inter. 1 29.4 29.9 30.1 30.4 30.0 29.9 29.1 30.0 28.8 27.4 25.7 26.7 26.2 27.7 29.6 28.7
Pred. 1 30.1 30.2 30.2 30.3 30.2 30.1 30.1 30.1 30.1 29.8 29.7 29.9 29.3 30.1 30.2 30.0

Inter. 2 5.8 5.9 6.0 5.9 5.6 6.0 5.8 5.9 5.5 5.5 5.5 5.5 5.2 5.2 5.4 5.6
Pred. 2 5.9 5.9 5.9 5.9 5.9 5.7 5.7 5.5 5.3 5.3 5.3 5.3 5.3 5.2 5.2 5.6

Inter. 3 6.3 6.0 6.0 5.9 5.8 5.8 5.7 6.2 5.6 5.5 5.5 5.2 5.4 5.5 5.5 5.7
Pred. 3 6.0 6.0 6.0 6.0 6.0 5.8 5.8 5.7 5.5 5.5 5.5 5.5 5.5 5.4 5.4 5.7

Inter. 4 15.5 15.6 14.8 15.6 14.5 15.3 15.1 15.4 14.7 14.3 14.8 14.7 14.1 14.1 14.5 14.9
Pred. 4 14.9 15.0 15.0 15.0 15.0 14.8 14.7 14.6 14.4 14.4 14.5 14.5 14.5 14.4 14.3 14.7

Inter. 5 19.4 18.8 17.6 21.8 17.1 19.5 19.0 26.2 16.5 18.9 18.8 16.4 16.4 17.3 21.8 19.0
Pred. 5 17.9 18.1 18.2 18.3 18.1 17.4 17.3 17.0 16.3 16.1 16.1 16.3 16.0 16.2 16.3 17.0

Inter. 6 14.0 14.2 14.0 14.6 14.1 14.2 14.1 14.3 13.9 13.7 13.8 13.9 13.3 13.7 14.2 14.0
Pred. 6 14.1 14.3 14.3 14.4 14.3 14.2 14.2 14.1 14.1 14.0 14.0 14.1 14.0 14.1 14.1 14.2

Inter. 7 1.9 1.5 1.5 1.8 1.3 1.4 1.4 1.9 1.5 1.4 1.4 1.4 1.4 1.4 1.6 1.5
Pred. 7 1.5 1.5 1.5 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.3 1.4 1.3 1.3 1.4

Inter. 8 9.8 9.3 9.1 9.1 9.0 9.0 9.0 9.4 8.4 8.4 8.2 8.8 7.9 7.9 7.4 8.7
Pred. 8 8.9 8.9 8.9 8.9 8.9 8.5 8.4 8.2 7.7 7.8 7.9 7.9 7.9 7.7 7.7 8.3

Inter. 9 13.8 14.8 15.1 15.3 15.1 14.0 14.7 14.0 14.2 12.9 13.8 13.9 13.6 14.0 14.6 14.2
Pred. 9 15.7 15.7 15.7 15.8 15.7 15.5 15.5 15.5 15.4 15.2 15.2 15.3 15.0 15.4 15.4 15.5

Inter. 10 7.4 7.1 6.6 7.1 6.5 6.2 6.5 6.6 5.8 5.5 5.3 5.4 5.2 5.9 6.1 6.2
Pred. 10 7.2 7.2 7.2 7.1 7.0 6.5 6.4 6.2 5.7 5.4 5.4 5.6 5.1 5.7 5.7 6.2



Table 26 (continued).
Storm 4 5 6
(#) Cm) Cm) Cm)

7

Cm)
8

Cm)

PLot Nuther
9 10

Cm) Cm)
11

Cm)
12

(m)
13

Cm)
14

Cm)
15

Cm)
16

Cm)
18

Cm)
19 Average

Cm)

Inter. 11 15.5 15.8 15.4 15.7 15.5 15.3 15.4 16.2 15.8 14.9 15.2 15.3 14.9 14.5 15.2 15.4
Pred. 11 15.8 15.9 16.0 16.0 15.9 15.8 15.8 15.9 16.0 15.6 15.5 15.7 15.2 16.0 16.1 15.8

Inter. 12 6.0 5.9 4.9 4.8 4.5 4.9 4.4 5.9 4.7 4.7 4.3 4.2 4.6 4.6 4.4 4.9
Pred. 12 4.7 4.8 4.9 4.9 4.8 4.5 4.4 4.2 3.7 3.9 3.9 3.9 4.0 3.7 3.7 4.3

Inter. 13 46.8 47.6 45.9 47.2 45.7 45.8 46.2 46.1 44.6 44.2 44.9 44.7 44.1 44.4 44.7 45.5
Pred. 13 45.6 45.7 45.7 45.7 45.6 45.1 45.0 44.8 44.3 44.1 44.1 44.3 44.0 44.2 44.2 44.8

Inter. 14 14.2 13.7 13.1 13.3 12.6 12.5 12.4 12.1 11.5 11.3 11.5 11.8 11.8 11.6 11.5 12.3
Pred. 14 13.2 13.1 13.1 13.1 13.0 12.6 12.5 12.2 11.6 11.6 11.7 11.7 11.7 11.5 11.5 12.3

Inter. 15 15.7 15.7 15.5 15.7 15.0 15.6 15.2 15.6 14.7 15.5 15.3 15.0 15.2 14.6 14.8 15.3
Pred. 15 14.9 15.1 15.2 15.2 15.2 15.0 15.0 15.0 14.8 15.0 15.1 15.0 15.3 14.8 14.8 15.0

Inter. 16 16.4 16.2 15.6 16.3 15.6 15.3 15.5 15.2 14.6 13.8 14.3 14.1 13.6 13.4 14.5 15.0
Pred. 16 17.0 17.0 16.9 16.9 16.8 16.1 16.0 15.7 15.0 14.7 14.6 14.8 14.3 14.9 15.0 15.7

Inter. 17 17.3 17.0 16.0 16.9 16.1 16.2 16.3 16.7 15.7 15.7 15.6 15.9 15.4 15.2 15.5 16.1
Pred. 17 16.6 16.6 16.6 16.6 16.6 16.3 16.3 16.1 15.8 15.8 15.7 15.8 15.7 15.8 15.8 16.1

Inter. 18 16.0 16.1 16.1 16.4 15.7 15.9 15.8 16.3 15.5 15.6 15.8 15.6 15.7 15.3 16.1 15.9
Pred. 18 16.4 16.4 16.4 16.4 16.4 16.3 16.3 16.2 16.0 16.1 16.1 16.1 16.1 16.0 16.0 16.2

Inter. 19 4.9 4.6 4.5 4.8 4.8 4.7 4.6 5.0 4.4 4.1 4.2 4.3 4.3 3.9 4.5 4.5
Precf. 19 4.9 4.8 4.8 4.8 4.8 4.8 4.8 4.8 4.7 4.7 4.7 4.7 4.7 4.7 4.7 4.8
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Figure 10. Results of model for interception losses based on average
interspace rain gauge values for gross precipitation (Pg). For
figure bA, the percent canopy cover (PCC) is shown on the x-axis,
with three values of Pg shown on the y-axis. For figure 103, Pg is
shown on the x-axjs, with three values of PCC shown on the y-axis.
The regression model was Pn = e°° * Pg'°2' * (PCC + 1)°°43'r2 = 0.993, p
< 0.001.
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Figure 11. Results of model for interception losses based on
predicted values for gross precipitation (Pg). For figure hA, the
percent canopy cover (PCC) is shown on the x-axis, with three values
of Pg shown on the y-axis. For figure 11B, Pg is shown on the x-
axis, with three values of PCC shown on the y-axis. The regression
model was Pn = e°°°°°' * Pg'°° * (PCC + ly°°, r2 = 0.992, p < 0.001.
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interception loss was not proportional with canopy cover increase

(Figure 10 and 11), e.g. there was not a whole unit of interception

with every unit of canopy cover increase.

Two possible reasons for the proportionally less interception

with an increase in percent canopy cover were explored. First the

mean tree height as related to percent canopy cover was evaluated.

Secondly, the mean foliage density index, as it related to percent

canopy cover was evaluated. These variables were evaluated using

simple regression analyses techniques.

