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ABSTRACT OF THESIS 

HYDROLOGIC SIGNIFICANCE OF STAND DENSITY VARIATIONS 
IN ALBERTA LODGEPOLE PINE (Pinus contorta Dougl. 

(Moench) Voss var. latifolia Engelm.) FORESTS 

With twin objectives of (1) determining whether any hydrol_ogic 

effect of thinni_ng persisted 25 years after implementation, and (2) 

examini_ng the hydrol_ogic significance (if any) of variations in stand 

density, studies of snow accumulation, canopy interception of rainfall, 

and soil moisture, were undertaken in natural and previously thinned 

stands of lo_dgepole pine in west central Alberta. Secondary objectives 

dealt with precipitation redistribution within forest stands, the 

utility of tro_ugh gauges in thro_ughfall estimation, and sample numbers 

required in soil moisture sampling. Snowpack was ephemeral, and no 

definitive results on snow accumulation were obtained. 

There was no evidence that thinning, after 20 years, increased 

throughfall. Two natural stands with identical basal areas, but 

differing widely in stem numbers and mean DBH, had s_ignificantly 

different net precipitation. In explaining these differences, a number 

of crown variables were tested. Canopy density appeared most helpful. 

Stemflow was n_egl_igible. 

None of three plots showed any greater or lesser variability in 

thro_ughfall. Throughfall was_ greater at the crown perimeter than at 

other positions beneath crowns. In storms< 0.50 inches, throughfall 

beneath canopy_ gaps was greater than at the crown perimeter. In storms 

> 0. 50 inches, this was reversed. Thro_ughfal 1, as a function of 

iii 



distance from tree stems, was approximate1y·s5 percent randomly 

distributed. 

Trough_ gauges tended to undercatch. The relationship of mean 

thro_ughfall (standard_ gauge) and mean thro_ughfall (tro_ugh_ gauge) was 

very precise, however. 

Highly s_ignificant differences in plot soil moisture contents 

were found, but differences in soil moisture cha_nge were not s_ignifi-

cant. Soil moisture change was concentrated in the surface soil 

layers. Little change took place at depths_ greater than e_ight feet, in 

spite of water being available there. No s_ignificant differences in 

evapotranspiration were found, no effect of thinni_ng remaini_ng after 

25 years. Mean daily evapotranspiration rate in July to September in-

clusive, 1966 was 0.09 inches water. 

Number of samples required to yield a precision of estimate of 

one percent soil moisture by volume was calculated. For soil moisture 

content, 40 samples were required. For soil moisture change, at least 

eight samples appeared necessary. To estimate total soil moisture 

change in the whole instrumented soltun, consistently with the same 

precision required more than e_ight access tubes. Soil moisture vari-

ance was_ greatest in early season. 

Wide variations in stand density do not necessarily s_ignify any 

difference in ecosystem hydrology. Better measures of stand de-

scription for hydrol_ogic purposes are desirable. 

Walter William Jeffrey 
Recreation and Watershed 

Resources Department 
Colorado State University 
Fort Collins, Colorado, 80521 
June, 1968 
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Chapter I 

INTRODUCTION 

Research in watershed management is relatively new in Canada. 

Interest in forest hydrol_ogy was late in developi_ng, the ou_tgrowth, no 

doubt, of a situation in which natural resources seemed for many years 

to be_ greater than any human capacity to exploit them, in a country of 

wide extent and sparse and scattered population. 

It was not until 1960 (Jeffrey, 1967) that a program of water-

shed man_agement research was b_egun in the Saskatchewan River headwaters, 

located in south and west central Alberta. The writer was privil_eged 

to be associated with this pr_ogram of research from its b_eginning at 

that time, until he moved to his present position in mid 1966. 

This research program, called the East Slopes (Alberta) Water-

shed Research Pr_ogram, used as its basic plan a problem analysis carried 

out in 1961 (Jeffrey, 1961b). This plan foresaw the establishment of 

a number of eA1>erimental watersheds, in which cover manipulation experi-

ments would be carried out, after an adequate base of knowle_dge had 

been built up through companion studies (Jeffrey, 1964b). 

These experimental watersheds in course of time were set up and 

have been described elsewhere (Jeffrey, 1965a). 

From the beginning, it was rec_ognize<l that research dealing with 

lo_dgepole pine (Pinus contorta Doug 1. (Moench) Voss var. latifolia 

E_ngelm.) forests would .assume a pre-eminent position in the program of 

study. Lodgepole pine occupies large surfaces in Alberta, and is a 

major commercial species there. Its utilization for wood products has 
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been inhibited by its characteristically rather low mean diameter. 

Recently, however, pulp mills have begun to be established in Alberta, 

and while this development , at the time the watershed research program 

was b_egun, was confined to the northern foothills in the Athabaska 

River drainage, it was considered inevitable that eventually pulp mill 

development would extend to the headwaters of the Saskatchewan River, 

where the major tree species to be utilized would be lodgepole pine. 

This pr_ognosis has since been vindicated by plans to develop a pulp mill 

in the North Saskatchewan River foothills. 

These economic considerations lent impetus and urgenc;y to studies 

of the hydrol_ogy of lo_dgepole pine forests. An experimental watershed / 

is, at time of writi_ng, in process of instrumentation, followi_ng a 

difficult period of examining potential candidate basins (Jeffrey, 

1965a), none of which for a time appeared to be suitable, a somewhat 

disconcerti_ng situation which delayed development of a basin for more 

than two years. 

Contemporaneous with the selecti on of a basin, the studies 

reported in this dissertation were b_egun. The first data collections 

were made in 1963. 

While it was rec_ognized that the widespread cutti_ng of pulpwood 

which would accompany pulpmill development would require an eventual 

concentration of research into (1) maintenance of water quality after 

l_o_ggi_ng, and (2) improvement of water yield thro_ugh manipulation of 

forest cover, other considerations at the time of study initiation in 

1963 dict at ed an initial focus of attention upon topics somewhat 

ancillary to these major areas of concern. 
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Forest managers in Alberta had for some time been casting their 

eyes upon the dense sapli_ng and pole-size lodgepol e pine stands which 

are abundant in western Alberta , wishi_ng that they could carry out 

thinning in them to concentrate_ growth upon fewer stems per acre. 

Natural stands, largely of fire origin, tend to h_igh stand densities, 

which result in "st_agnation" and poor incrementa l volumes in terms of 

merchantability (Smithers, 1962). 

In the early 1960s, a means of effecti_ng such thinnings on a 

modest scale presented itself in the form of a source of inexpensive 

prison labour, as part of a program of petty offender rehabilitation 

instituted by the Government of Alberta. In addition, certain supple-

mentary monies became available thro_ugh increased Federal resource 

development grants. 

Havi_ng through these developments obtained a taste of the joys 

emanating from a more intensive silviculture, it is not unnatural that 

foresters involved in these management programs b_egan to aspire to a 

more ambitious thinni_ng pr_ogram. It was perhaps equally natural that 

they should have recognized the water-yieldi_ng potentialities of the 

Saskatchewan River headwaters as pertinent to their hopes in this 

direction. The . hydrol_ogic cons equences of thinni_ng forest stands 

quickly became the object of a warm and sustained interest. 

At that time, nothi_ng whatsoever was known of the hydrology of 

lo_dgepole pine forests in western Alberta. No work of any sort had 

been done. The immediacy of the questions raised, and the actual 

implementation of thinning programs, alo_ng with the possibility that 

water yield consider at ions might come to be cited in partial justifi-

cation of such pr_ograms, indicated an initial need for research into 
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stand density as a parameter in the hydrology of Alberta lodgepole 

pine forests. 

While work done elsewhere gave_ good reason to believe that 

partial cutting of lodgepole pine, if a sufficient density reduction 

were effected, would result in water yield increases immediately 

followi_ng cutti_ng, nothing substantive was known of the durability of 

such water yield increases, i.e., of the time trends concerned. For 

this reason, it was accepted as a working hypothesis that sufficiently 

severe thinning on deep soils would result in reduced interception and 

evapotranspiration, immediately following cutting. The research 

capability available was therefore concentrated upon studyi_ng the in-

fluence of thinni_ng on hydrology beyond the initial period followi_ng 

thinni_ng. It was further considered that if an evaporative loss re-

duction did not persist for a period of 20 years (or one-fifth of a 

100 year rotation) after thinni_ng was carried out, it was of limited 

economic value. For these reasons, research was confined to stands 

which had been thinned at least 20 years prior to study initiation. A 

number of such stands were available in convenient locations of the 

Alberta Rockies. 

It was furthermore recognised that, by initiati_ng study along 

these lines, it was possible to investigate the rather more basic 

question of stand density effects per~- Though stands had been arti-

ficially thinned, full response to thinni_ng had been attained at the 

time studies were begun. Thus, it was possible to study, not only the 

lo_ng-term effects of thinni_ng, but also the influence of vary~ng stand 

density. 
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The parameters chosen for study were (1) snow accumulation, (2) 

canopy interception of rainfall, and (3) soil moisture, and (inferen-

tially) evapotranspiration. 

The objectives central to these studies may be stated as: 

(1) to determine the effect of thinning in lo_dgepole pine forests 

upon evaporative losses , for time periods extendi_ng beyond the period 

immediately following thinni_ng, and 

(2) to investigate the influence of varyi_ng stand density upon 

snow accumulation, canopy interception of rainfall, and soil moisture, 

in lo_dgepole pine forests. 

Since r_egional forest hydrology research was just beginni_ng in 

the area, certain other objectives were incorporated into the study. 

These are listed below: 

(3) to determine required sample numbers for soil moisture sam-

pli_ng using neutron probe · equipment, as an aid in further soil moisture 

studies, and a guide for the instrumentation of experimental watersheds, 

(4) to determine whether locally-produced inexpensive tro_llgh 

ga_uges might usefully be utilized in interception studies to establish 

approximate rainfall interception values for Alberta forest types. 

A fifth objective was added later, in response to outside 

s_u,ggestion. It was: 

(5) to evaluate precipitation redistribution at the ground surface 

in lodgepole pine stands. 

In these ways, it was hoped that some ins_ight might be obtained 

into significant facets of forest hydrology problems in Alberta. 

Of these objectives, it may be noted that today, five years after 

study was b_egun, no definitive answer has elsewhere been produced for 

the questions inherent in objectives (1), (2), (3) and (5). 
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Chapter II 

REVIEW OF LITERATURE 

In this review of literature only major points of concern will 

be considered , in keepi_ng with the aim of a concise treatment. Accord-

i_ngly, only the most important literature items are cited. This thesis, 

concerni_ng as it does, three major components of forest hydrol_ogy, 

namely snow accumulation, canopy interception of rainfall, and evapo-

transpiration, embraces a considerable portion of the interest spectrum 

of watershed management. The literature dealing with the topics listed 

is voluminous, and any attempt at exhaustive treatment would be fore-

doomed to failure. 

Texts dealing with the older literature are Kittro_dge (1948) and 

Colman (1953). More recently, a review was also made by Penman (1963). 

The Russian literature, which does not always agree with results from 

other areas, was summarized by Molchanov (1963). By and large, the 

results of the studies cited by Molchanov (1963), where they dis_agree 

with western findings, are somewhat difficult to substantiate and the 

methods used in study are not always clear (cf. comments by Penman, 

1963). This situation is troublesome, and it means that the research 

work done in the U.S.S.R. is not completely susceptible to objective 

appraisal. For this reason, intense scrutiny of Molchanov (1963) is 

not a rewardi_ng exercise. In the interests of brevity, little further 

reference is made to this body of variable information. 

This thesis deals uniquely with lodgepole pine stands in Alberta. 

A brief look at the silvics of lodgepole pine, to establish a base for 

further study, is not untoward . 
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. AUTECOLOGY OF LODG EPOLE PINE 

The autecology of lodgepole pine was r ecently reviewed by 

Fowells (1965) in his monographic treatment "Silvics of forest trees 

of the Unit ed States." The date of the mon_ograph is somewhat mis-

leadi_ng, however, the most recent citations for lo_dgepole pine being 

for the year 1961. 

Lo_dgepole pine extends from the Yukon and Northwest Terri tori es 

of Canada, south to northern Mexico. By a coincidence, the writer 

helped (Jeffrey, 1961a, 1964a) to set its presently accepted northern 

limit within the Northwest Territories. The species is a common pioneer 

after burni_ng, having a heliophytic habit and serotinous cones. 

The species is characterized by a tendency to overstocki_ng 

resulting from too-prolific regeneration. Densities of 175,000 stems 

per acre at _age e_ight years, and of 44,000 stems per acre at _age 22 

years have been recorded, in Colorado and Montana respectively. This 

overstocki_ng inevitably results in st_agnation of the stands affected. 

The density of stand greatly affects merchantable stand volume. 

Though individuals as old as 600 years, and stands of 400 years, 

have been encountered, lodgepole pine is_ generally considered over-

mature at stand _ages of 200 years. 

Subsequent to the Fowell (1965) citations, information has been 

contributed by Ackerman (1962a, b), Arrnit (1966), Dahms (1963), Day 

and Duffy (1963), Lotan (1964), Prochnau (1963) and Tackle (1964). 
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ALBERTA LODGEPOLE PINE 

The status of known information concerni_ng lodgepole pine in 

Alberta was reviewed by Smithers (1962), who dealt with the literature 

up to 1960. Since then, further information was presented by Ackerman 

(1962a, b) and Day and Duffy (1963). 