The results of the regression analyses for mean tree height is

HT= e1'2 * PCC°'°', where HT is tree height, and PCC is percent canopy

cover, r2 = 0.11, p = 0.23. The mean tree height increased as canopy

cover increased. However, the mean tree height was not proportional

with PCC increase, e.g. there was not a whole unit of mean tree

height increase for every unit of canopy cover increase. The curve

was the same as the interception curve (Figure 12).

The results of the regression analyses for foilage density

index is FDI = e214 * PCC°°, where FDI is foilage density index, and

PCC is percent canopy cover, r2 = Q54, p = 0.002.mean foliage density

index decreased as canopy cover increased (Figure 12). This would

indicate that the average foliage density index per tree decreased as

the number of trees per plot increased. This reduction in foliage

density would decrease the amount of possible interception capacity

of each individual tree.

To test for possible sampling error for each plot the last five

storm events were tested for Pn on each plot using the 91 additional

rain gauges versus the original 300 rain gauges. There were

significant differences between plot (p < 0.001). Some plots

underestimated as much as 0.86 mm, while other plots overestimated by

as much as 1.04 mm (Table 27).



Figure 12. Graph 12A shows the results
relative to percent canopy cover (PCC),
= 0.23. Graph 12B shows the results of
relative PCC, FDI = e2'4 * PCC°°, r2 = 0

of mean tree height (HT)
HT= e''2 * PCC°'°', r2 = 0.11, P
foliage density index (FDI)

.54, p = 0.002.
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Table 27. original and adjusted net precipitation (Pn) values for
storm events 15 - 19 at Combs Flat. Their were significant
differences between Pn (n=5) values at each plot (p < 0.001), but not
between storm events (p = 0.92). Means with different letters are
significantly different at a = 0.05, Scheffe mean separation method.

Plot n Mean
Scheffe
Grouping

14 5 0.86 a

10 5 0.52 ab

16 5 0.36 abc

12 5 0.32 abc

15 5 0.30 abc

9 5 0.22 abc

8 5 0.20 abc

19 5 0.18 abc

4 5 0.16 abc

18 5 0.06 abc

11 5 -0.04 bc

13 5 -0.12 bcd

7 5 -0.38 cde

5 5 -1.00 de

6 5 -1.04 e
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A model was developed using the adjusted values of storms 15 -

19 for Pn, and predicted values for Pg. The results are similar with

some minor differences. The model was highly significant (p < 0.001)

and r2 = 0.992. The result for the model is Pn = e°° * '0351 * (PCC

+ Both Pg (p < 0.001) and PCC (p < 0.001) are highly

significant. The intercept is slightly greater than 1, and is

significant (p = 0.003).

An estimate of interception losses (or conversely WHC) for

individual trees was obtained from rain gages beneath trees in the

woodland. The interception losses varied by zones beneath the crown

(Table 28). The weighted average interception by individual trees

ranged from 71% to 29% for Pg inputs of 1.4 to 45 mm respectively.

The amount of throughf all per tree changed with the density of

trees per plot. An analysis of variance was performed on the rain

gauges beneath the canopy for the last five storm events (with the 91

extra rain gauges).

The plots were grouped together according to canopy cover class

of low, medium, and high. The results show that the average TF per

tree, between the different classes, was significantly (p < 0.001)

different for the low verses the medium and high cover classes. The

mean throughfall for the low canopy class was 6.6 mm, while the

medium and high classes were 7.8 and 8.1 mm respectively (Table 29).

Water Holdinq Capacity of Litter

The maximum litter water holding capacity (LWHC) was obtained.

An analyses of the data for LWHC indicated that a log transformation

was necessary for stabilization of the variance.

A model for with LWHC (dependant variable) and litter depth

(independent variable) was developed using simple regression analyses

techniques in SAS.



Where:
Zone 1 = the area represented by the inner ¼ (from
the bole to the crown edge) of the projected crown
cover.
Zone 2 = the area represented by the middle 1/3 (from
the bole to the crown edge) of the projected crown
cover.
Zone 3 = the area represented by the outer 1/3 (from
the bole to the crown edge) of the projected crown
cover.
WHCw = (0.11 * WHC zone 1) + (0.33 * WHC zone 2) +
(0.56 * WHC zone 3).
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Table 28. Gross precipitation (Pg), average estimated water holding
capacity (WHC) for zones 1, 2, and 3, average weighted water
holding capacity (WHCw), and average interception loss (I) for trees
within the woodland site at Combs Flat.

Storm
Event

Pg

(mm)

WHC
Zone 1
(mm)

WHC
Zone 2
(mm)

WHC
Zone 3
(mm)

WHCw

(mm) (%)

(n=9) (n=19) (n=23)
7 1.4 1.4 1.3 0.7 1.0 71

12 4.4 3.6 3.6 1.8 2.6 59
2 5.6 3.5 4.0 1.9 2.8 49
3 5.8 3.9 3.5 1.3 2.3 40

10 6.4 4.6 4.4 2.2 3.2 50
8 8.4 4.8 4.4 1.5 2.8 34

14 12.5 7.4 7.6 3.3 5.2 41
6 14.1 8.7 6.7 3.5 5.1 36
4 14.7 9.9 9.0 4.4 6.5 44
9 15.5 6.7 4.8 3.9 4.5 29

11 15.7 8.3 6.7 3.4 5.0 32
5 17.1 13.4 12.4 5.7 8.8 51
1 30.0 12.0 10.7 5.5 7.9 26

13 44.9 17.3 19.7 8.3 13.1 29

(n=47) (n=48) (n=48)
19 4.8 3.8 3.1 1.9 2.5 52
15 15.0 10.2 7.7 4.3 6.1 40
16 16.0 12.2 10.3 7.0 8.7 54
18 16.3 10.5 7.8 4.6 6.3 39
17 16.3 10.4 8.7 5.8 7.3 45
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Table 29. Results of the analysis of variance for mean throughfall
(TF) per tree within the woodland site at Combs Flat for storm events
15 - 19. Plots were grouped together by percent canopy cover (PCC)
classes with 5 plots per class. Means with different letters are
significantly different, a = 0.05, using Scheffe's mean separation
method.

PCC Mean Mean
Class PCC TF

(%) (mm)

1 11.4 6.6 a
2 21.3 7.8 b
3 38.0 8.1 b
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Litter depth accounted for approximately 75% (R2 0.749) of the

variation between LWHC and litter depth. The model was highly

significant model (p < 0.001).

The slope for the model indicated that a ratio of approximately

3 to 1 existed between litter depth and LWHC expressed in mm (Figure

13). This means that every 30 mm of litter held approximately 10 mm

of water. However, because of wettability resistance, it required at

least 18 hours for the litter to become saturated.

The variable litter volume had the same relationship as litter

depth, accounting for approximately 75% of the variation (R2 = 0.749)

between LWHC and litter volume. However, the intercept was not

significant (p = 0.41) for litter volume, even though the model was

highly significant (p < 0.001). With the intercept excluded the r2

value for the model of litter volume is 0.99%, (p < 0.001). All the

predictive models for LWHC are shown in Table 30.

The water penetration into the litter layer of each tree

following sprinkling at Sanford Creek was measured. The majority of

TF reaching the litter layer of the tree was intercepted and held by

the litter. The average TF for zones 1, 2, and 3 was 21, 23, and 24

mm respectively. Average litter depth within zones 1, 2, and 3 was

64, 27, and 10 mm, respectively. The average water penetration into

the litter layer for zones 1, 2, and 3, was 31, 21, and 10 mm,

respectively'. All values of TF, litter depth, and water penetration

into the litter layer for zones 1, 2, and 3, for each tree sprinkled

at Sanford Creek is shown in Table 31.

1 This was much less than the 3 to 1 ratio that existed with the
litter samples that were submerged in water.



Figure 13. Results of regression model for litter water holding
capacity (dependant variable) and litter depth (independant
variable). LWHC = e°75° * LD°807, p < 0.001, r2 = 0.75.
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Table 30. Regression equations for predicting litter water holding
capacity (LWHC) of western juniper trees. Dependant variable was LWHC
(n = 108), independent variables included litter depth (LD), and
litter volume (LV).

P-value
Variable Model r2 ()

LD Y1 =
e°75° * ld°°7 0. 749 0. 001
LD Y2 = ld° 0.999 0.001
LV Y2 = e°° * lv°°7 0.749 0.001
LV Y3 = e7 * lv°°7 0. 749 0.001

Where:
= water depth calculated from litter depth (cm).
= water volume (cm3).
= water depth (cm) calculated from litter volume (cm3).
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Table 31. Average throughfall (TF), average litter depth (LD), and
average water penetration into the litter layer (LP) for zones 1, 2,
and 3. Measurements are for large western juniper trees, for which
water holding capacity measurements were made at Sanford Creek, 1991.

Tree TF
(mm)

Zone

LD
(mm)

1

WP
(mm)

TF
(mm)

Zone

LD
(mm)

2

WP
(mm)

TF
(mm)

Zone

LD
(mm)

3

WP
(mm)

19 25 52 19 30 28 25 25 2 2
13 22 26 26 23 6 6 25 1 1
14 17 50 33 26 29 26 27 2 2

2 11 14 17
3 25 85 28 30 42 25 32 22 20

16 22 43 27 25 12 12 27 2 2

5 9 69 40 10 17 17 13 1 1
8 16 58 38 22 32 24 24 14 14

12 19 89 36 24 36 27 23 10 10
9 23 56 29 27 11 11 26 2 2

10 17 56 29 28 25 18 34 10 10
11 25 23 25

4 18 48 25 26 19 13 22 4 4
1 24 21 22

7 27 60 35 18 26 26 22 11 11
6 23 117 44 19 50 34 23 14 14

17 22 91 23 20 42 23 18 16 14
18 28 72 33 24 29 19 26 17 14
15 34 49 35 28 35 31 28 26 26

Avg 21 64 31 23 27 21 24 10 9



Samplinq Litter Depth and Volume

Since litter depth and litter volume can be used to determine

litter WHC, models were developed to calculate litter depth and

litter volume beneath juniper trees. Multiple regression analyses

techniques using SAS were utilized to develop the models. The

dependent variables were litter depth and litter volume, while the

independent variables were tree height, crown diameter, crown volume,

and crown area.

An analyses of the data for litter depth and litter volume

indicated that a log transformation was necessary for stabilization

of the variance.

The variables tree height, crown diameter, crown volume and

crown area, all produced models that were statistically significant

for predicting litter depth beneath juniper trees. The variables,

crown volume and crown area were similar to tree height and crown

diameter, therefore were not used simultaneously.

The best model found to predict litter depth beneath trees only

explained 36% (R2 = 0.36) of the variation between litter depth and

tree height.

The variables tree height, crown diameter, crown volume, and

crown area, all produced significant models for predicting litter

volume beneath juniper trees. The variables, crown volume and crown

area were similar to tree height and crown diameter, therefore were

not used simultaneously. The best model found explained 67% (R2 =

0.674) of the variation between litter volume, and tree height and

crown diameter. All significant models are shown in Table 32.
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Where:
= litter volume beneath the crown (m3).
= average litter depth beneath the crown (cm).

HT = tree height (in).
CRDIAN = crown diameter (in)
CRVOL = crown volume (in3)
CRAREA = projected crown area (in2)
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Table 32. Regression equations for predicting litter depth (LD) and
litter volume (LV) beneath individual western juniper trees, n63.

Variable Model r2

P-value()
Models for LV

HT = e6540 * ht2936 0. 616 0. 001

CRDIAM = e4636 * diam2548 0.617 0.001
HT CRDIAN = e6085 * ht1626 * crdiam1416 0.674 0.001

CRVOL = e4293 * crvol0969 0. 673 0. 001

CRAREA = e4328 * crarea1274 0.617 0.001

Models for LD

HT = e0900 * ht'°28 0.360 0.001
CRDIAM = e00 * crdiamO.7Th 0.270 0.001

CRVOL = e0008 * crvol0308 0.323 0.001
CRAREA

2
= e00276 * crarea0386 0.270 0.001



DISCUSSION

Water Holdinci Capacity of Western Juniper Trees

In this study WHC was measured for small and large western

juniper trees. WHC is the amount of water that a western juniper

tree will hold (after free drip) on the foliage, branches and bole.

Once WHC for any given storm is exceeded, the remaining precipitation

input will fall through the crown as TF, drip or SF. Interception is

the amount of precipitation that is trapped by the tree (WHC), and

then lost primarily through evaporation. Evaporation can occur

during a rainstorm (Lockwood and Sellers, 1982), therefore,

interception can exceed estimates of WHC, especially if a storm event

lasts for a long period of time.

Water Holdinci Capacity for Small Western Juniper Trees

For this study small western juniper trees were defined as

having a crown volume ranging between 0.1 m3 and 6.8 m3 (tree height

ranged between 1.0 and 4.7 m, crown diameter ranged between 0.5 and

2.7 m). The WHC ranged from 0.2 mm to 1.6 mm based on crown area and

was dependant on tree size (expressed as crown volume).

These values are similar to other reported values for shrubs

and grasses. The WHC for Eaccharis (Grah and Wilson 1944),

shadscale, and big sagebrush (West and Gif ford, 1976) averaged

approximately 1.5 mm. WHC values for grasses ranged from 0.1 up to 5

mm depending on density, height, and vegetative stage (Burgy and

Pomeroy, 1958, Clark, 1940, Corbett and Crouse, 1968, Merriam, 1961).

Leaf biomass was the best variable for predicting WHC.

However, the leaf biomass value was estimated from the variable basal

diameter, rather than by direct measurement, and could introduce some

unknown error in the prediction of WHC. Although, some of the trees
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used for the development of the model to predict leaf biomass came

from the Combs Flat study site (Miller et al. 1987).

Variables easily measured or calculated, such as basal

diameter, tree height, crown volume, and crown diameter, which had r2

values ranging from 0.47 to 0.38, respectively, may also be used for

predicting WHC. Even though only 47 to 38% of the variation was

explained, each model was highly significant (p 0.001), indicating

that a relationship exists between WHC and each variable.

Crown diameter was significantly related to WHC and may be the

easiest variable to obtain, e.g. it can be obtained from an aerial

photograph. Therefore, crown diameter would be a very useful

variable in determining interception losses on a woodland level.

Water Holding Capacity and Precipitation Partitioninq

of Large Western Juniper Trees

For this study large western juniper trees were defined as

having a crown volume ranging between 7 and 356 m3 (tree height ranged

between 4.2 and 12.5 m, crown diameter ranged between 2.5 and 10.4

m). The WHC ranged from 0.9 mm to 4.7 mm based projected crown area.

WHC was dependant on tree size (expressed as crown volume).

Crown density index of juniper trees appears to be high, but

may never reach 100% thereby allowing some water droplets to

penetrate the crown as TF, even with small amounts of input. The 19

individual trees sprinkled held approximately 86% of the first mm of

SI, and approximately 65% of the second mm, and WHC decreased for

each additional mm of SI, until saturation occurred. This same

relationship was also observed for individual trees in the woodland

where 71% of 1.4 mm of natural precipitation was intercepted.

At the point of saturation, TFr and SFr was approximately equal

to SIrS TFr displayed an exponential decay relationship until the
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point of saturation occurred. After saturation, the tree appeared to

"load and unload" around the point of "SWHC'. This phenomena may

occur because of the surface tension of water. The incoming water

droplets built up on the surface of the leaves and branches until the

volume of water overcaome the adhesion forces holding the droplet in

place. When the adhesion forces were overcome, the tree drained,

i.e. more TF than SI. After draining, the tree would "load up" again

(i.e. less TF than SI). Each of the 19 trees sprinkled displayed

this behavior. This same phenomina was also noted by Tsukamoto et

al. (1986) from their studies of stored rain on a branch of Camellia

japonica.

The SWHC of the 19 trees sprinkled was approximately 3 mm

(given a sprinkling input rate of 23 mm/hr). It required

approximately 10 mm of sprinkling input for those trees to reach that

point of SWHC. It required the 10 mm of input to reach that point of

SWHC, because only 86% of the first mm applied was intercepted, and

the percent intercepted for each additional mm of input decreased

rapidly. In Central Oregon during 1981 - 1991, 66% of all daily

inputs were 10 mm. Therefore, the majority of the daily inputs of

gross precipitation would not create a condition of SWHC in western

juniper tree canopies. Since the 19 western juniper trees sprinkled

exhibited signs of loading and unloading after reaching the point of

saturation, it may be possible that the trees have a higher WHC at a

point just prior to reaching SWHC.