Horton (1956) rec_ognised four phyt_ogeographic divisions within 

the lo_dgepole pine forests of the province. The Rocky Mountains lo_dge-

pole pine forest lies in the subalpine division of Horton's (1956) 

classification. 

At the Kananaskis Forest Experiment Station, where this disser-

tation research was undertaken, the average dates (10 year aver_age, 

1938 to 1948) for different phenol_ogical events are as follows: 

(1) Pollen dissemination b_egins June 14 

(2) Pollen dissemination ends July 1 

(3) Buds bursti_ng May 10 

(4) Leaves fully flushed June 13 

(5) Diameter growth begins May 15 

(6) Diameter growth ends July 24 

(7) He_ight_ growth b_egins May 2 

(8) Height growth ends August 13 

This information comes from Horton (1954). From this source it 

would appear that physiol_ogical activity usually b_egins at the 

Kananaskis Forest Experiment Station in late-April, but may commence 

as early as mid-April. 

Smithers (1962) described crown shape of Alberta lodgepole pine 

as bei_ng dependent on density. High density stands (10,000 stems per 
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acre , at _age 90 years) had sparsely tufted crowns. Medium density 

(1,000 to 3,000 stems per acre) has lo_ng narrow crowns, while low 

density stands (100 to 600 stems per acre) had triangular crowns. He 

also stated the crowns of subalpine lodgepole pine to be typically 

lo_ng and narrow with fine, ups wept branches. 

Horton (1957) examined lodgepole pine root systems in detail. 

He found a_ great deal of variability, but concluded that tap-rooting 

was prevalent, that maximum lateral root extension occurred fairly early 

in stand development, and that mature trees had heart-shaped root 

systems which resulted from the development of sinkers from the base 

of the lateral roots. He found roots penetrati_ng to a maximum depth of 

12 feet. 

Because of the effect of high stand densities upon he_ight and 

diameter_ growth and upon stand volumes, it is difficult to_ generalize 

about lo_dgepole pine stand mensurational charcJ.cteristics in subalpine 

Alberta. Smithers (1957) stated that maximum basal area of fully 

stocked stands was attained at _age 60 years. For dry sites, maximum 

basal area per acre was assessed as about 90 feet2 , for moist sites 

about 200 feet 2 . However, the conclusion of basal area culmination 

at the early _age of 60 years was dependent upon the methodol_ogy employed 

in the study, and cannot be r_egarded as proven. 

Smithers (1956), working with 90 year old stands, concluded 

that basal area was not dependent upon stocking for ranges of 800 to 

3,000 stems per acre. This was extended by another study to a range of 

230 to 5,000 stems per acre (Smithers, 1962). 

No yield table data for lodgepole pine stands in subalpine 

Alberta are available. 
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STAND DENSITY AND SNOW ACCUM"t..JLATION 

The interrelationships of stand density and snow accumulation 

have r eceived considerable attention in forest hydrol_ogy, an attention 

which has been made the more difficult by the problems attendant upon 

finding a reliable base against which to judge snow accumulation within 

forest stands. 

In study of net rainfall beneath stands it is possible to measure 

rainfall in nearby cleari_ngs. Though this meas1,1rement has been the 

object of criticism, it has achieved a reasonable level of acceptabil-

ity, and while subject to error, it is usually judged to be sufficiently 

closely approximate to precipitation above the stand to be an acceptable 

measure. 

In the case of snow accumulation, however, openi_ngs in the forest 

"overcatch" in terms of snow accumulation, and cannot be used as a base 

of comparison. The source of this overcatch 1.s not fully known. In 

a lucid exposition of the alternative possibilities, Hoover (1962), in 

a statement which has been quoted verbatim by both Jeffrey (1965b) and 

Miller (1966), has asked: 

1. Is the excess in the opening a result of evaporation 
of snow from tree crowns? • 

2. Was intercepted snow merely blown, or shaken off, 
into the opening? 

3. Did the wind eddies due to the surrounding tree crowns 
cause excess snow deposition in the openi_ng? 

Whatever the answer, the phenomenon necessitates that snow 

accumulation within stands can be studied only as index values affordi_ng 

comparison between stand types and densities in relative terms only, . 

and not as absolute quantities, from which snowfall interception may 

be deduced. 
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In addi tion to the or_iginal paper of Hoover (1962), recent 

reviews of snow accumulation in forest stands have been made by Jeffrey 

(1965b) and, in a most comprehensive treatment , by Miller (1966). 

Miller (1966) points out the difficulties inherent in generaliz-

tions concerning snow accumulation - forest type relationships. Since 

the topic is so complex, and since the experimental results reported 

in this thesis, as will be seen later, were not sufficient to warrant 

detailed treatment of this topic, no such review will be undertaken here. 

Studies of snow accumulation in lo_dgepole pine stands have been 

reported by Niederhof and Dunford (1942), Wilm and Dunford (1948), 

Goodell (1952), and Miner and Trappe (1957). These authors reported 

greater accumulation of snow in small openi_ngs than beneath the forest 

stand itself. 

Wilm and Dunford (1948) and Goodell (1952) concluded that cutti_ng 

treatments which reduced basal area per acre resulted in increased snow 

accumulation. 

STAND DENSITY AND CANOPY INTERCEPTION OF RAINFALL 

Recent comprehensive reviews of canopy interception of rainfall 

have been made by ·Penman (1963) and Zinke (1967). Penman (1963) con-

centrated his attention upon extra-North American experience, while 

Zinke (1967), uniquely considered work in the United States. Together, 

these t wo papers give excellent overall cover_age of work done in rainfall 

interception and document the_ great amount of work which has been done 

on this topic. 
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Present consideration deals with two central topics, (1) canopy 

interception - stand density interactions, and (2) canopy interception 

of rainfall in lodgepol e pine stands. 

Zinke (1967) summarized the results of his review of rainfall 

interception work in North Amer ica. The first 16 points of his summary 

are pertinent to consideration here and are quoted verbatim below: 

To summari ze the results of the American interception studies 
presented here , one can hardly do better than to refer to the 
summaries made by Horton (1919), and later Kittredge (1948). 
The followi_ng are still the main points: • 

1. Interception represents a loss of precipitation which 
would ·otherwise reach the soil. 

2. This loss through the evaporation process can be sub-
divided into the loss from interception storage and 
evaporation during the storm. 

3. Int'erception loss can for most practical purposes be 
expressed as a function of precipitation per storm. 

4. The interception storage for trees varies from 0.02 
to 0.36 in. 

5. Interception storage is greater for trees in forests 
than for isolated treei. 

6. Interception evaporative loss during storms is less 
in forests than for isolated trees. 

7. Percent interception loss is greater for storms with 
small amounts of precipitation, ranging from 100 per-
cent to about 25 percent as an average constant rate 
for most trees. • 

8. Most hardwood trees have a similar interception loss 
during the growing season. 

9. Stemflow is a relatively small percentage of from 1 
to 5 percent of total precipitation, heing zero in 
small storms. • 

10. The interception loss from needle-leaved trees is 
greater than from broad-leaved trees, both as regards 
interception storage and evaporation duri_ng rafn. 

These conclusions by Horton (1919) have been largely 
borne out by the results reviewed in this paper. The 
American research has, since Horton's study, gone on to 
establish information on snow interception, throughfall 
variation in the forest, interception amounts in various 
other forest types in North America, and to refine and 
question some of the aspects of the interception process. 
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Thus Kittredge (1948) was able to add a few more findings 
to those of Hor.ton's in his review of the subject in 1948 :· 

11. Interception losses may be large in regions of high 
evaporation and are usually low in re.gions where· they 
are compensated by fog or cloud drip. 

12. Interception losses ~ary with forest conditions; well 
stocked stands intercept more than understocked; 
stands at ages between canopy closure and culmination 
of the current annual increment intercept more than 
those younger or older. 

13. Interception losses vary with species and forest types 
because of thickness and density of foliage and crowns. 
Hence tolerant species intercept more than intolerant, 
climax more than pre-climax. 

Additional conclusions have been arrived at in the review 
by Helvey and Patric (1965): 

14. Throughfall measurements in hardwood stands are very 
similar over a wide range of canopy conditions. 

15. Canopy interception loss in mature hardwood forests 
can be estimated from throughfall measurements alone 
for all practical purposei. 

16. Moisture loss if considered as an interception loss is 
highly variable because of variations in water-stor_age 
capacity of the 1i tter. 

In the above summary, attention is directed particularly to 

points 12 and 13, which deal specifically with canopy density effects. 

In presentations contemporaneous with that of Zinke (1967), 

Leyton, Reynolds and Thompson (1967), Delfs (1967) and Rogerson (1967) 

·considered the question ~f stand density and rainfall interception. 

Leyton et~- (1967), working with Norway spruce subjected to 

stand thinning practices, concluded: 

Overall, our results to date indicate reduction in inter-
ception loss due to thinning of the order of 10 percent, 
substantially less than the percentage reduction in basal 
area (approximately 20 percent). • 

Delfs (1967), dealing _again with Norway spruce, came to a some-

what different conclusion, to-wit: 
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The effect of spacing on interception determines the 
possibility of influencing water discha_rge by thinni_ngs 
and group fellings. Measurements in the Harz area show 
cle·arly that a light opening of the canopy does not 
reduce intercept.ion. For example, the interception was 
30 percent in a dense spruce pole stand , 31 percent in a 
light-thinned stand, and 22 percent in a small opening. 
This result for the opening was unexpected but can be 
explained. by the action of wind which prevents all of the 
rainfall from reaching the ground of the opening. A large 
proportion of the rain is driven across the op.ening and· 
intercepted by the crowns at the windward edge. ·Even an 
opening of 30m diameter , equal to the tree ·height, in a 
mature spruce stand had a mean annual interception of 20 
percent. The long tree-crowns at the wind-exposed side 
of the opening received a larger amount of rain and conse-
quently had ·relatively lower interception values. Openings 
must be at least twice the tree-length in diameter if the 
whole amount of rain should reach the ground in part of the 
area. 

The results obtained by Rogerson (1967) were the most definitive 

of the three considerations quoted, and utilized a somewhat la_rger 

experiment and a more comprehensive statistical treatment. Worki_ng 

with loblolly pine, artificially thinned to a number of preselected 

stand density levels, Rogerson (1967) tested the relationship of a 

number of stand and storm variables to thro_ughfall. 

He concluded that estimates of throughfall based on rainfall and 

basal -area were most practical. Thro_ughfall was related to rainfall 

and to the product of rainfall and basal area. This relationship 

accounted for more of the variation than any other of 511 equations 

tested. 

For the mean storm size of O. 65 inches, thro_ughfall in stands 

of 40 feet 2 basal area was estimated to be 0.594 inches, while that for 

stands of 190 feet 2 basal area was 0.499 inches. 

Roberson (1967) concluded: 

Throughfall estimates ... correspond very closely with 
estimates other invest_igators have reported for specific 
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levels of basal area in shortl eaf pine (Boggess, 1956) 
and red pine (Rogerson, 1960). This sugge.sts that the 
equation may be· applicable to other sp.ecies than loblolly, 
and possibly to other areas. 

The equation referred to was: 

Y = 0.980X1 - 0.00097X10 - 0.0184 ---------------------(1) 

where Y = thro_ughfall 

X1 = rainfall (gross precipitation) 

X10 = basal area x rainfall (X1) 

The impression derived from these results (Leyton et~-, 1967; 

Delfs, 1967; Rogerson, 1967) is one of variation in throughfall and 

interception with stand characteristics, including stand density, with 

the suggestion that thinni_ng reduces rainfall interception, with this 

reduction being more or less proportional to the residual basal area 

after thinning. 

Rainfall interception in lodgepo-le pine stands has previously 

been studied by Niederhof and Wilm (1943) and Goodell (1952). These 

results are cited by Zinke (1967). 

Goodell (1952) thinned second growth lodgepole pine stands 

havi_ng a basal area of 90 feet 2 per acre to post-thinning levels of 43 

feet 2 and 36 feet2. He concluded that an increase in thro_ughfall of 

summer rainfall of 13.3 percent and 17.7 percent resulted from these 

treatments in the two years immediately followi_ng thinni_ng bei_ng under-

taken. 

Niederhof and Wilm (1943) studied mature lodgepole pine stands 

in Colorado, the same venue as Goodell (1952). Niederhof and Wilm 

(1943) did not cite basal area levels for their study. However, these 

were provided by Kittredge (1948). 
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Stands havi_ng basal areas of 159 feet per acre were thinned to 

different levels of basal area, varying from 96 feet2 to 40 feet2 per 

acre. The study concluded that net precipitation was materially in-

creased by cutting. Kittre_dge (1948) interpreted results of the study 

as follows: 

Both the interception storage and the evaporation factor 
decrease with the decrease in density of the residual 
stand although not in direct proportion to that decrease. 
(cf. Leyton ~-, 1967) 

The regression equation derived by Niederhof and Wilm (1943) for 

a mature lo_dgepole pine stand of 159 feet 2 basal area per acre was: 

Y = 0.8046X - 0.0290 -----------------------------------------(2) 

where Y = net precipitation 

X = gross precipitation. 