The WHC of the 19 trees sprinkled ranged from 0.9 mm to 4.7 mm

(average of 1.9 mm). These values may be slightly higher than

average values for shrubs (1.5 mm) as reported by Grah and Wilson

(1944), and West and Gif ford, (1976). These values may be higher

because WHC was dependent on the size, and western juniper trees can

be much larger than shrubs.
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WHC for large western juniper trees was dependent on tree size

as indicated by the relationship between WHC and crown volume (p =

0.017).

Leaf biomass was the best variable for predicting WHC.

However, as noted earlier, leaf biomass values were estimated from

another model using the variable "sap wood area", rather than a

direct measurement, and could introduce some unknown error in the

prediction of WHC.

Other easily measured or calculated variables that could also

be used for predicting WHC of large western juniper trees include

basal diameter, tree height, crown volume, crown diameter and crown

area, with r2 values ranging between 0.38 to 0.25, respectively.

Other variables not easily measured or calculated that could be

used for predicting WHC of large western juniper trees include bole

biomass, total biomass, leaf area, branch biomass, and branch

number, with r2 values ranging between 0.40 and 0.27.

It is expected that the low r2 values are partly due to the

small data set especially since there is one data point that appears

to be an outliar. The r2values for predicting WHC while using all 51

trees (32 small western juniper trees and 19 large western juniper

trees) in the model, increased to 65 to 57 percent, respectively.

Crown diameter (r2 = 0.25) does not predict WHC as well as other

variables. However, when crown diameter was used in regression

analyses, the results were significant (p = 0.03). Such a

relationship could allow for the extrapolation of WHC from a single

tree to a woodland. On a woodland level, crown diameter would be the

easiest variable to measure, and could be taken from areal

photographs.

Drip for each of the 19 trees sprinkled ranged from 0.7 mm to

1.7 mm (average = 1.0 mm). Drip correlated with the variables SWHC
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(r = 0.52, p = 0.02), and CDI (r = 0.45, p = 0.05). Drip did not

correlate with WHC (r = 0.18, p = 0.46) or any other variable

describing tree size or architecture. Perhaps other variables that

were not measured, such as morphological characteristics of the

leaves or branches, would correlate with drip.

The SF for the 19 trees sprinkled was also low. SF averaged

0.47 mm (12.6 liters) for an average SI of 26 mm. It required an

average of 7 mm of SI for SF to begin. In Central Oregon (1981 -

1991), the majority of daily precipitation inputs were < 7.0 mm.

This means that SF would not occur for the majority of Pg inputs.

There were only 3 days during the 11 year period, 1981 - 1991, with

daily Pg inputs > 25 mm. So even during the larger storms SF would

be a very minor portion of total Pg inputs.

Interception Losses in Western Juniper Woodlands

Interception loss in western juniper woodlands is defined as

amount of water trapped in the woodland canopy and subsequently lost

through evaporation. Interception for this study was obtained from I

= Pg - Pn. Pg and Pn were measured for this study.

Some possible errors exist for measuring Pg and Pn from the

rain gauges which were used within the woodland. Net precipitation

measurements could be affected by the canopy. Total canopy cover

rarely exceeds 50% in western juniper woodlands. Individual trees

within a woodland can have significant effects on wind patterns

(Reifsnyder 1955). Also, Sellers and Lockwood (1981a) found that

open forests can have significant effects on wind patterns and

velocities. Therefore, the open nature of western juniper woodlands

may also have significant effects on wind patterns and velocities.

Altering wind patterns and velocities within a woodland could create

a pattern of unequal precipitation inputs or redistribution,

especially for drifting snow (Hoover and Leaf 1967). Satturland and
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Haupt (1970) found that 80% of intercepted snow was redistributed

rather than lost as interception. To reduce the effects of this

problem, rain gauges were buried at ground level filled with sawdust

and surfaced with gravel to simulate natural ground surface

conditions, and prevent an open cavity which could be filled by

drifting snow.

In addition, Pg values were calculated by two different

methods. First, the average of the rain gauges in the interspace was

obtained. Because of the possible wind effects in the woodland Pg

values were calculated using a weighted distance procedure. The

weighted distance procedure used the average Pg values from the open

plots, thus eliminating possible wind effects by the canopy.

Another possible source of error was evaporation losses from

the gravel used in the rain gages for measuring Pg and Pn. It was

expected that the evaporation losses from the rain gauges would be

insignificant. The maximum possible that was expected for this study

was < 3.0 mm, which was measured over a 7 day period during the

hottest part of the summer. The losses during the winter would be

much less. Following the initial loss of water from the gravel,

which held approximately 1.4 mm, diffusion would be the major driving

component of evaporation. Losses due to diffusion would be

negligible during short periods of time, especially during the winter

months (Boersma, 1992 Personal Communication). During the winter

months of this study, 0.9 mm of water was measured on the gravel two

days following a storm event. The losses from the gravel for this

study were considered negligible, and no corrections were made to the

Pn values obtained.

Another possible source of error would be the amount of SF. SF

was < 0.2]. mm for all but one storm event for the six trees measured

during this study. Eddleman (1986a), and Young et al (1984) also

found SF to be very small percentage of TF. Because these amounts
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were small, they were considered insignificant. Others have also

suggested that SF may be an insignificant component of interception

losses in a juniper woodland (Gif ford 1970)

Annual interception loss for Central Oregon using the model

developed with predicted Pg values was calculated as 7.8% to 12.8%

for canopy cover values ranging from 9% to 43%, respectively. Annual

interception loss using the model developed with the "average

interspace values for Pg" was calculated as 9.3% to 14.9% for canopy

cover values ranging from 9% to 43%, respectively. Eddleman (1986a)

had estimated that a 20% annual interception loss, with a 30% canopy

cover, could occur in a western juniper woodland. Skau (1964)

reported annual interception losses of 2 - 25 percent for canopy

cover ranging between 8 - 58 percent, in a alligator juniper

woodland. One reason the interception losses are slightly less for

this study compared to the values reported for other studies, is the

redistribution of Pn as measured in the interspace as well as beneath

canopies (e.g. Pn for a woodland level). Another possible reason for

the apparent differences would be different tree sizes that were

sampled, for the different studies.

Similar interception values have been reported for other

coniferous forests. Patric (1966) reported an annual percent loss of

25% for a western hemlock forest with a 90% canopy cover. Swank et

al. (1972) reported annual interception losses of 14 to 22% for a 5

to 30 year old loblolly pine stand.

The results from both models show that the amount intercepted

with a canopy cover of 9% is less than the amount intercepted with a

canopy cover of 43%. However, these differences are not proportional

e.g. for every unit increase in canopy cover, there was not a whole

unit increase in interception losses. This behavior may be explained

by different interception capacities of individual trees within the

woodland with differing tree densities per hectare.
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The amount of TF per tree (or conversely, interception

capacity) changes with the density of trees per plot. For this study

the amount of TF, per tree, was greater (p < 0.001) for trees on

plots with medium or high canopy cover classes than for trees on

plots with low canopy cover classes.

There may be at least two explanations for differing

interception capacities per tree. First, the mean tree height did

not change proportionally with changes in canopy cover, e.g. for

every unit increase in canopy cover, there was not a proportional

increase in mean tree height. Second, the foilage density index per

tree decreased as canopy cover increased. Therefore, as canopy cover

increased, the interception capacity of each tree decreased.

Another possible source of error may come from measuring Pn.

Pn was estimated from the rain gauges on each plot. The last five

storm events were tested for Pn differences on each plot using the 91

additional rain gauges versus the original 300 rain gauges. There

were significant differences between plots (p < 0.001). Some Pn

values for individual plots had as much as 1.04 mm difference. This

would indicate that stratified sampling may produce a more accurate

estimate of Pn than pure random sampling, at least for 15 or less

sub-samples per plot. These differences mostly occurred on plots

that were near the mean canopy cover, rather than near the extremes

(e.g. canopy cover values that were near 20% rather than 9% or 43%).

The values at the extremes have a stronger influence on the

regression analysis than the values near the mean (Thomas, 1992,

personal communication). Therefore, the results of the model are

most likely accurate, without using the Pn values calculated by using

the 91 extra rain gauges.