For a stand of 96 feet 2 basal area per acre, the r_egression was: 

Y = 0.8677X - 0.0149 -----------------------------------------(3) 

Two stands, each with 65 feet 2 basal area per acre yielded re-

gressions of: 

Y = 0.9055X - 0.0131 -----------------------------------------(4) 

and Y = 0.8933X 0.0074 -----------------------------------------(5) 

Equations (4) and (5), while similar, are not identical, and 

suggest that basal area is not an ideal measure of stand variability. 

All of the studies quoted (Leyton~ al., 1967; Delfs, 1967; 

Rogerson, 1967; Niederhof and Wilm, 1943; Goodell, 1952) dealt with 

stands immediately followi_ng application of a thinning procedure. It 

would be expected that these results would be modified by canopy re-

covery following thinning. However, no research appears to have been 

carried out into the duration of the effects of thirini_ng upon 
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throughfall in forest stands, or of rel a ti_ng this to the severity of 

the original thinning. 

Basal area has commonly been used to characterize stand density 

variations. The majority opinion of the literature appears to hold 

that basal area changes and variations are related to variation in 

thro_ughfall and rainfall interception in forest stands havi_ng constant 

species composition. 

STAND DENSITY, EVAPOTRANSPIRATION AND SOIL MOISTURE 

ln common with the topic of canopy interception of rainfall, the 

question of evapotranspiration in forests has been the subject of a 

voluminous literature. Only the interactions of stand density with 

evapotranspiration will be considered here. 

Fortunately, a recent review by Douglass (1967) is available. 

One can do no better than to quote Douglass' (1967) consideration of 

"effects of varyi_ng stand density" in its entirety. Only the figures 

referred to by Douglass (1967) have been omitted: 

Ve etative density, by modifying the area of transpiring 
surface, net radiation, interception, win patterns and 
turbulence, and root distribution, affects evapotranspira-
tion rates from forest stands (my italics). Bay and 
Boelter (1963), Bethlahmy (1962), Della-Bianca and Dils 
(1960), Douglass (1960), McClurkin (1961), Moyle and Zahner 
(1954), Tarrant (1957), Zahner (1958), and Zahner and Whitmore 
(1960) studied effects of basal area reductions by logging, 
thinning, or other s;i.lvicultural treatments. In many cases, 
failure to sample the entire root depth and inability to 
account for drainage loss prevent direct comparison of 
evapotranspiration rates, but a tendency is clear - red~cing 
stand density reduces evapotranspiration, and the greater 
the density reduction, the greater the evapotranspiration 
reduction (my italics). Under some climatic regimens, small 
density reductions may not be great enough to affect seasonal 
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or annual evapotranspiration savings . Zahner (1955, 1958) 
and Bay and Boelter (1963) obs eried that small density re-
duction on study plots in Arkansas and northern Minnesota was 
not severe enough to affect seasonal mo isture deficits even 
tho_ugh treatments changed evapotranspiration rates. 

Evapotranspiration savings obtained by reducing stand 
density can be attributed partly to changes in ro6t distri-
bution and interception losses. Roots ·of fully stocked 
stands are approximate ly evenly distributed hori zontally 
(Coile, 1937; Patric et al., 1965). When trees or groups 
of trees are removed,theuniform pattern of rootfog is in-
terrupted; roots are concentrated near trees and few roots 
occur in openings. Figure 3 illustrates an extreme example 
of variation in moisture distribution in the surface 8 ft. of 
soil beneath a loblolly pine plantation thinned from a 6-ft. 
by 6-ft. to an 18-by 18-ft. spacing. Rainfall and moisture 
changes during the 1959 growing season (Fig. 4) show con-
tinuing growing-season ·moisture accretion· to, and some drainage 
through, the ·4_ to 8 ft. profile of the thinned stand. The • 
large storms of May, July and August-September barely pene-
trated to 5 ft. in the adjacent unthinned ~tand, and water did 
not drain from the profile. Zahner and Whitmore (1960) found 
that a similar treatment in a 9-year-old loblolly plantation 
(thinning to a spacing of approximately 21 by 21 ft.) pro-
duced an unequal distribution of roots in the top 2 ft. of soil 
which lasted 5 years. 

Effects of reducing stand densities on net evapotranspi-
ration savings on a monthly, seasonal, and annual basis are 
best shown in unit watershed studies where deep seepage or 
bypass at the weir do not occur or are constant durfng cali-
bration and treatment periods. . In such studies, Reinhart • et 
al. (1963) found that a commercial clearcut and a diameter-
limit cut which removed 86 and 59 percent, respectively, of 
the board-foot volume of hardwood stands in mountains of West 
Virginia resulted in increased growing season streamflow 
(evapotranspiration savings), but had no significant effect 
on dormant season flow. An extensive sele.ction cut (removing 
31 percent of board-foot volume) significantly increased 
growing-season flow (reduced evapotranspiration) but did not 
increase annual flow significantly. An intensive selection 
(removing 20 percent of board-foot volume) did not signifi-
cantly ·alter seasonal or annual streamflow. Goodell (1958) 
also reports streamflow increases from a 40 percent reduction 
in basa l area by timber cuttings in Colorado, but Rich (1959) 
found that removing 36 percent of the basal area of a mixed 
conifer stand in Arizona by logging and timber stand improve-
ment work did not increase sireamflow significantly. Hewlett 
and Hibbert (1961) report that a cove hardwood and a riparian 
cut in the Southern Appalachians did not increase annual flow, 
whereas other cut tings that removed 22 to 100 percen.t of stand 
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basal area significantly increased annual water yield. Much 
of the increase came during the growing season, and the 
increases obtained by cuiting northficing watersheds were 
roughly related to the basil area re rnoied. Large basal area 
reductions gave yield increases all through the year, but 
yield increases from small basal area reductions tended to 
be restricted to the season during which evapotranspiration 
savi_ngs actually occurred. • 

The accuracy of the equation for predicting streamflow 
response limits the accuracy of estimating evapotranspiration. 
In some cases, density reductions may produce evapotranspi-
ration reductions which are too small to detect. Also, 
timing of the evapotranspiration reduction cannot be judged 
froni water yield data because of the lag between rainfill 
occurrence and reappearance as streamflow. In the dormant 
season, for example, an increase in flow may originate from 
either a dormant-season evapotranspiration reduction or a 
growing-season evapotranspiration reduction which only appears 
in the dormant season because of this l_ag response. 

In relation to the extensive quotation above, two points are 

worth noti_ng. Firstly, virtually no consideration of time trends is 

made. In other words, the results refer to conditions immediately 

followi_ng loggi_ng and do not take into account v_egetati ve response to 

thinning. 

Secondly, the basal area reductions referred to do not sufficient-

ly discriminate between removal of basal area by discrete clearcut 

blocks, and reduction of density by selective cutti_ng within stands. 

Obviously, no equivalence need necessarily be expected between removal 

of the same amount of basal area by these two methods. 

Do_uglass (1967) in his summary concluded: 

Stand density and reductions in stand density cause evapo-
transpiration to vary. Experience has shown that when 
less than 20 percent of the basal area of well-stocked 
forest stands is cut, usually neither growing nor dormant 
season evapotranspiration ... is change·d significantly. . . . 

Noteworthy in the above statement is the evident equati_ng, in 

the first sentence, of "stand density" and "reductions in stand 
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density." While it may seem reasonable, at least immediately following 

a cutti_ng, to expect decreased evapotranspiration fol lowi_ng a "reduction 

in stand density" it is by no means so . clear that differences in stand 

density per~ would necessarily show a similar trend. 

In addition to the review by Do_uglass (1967), a review of forest 

treatment effects on water yield has been made by Hibbert (1967). This 

latter paper, while excellent, adds little to the conclusions already 

cited, coveri_ng many of the same studies. 

It is, in conclusion, worthwhile to cite certain items of the 

conclusions derived by Goodell (1967), to-wit: 

With partial removal of forest, the pattern of removal 
should be of significance even though some empirical studies 
have not found this to be so (Hewlett and Hibbert, 1961; 
Goodell, 1959). Other studies do offer qualitative confirma-
tion (Anderson and Gleason, 1960; Reinhart et al., 1963). 
Partial cutting to produce a spatially uniformstand should 
be less effec.tive than one leaving an equivalent residual 
volume spatially variable in density. The uniform stand 
should give maximum interception of both water and radiant 
ene_rgy and maximum flow of soil water to transpiring sur-
faces. Stand reduction by partial clearing should minimize 
each of these parameters. The difference·s to be expected in 
soil moisture and snowpack evaporation are not evident; they 
would probably be small. With respect to transpiration re-
duction, the dimensions of clearing should be such that early 
root invasion from boundary trees· is not a major factor. 
Clearings that are too small in relation to tree height or 
potent"ial root spread may have little, if any, effe.ct on 
transpiration losses; only interception losses may be signifi-
cantly influenced. Neither the canopy absorption of radiation 
nor the availability of soil water to plant surfaces may be 
affected. Similar results may follow a uniform thinning that 
leaves trees too close together. Aspect and slope of terrain 
and sun elevation will fnfl uence these relationships. 

and later: 

Forest cutting must be severe enough with respect to 
size of clearing· in partial clearcutt.ing or space between 
stems in selection cutting so that per.sis tent discontinuities 
are produced in the canopy surface and for the root network. 
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Soil moisture studies in lodgepole pine forests have been 

reported by Wilm and Dunford (1948) and by Goodell (1952). 

Wilm and Dunford (1948) found that the effect of partial cutting 

on autumn soil moisture deficits was relatively small, but greater in 

wet years than in dry years. 

Goodell (1952) concluded also that his thinni_ng treatments did 

not affect soil moisture levels. He attributed this lack of difference 

to interception of precipitation by l_o_gging slash, resulting in equal 

net precipitation reaching the soil in thinned and unthinned stands. 

Both Wilm and Dunford (1948) and Goodell (1952) concluded from 

their rather comprehensive studies that partial cutti_ng in lodgepole 

pine stands in Colorado should result in increased water yield. Wilm 

and Dunford (1948) also considered that such water yield increases 

should be maintained for considerable periods after cutti_ng. 

Molchanov (1963), in his review of experience in forest hydrol_ogy 

in the U.S. S. R., stated that improvement cutti_ng of stands resulted in 

decreased evapotranspiration, provided stands were cleared to a 

"closeness of 0.8 - 0.7" (term not defined). However, when stands were 

thinned to a ''closeness of 0. 5" or less, development of herbaceous 

vegetation resulted in an upward trend in moisture consumption. He 

presented data indicati_ng reduced evapotranspiration in thinned stands 

for seven years after thinni_ng took place. In another study, evapo-

transpiration reductions of 70 mm (12.3 percent of control evapotranspi-

ration) were indicated for a period of four years followi_ng improvement 

cutti_ng. In individual years, evapotranspiration savings amounted to 

as much as 150 mm. 
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SUMMARY 

This review of literature has elucidated the following salient 

points: 

(1) Lodgepole pine demonstrates a considerable range in stand 

density. Dense st ands are very common, particularly followi_ng fire. 

High stand density often results in "st_agnation." 

(2) In Alberta, maximum basal area per acre in lodgepole pine 

stands is 200 feet2 on moist sites and 90 feet2 .on dry sites. Basal 

area is not dependent on stocki_ng for ranges of 230 to 5,000 stems per 

acre. 

(3) Lodgepole pine root systems may extend to a depth of 12 

feet. 

(4) At the Kananaskis Forest Experiment Station, · physiol_ogical 

activity of lodgepole pine usually begins in late-April. 

(5) Studies carried out elsewhere in lodgepole pine stands 

indicate that selective cutting results in increased snow accumulation. 

(6) More snow accumulates in small openi_ngs in lo_dgepole pine 

stands, than beneath the canopy itself. This is in accord with re-

sults obtained in other forest types. 

(7) Previously published values for rainfall interception 

stor_age range from O. 02 to O. 36 inches water, for North American 

forest types. 

(8) Stand density affects canopy interception of rainfall, 

well stocked stands intercepti_ng more rainfall. The thickness and 

density of foli_age and crowns are considered to be primary variables. 
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(9) Thinning reduces rainfall interception tho_ugh not in direct 

proportion to the basal area removed. 

(10) There appears to be a relationship between specific levels 

of basal area and the amount of throughfall, at least in southern pine 

stands. 

(11) Storm size and basal area have been shown to account for 

most of the variation in thro_ughfall in tests made with lob lolly pine. 

(12) Beneath small gaps in the canopy thro_ughfall is less than 

gross precipitation. 

(13) Interception studies in lodgepole pine forests indicate 

that thinni_ng increases thro_ughfall. 

(14) Basal area of residual stands fol lowi_ng thinni_ng has been 

used as a measure of stand density for throughfall comparison purposes 

in lodgepole pine. Studies have shown decreasi_ng thro_ughfall with in-

creasing basal area. 

(15) Vegetative density affects evapotranspiration rates from 

forest stands, by modifyi_ng transpiri_ng surface area, net radiation, 

interception, wind patterns and turbulence, and root distribution. 

(16) Reducing stand density reduces evapotranspiration, the 

greater the density reduction, the greater the evapotranspiration 

reduction. 

(17) The literature is sometimes v_ague concerning the effects 

of stand density reductions and the influence of stand density levels 

per se. 

(18) Partial cutting may logically be expected to be less effec-

tive in reduci_ng evapotranspiration than removal of an identical basal 

area in block clearcuttings. 
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(19) Partial cutting to be effective must produce persistent 

discontinuities in the canopy surface and the root network. 

(20) Studies of partial cutting in lo_dgepole pine forests have 

shown that autumn soil moisture deficits were not greatly affected. 

The effects, however, were greater in wet than in dry years. 

(21) Previous research concluded that partial cutti_ng in lo_dge-

pole pine stands increased water yield. 

(22) The most comprehensive research done in lo_dgepole pine 

partial cutti_ng also concluded that water yield increases from such 

cutti_ng should be maintained for considerable periods after cutti_ng. 

(23) Other than some work done in the U.S.S.R., there has been 

no study of hydrol_ogic time trends followi_ng partial cutti_ng. The 

Russian work showed evapotranspiration savi_ngs persisti_ng for at least 

seven years, the duration of the study. 
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Chapter III 

METHODS OF STUDY 

GENERAL DESCRIPTION OF STUDY AREA 

Location 

The studies reported herein were carried out on the Kananaskis 

Forest Experiment Station, which is located west-southwest of Calgary, 

Alberta at a distance of approximately 50 miles from that city. The 

experiment station is operated by the Department of Forestry and Rural 

Development of the Government of Canada as a centre for forest research 

in the subalpine r_egion (Rowe, 1959). It is accordingly a small enclave 

of federal land in the midst of the provincially-owned and managed 

forest lands of Alberta. 

The location of the experiment station is shown in Figure 1. 

Station headquarters are located at latitude 51 ° 02', lo_ngitude 115° 03', 

elevation 4560 feet M.S.L. 

Climate 

Climatic records have been kept at the Kananaskis Forest Experi-

ment Station headquarters since 1939. These records have been summarized 

by McKay, Curry and Mann (1963). Data for precipitation, temperature, 

wind, and sunshine are available. Summaries of selected data are shown 

in Table 1. 

The climate of the Kananaskis Forest Experiment Station may be 

characterized as that of a broad, intermountain valley. Certainly it 
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Figure 1. Topographic map showing the geographical location 
of the Kananaskis Forest Experiment Station. 
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Table 1. Climatic data for the Kananaskis Forest Experiment Station Headquarters 

MONTH , 
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC YEAR n 

MEAN PRECIPITATION IN INCHES 

KHN 0.0 0.0 o.o 0.4 2.3 4 .2 2.6 2.8 2.0 0.5 0.1 o.o 14. 9 21 
SNOW 0.9 1.5 1. 6 1. 9 0.8 0.2 o.o 0.0 0.1 1.0 1.0 1.0 10.0 21 
130TH 0.9 1.5 1. 6 2.3 3 .1 . 4.4 2. 6 2.9 2.1 1.5 1.1 1.0 25.2 21 
DAYS WITH 0.01 6 8 8 8 4 14 10 12 9 7 6 5 97 21 PRE CI PI TA 'l'I ON I - DAYS WITH 0.1 
SNOW 6 8 8 4 0 0 0 1 4 5 5 49 

I ! HEAVIEST 24-HR PRECIPITATION IN INCHES 
I 
1 2. 3-YEAR I 

0.4 0.5 0.5 0.8 1.1 1.3 0.9 1.1 0.6 0.6 0.4 0.4 1.8 21 .R.1-:;:TURN PERI OD 
10-YEAR 0.7 0.9 0.9 1.5 1.8 2.3 RETURN PERIOD 1.8 · 2. 1 1.1 1.0 0.9 0.8 2.5 21 

30-YEAR o._9 1.2 RE'l'URN PERIOD 1. 2 2.0 2.3 3.0 3.3 2.9 1.4 1.3 1.1 1.0 3.1 21 

HEAVIEST 0.8 1. 3 1.8 1.9 2.1 2.9 1.8 2.6 2.2 1. 2 1.0 1.3 2.9 21 
YEAR 43 48 45 40 46 51 44 41 40 51 42 56 51 

n = number of years of record 

continued 
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Table 1. (Continued) Climatic data for the Kananaskis Forest Experiment Station Headquarters 

MONTH 
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC YEAR n 

MONTH-END SNOW DEPTH IN INCHES 

2.3-YEAR 
RETURN PERIOD 0 0 0 21 

10-YEAR 3 RETURN PERIOD 12 12 21 

30- YEAR 11 RETURN PERIOD 14 14 21 

HEAVI EST 6 15 18 2.0 0 - 0 0 0 5.0 3.0 8.0 21 
YEAR 51 51 46 60 - - - - - 39 50 46 

MEAN TEMPERATURE IN DEGREES F. 

DAILY 15 19 24 36 46 51 58 56 49 41 27 23 37- 21 
DAILY MAXIMUM 27 31 36 47 58 63 72 70 62 53 38 34 49 21 
DAILY MINIMUM 4 6 l3 24 32 39 43 42 36 29 17 12 25 21 
MONTHLY MAXIMUM • 48 50 54 65 75 78 86 84 79 70 58 53 21 
MONTHLY MINIMUM -26 -25 -17 5 ' 20 29 33 32 . 24 11 9 -15 ·21 --
EXTREME TEMPERATURES IN DEGREES F. 

MAXI MUM 58 60 64 75 82 88 93 92 85 80 66 61 93 21 
YEAR 42 54 60 52 58 41 41 40 50 43 41 39 41 
MI NIMUM -50 -42 -41 - 24 -7 23 23 29 15 -8 -32 -36 -50 21 I 
YEAR 50 47 51 54 54 42 50 57 41 51 55 56 60 

n = number of years of record 

continued 
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Table 1. (Continued) Climatic data for the Kananaskis Forest Experiment Station Headquarters 

WIND I MONTH 
JAN FEB M.'ll.R APR MAY JUN JUL I AUG SEP OCT NOV DEC YEAR n 

MEAN SPEED mph 6 6 6 6 6 6 5 5 6 7 7 8 6 11 
MEAN MAXIMUM 34 27 ONE-HOUR WIND 26 25 21 20 19 18 22 30 32 31 25 11 

MAXIMUM . I 
43 32 31 35 28 28 28 25 I 35 41 44 39 44 11 ONE-HOUR WIND 

YEAR 59 57 56 60 57 56 47 58 59 39 39 57 39 11 
DIRECTI ON w SW SW w w w s w SW w SW w 11 

_PEAK GUST mph 

PER CENT FREQUENCY FROM NOTED DIRECTIONS (May to Oct. 1939 - 1954) 

NORTH 10 11 15 13 9 8 7 8 7 5. 6 6 8 11 
/ NOR"rHEAST 2 8 5 3 8 10 9 10 9 7 4 4 7 11 
1 EAST 7 6 6 7 11 12 11 11 11 6 4 4 7 11 

SOUTHEAST 1 2 5 5 4 5 5 5 2 1 4 5 4 11 
SOUTH 6 8 11 8 ! 6 8 12 13 11 5 5 7 9 11 

- · 

SOUTHWEST 31 25 26 25 I 17 26 29 27 26 21 39 37 31 11 
WEST 27 27 14 25 I 35 22 19 17 25 41 24 26 22 11 
NORTHWE ST 4 2 9 8 7 6 5 5 6 11 6 5 6 11 
CALM 12 11 9 6 3 3 3 4 3 3 8 6 6 11 

AVERAGE SPEED FROM NOTED DIRECTIONS (mph) (1939 - 54) 

NORTH I 4 3 4 4 3 3 15 
NORTHEAS1' 5 4 5 5 4 5 15 
EAST 4 4 4 4 4 3 15 - SOUTHEAST 4 5 4 4 4 3 15 
SOUTH 4 4 5 4 5 4 15 

I SOUTHWEST 7 7 7 6 6 8 15 
I WEST 7 1 6 5 5 5 8 15 

NORTHWEST 6 6 6 6 6 7 15 

n = number of years of record 
continued 
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Table 1~ (Continued) Climatic data for the Kananaskis Forest Experiment Station Headquarters 

MONTHLY AVERAGE SUNSHINE (Note: Only 1 or 2 years of record Oct. through to May) n 

DURATION IN 69 138 159 I 246 201 236 311 254 163 121 71 61 5 HOURS I . 
PER CENT OF 26 50 POSSIBLE 43 59 42 48 64 57 43 37 27 , 25 5 

DURATION FOR 
HOUR ENDING 

0500 14 13 5 
0600 3 20 41 60 15 5 
0700 32 38 55 78 58 3 5 
0800 10 62 43 58 81 68 32 5 
0900 7 42 73 46 61 81 70 57 19 5 
1000 12 51 58 77 48 64 80 73 59 47 13 5 
1100 34 63 62 78 47 62 82 73 58 52 34 35 5 
1200 43 70 65 72 54 60 78 72 62 58 40 46 5 
1300 45 78 63 77 57 59 73 68 63 59 37 46 • 5 
1400 42 72 56 71 52 60 69 66 61 57 39 40 5 
1500 37 78 62 68 53 54 65 65 59 53 45 27 5 
1600 8 61 55 66 49 50 62 66 49 38 28 2 5 
1700 14 39 65 54 51 62 60 38 11 5 
1800 2 59 48 49 61 53 6 5 

l 1900 21 33 40 58 29 5 
2000 5 11 14 5 

n = number of years of record 

c.,, 
I-' 
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cannot be described as a typically subalpine climate. Where the station 

headquarters are located is in the transitional zone between the montane 

and subalpine forest r_egions (Rowe, 1959). Certain portions of the 

experiment station lie within the subalpine zone proper, and experience 

cooler temperatures and h_igher winter precipitation. However, the 

studies reported were carried out at the lower elevations of the experi-

ment station; the climatic records presented are believed to be general-

ly representative of the study areas concerned. 

Noteworthy in the climate is the rather low mean annual precipi-

tation (25.2 inches) and in particular the very low mean winter (Novem-

ber to April inclusive) precipitation (8.4 inches). Also of interest is 

the occurrence of extremely wide temperature fluctuations duri_ng the 

winter months (Table 1). Ranges of over 100° F between extreme maximum 

temperatures and extreme minimum temperatures are shown for January, 

February, March and December. These temperature ranges are an ex-

pression of a h_ighly developed "Chinook" (Foehn) wind phenomenon, which 

is also apparent in the wind speed and frequency data of Table 1. 

Chinook winds contribute to overwinter wastage of the snowpack 

at the lower elevations of the Kananaskis Forest Experiment Station. For 

long periods during the aver_age winter the ground surf ace is free of 

snow at the experiment station headquarters. 

Physiography 

The physi_ography of the experiment station is mountainous. From 

the broad,_ glaciated valley bottom (Fig. 1) where the studies were 

carried out, steep mountain chains rise up on either side to he_ights 

of 8,000 to 10,000 feet. These mountains have the sawtoothed appearance 
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typically associated with you_ng cordillera. An example · of the physiog-

raphy of a small valley, subsidiary to the Kananaskis River valley on 

the southern e_dge of the experiment station, is given in the published 

work deali_ng with the Marmot Creek Experimental Basin (Jeffrey, 1964b, 

1965a). 

The geol_ogy of the Kananaskis River valley is highly variable. 

Bedrock consists of a thick series of sedimentary strata, rather 

simply folded. Rocks ra_nge in _age from late Paleozoic to early 

Cretaceous. Represented are dolomite, dolomitic sandstone, coal 

measures, conglomerate and limestone (Crockford, 1949). 

Pleistocene and recent deposits overlie bedrock. The whole 

lower valley has been glaciated and a typical U-shaped valley profile 

is found. 

Soils 

Crossley (1951) described the soils of the Kananaskis Forest 

Experiment Station. Alluvial soils occupy the valley bottoms while 

occasional chernozems are associated with "meadows." Rendzinas are 

occupied by trembli_ng aspen (Populus tremuloides Michx.) and balsam 

poplar (Populus balsamifera L. )_ groves. 

The main soil types are podzolic and brunisolic, developed 

upon materials of variable calcium carbonate content, most of which 

are glacially deposited. These podzolic and brunisolic soils support 

a forest cover of lo_dgepole pine and Engelmann spruce (Picea engel-

mannii Parry.) 
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Vegetation 

The predominant forest tree species on the experiment station is 

lodgepole pine. Lesser areas, which have escaped burni_ng in the past, 

are occupied by spruce (Horton, 1959). Spruce tends to occupy moist al-

luvial bottom lands or upper slopes, the lower and mid slopes bei_ng 

covered with lo_dgepole pine, of which a variety of age and stand con-

ditions is present. 

Forest research work done on the Kananaskis Forest Experiment 

Station has been reported by Crossley (1955, 1956), Smithers (1956, 

1957), Horton (1958, 1959), Ackerman (1957) and Ackerman and Johnson 

(1962). 

STUDY DESIGN 

The studies were carried out on the Kananaskis Forest Experiment 

Station, at low (4560 to 4750 feet M.S.L.) elevations of the Kananaskis 

River valley. Studies were made of: 

(a) snow accumulation, 

(b) canopy interception of rainfall, 

(c) soil moisture accretion and depletion during the growing 

season. 

A variety of lodgepole pine stand conditions was sampled in each 

study. 