An estimate of interception losses (WHC) for individual trees

was obtained from rain gauges beneath trees within the woodland. The

amount intercepted by individual trees ranged from 29 to 71 percent



133

for gross precipitation inputs of 44.9 to 1.4 mm respectively (table

26).

Water Holdinq Capacity of Litter

Litter can be a very important component in the hydrological

cycle, and can intercept and hold large quantities of water.

For this study there was approximately a 1 to 3 ratio of LWHC

to litter depth based on the maximum ability of litter to hold water.

This is similar to some values that have been reported for other

types of litter. Reynolds and Knight (1973) reported that an average

of 37.5 mm of litter held about 11.2 mm of water, approximately a 1

to 3.3 ratio for both lodgepole pine and spruce fir litter.

Some discrepancies in LWHC may exist. Gif ford (1970) reported

that water had only penetrated 25 mm into the litter following 96 mm

of input. However, he did not provide the distribution of the 96 mm

of input. Water penetration into the litter layer for the 19 trees

sprinkled was divided into different zones, zones 1, 2, and 3.

Average litter depth for the different zones was 64, 27, and 10 mm,

with an average water penetration of 31, 21, and 10 mm. There was an

average crown throughfall of 21, 23, and 24 mm, in zones 1, 2, and 3

for the 19 trees sprinkled, respectively. This was not a 1:3 ratio,

it would be expected that 21 mm of input would penetrate 63 mm of

litter. One possible explanation would be a hydrophobic layer within

the litter. Some of the litter samples that were soaked mw ater

required at least 18 hours to become saturated. Grelewicz and

Plichta (1985) also found that the wettability of the "F" and "H"

litter layers was much less than the "L" layer. They attributed this

hydrophobic condition to the greater decomposed "F" and "H" layers,

which underwent a chemical change in the litter. The lower layers of

the juniper litter also had a greater degree of decomposition,

especially in zone 1. This may have created a hydrophobic condition



134

which would help explain why 21 mm of TF only penetrated 31 mm into

the litter.

The average annual loss of Pg by litter interception depends on

the LWHC, drying rate of litter, and rainfall characteristics (Metz

1958, Reynolds and Knight 1973, Helvey and Patric 1965, Walsh and

Voigt 1977). Intercepted water in the litter layer of western juniper

trees may evaporate quickly. The majority (60 -70%) of retained

water was evaporated from pine litter in the first four days

following a rainstorm (Metz 1958, Reynolds and Knight 1973). Metz

(1958) reported that it took an additional 7 days for the litter to

reach equilibrium, i.e. a point where evaporation ceased.

Juniper litter exists only beneath the crowns of individual

trees, and can reach thicknesses of 120 cm or more, with a possible

LWHC of 40 mm. The storms in Central Oregon are infrequent, allowing

maximum time for drying between storms. This condition may be very

important in understanding the hydrologic affects of interception in

a juniper woodland.

Interception losses from the litter may be higher than the

losses from the tree. This condition may create small islands

(beneath individual trees) where precipitation inputs rarely reach

the mineral soil in a juniper woodland. The annual interception

losses due to litter interception in western juniper woodlands is not

known.
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Appendix A.

Values that were calculated for the two functions used in the
model TANTRUM. The program TANTRUM utilized the marquardt algorithm,
a non-linear least squares data fitting procedure.
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Where:
y(t) = total TFr (TFr + SFr) in mm/hr at a given time t.

A1 = value which the exponential function decays to.

B1 = approximately the negative value of A1, this value changes
the direction of the exponential decay, e.g. an inverse
exponential decay function.

t = time (mm) for data points e.g. 0, 2, 6, etc.

Ti = time (in minutes) when the model switched from using
function 1 to using function 2.

expi = exponential decay rate.

Appendix A.

Table A-i. Values that were calculated for function 1 (from the

144

program tantrum) which is: y(t) = A1 + B1 * e(t), for 0 < t < T1.
These values are for the 19 large western juniper trees for which
water holding capacity measurements were made at Sanford Creek, 1991.

Tree A1 B1 expi

1 20.11590 -20.16060 0.87370
2 27.23755 -28.17704 0.07436
3 24.06826 -24.95952 0.15006
4 24.72094 -25. 21562 0.18815
5 21.90670 -24.55868 0. 08592
6 34.17107 -34.15980 0. 05715
7 26.54846 -26.44315 0.07574
8 25.43015 -26.89815 0.08849
9 29.04784 -29.12240 0.19295

10 29.47071 -29.87554 0.07807
11 25.80400 -26. 06541 0. 23740
12 26.83663 -27.11984 0. 11256
13 27.54701 -27.10513 0. 27215
14 28.44683 -30.25631 0.14820
15 19.33472 -19.40259 0.07076
16 25.24360 -25.45474 0. 17627
17 28.72922 -29.08334 0. 06220
18 25.39873 -25.71173 0. 09266
19 31.33606 -32. 12131 0.09251



Appendix A.

Table A-2. Values that were calculated for function 2 (from the
program tantrum) which is: Y(t) = C1 + * cos(( * t) + 1), for t
> Ti. These values are for the 19 large western juniper trees for
which water holding capacity measurements were made at Sanford Creek,

Where:
Y(t) = total TFr (TFr and SFr) mm/hr at any given time t, for t
> Ti.

C1 = defines point above zero which the cosine function revolves
around, which represents the constant SIr in mm/hr.

D1 = amplitude of the cosine function.

= period of the cosine function, 1 period = 2it, so omega is
21t/t.

t = time (in minutes) for data points e.g. 0, 2, 6, 10, etc.

T = point or phase where cosine function begins.
Ti. = Time (in minutes) when the model switched from using
function 1 to using function 2.
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1991.

Tree C1 D1 (i) I Ti

1 18.39400 1.07942 0.13473 -5.55247 29
2 23.07822 -1.97580 0.13016 48.70724 26
3 24.50229 2.12934 0.10605 -4.72009 25
4 24.40419 1.52829 0.32625 -3.01248 22
5 20.82589 1.23020 0.27001 -2.94738 26
6 22.98629 -1.12389 -0.24614 26.02295 21
7 21.95101 0.72414 0.13218 1.90953 24
8 22.52102 0.95997 0.43062 -3.20000 25
9 27.50914 1.89445 0.24946 -5.40165 15

10 22.96693 1.58422 0.07436 -2.71877 21
11 26.39798 1.09227 0.37065 -6.50000 22
12 23.19259 0.56947 -0.46130 26.89871 19
13 27.37455 1.25162 -0.17759 5.89855 22
14 24.80905 -0.68884 -0.19682 6.28038 18
15 20.66875 1.38465 0.28336 -8.16815 58
16 26.73944 1.89024 0.20317 -4.48190 33
17 21.11407 -0.36603 -0.20393 9.79677 22
18 22.69247 0.35605 0.23379 -5.21011 27
19 24.95087 1.08445 0.17982 -8.04160 18



Appendix B

Map showing trees and rain gauge locations within each forested
plot, includes plots 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16,
18, and 19. A table with a description of tree data by tree height
class is shown below each map. The description includes percent
canopy cover (PCC), number of trees per plot and hectare, average
tree height (HT), average crown diameter (CRDIAM), average basal
diameter (BADIAM), and average foliage density index (FDI).
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Appendix B.

PLOT 4 PCC = 38%

HT
Class Trees Trees HT CRDIAN BADIAN FDI

(in) (#/plot) (#/ha) (in) (in) (cm)

147

1.0-2.9 21 268 2.1 1.1 6.2 5.7
3.0-5.9 34 434 4.8 2.6 17.7 5.8
6.0-8.9 8 102 6.6 4.3 29.4 6.5
> 9.0 1 13 9.0 5.8 40.0 7.0
Total 64 816 4.2 2.4 15.7 5.9



PLOT 5 PCC = 26%

HT
Class Trees Trees HT CRDIAM BADIAM FDI

(in) (#/plot) (#/ha) (in) (in) (cm)

Appendix B.