Snow Accumulation 

Description of Study Plots 

Three areas were selected for documentation of snow accumulation 

in different lodgepole pine stand conditions. Area #1 was located close 
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to the Kananaskis Forest Experiment Station headquarters at an elevation 

of 4560 feet M.S.L. Areas #2 and #3 were distant from the experiment 

station headquarters 4.8 and 5.0 miles to the south, respectively. 

Elevations were 4750 feet M.S.L. in the case of Area #2 and 4700 feet 

M.S.L. in Area #3. The soil moisture studies reported were carried out 

in Area #1, the canopy interception studies in-Area #2 and #3. 

In Area #1, four stand conditions were selected. Stand data for 

these four conditions are shown in Table 2. Three of these conditions 

(1. 1, 1. 2, 1. 3) had previously been thinned. Thinni_ng had been carried 

out in 1939-40, so that it may safely be assumed that full canopy re-

sponse to thinning had been achieved prior to the study being instituted. 

The fourth stand condition (1.4) had not been thinned. 

In Area #2, four stand conditions and two small cleari_ngs (150 

feet x 150 feet) were studied. Stand data for the conditions sampled 

are shown in Table 3. Two stand conditions (2.1, 2.4) had been thinned 

in 1941. _Again, total canopy response to thinni_ng can be assumed to 

have occurred prior to the institution of study. Two other stand 

conditions (2.2, 2.3) were unthinned, and the remaini_ng two conditions 

sampled (2.5, 2.6) were clearings. 

In Area #3, two conditions were invest_igated, an unthinned dense 

stand (3.1) and a small clearing (3.2). The stand carried 4600 live 

stems per acre, having a mean DBH of 2. 5 inches, a mean he_ight of 27 

feet, and a basal area of 145 feet 2 per acre. • This stand included 

within its boundaries canopy interception Plot 3. 

Measurements were taken in the centre of ho~ogeneous forest 

blocks, so that measurement points were surrounded by fairly la_rge 

"buffer" areas of similar stand condition. 



Table 2. Stand data for four stand conditions in Area #1 

STAND DESCRIPTION INCLUDES APPROX. NO. BASAL AREA/ MEAN DBH 
CONDITION LIVE STEMS/ACRE ACRE 

. feet 
2 inches 

1.1 thinned soil moisture 700 155 6.0 
plot #1 

1.2 heavily soil moisture 500 110 6.0 
thinned plot #2 

1. 3 heavily soil moisture 470 110 5.6 
thinned plot #3 

1.4 unthinned soil moisture 1620 190 4.4 
plot #4 

MEAN 
HEIGHT 

feet 

46 

41 

39 

41 

L,.) 
Q'\ 



CONDITION DESCRIPTION 

•rable 3. Stand data for six ·condi 'ti'Ons in Area #2 

INCLUDES 
\1 

APPROX. iN(). l1 
LIVE STEMS/ACRE : 

I 
I 

'BASAL AREA/ 
A-CRE 

2 feet 

1155 

'I I I MEAN IDBii ! 
j inch,es \ 
•. I 

II ·6~ s 11 
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!_ 2. 2 I 'l!lnthiir1n:ed l [nt·ercepti•on l l 72'5 /~ii! vn.. ;; ..3. 7/ /I 38 

I 
; 'l?!l:ot !#2 ; 
I I 
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! 11 2. 3 :1 Unthi1rmed / l.3WO 11.'"Ql(ll 
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' ! 11 !l 
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ii 
II 
j 

I 
2.4 Thinned 

I\ ,! ii_____ 'I 
I 1190 IJ 150 I ,, 'I 4. '6 4'5 

2.5 Clearing 

2.6 Clearing 

Ii.,) 
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Areas #1 and #3 were on almost completely level terrain. Area 

#2 was very sl_ightly slopi_ng with a northerly aspect. 

Methods of Measurement 

The method-used consisted of periodic measurements of the snow-

pack at marked snow course points throughout the winters of 1963-64 and 

1964-65. Light snowfall in 1965-66 rendered sampling impractical. One 

measurement only was taken in January, 1966 following an unusually heavy 

snowfall. 

Snow course points, varying from 10 to 25 in number, were located 

in each area. In open stands locations close to tree boles were avoided. 

In dense stands, canopy conditions were relatively homogeneous and no 

decisions of this type were required. In these cases, sample points were 

located along a stra_ight line. 

Snowpack measurements were made usi_ng a standard Federal (U.S. D .A. -

S.C.S.) snow tube. Weighi_ngs were made with a Chatillon hide scale 

graduated in ounces, and allowi_ng interpolation to one-half ounce. 

Direct field measurements were made of snow depth and water equivalent. 

Where samplings yielded weights of less than one-half ounce, these were 

recorded as a trace. 

Methods of Analysis 

Snow accumulation data were not collected by random sampling. 

No analysis could be made statistically of these data. 
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Canopy Interception of Rainfall 

Description of Study Plots 

Three plots were selected for canopy interception studies in 

different lo_dgepole pine stand conditions. Another two plots were 

studied in mixed lo_dgepole pine - E_ngelrnann spruce - alpine fir (Abies 

lasiocarpa (Hook.) Nutt.) stands in the vicinity of Marmot Creek basin. 

The two plots last mentioned are not considered in this report, other 

than in the resume provided in Appendix A. 

Two of the canopy interception plots in lo_dgepole pine stands 

were placed in Area #2. Plot 1 was located in Area 2.1, Plot 2 in Area 

2.2. The third canopy interception plot was located in Area 3.1. 

Stand conditions in the three interception plots are shown in 

Table 4. All stands had the typical r_egular stand structure associated 

with Alberta stands of lo_dgepole pine or_iginating from a fire history. 

Plot locations are shown in F_igure 2, while phot_ographs of Plot 1 are 

presented as F_igures 3 and 4, of Plot 2 as F_igures 5 and 6, and of 

Plot 3 as Figures 7 and 8. 

Table 4 shows that while mean total he_ight, number of sterns per 

acre and mean DBH were quite different arno_ng the three plots, basal area 

per plot was not greatly different, ra_ngi_ng only from 140 to 155 feet2 

per acre. This fact was not appreciated until after studies had begun. 

It would have been desirable to have a greater range of basal areas. 

The study of interception therefore necessarily had to consider stand 

density in terms of numbers of trees per acre rather than in terms of 

basal area. While the original objectives could not be fulfilled, 

nevertheless the study was still of interest, for if basal area which, 
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Fjgure 2. Location of canopy interception Plots l, 2 and 3, and of 
two raingauges us.ed to measure. gross precipitation. 
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Figure 3. Ground view of interception Plot 1. 

Figure 4. Canopy closure on interception Plot 1. 
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Figure 5. Ground view of interception Plot 2. 

Figure 6. Canopy closure on interception Plot 2. 
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Figure 7. Ground view of interception Plot 3. 

Figure 8. Canopy closure on interception Plot 3. 
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Table 4. Stand characteristics in canopy interception Plots 1, 2 and 3 

BASAL AREA TREE MEAN CROWN MEAN 

PLOT PER ACRE NO. OF STEMS DBH HEIGHT LENGTH 
2 PER ACRE (all species) (lodgepole (lodgepole feet 

pine) . pine) 

lP ws lP ws inches feet feet % of 
total height 

1 144 11 549 78 6.7 53.5 16.7 31. 2 

Total= 155 Total= 627 

2 138 2 1681 48 3.8 39.9 14.6 36.6 

Total= 140 Total= 1729 

3 130 12 4260 296 2.5 26.8 12.0 44.8 

Total= 142 Total= 4556 

lP = lodgepole pine 

ws = white spruce (Picea glauca (Moench) Voss). 

AGE 
(lodgepole 

pine) 

years 

91 

88 

84 

.i::-
00 
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as shown earlier, is r _egul arly us ed to descr ibe stand density, is 

valid for this pur pos e in forest hydrol_ogy, then it could be expected 

that no significant differences in canopy interception of rainfall 

would be found amo_ng the plots. 

Plots were 100 f eet x 100 feet and were located in the centre of 

stands surrounded by "buffer" areas of similar stand conditions. 

Methods of Measurement 

Within each plot 100 randomly located points were marked by 

numbered aluminum stakes. These points were used as the sampling 

points for standard Meteorological Branch Canada raingauges. This 

rai_ngauge has an orifice area of 10 inches2 , stands 10½ inches high, 

and should be exposed at an orifice he_ight of 12 inches above ground 

level. Thin circular wood blocks were attached to the base of each 

rainga_uge to raise the gauges to the recommended orifice height, and 

to aid in seati_ng the_ ga_uges with orifices horizontal. Since terrain 

was level, or almost level, in all three plots, little difficulty was 

experienced in levelli_ng_ gauge orifices, though some care was required. 

A standard rai_ngauge is shown in Figure 9. 

Due to fiscal considerations, five gauges per plot were used 

initially. This was increased, after part of one summer season had 

elapsed, to 10 raingauges per plot. Rai_ngauges were located randomly 

within the 100 marked sampling points in each plot, and re-randomized 

after each measurable (0.01 inch) precipitation event, according to 

the "rovi_ng raingauge" technique of Wilm (1943). 

In addition to standard rainga_uges, five tro_ugh_ gauges were 

located randomly in each plot. In Plots 1 and 2 these trough_ ga_uges 
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Figure 9. Trough gauge, 3 feet x 3 feet x 12 inches, in 
inierieption Plot 1. The polythene sheeting 
prevents rainfall other than that collectid in 
the trough from entering the collecting vessels. 

Meteorological Branch Canada standard raingauge 
also appears in right for_eground. 
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Figure 10. Trough gauge, 9 feet x 1 foot x 4 inches, in 
inter6epiion Plot 3. 
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Figure 11. Stemflow instrumentation in interception Plot 1. 



- 55 -

.. 



- 56 -

were 3 feet x 3 feet in horizontal dimensions with sides 12 inches in 

height. 

In Plot 3, trough_ gauges were 9 feet x 1 foot, with sides 4 

inches in he_ight. These long troughs were used because stand density 

was such as to preclude the use of the square troughs utilized in the 

other two plots. Measurement of water collected was by weighing, using 

a Chatillon hide scale. The floors of the tro_ugh gauges were set one to 

two feet above_ ground level and the whole ga_uge was sl_ightly inclined 

to facilitate drain_age into collecti_ng vessels. Trough gauge slopes 

varied from 4° to 8° (mean 6°) in Plot 1, from 5° to 7° (mean 6°) in 

Plot 2, and from 3° to 6° (mean 5°) in Plot 3. 

The two types of trough_ ga_uges are shown in F_igures 9 and 10. 

Five trees each in Plots 1 and 2 were instrumented for stemflow 

measurement, usi_ng split plastic pipe as described by Thompson (1964). 

A representative stemflow installation is shown in F_igure 11. . Measure-

ment of st emf low was by we_ighi_ng. 

Gross precipitation was measured by two standard raingauges 

located in the centres of the cleari_ngs shmm in F_igure 2. Clearings 

were approximately 150 feet x 150 feet in dimensions, or almost three 

tree heights (surroundi_ng stand) in cross-section. 

Instrumentation was emplaced in Plots 1 and 2 in early summer 

1963, and in Plot 3 in mid-summer 1963. Data were collected duri_ng 

summers 1963 and 1964. Plots were checked each day and any rainfall 

occurring during the previous 24 hours measured. Where appropriate, 

two consecutive daily readi_ngs were added t _ogether, if they represented 

the result of a single continuous storm. In Plots 1 and 2, 21 storms 
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were measured in 1963, and 25 storms in 1964. In Plot 3, 14 storms 

were measured in 1963, and 25 storms in 1964. 

Methods of Analysis 

Regression analyses were made of stemflow and thro_ughfall data, 

both from standard ga_uges and trough gauges. Covariance testing of 

differences between r_egressions was carried out where applicable. 

Soil Moisture Accretion and Depletion 

Description of Study Plots 

Five plots were selected for soil moisture studies in different 

lodgepole pine stand conditions. All five of these plots were in Area 

#l, close (within 700 yards) to the Kananaskis Forest Experiment 

Station headquarters. Locations of the plots are shown in Figure 12. 

Stand conditions in the five soil moisture plots are shown in 

Table 5. Plots l, 2, 3, which lay respectively within Areas 1.1, 1.2 

and 1.3 of the snow accumulation study, had been thinned in 1939-40. 

Plot 4, which lay within snow accumulation Area 1.4, had not been 

thinned. Plot 5 was also in an unthinned stand. All stands were 

r_egular in structure. In Plot 5, there was a definite development of 

two-storied structure, with lo_dgepole pine occupyi_ng the overstorey 

and white spruce the understorey. 

It is worthwhile to consider the variations shown by Table 5. 

Plots 1 and 2 were 85 years old, whereas Plots 3, 4 and 5 were 63 to 

70 years of age. While stand differences of this magnitude have not 

been considered, in the western literature, to be influential upon 

evapotranspiration rates, the difference in stand ages may be r_egarded 



·rable 5. Stand characteristics in soil moisture Plots 1, 2, 3, 4 and 5-

BASAL AREA DBH 
PER ACRE NO. OF STEMS (all species) PLOT 2 PER ACRE 

1 

2 

3 

4 

5 

1 

lP 

ws 

feet mean 

lP ws lP ws inches 

153 - 697 - 5.95 

108 - 505 - 5.98 

94 14 279 192 5.57 l 
(7.06) . 

Total= 108 Total= 471 

190 - 1620 - 4.39 

131 42 645 975 4.00 l 
(5.62) 

Total= 173 Total= 1620 

Values for lodgepole pine alone 

lodgepole -pine 

white spruce 

. 
r~~<J.e 
inches 

o. 6-10. 6 

1. 3-8. 1 

o. 6-11. 5 

0.9-8.0 

0.6-10.4 

TREE HEIGHT CROWN LENGTH 
(all species) (all species) 

%age of mean range mean total tree ht. 
feet feet feet % 

45.6 7.0-66.0 17.1 40.2 

41. 5 10. 0-51. 0 17.0 45.5 

32.1 l 9.0-53.0 25.1 70.2 
(3 9. 3) 

41. 3 14.0-57.5 13.2 31. 7 

28.0 l 6.0-65.0 13.8 50.1 
(42.4) 

AGE 
• (all species) 

mean range 

years years 

84 70-94 

85 71-94 

63 53-72 

68 32-77 

70 36-96 

I 

·, 
V1 
CX) 
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Figure 12. Diagram showing contiguity of soil moisture 
Piots l, 2, 3, 4 and 5, and of adjacent soil 
pits. Plots were located 700 yards north of 
the Kananaskis Forest Experiment Station head-
quarters, shown in Figure 1. 
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as a confounding effect~ However, the major stand density variation 

was amo_ng Plot 3 and Plots 4 and 5. These plots were of similar _age, 

and therefore there was no confounding effect of age in comparison 

between them. 

The ra_nge in basal area between plots was la_rge (108 feet 2 to 

190 feet 2). · The same was true of stem numbers per acre, the variation 

being 471 to 1620 sterns per acre. The largest difference was between 

Plot 3 and Plots 4 and 5. Plot 2 had a basal area identical to Plot 3, 

but was composed uniquely of lo_dgepole pine, whereas Plot 3 had an 

important white spruce component. Plots 4 and 5 were also identical, 

in number of stems per acre, but Plot 5 had lower basal area and a 

large white spruce component. In effect, the structures of Plots 4 

and 5 were essentially different, there bei_ng a white spruce under-

storey in Plot S which was not present in Plot 4, while the lo_dgepole 

pine overstorey in Plot 5 was much less dense than that of Plot 4. 

There was no major difference between the mean heights of lo_dgepole 

pine of any plots. 

Plot 4 may be r_egarded as the original unthinned stand, havi_ng 

a ~igh basal area (Smithers, 1962) of 190 feet 2 per acre. If Plot 4 

basal area is taken as 100 percent, Plots 1, 2 and 3 had 80, 57 and 57 

percent respectively of Plot 4 basal area. Plot 5, which had not been 

thinned, carried 91 percent of the basal area of Plot 4. 

If Plot 4 and 5 number of stems per acre are taken as 100 per-

cent, Plots 1, 2 and 3, the thinned plots, had respectively 43, 31 and 

29 percent of the standing live trees carried by Plots 4 and 5. 
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These values show the Fadical nature of some of the thinni_ng 

treatments carried out. A wide range in stand densities was present, 

to allow comparison of stand density - soil moisture interactions. 

Phot_ographs of ground and canopy conditions on the five plots 

are given in F_igures 13 to 22 inclusive. Particular attention is 

drawn to Plot 3 phot_ographs (F_igs. 17 and 18) which document the 

occurrence of persistent discontinuities in canopy in 1967, 27 years 

after the thinni_ng was carried out. 
' Vegetation on all five plots was essentially similar. The main 

difference between plots was in the relative luxuriance of the shrub 

layer. These differences are believed to be attributable to the rela-

tive amounts of l_ight reachi_ng the forest floor in the different plots. 

Plots 2 and 3 had lower canopy densities than the other three plots, 

• as can be inferred from the stem number data in Table 5. 

In Plot 1, there was a moderately dense low shrub layer composed 

of Shepherdia canadensis, with Rosa acicularis as a concomitant species. 

In Plot 2, the shrub layer was both h_igher and denser. A 

moderately dense h_igh shrub layer of Al nus crispa, with some Salix sp. 

intermixed, was present. A dense to moderately dense shrub layer, in 

which Shepherdia canadensis was dominant, with Rosa ·acicularis as a 

concomitant species, occurred beneath this h_igh shrub layer. 

In Plot 3, a moderately dense h_igh shrub layer was _again present. 

In this case, the dominant species was Populus tremuloides, with Salix 

sp. and Picea glauca as concomitants. A dense to moderately dense 

shrub layer occurred beneath the h_igh shrub layer. The dominant species 

of this layer was again Populus tremuloides with Salix sp., Picea 
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Figure 13. Ground view of soil moisture Plot 1. 

Figure 14. Canopy closure on soil moisture Plot 1. 
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Figure 15. Ground view of soil moisture Plot 2. 

Figure 16. Canopy closure on soil moisture Plot 2. 
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Figure 17. Ground view of soil moisture Plot 3. 

Figure 18. Canopy closure on soil moisture Plot 3. 
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Figure 19. Ground view of soil moisture Plot 4. 

Figure 20. Canopy closure on soil moisture Plot 4. 
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Figure 21. Ground view of soil moisture Plot 5. 

Figure 22. Canopy closure on soil moisture Plot 5. 
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glauca and Shepherdia canadensis as concomitants, the latter species 

having sufficient representation to be classed as codominant. 

In Plots 4 and 5, there was no h_igh shrub layer and the shrub 

layer was sparse, Shepherdia canadensis and Rosa acicularis bei_ng the 

main component species. 

The herb layer on all plots was well developed. H0wever, its 

composition was such that considerable variation in the physiognomy of 

the vegetation was apparent. 

In Plots 1, 2 and 3 grasses and tall herbs were dominant, and 

the herb layer luxuriant. Dominant species were Epilobium angusti-

folium, Calamagrostis rubescens, and Linnaea borealis var. americana. 

Concomitant species included Elymus innovatus, Aster sp., Casteleja sp., 

Cornus canadensis, Vicia americana, Lathyrus ochroleucos, Arnica 

cordifolia, Spirea lucida, Galium boreale, Fragaria glauca, Vaccinium 

sp. and Zygadenus elegans. 

In Plots 4 and s·, the herb layer was much less luxuriant. 

Dominant species were Linnaea borealis var. americana and Calamagrostis 

rubescens with scattered representation of Elymus innovatus; Aster sp., 

Lathyrus ochroleucos, Pyrola spp., Epilobium angustifoliurn and Spirea 

lucida. 

There was no bryophyte layer present in Plots 1, 2 and 3. In 

Plots 4 and 5, on the other hand, there was a well developed, tho_ugh 

discontinuous, bryophyte layer which covered <!-bout half the ground 

surface area. The species of this layer were Hylocomiurn splendens and 

Pleuroziurn schreberi, with scattered representation of Ptiliurn crista-

castrensis and Peltigera aphthosa. 



From these vegetational differences, it is believed that Plots 4 

and 5 may be r_egarded as basically distinct from the other three plots. 

Since no pedological (Table 6) or physiogr aphic difference is present 

to explain this variation in ground cover, it is attributed to the 

effects of canopy density and l_ight transmission to the forest floor. 

The nomenclature of vascular plants follows Moss (1959), that of 

the bryophytes Bird (1962). 

The surficial material of Area #1 was a lacustrine sand deposited 

duri_ng the glacial melt period, presumably as a result of local ice 

damming. The soil profiles were classifiable in the Canadian soil 

survey system (National Soil Survey Committee of Canada, 1965) as Arenic 

Podzo-R_egosols. A photograph of a soil profile is given in Figure 23. 

The National Soil Survey Committee of Canada (1965) describe the Podzo 

Regosol Great Group as follows: 

Well and imperfectly drained soils that have light colored 
eluvial horizons (Ae) more than 1 inch thick and weak illuvial 
horizons (B) containing insufficient accumulations of sesqui-
oxides, clay or organic matter to meet the requirements of 
the Podzolic Order. The parent material of these soils is 
coarse or moderately coarse in texture. Organic surface 
horizons (L-H) are usually present in the ~irgin soils but 
seldom exceed a few inches in thickness. Weak or thin Ah 
horizons may also be present. 

These soils have developed under forest or pine grass-
forest vegetative cover. They were formerly classified as 
Gray Forested soils in the Podzolic Order. The description 
given in the N.S.S.C. 1963 report, however, applies chiefly 
to the Cutanic Podzo Regosol Subgroup. 

They describe Arenic Podzo Regosols as: 

Podzo Regosols with free iron and aluminum as the main 
accurnu!"ation products in the B horizon but less than that 
required for the Podzol Great Group. That is, the oxalate 
extractable &Fe+ Al) is less than 0.8 percent. 
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Figure 23. Arenic Podzo Regosol near Plot 3. 
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These soils strongly resemble Podzols in appearance except 
the B horizons are usually lower in chroma. Also they 
usually have iess acidic sola and higher base saturation 
than the Podzols . These Podzo Regosols have only been 
found on sands having a low amount of weatherable minerals. 
They occur in many parts of Canada. 

The lacustrine sand material varied in depth from plot to plot. 

Minimum depth of lacustrine sand material at access tube locations was: 

Plot 1 --------------4 feet 

Plot 2 --------------3 feet 

Plot 3 --------------8 feet 

Plot 4 --------------7 feet 

Plot 5 -------------14 feet 

Beneath the lacustrine sand material occurred compacted gravel 

and till materials (Appendix B). These were sometimes so highly com-

pacted as to be almost impossible to remove with shovel and pick. It 

was often very difficult to make any penetration of these materials with 

a shovel point, even to a depth of one inch. 

The range in different parameters of the lacustrine sand material 

is given in Table 6. 

Individual descriptions of the soils at the five plot locations 

are listed in Appendix B. These descriptions follow the format of the 

U.S. Department of Agriculture, Soil Survey Staff (1951), rather than 

that of the Canadian system. 

Some discussion of the data presented in Table 6 is worthwhile. 

The area was chosen for study on the basis of the followi_ng consider-

ations: 

(1) A suitable variety of stand conditions and thinni_ng treat-

ments was available. 
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Table 6. Variation in soil characteristics in soil moisture Plots 1, 2, 3, 4 and 5 

CHARACTERISTIC PLOT 1 PLOT 2 PLOT 3 PLOT ·4 PLOT 5 

1. TO'l'AL DEPTH, SURFICIAL 4 3 8 7 14 
MANTLE (FEET) ! 2. DEPTH - L, F, H LAYERS 2 3 1 1 2 
(INCHES) 

3. DEPTH - A
1 

HORIZON 2 ABSENT 1 2 2 
(INCHES) 

4. DEPTH - A
2 

HORIZON 2 1 1 1 ABSENT 
(INCHES) 

5. DEPTH - A
3 

HORIZON 2 2 1 ABSENT ABSENT 
(INCHES) 

6. DEPTH - AB HORIZON ABSENT ABSENT ABSENT 3 2 
(INCHES) 

I 
7. DEPTH - Bl HORIZON 1 1 2 ABSENT . ABSENT 

(INCHES) 

l 8. DEPTH - B
2 

HORIZON 9 3 4 6 4 
(INCHES) 

9. DEPTH - B
3 

HORIZON ABSENT ABSENT ABSENT 3 6 
(INCHES) 

10. TOTAL DEPTH - A+ B HORIZONS 16 7 9 15 14 
(INCHES) 

continued 

-..J 
00 



Table 6. (Continued) Variation in soil characteristics in soil moisture Plots 1, 2, 3, 4 and 5 

I CHARACTERISTIC PLOT 1 PLOT 2 PLOT 3 PLOT 4 PLOT 5 -
11. TEXTURE - A HORIZONS LOAMY SAND - SANDY LOAM LOAMY SAND - SANDY LOAM SANDY LOAM 

SANDY LOAM SANDY LOAM 

12. TEXTURE - B HORIZONS SAND - S'ANDY SANDY LOAM SANDY LOAM SANDY LOAM SAND -
LOAM 

I LOAMY SAND 
SANDY LOAM I 

13. 'I'EXTURE - C HORIZON SANDY LOAM SANDY LOAM SANDY LOAM SANDY LOAM 1 

14. pH - A HORIZONS 6.8 6.2 6.5 6.4 6.2 

15. pH - B HORIZONS 7.6 7.6 7.3 7.3 6.8 

16. pH - C HORIZONS 8.2 8.0 8.2 7.8 8.2 

17. DRY COLOUR (MUNSELL) 10 YR 7/3 10 YR 7/3 110 YR 4/3 10 YR 6/4 10 YR 6/4 
- A HORIZONS I 

I 
18. DRY COLOUR (MUNSELL) • 10 YR 6/2 10 YR 6/2 10 YR 4/3 - 10 YR 4/4 10 YR 5/4 

- B HORIZONS 5/2 - 6/2 

19. DRY COLOUR (MUNSELL) 10 YR 7/1 10 YR 7/1 10 YR 6/2 10 YR 6/1 10 YR 6/1 
- C HORIZONS 

I 

20. FIELD CAPACITY - A HORIZONS 15.90 18. 41 . 16.60 15.57 26.29 
(% H20 BY WEIGHT) 

21. FIELD CAPACITY - B HORIZONS 14.78 11. 98 18.58 13.15 14.73 
(% H20 BY WEIGHT) I 

I I 22. 
FIELD CAPACITY - C HORIZON 10.74 12.77 11.84 ·10.41 7.61 I 

(% H2 ) BY WEIGHT) 

continued 

-.J 
\0 



Table 6. (Continued) Variation in soil characteristics in soil moisture Plots l., 2p JP 4 and S 