148

1.0-2.9 15 191 2.1 1.2 6.6 5.1
3.0-5.9 12 153 4.0 2.4 13.3 6.5
6.0-8.9 10 128 6.5 4.2 26.0 7.0
> 9.0

Total 37 472 3.9 2.4 14.0 6.1



'312
76

311

5.0 m

PLOT 6 PCC = 13%

HT
Class Trees Trees HT CRDIAN BADIAN FDI

(in) (#/plot) (#/ha) (in) (in) (cm)
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149

1.0-2.9 2 26 2.0 1.0 5.0 7.0
3.0-5.9 10 128 4.6 2.6 17.4 7.0
6.0-8.9 2 26 6.5 3.9 25.0 7.0
> 9.0 1 13 9.0 6.0 35.0 7.0

Total 15 191 4.8 2.8 17.9 7.0
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PLOT 7 PCC = 14%

HT
Class Trees Trees HT CRDIAN BADIAN FDI

(in) (#/plot) (#/ha) (in) (in) (cm)
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1.0-2.9 19 242 1.8 1.0 6.1 6.8
3.0-5.9 5 64 4.2 2.8 15.4 7.0
6.0-8.9
> 9.0 1 13 10.0 9.2 45.0 7.0

Total 25 319 2.6 1.7 9.5 6.8
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PLOT8 PCC=9%

HT
Class Trees Trees HT CRDIAN BADIAM FDI

(in) (#/plot) (#/ha) (in) (in) (cm)

Appendix B.

15].

1.0-2.9 2 26 2.2 2.0 10.0 6.0
3.0-5.9 2 26 4.]. 2.3 14.0 8.0
6.0-8.9 3 38 6.8 5.0 25.0 7.0
> 9.0

Total 7 89 4.7 3.4 17.6 7.0



PLOT 9 PCC= 24%

HT
Class Trees Trees HT CRDIAN BADIAM FDI

(in) (#/plot) (#/ha) (in) (in) (cm)

Appendix B.

152

1.0-2.9 11 140 1.6 0.8 4.0 6.1
3.0-5.9 9 115 4.7 2.9 17.0 7.0
6.0-8.9 3 38 6.2 4.3 28.3 7.0
> 9.0 3 38 9.8 5.9 33.3 7.0

Total 26 332 4.1 2.5 14.7 6.6
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PLOT 10 PCC = 16%

HT
Class Trees Trees HT CRDIAN BADIAN FDI

(in) (#/plot) (#/ha) (in) (in) (cm)
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1.0-2.9 8 102 1.9 0.9 5.5 5.3
3.0-5.9 8 102 4.6 2.6 15.8 6.8
6.0-8.9 4 51 6.4 4.2 28.3 7.5
> 9.0 1 13 9.5 6.0 45.0 5.0
Total 21 268 4.1 2.4 15.6 6.2
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154

1.0-2.9 17 217 1.5 1.3 6.8 6.9
3.0-5.9 12 153 4.2 2.2 13.3 6.7
6.0-8.9 14 179 7.0 5.1 36.4 6.6
> 9.0

Total 43 548 4.0 2.8 18.2 6.7

PLOT 11 PCC = 43%

HT
Class Trees Trees HT CRDIAN BADIAN FDI

(in) (#/plot) (#/ha) (in) (in) (cm)
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PLOT 12 PCC = 9%

HT
Class Trees Trees HT CRDIAM BADIAN FDI

(in) (#/plot) (#/ha) (in) (in) (cm)
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Total 12 153 3.9 2.2 15.8 7.0
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156

1.0-2.9 10 128 1.2 0.7 3.0 5.8
3.0-5.9 12 153 4.]. 2.3 12.9 6.26.0-8.9 15 19]. 6.9 4.1 27.0 6.9
> 9.0 4 5]. 10.0 4.8 33.8 7.0
Total 41 523 5.0 2.8 17.7 6.4

PLOT 13 PCC = 35%

HT
Class Trees Trees HT CRDIAN BADIAN FDI

(in) (#/plot) (#/ha) (in) (in) (cm)



PLOT 14 PCC = 18%

HT
Class Trees Trees HT CRDIAN BADIAM FDI

(in) (#/plot) (#/ha) (in) (in) (cn)
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157

1.0-2.9 9 115 2.0 1.2 6.9 6.8
3.0-5.9 13 166 4.3 2.2 14.9 7.0
6.0-8.9 2 26 6.3 5.4 30.0 7.0
> 9.0 1 13 12.0 7.6 45.0 7.0

Total 25 319 4.0 2.2 13.8 6.9
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PLOT 15 PCC = 13%

HT
Class Trees Trees HT CRDIAM BADIAM FDI

(in) (#/plot) (#/ha) (in) (in) (ciii)
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1.0-2.9 7 89 2.0 1.3 6.7 7.0
3.0-5.9 2 26 4.0 1.7 14.0 7.0
6.0-8.9
> 9.0 2 26 9.5 7.6 40.0 7.0

Total 1]. 140 3.7 2.5 14.1 7.0
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PLOT 16 PCC = 21%

HT
Class Trees Trees HT CRDIAM BADIAN FDI

(in) (#/plot) (#/ha) (in) (in) (cm)
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1.0-2.9 10 128 2.0 1.2 7.4 7.0
3.0-5.9 3 38 5.3 4.1 20.3 6.3
6.0-8.9 4 51 7.4 5.9 33.0 7.0
> 9.0 1 13 9.0 6.8 45.0 7.0

Total 18 230 4.2 3.0 17.3 6.9
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PLOT 18 PCC =35%

HT
Class Trees Trees HT CRDIAN BADIAN FDI

(in) (#/plot) (#/ha) (in) (in) (cm)
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1.0-2.9 8 102 1.7 1.0 5.4 5.5
3.0-5.9 16 204 4.3 2.3 16.0 5.9
6.0-8.9 13 166 6.9 3.9 33.8 6.5
> 9.0

Total 37 472 4.7 2.6 20.0 6.0



PLOT 19 PCC = 39%

HT
Class Trees Trees HT CRDIAN BADIAN FDI

(in) (#/plot) (#/ha) (in) (in) (cm)
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1.0-2.9 7 89 2.2 1.2 9.3 5.9
3.0-5.9 13 166 4.5 2.7 17. 6 5.86.0-8.0 16 204 7.0 4.2 30.4 6.3
> 9.0 1 13 9.0 6.4 20.0 7.0
Total 37 472 5.3 3.2 21.6 6.0

2790



Appendix C

Daily gross precipitation (Pg), average daily temperature
(Tavg), daily minimum temperature (Tmin), daily maximum temperature
(Tmax), average daily relative humidity (RH), average daily wind
speed (Wavg), average daily wind direction (Wdir), and total solar
radiation (RAD) from the recording weather station at the Combs Flat
study site. All values are for storm events. A storm event is
defined as the first day that precipitation occurred following rain
gauge placement, and ends with the day the rain gauges were
exchanged. Most storm events include Pg inputs for more than one day.
The weather station was not operational for storm event 1.
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Appendix C.

Storm Event 2 3/16/90 - 3/22/90

Julian
Day Pg Tavg Thin Tmax RH Wavg Wdir PAD

mm (°C) (°C) (°C) (%) (mph) (°) (kw/m2)

163

76 2.4 9.9 2.3 20.3 70 0.5 218 200
77 8.7 2.3 17.7 92 1.0 260 190
78 8.3 -0.9 20.3 74 1.9 251 324
79 7.6 -1.0 18.3 68 1.9 102 315
80 8.4 -2.2 20.7 65 1.5 43 355
81 4.6

Total 7.0

Storm Event 3 10/29/90 - 11/3/90

Julian
Day Pg Tavg Tmin Tinax RH Wavg Wdir PAD

(mm) (°C) (°C) (°C) (%) (mph) (°) (kw/m2)

303 4.6 9.8 5.6 13.8 71 5.7 174 47
304 1.7 4.6 -0.4 9.4 88 4.2 255 110
305 0.3 -5.5 8.4 80 3.8 260 158
306 0.6 -6.3 10.9 66 3.6 85 193
307 6.3 -0.7 14.2 60 3.8 61 97

Total 6.3
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164

Storm Event 4

Julian
Day Pg

(mm)

11/23/90

Tavg Tmin
( °C) ( °C)

- 12/12/90

Tmax RH
( °C) (%)

Wavg
(mph)

Wdir RAD
(0) (kw/m2)