CHARACTERISTIC I PLOT l PLO'!r 2 I PLOT 3 P!LIO'T 4 I P!LIC'r S 
I ! 1 

23. WILTING POINT - A HORIZONS 1 5.77 : 8.03 7/. 'CH 5. Sl lS. i6'9 I 
I 

(% H20 BY WEIGHT) I 
I 
I :I -! 24. WILTING POINT - B HORIZONS 7.~6 5.94 :tO. 74 I 7.25 7/. 716 

( % H20 BY WEIGHT) I 

I l I 

25. WILTING POINT - C HORIZONS 5.26 : ·6. 24 I S.84 '6.48 3.7/'9 
(% H20 BY WEIGHT) i : 

:1 1 i 
I ' j I 

I r 26. BULK DENSITY - A HORIZONS 1. 27 l.45 1.42 l. 24 I l.24 I i 
(gm/cm3 ) I 

27. BULK DENSITY - B HORIZONS 1.32 1.27 1.44 1.23 1.05 
(gms/cm3) 

28. BULK DENSITY - C HORIZONS 1. 34 1. 30 1.46 1.43 1.43 
(grns/cm3 ) 

29. TOTAL H
2
o STORAGEl 3.37 3.20 2.32 2.19 2.24 

- UPPER 3 FEET (INCHES) 

30. 
~O~:~E=2~ ;~~~~:CHES) 

4.03 - 2.77 2. 62' 2.83 
I 
I 

1 6.97 5.20 5.07 31. TOTAL H2 0 STORAGE - -
- UPPER 7 FEET (INCHES) 

32. TOTAL HO STORAGEl 
- UPPER28 FEET (INCHES) 

- - 8.34 - 5.57 

33. TOTAL H20 STORAGEl - - - - 9.59 

I - UPPER 14 PEET (INCHES) 

1 Field capacity minus wilting point 

00 
0 
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(2) The lacustrine sand material was stone free, allowi_ng easy 

and reliable installation of access tubes. 

(3) The soils appeared on the basis of profile characteristics 

(Appendix B) to be remarkably homogeneous for forest soils. 

It is in relation to the third factor listed, that subsequent 

analyses showed the ~ssumption to be not entirely correct. 

Variation in the depth of A and B horizons was not or_iginally 

considered to be a serious disadvantage. This was borne out by 

laboratory study. · The values presented in Appendix B demonstrate that 

there was little difference in field capacity and wilting point values 

for the 12 to 24 inches soil depth on Plots 3, 4 and 5 which had total 

depths of A+ B horizon of seven to 15 inches. There was, however, a 

large difference in the 12 to 24 inches soil depth soil moisture 

constants between Plots 1 and 2 and Plots 3, 4 and 5 (Appendix B). 

This was a function of the actual water holdi_ng capacities of the A and 

B horizon materials on the different plots, and of different bulk 

densities (Table 6). The bulk density values were kindly supplied by 

Canada Department of Forestry and Rural Development. 

A wider replication of bulk density samples would have allowed 

a more exact appraisal to be made of soil moisture constants in terms 

of percent moisture by weight and actual water storage. However, it 

should be noted that in Plots 1 and 3, where adequate replication was 

obtained through additional sampling, bulk densities showed considerable 

variation between the two plots (Table 6), so that this factor is not 

tho_ught to have _been too influential. 

Bulk density samples could not be obtained in deep soil layers. 

Therefore one mean bulk density value had perforce to be used for the 
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whole C horizon. By anticipati_ng somewhat, it may be noted that 

measurement of soil moisture contents in the C horizon indicated that 

soil moisture varied approximately as values calculated from pressure 

apparatus and bulk density determinations would indicate. Again, the 

bulk density determination factor is believed to be of relatively 

small influence. 

As noted, there was considerable variation in the water-holdi_ng 

capacity of A and B horizons on the different plots. This was also 

true of C horizons. The net result was that considerable variation 

was found in total water stor_age in equivalent depths of soil in the 

different plots (Table 6). 

For the uppermost seven feet of soil, Plot 3 had 6.97 inches 

total water storage (field capacity minus wilti_ng point), compared to 

5.20 inches in Plot 4, and 5.07 inches in Plot S. Subsequent measure-

ment confirmed large differences. This meant that the amount of water 

available for transpiration was not identical in the equivalent depths 

of the different plots. Since the most interesting comparison was 

between Plots 3 and 4 (Table 5), which showed the largest stand 

variations, this was unfortunate and represented a confoundi_ng factor. 

Methods of Measurement 

In establishing the values presented .in Table 6, methods used 

were as follows: 

(1) pH - Beckmann glass electrode pH meter (Peech, 1965); 

(2) field capacity - pressure membrane apparatus at 1/3 bar 

pressure (Richards, 1965); 
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(3) permanent wilting point - pressure membrane apparatus at 

15 bar pressure (Richards, 1965); 

(4) soil texture - hydrometer method (Day, 1965); 

(5) bulk density - core sampler (Blake, 1965). 

In the l_ight of considerations which will be introduced later, 

it is worthwhile to stress that the 1/3 bar and 15 bar moisture contents 

("field capacity" and "wil ti_ng point") were obtained in the followi_ng 

manner. 

Two random locations were selected in each plot, and soil samples 

collected by auger in each of the upper (A and B) soil horizons, as 

well as in each 12 inch depth increment in the C horizon. 

These samples were subjected to the pressure apparatus tests in 

the laboratory of the Soil Science Department at the University of 

British Columbia. Two replicates of each sample, to_ give a total of 

four values for each horizon or depth increment, were used. The tests 

were carried out by approved technique in a controlled temperature room. 

Especial care was taken to ensure scrupulous exactitude in all steps in 

the measurement sequence. This was due to the fact that a previous 

set of values for 15 bar and 1/3 bar moisture contents, which had kindly 

been supplied by the Alberta R_egional Laboratory of the Department of 

Forestry and Rural Development, showed unexpected values, which were 

deemed to require verification. For this reason, especial care was 

taken to obtain reliable results, and it is believed that the values 

presented in Table 6 and in Appendix B meet that requirement. 

The plots for soil moisture measurement were 50 feet x 50 feet • 

in size, in the centre of the stand, with an adequate surround of 



- 84 -

similar stand conditions. Within each plot, 10 locations were randomly 

chosen in the case of Plots 1 to 4 inclusive, while six locations were 

selected in Plot S. 

At each location, aluminum access tubes were installed usi_ng a 

"Perrin" soil auger. Tubes were carefully backfilled to avoid the 

creation of voids around the access tubes. Seali_ng of the tubes and 

their general maintenance procedures followed the recommendations of 

U.S. Department of Agriculture, Forest Service (1962). 

The soil moisture measurement system consisted of a Troxler 

neutron probe Model 104 (2.72 me RaBe, 4.14 x 104 n/sec.) and a 

Troxler Model 200 B scaler. Operation of the probe followed the manu-

facturer's instructions and the recommendations of U.S. Department of 

Agriculture, Forest Service (1962). • Readings were taken at 12 inch 

depth intervals, b_eginni_ng at six inches depth below the soil surface. 

Counti_ng time was two minutes, followi_ng the recommendation of Merriam 

and Knoerr (1961). Readi_ngs were taken at varyi_ng intervals, with one 

week intervals bei_ng the ideal objective. However, logistical con-

siderations sometimes extended the interval between readi_ngs to two 

weeks or longer. The Troxler system in operation is shown in F_igure 24. 

Access tubes were installed in mid-summer, 1963 in Plots 1 to 

4 inclusive, and in Plot 5 duri_ng fall, 1963. Readi_ngs were taken 

during 1963, 1964, 1965 and 1966 in Plots 1 to 4 inclusive, and duri_ng 

1964 to 1966 inclusive in Plot S. 

Considerable difficulty was experienced with instrumentation in 

mid-summer, 1964 and in early summer, 1965. This difficulty resulted 

in interrupted scheduli_ng of data collection. 
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Figure 24. Troxler neutron probe in position with S-4 
shield atop access tube and Model 200B scaler 
in operation. 
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Methods of Analysis 

Analysis of variance methods were applied to measurements of (1) 

soil moisture content, (2) soil moisture change, and (3) evapotrans-

piration (as calculated from soil moisture change). 

Calibration of Neutron Probe 

Operation of neutron probe equipment in forest areas may present 

special problems, not encountered to the same degree in agricultural 

lands. One of these is the difficulty experienced in operating surface 

neutron-scattering equipment. Minor irr_egularities in the forest floor, 

and the typically undulati_ng micro-relief of the surface beneath forest 

stands, along with accumulations of o_rganic material, make surface 

neutron-scatteri_ng equipment impractical in most forested situations. 

The surface detector does not function properly if placed on top of the 

undisturbed organic (L, F and H) layers. If the organic material is 

removed around access tube locations to allow surface neutron scattering 

equipment to be placed directly on top of mineral soil, serious diffi-

culties are encountered. 

Removal of the o_rganic layer interferes with an ecosystem-

component of considerable significance in forest hydrol_ogy. Inter-

ception of precipitation by litter at access tube locations is elimi-

nated and soil moisture rech~rge conditions at variance with those on 

the remainder of the study plot are created. In addition, removal of 

the L, F and H layers tends to create "wells" around the access tubes, 

into which drain_age of water may take place, resul ti_ng in atypical soil 

moisture conditions at sampling points. Additional _depression storage 

may also be created. 
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For these reasons, it was believed more acceptable to use the 

depth (Troxler Model 104) neutron probe for soil moisture measurements 

at all depths, including the surface foot. An attempt was made, accord-

i_ngly, duri_ng the probe calibration procedure, to develop a special 

empirical calibration for the surface foot of soil in the study area. 

This section presents the results of that attempt. 

Procedure 

The procedure used was essentially that recommended by Van Bavel, 

Nixon and Hauser (1963), by Canadian National Committee, International 

Hydrologic Decade (1966), and by Ki_ng (1967). 

Soil was taken from the C horizon (parent material) of the soil 

pit near Plot 3 (Figure 12). Soil texture was sandy ·1oam (8% clay, 

15% silt, 77% sand). A cubic steel tank 40 inches in side dimension 

was filled with this soil, the soil tamped in evenly, and a sealed 

access tube installed in the exact centre of the soil mass. The probe 

was lowered in the access tube until it was positioned in the exact 

geometric centre of the soil mass. A 10 minute count was then taken. 

The probe was then removed and the soil excavated until the new 

upper soil surface was exaftly six inches above the previous geometric 

centre of the soil mass. The probe was lowered to its exact previous 

position and another 10 minute count taken. 

Twenty minute standard counts were taken immediately prior and 

immediately subsequent to readi_ngs being made in the soil mass. 

Usi_ng a core sampler, 10 soil cores were removed from the volume 

of soil encompassed by a four inch radius from the access tube, and 

six inches above and six inches below the or_iginal geometric centre of 

j 
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the soil mass. The tota l soil volume removed by the 10 core samp l es was 

688 cm3. Core samples were then used to establish, thro_ugh dryi_ng and 

weighi_ng, the percent moisture by we_ight and t he bulk density. From 

these values, percent moisture by volwne was calculated. 

Each replication of this procedure furnished a count ratio at 20 

inches depth (exact_ geometric centre), a count ratio at six inches depth, 

a percent moisture by volume and a bulk density. 

Between readings, the soil was removed from the tank, mixed 

thoroughly, after sprinkling with water if appropriate, replaced in the 

tank, tamped evenly, and another replication procedure begun. The 

procedure was repeated a total of 21 times. 

Results of Calibration 

The values obtained in the calibration procedure are shown in 

Table 7. 

There was a h_igh correlation between count ratios obtained at 20 

inches depth (X1) and at six inches depth (X2). 

The relationship between X1 and X2 is curvilinear and is expressed 

by the equation: 
2 x2 = -7.308 + 0.756X1 + 0.0037X1 -----------------------------(6) 

for which the coefficient of correlation (r) is 0.996, with 18 degrees 

of freedom. 

The resultant curve obtained from equation (6), and plotted 

values of x1 and X2, are shown in Figure 25. 

A linear regression was calculated expressing percent moisture by 

volume as a function of count ratio for values of Y and X1 (Table 7). 
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Table 7. Values obtained by neutron probe calibration procedure 

PROBE AT 20" PROBE AT 6" %AGE OF H
2

o 
COUNT RATIO COUNT 'RATIO BULK DENSITY 
(% OF STANDARD ( % OF STANDARD . BY VOLUME gms/crn 3 

COUNT) COUNT) % 

Xl x2 y 

42.77 33.90 12.76 1.58 

12.46 4.24 2.67 1.52 

79.02 77.37 27.04 1. 70 

79.69 78.75 27.59 1. 75 

81. 22 78.37 26.99 1. 73 

76.40 69.45 26.46 1. 77 

79.42 74.33 25.01 1. 75 

72.43 66.71 24.57 1. 76 

69.22 61.68 23.62 1. 78 

67.59 61.65 21. 81 1. 75 

66.82 62.97 22.18 1. 74 

58.07 51.42 20.27 1. 73 

63.52 56.67 20.56 1. 77 

57.95 50.47 18.94 1. 71 

55.24 43.54 17.71 1. 73 

49.27 39.00 15.92 l. 71 

45.25 28.23 14.37 1. 70 

43.77 33.98 13.93 1. 70 

36.47 26.49 11. 77 1. 59 

18.87 8.52 5.54 1.64 

16.20 4.08 3.92 1.59 
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Figure 25, Relationship between count ratios (X1, ~2) 
with the probe at 20" depth (X1) and at 611 

depth (X2), 

Figure 26, Manufacturer's calibration as expressed by 
equation (11) and individual calibration as 
expressed by equation (7). 
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This r_egression produced the equation: 

Y = -1.684 + 0.358X1 ----------------~------------------(7) 

with r = 0.996 with 19 degrees of freedom. 