329 3.1 3.3 -3.7 11.0 81 6.9 240 53
330 -1.5 -6.9 4.4 77 4.8 229 105
33]. 0.1 -5.1 6.2 75 5.7 235 90
332 1.6 -5.7 8.8 65 6.0 115 121
333 1.1 4.8 -1.6 12.6 61 7.7 190 58
334 -1.9 -8.5 4.9 78 4.3 256 107
335 1.3 -1.8 -6.4 3.7 86 7.2 226 59
336 0.4 -3.7 5.8 70 4.2 221 83
337 3.8 -2.3 8.9 40 8.9 88 96
338 4.6 -4.1 11.8 50 9.7 246 96
339 -0.3 -6.4 8.3 72 3.8 165 110
340 1.3 -5.9 9.4 52 5.6 139 129
341 4.0 -4.3 12.1 40 5.3 123 125
342 10.3 4.6 15.9 24 8.0 199 86
343 1.1 10.0 7.2 12.8 37 8.9 210 28
344 9.2 4.3 -1.5 7.9 98 3.2 288 34
345 -1.6 -6.0 5.1 84 3.5 263 126
346 -1.7 -5.0 3.7 82 4.1 124 74

Total 15.7
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Storm Event
Julian
Day Pg

(mm)

5 12/12/90

Tavg Thin
(CC) (°C)

- 1/11/91

Trnax RH
(°C) (%)

Wavg
(mph)

Wdir RAD
(°) (kw/m2)

351 5.0 1.7 -4.6 10.6 82 6.3 301 68
352 0.7 -1.2 -6.6 3.8 85 7.2 329 49
353 -12.2 -18.0 -6.1 69 5.6 13 93
354 -21.9 -27.5 -15.8 60 5.0 354 81
355 -23.7 -31.0 -13.6 58 3.1 264 120
356 -18.4 -28.1 -6.7 53 3.7 134 102
357 -14.2 -25.2 -3.4 52 4.5 121 124
358 -8.2 -14.9 -0.2 50 4.0 121 83
359 0.4 -1.9 -7.3 6.2 72 4.1 127 87
360 0.3 -5.9 9.3 78 3.2 269 115
361 -0.3 -6.9 8.9 75 7.0 308 108
362 -6.3 -19.2 -0.3 83 5.3 345 48
363 -18.4 -27.7 -8.6 56 4.7 133 128
364 0.4 -7.9 -18.5 -0.0 42 5.5 120 69
365 1.1 -2.5 -7.9 9.6 45 5.0 101 101
1 -1.9 -10.7 13.3 56 4.0 79 139
2 -6.3 -15.0 4.6 80 2.8 105 128
3 -7.4 -8.3 -5.7 99 1.8 277 28
4 -7.3 -14.1 4.0 82 2.2 87 125
5 -9.4 -15.2 0.0 85 2.1 270 110
6 -6.5 -10.1 -1.4 89 2.0 299 72
7 0.4 2.8 -3.2 9.2 65 6.6 195 96
8 -0.1 -5.7 4.6 71 5.3 76 56
9 0.7 1.2 -3.9 7.1 69 5.9 117 66

10 2.8 3.5 1.6 6.9 93 4.6 93 50
11 5.5 1.4 8.1 85 9.4 150 26

Total 11.6

Storm Event 6 1/11/91 - 1/16/91

Julian
Day Pg Tavg Tmin Tinax RH Wavg Wdir BAD

(mm) (°C) (°C) (°C) (%) (mph) (°) (kw/m2)

11 1.3 5.5 1.4 8.1 85 9.4 150 26
12 8.0 3.4 14.7 75 9.7 183 87
13 5.7 4.0 -0.4 10.7 91 4.2 219 70
14 3.5 4.2 -0.4 9.0 93 4.5 203 34
15 3.5 2.2 -2.5 7.1 84 6.9 260 68
16 2.2 -3.2 7.6 82 3.8 73 93

Total 14.0
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Storm Event 7 1/16/91 - 2/6/91

Julian
Day Pg Tavg Tmin Tmax RH Wavg Wdir RAD

(mm) (CC) (°C) (°C) (%) (mph) (°) (kw/m2)

34 2.0 6.3 3.6 9.7 75 9.7 184 58
35 7.7 5.8 10.2 61 9.7 179 28
36 0.7 5.3 -0.4 13.8 71 4.2 170 171
37 6.1 -1.1 13.8 61 6.5 114 168

Total 2.6

166

Storm Event 8 2/6/91 -

Julian
Day Pg Tavg Tmin

(mm) (°C) (°C)

2/20/91

Tmax
(°C)

RH
(%)

Wavg
(mph)

Wdir BAD
(°) (kw/m2)

43 5.5 3.6 1.6 7.1 73 4.9 136 52
44 0.9 6.7 2.5 11.6 96 3.6 78 71
45 9.8 2.6 19.0 77 5.2 93 203
46 6.5 1.8 13.7 90 3.0 229 112
47 1.3 3.8 -1.8 10.0 82 4.6 257 162
48 1.2 -3.7 8.6 75 5.3 253 222
49 1.3 0.9 -4.4 8.3 96 3.6 74 82
50 5.4 0.4 12.4 78 4.8 208 131
51 6.6 0.9 13.7 69 6.2 205 135

Total 9.0

Storm Event 9 2/20/91 - 3/6/91

Julian
Day Pg Tavg Tmin Tinax RH Wavg Wdir BAD

(mm) (°C) (°C) (°C) (%) (mph) (°) (kw/in2)

62 6.6 7.2 3.1 13.7 70 13.4 185 218
63 6.3 4.1 -1.8 12.1 83 8.3 213 108
64 0.4 -1.4 -3.7 4.1 65 7.2 261 154
65 1.3 0.1 -5.0 6.4 74 4.0 246 188

Total 14.6
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Storm Event 11

Julian
Day Pg

(mm)

3/14/91

Tavg Tmin
(°C) (°C)

- 3/27/91

Tmax RH
(°C) (%)

Wavg
(mph)

Wdir RAD
(°) (kw/in2)

77 0.7 1.1 -2.7 6.1 90 3.8 73 89
78 0.9 -0.2 -4.7 4.7 97 2.8 233 80
79 2.7 -4.4 11.7 69 6.0 91 230
80 2.8 -3.9 11.6 73 4.3 254 191
81 1.1 2.7 -2.4 10.4 63 3.9 181 253
82 5.5 4.0 0.3 11.9 80 5.9 137 163
83 3.1 3.1 -2.9 10.4 70 3.7 158 275
84 3.3 0.4 -1.9 6.1 89 3.6 79 128
85 0.4 -4.2 6.7 83 3.7 238 171
86 3.5 -4.3 12.9 67 3.8 250 359

Total 14.4

Storm Event 10

Julian
Day Pg

(mm)

3/6/91 -

Tavg Tmin
(°C) (°C)

3/14/91

Tmax
(°C)

RH
(%)

Wavg
(mph)

Wdir RAD
(°) (kw/m2)

68 1.3 5.2 -1.0 10.1 55 6.0 162 82
69 0.9 -0.0 -4.5 6.7 83 4.0 188 203
70 0.4 -0.5 -7.3 3.2 67 6.0 174 137
71 1.5 1.7 -4.4 7.6 76 6.1 169 101
72 2.0 0.9 -3.5 6.4 90 2.5 223 124
73 0.5 -3.0 6.0 82 3.4 284 155

Total 6.1
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Storm Event

Julian

12 3/27/91 - 4/23/91

Day Pg Tavg Tmin Tmax RH Wavg Wdir RAD
(mm) (0C) (°C) (°C) (%) (mph) (0) (kw/m2)

96 0.4 2.8 -3.8 11.4 66 5.4 233 226
97 2.0 -5.5 10.7 55 5.9 254 372
98 2.2 3.7 -7.1 12.1 68 5.4 182 217
99 3.1 -4.5 9.2 66 8.6 257 270

100 1.3 -0.6 -5.7 5.9 66 6.5 283 231
101 3.6 -6.4 14.3 54 6.3 318 408
102 6.7 -4.8 18.9 49 5.0 4 423
103 8.0 -3.0 19.5 41 5.2 291 399
104 5.0 -1.9 13.9 56 4.4 267 299
105 1.3 3.2 -5.1 12.6 77 4.0 294 198
106 0.9 5.2 1.9 11.8 79 5.6 323 143
107 7.2 1.0 16.3 58 5.2 323 276
108 1.5 5.6 -2.9 15.5 74 4.4 66 300
109 8.6 -2.0 19.1 58 4.8 88 324
110 2.6 7.6 2.1 14.5 77 3.3 267 136
111 9.9 1.6 22.0 63 4.8 276 327
112 11.2 -0.4 22.3 46 4.8 297 449
113 9.7 1.0 19.8 51 5.7 203 230

Total 10.3
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Storm Event

Julian

13 4/23/91 - 5/21/91

Day Pg Tavg Tmin Tmax RH Wavg Wdir PAD
(mm) (°C) (°C) (°C) (%) (mph) (0) (kw/m2)

114 0.9 4.3 -1.2 12.3 69 5.5 257 224
115 0.4 2.3 -3.6 10.8 75 4.8 286 302
116 1.5 2.2 -2.9 9.5 80 5.7 251 195
117 4.1 -4.9 13.1 52 7.0 279 358
118 4.1 -5.8 13.4 62 5.2 273 171
119 6.2 -6.0 17.6 49 4.8 323 470
120 11.8 1.1 22.3 29 6.6 63 372
121 10.4 -0.9 20.6 32 6.3 354 448
122 8.8 -0.7 18.4 35 7.6 331 459
123 8.8 -2.8 20.9 37 5.4 320 382
124 11.2 -3.0 23.1 31 4.5 355 468
125 13.5 6.9 21.3 37 5.5 271 293
126 0.7 8.9 3.9 16.6 61 4.2 262 214
127 4.8 9.3 1.9 16.4 78 4.3 164 109
128 2.6 4.5 -2.7 9.6 71 6.4 259 227
129 3.5 -3.6 10.4 64 7.1 300 288
130 5.6 2.0 10.5 70 5.6 292 104
131 2.4 7.3 4.2 14.6 91 3.4 245 161
132 10.3 5.4 19.2 66 4.2 286 299
133 2.8 7.6 3.8 13.4 80 4.3 294 190
134 8.7 -1.5 18.0 52 5.5 282 484
135 11.1 -1.9 24.2 47 5.3 316 396
136 18.1 9.3 5.9 16.9 90 3.7 270 167
137 10.9 3.4 2.4 6.0 95 7.8 255 80
138 4.2 6.5 0.7 15.5 82 5.4 272 279
139 0.4 8.7 1.5 18.2 80 4.1 275 282
140 11.7 5.1 20.6 70 4.2 267 398
141 11.8 1.8 22.9 57 4.9 286 453

Total 49.8
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Storm Event

Julian

14 5/21/91 - 6/24/91

Day Pg Tavg Tmin Tinax RH Wavg Wdir RAD
(mm) (°C) (°C) (°C) (%) (mph) () (kw/m2)

149 3.9 7.6 1.2 15.0 80 5.3 200 185
150 6.7 -0.1 15.5 67 6.3 291 376
151 11.7 -2.5 23.2 54 5.6 294 526
152 16.5 2.9 28.0 46 5.1 275 523
153 16.1 4.6 27.5 40 5.8 286 504
154 10.0 0.4 18.6 45 6.1 290 536
155 8.6 -3.7 18.7 45 6.8 310 516
156 2.8 4.8 -0.2 11.7 82 3.7 272 125
157 8.9 1.6 18.7 76 3.8 285 267
158 13.6 4.0 24.6 51 4.8 288 396
159 15.7 4.0 25.3 47 4.5 304 503
160 19.4 3.8 32.2 43 5.1 15 527
161 21.1 8.1 34.0 40 5.5 301 498
162 15.0 3.4 22.7 45 6.8 278 468
163 10.0 -1.3 20.2 48 5.9 301 460
164 8.4 0.2 16.7 51 5.1 272 272
165 11.1 -1.8 22.5 44 4.5 276 515
166 14.4 4.0 26.7 32 6.4 312 454
167 10.8 -0.3 20.9 39 5.9 279 523
168 12.9 -3.0 24.9 39 5.0 1 545
169 15.8 5.9 27.4 26 4.9 352 357
170 4.6 9.9 3.4 16.8 71 5.7 241 151
171 7.9 6.5 4.8 8.5 95 3.2 340 92
172 11.9 0.7 22.4 65 4.7 299 508
173 13.3 3.6 22.8 61 4.4 286 426
174 14.6 4.9 24.6 61 4.8 275 459
175 13.7 7.7 20.1 61 4.5 281 262

Total 19.2
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Storm Event

Julian

16 11/3/91 - 11/22/91

Day Pg Tavg Tmin Tmax RH Wavg Wdir PAD
(mm) (°C) (°C) (°C) (%) (mph) (°) (kw/m2)

317 1.1 3.6 -1.5 8.9 75 3.7 235 94
318 0.4 0.7 -3.8 6.3 80 3.1 268 56
319 0.3 -6.1 11.0 68 3.5 92 128
320 1.3 4.3 0.3 7.6 44 10.4 124 18
321 6.3 2.7 -0.9 8.2 85 4.8 166 51
322 3.1 -0.3 9.1 72 5.0 230 113
323 2.2 6.2 2.5 9.7 48 7.7 131 31
324 2.4 3.7 -1.6 9.3 81 4.4 218 49
325 1.7 0.6 -4.6 7.6 79 3.4 225 83
326 -0.5 -6.4 7.0 66 6.0 65 132

Total 15.5

Storm Event 15

Julian
Day Pg

(mm)

11/6/91

Tavg Tmin
(°C) (°C)

- 11/13/91

Tmax RH
(°C (%)

Wavg
(mph

Wdir PAD
(°) (kw/m2)

310 3.1 7.6 4.9 11.5 86 4.6 64 47
311 11.8 5.5 19.9 74 5.3 44 161
312 0.9 10.4 7.1 14.9 79 3.0 74 50
313 6.0 -0.1 16.0 73 3.4 87 149
314 7.1 1.1 16.5 69 3.5 63 132
315 1.1 11.0 5.9 18.3 54 4.5 104 92
316 9.8 8.9 5.4 11.6 86 3.0 175 32
317 3.6 -1.5 8.9 75 3.7 235 94

Total 14.9
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Storm Event

Julian
Day Pg

(mm)

17

Tavg
(°C)

11/22/91

Tmin
(°C)

- 11/30/91

Tmax RH
(°C) (%)

Wavg
(mph)

Wdir RAD
(°) (kw/m2)

327 0.7 2.9 -1.1 8.0 48 7.6 50 62
328 6.1 4.9 2.1 8.0 86 4.8 61 43
329 0.7 6.6 -0.1 11.1 80 6.4 219 34
330 7.6 4.8 -0.1 10.4 8]. 6.1 197 39
331 -0.3 -4.5 5.4 82 4.7 270 63
332 -0.8 -6.7 5.8 76 5.8 263 75
333 -2.8 -9.2 3.6 69 5.4 335 83
334 -2.7 -9.9 3.6 69 3.8 219 64

Total 15.1

Storm Event 19 12/10/91 - 12/23/91
Julian

Day Pg Tavg Tmin Tinax RH Wavg Wdir Rad
(mm) (°C) (°C) (°C) (%) (mph) (0) (kw/rn2)

352 2.8 3.0 -1.6 6.1 62 7.8 187 43
353 0.7 -1.7 -6.8 7.0 70 3.8 168 99
354 0.5 -4.6 6.6 42 9.4 46 98
355 1.3 2.0 -0.4 3.8 44 7.1 58 19
356 -0.0 -5.2 6.7 63 2.5 74 73
357 -0.7 -6.4 11.3 76 2.3 164 78

Total 4.8

Storm Event

Julian
18 11/30/91 - 12/10/91

Day Pg Tavg Tmin Tmax RH Wavg Wdir RAD
(mm) (°C) (°C) (°C) (%) (mph) (°) (kw/in2)

339 1.5 7.4 4.8 11.3 45 7.0 136 26
340 12.7 4.8 0.3 7.8 87 4.3 192 21
34]. 0.5 -3.9 7.1 78 4.2 229 100
342 1.2 -4.6 9.5 73 3.4 74 78
343 3.3 -2.0 11.2 65 4.5 288 94
344 -0.1 -5.3 8.1 70 3.2 75 103

Total 14.2