Calculation of a curvilinear r egression from values of Y and x1 _ 

produced the equation: 

Y = -1.654 + o.3s6x1 + o.0002x12 -----------------------(8) 

with r = 0.996 with 18 degrees of freedom. 

Table 8 shows that addition of the variable X1 2 did not contri-

bute significantly to the equation. 

The use of a curvilinear regression did not therefore result in 

an increase in precision, and the relationship may best be expressed as 

a linear regression : 

The same procedure was carried out for values of Y and X2 (Table 

7). The linear equation produced was: 

Y = 3,067 + 0.315X2 ------------------------------------(9) 

with r = 0. 991 with 19 d_egrees of freedom. The curvilinear equation 

produced was: 
2 Y = 1.963 + 0.393X2 - 0.0009X2 -----------------------(10) 

with r = 0.993 with 18 degrees of freedom. 

Table 8 shows that the addition of the variable X2 2 contributed 

significantly to the equation. 

The use of a curvilinear r_egression therefore resulted in an 

increase in precision, and the relationship may best be expressed as 

a curvilinear r_egression. 

From the above regression analyses, it was determined that 

equations (7) and (10)_ gave the best r esults for the "deep" (20 inches 

depth) and ."shallow" (6 inches depth) conditions respectively. 
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Table 8. Variance ratios associated with quadratic equations (8) and (10) 

INDEPENDENT REGRESSION STANDARD VARIANCE 
VARIABLE COEFFICIENT DEVIATION RATIO 

Xl 0.3561 0.0347 105.290 

. 2 
Xl 0.00002 0.00035 0.002 

x2 0.3928 0.0339 134.590 

x2 
2 -0.00091 0.00039 5.5741 

1 Significant at p = 0.05 

Table 9. Manufacturer's calibration data for neutron probe 

COUNT RATIO % H20 
% OF STANDARD BY VOLUME 

COUNT .% 

x3 y 

0.36 o.o (probe in air) 

28.63 10. 6 

41.51 16.3 

59.11 24. 9 

71.00 30.3 

149.41 100.0 (probe in water) 
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To compare equation (7) with the manufacturer's calibration 

curve (F_igure 26), the or_iginal probe calibration data were obtained . 
from the manufacturer. These data are shown in Table 9. A linear re-

gression was calculated, expressi_ng percent moisture as a function of 

count ratio, and utilizing all six points of Table 9. 

This calculation yielded the equation: 

Y = 1.635 + 0.4922X3 -----------------------------------(11) 

with r = O. 979 with 4 d_egrees of freedom. Utilization of the four 

central points of Table 3, i.e., omitting the values for air and water, 

is perhaps more realistic. This yields the equation: 

Y = -2.700 + 0.462X3 -----------------------------------(12) 

with r = 0.999 with 2 degrees of freedom. 

The manufacturer's calibration as expressed by equation (11), is 

shown in F_igure 26, alo_ng with the calibration curve obtained by the 

specific calibration procedure outlined above, as expressed by equation 

(7). 

Statistical comparison was made between equations (7) and (11), 

accordi_ng to the procedure outlined by Freese (1964). The two equations 

were s_ignificantly different (p = 0.01). This is true also of equations 

(11) and (12). 

In the calibration data (Table 7) it is seen that data for low 

values of percent moisture by volume were sparse. Three sets of data 

only were obtained for moisture percentages by volume of less than 12 

percent, and no data were available for moisture percent_ages by volume 

of less than three percent. For this reason, less confidence can be 

placed in equation (7) and equation (10) at low moisture contents than 

is justified at moisture contents greater than 12 percent by volume. 
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The early calibration curves produced (e_.g. Van Bavel, 1958) 

invariably showed calibration curves passi_ng thro_ugh the or_igin. Van 

Bavel et al. (1963), however, presented a curve which did not, but 

which had a small negative intercept (Van Bavel, Nielsen and Davidson, 

1961). More recently, Koshi (1966) _again illustrated a calibration 

curve passing thro_ugh the or_igin. 

It was, therefore, believed desirable to establish in the cases 

of equation (7) and equation (10) whether it was statistically per-

missible to condition these equations to pass through the origin, usi_ng 

procedure as set out by Freese (1964). 

Equation (7) was recalculated, with the restriction imposed 

that there be no constant term (bo = 0), to yield the equation: 

Y = 0.3316X1 -------------------------------------------(13) 

with r = 0.996 with 18 degrees of freedom. 

Statistical testi_ng of equation (13) in relation to equation (7), 

according to the method shown by Freese (1964), demonstrated that it 

was permissible to condition the relationship to pass thro_ugh the 

origin. 

The same procedure was applied to equation (5), to yield the 

new equation: 

Y = 0.4789X2 - 0.00174X22 ------------------------------(14) 

with r = 0,990 with 17 d_egrees of freedom. 

_Again, statistical testi_ng of equation (14) in relation to 

equation (10) demonstrated that it was permissible to condition the 

relationship to pass thro_ugh the origin. 
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Accordi_ngly, the calibration procedure car ried out resulted in 

equation (13) bei_ng us ed for the transformation of all count ratios 

into percent moisture by volume at depths greater than one foot, and 

equation (14) for this transformation in the surface foot of soil. 

The calibration curve expressed by equation (13) is shown in 

Figure 27, the surface calibration curve expressed by equation (14) 

in Figure 28. 

Discussion 

The results presented immediately above tend to encourage the 

view that an approximate, empirical calibration can be made, which will 

allow soil moisture estimates to be obtained, at least in certain soil 

types, in the surface foot of soil using depth probe equipment, thus 

obviati_ng the difficulties encountered in the use of surface detector 

systems in forest conditions. 

The equations obtained are precise. Examination of the actual 

point data in F_igure 28 s_u_ggests, as would be expected, that precision 

is_ greater at higher soil moisture contents. The relatively h_igh 

positive intercept in the unconditioned equation (10) can be attributed 

to loss of neutrons across the soil surface at low moisture contents. 

As such, it represents an inaccuracy in calibration. Statistical 

testi_ng determined that it was permissible to condition the regression 

to pass through the or_igin, to obtain conditioned equation (14) as the 

final calibration for the surface foot of soil. In this instance, 

conditioni_ng of the equation to pass through the or_igin results in 

improved accuracy. There are valid physical reasons for usi_ng the 

conditioning procedure and it seems entirely acceptable. 
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Figure 27. Manufacturer's calibration curve, as supplied 
with equipment, and individual specific 
calibration curve, as expressed by equation (13). 

Figure 28. Individual specific calibration curve for the 
surface foot of soil, as expressed by equation 
(14) . • 
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Equation (7), the unconditioned calibration equation for depths 

greater than 12 inches, had a n.egati ve intercept. This shows a 

similar for m to the ca libration of Van Bavel, Niels en and Davidson 

(1961). Statistical testing of these data again showed that condition-

i.ng the regression to pass through the or.igin was permissible, in the 

statistical sens e . However, in this case there may be more pressing 

physical reasons for preferri.ng to utilize the unconditioned equation. 

(The difference in soil moisture percent by volume estimation in usi.ng 

equation (13) (conditioned) rather than equation (7) (unconditioned) is 

-0.43 percent at a count ratio of 80 percent (27 percent soil moisture) 

and +0.63 percent at a count ratio of 40 percent (13 percent soil 

moisture)). 

These data s.uggest that more attention might be paid to the 

question of statistical conditioni.ng of calibration equations where a 

small intercept is obtained. This intercept has usually been attri-

buted to neutron capture by certain soil elements (Ki.ng, 1967). Where 

the intercept is small, the result of these calculations would s~ggest 

that the assumption of neutron capture by soil elements may not be 

statistically proven. It would be interesti.ng to examine the results 

of regression conditioning tests on other calibration equations. 
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Chapter IV 

RESULTS AND DISCUSSION 

SNOW ACCUMULATION 

Results of snowpack measurements in 1963, 1964 and 1966 can be 

considered separately for each of Areas # 1, 2 and 3. In all areas, 

results are disappointing because of the ephemeral nature of the snow-

pack, demonstrated in Figures 29, 30, 31, 34 and 35. 

Area #1 

The results of measurements in Area #1 are shown in F_igure 29, 

and in F_igures 30 and 31 which also show accumulated snowfall measured 

at the synoptic weather station of the Kananaskis Forest Experiment 

Station, 700 yards distant from Area #1. 

While total snowfall at the synoptic weather station in winter 

1963 was approximately 6½ inches water equivalent, and almost 5 inches 

water equivalent in winter 1964, total snowpack in one of the four sub-

areas of Area #1 ever reached depths exceedi_ng six inches snow in these 

two winters, or water equivalents of much more than one inch. Further-

more, for long periods (Figs. 29, 30, 31) there was no snowpack whatso-

ever upon the ground. 

It was assumed that falli_ng snow, accumulated on the forest 

floor, was removed by the action of recurrent Chinook winds. Examina-

tion of air temperature records at the synoptic weather station tends 

to support that assumption (F_igs. 32, 33). Daily maximum air temperature 
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Figure 29. Snow accumulation (inches) in four forest stands 
of Area #1 in winter 1963, winter 1964 and in 
January, 1966. 
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Figure 30. Total accumulated snowfall measured at the Kananaskis Forest Experiment Station 
synoptic weather station, in January to April inclusive 1963, in comparison to 
values obtained by periodic measurement in Area 1.3. 
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Figure 31. Total accumulated snowfall measured at the Kananaskis Forest Experiment Station 
in January to April inclusive, 1964 in comparison to measurements obtained in 
Area 1.3. 
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of 45 to 65 d_egrees F. were not uncommon, and provide evidence of 

advective heat surplus to occasion snow melt and evaporation. 

The sole measurement taken in 1966, immediately followi_ng a 

major storm, showed increasing snow accumulation with decreasi_ng stand 

density, as measured by number of sterns per acre (Table 2). This trend 

was also true of the January 21, 1963 measurement (F_igure 29). 

Area #2 

In Area #2, six areas, two of them cleari_ngs, were studied. The 

results of these measurements in 1963 and 1964, and of the sole measure-

ment in 1966, are shown in F_igure 34. Snow was found in the two clear-

i_ngs on all measurement dates. Though the clearings were, to all appear-

ances, extremely similar, one (Area 2.6) consistently trapped more snow 

than the other (Area 2.5). 

In common with Area #1, the ground beneath forest stands (Areas 

2.1 to 2.4), was bare of snow for long periods (F_igure 34). The snow-

pack in Area 2.2 was often greater than in the other stands (2.1, 2.3, 

2.4), though all three other areas had fewer stems per acre (Table 3), 

albeit greater basal areas. 

Area #3 

In Area # 3, two conditions, one of these a small cleari_ng, were 

examined. Results are shown in F_igure 35, and were very similar to 

those obtained in Area #2. 
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.. 

Figure 32. Daily maximum and daily m1n1rnum air temperatures measured at the synoptic weather 
station of the Kananaskis Forest Experiment Station in January to April, 1963. 
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Figure 34. Snow accumulation (inches) in six sub-areas of Area #2, in January to 0 April 
• (inclusive) 1963, J anuary to April (inclusive) 1964 and on January S, 1966. 
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Figure 35. Snow accumulation (inches) in Area #3, during 
winter 1963 and winter 1964, and on January 5, 
1966. 
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Discussion 

The precedi_ng r esults are of interest in the ir documentary 

character. They show that within the forest, a t the elevations con-

cerned, in this r_egion of the Rocky Mounta ins, snowpack is ephemeral 

and that it fluctuates widely in its magnitude over the winter months. 

The increase in snow accumulation in small forest openi_ngs is 

in accord with r esults obtained in lo_dgepole pine forests, in other 

areas, as noted in the review of literature. The difference in snow 

accumulation between op ening and adjacent forest cannot be interpreted 

as inter ception loss. 

One forest opening (Area 2.6) invariably contained more snowpack 

than the similar opening represented by Area 2.5. The main differences 

between thes e t wo areas were that the surroundi_ng trees on Area 2. 5 

were less dense and somewhat taller than around Area 2.6. However, it 

is not s_uggested that these are determini_ng factors, since a complex of 

other influences may be at work, e_. g. top_ographically-influenced, loca l 

wind currents, or the aerodynamic s moothness of the canopies involved. 

There was a sl_ight elevation difference in the two cleari_ngs, Area 2. 6 

bei_ng 40 feet h_igher in elevation than Area 2. 5. 

These data point to the need for further research in the 

following areas: 

(1) The disposition of snow duri_ng snowpack fluctuations duri_ng 

winter; the portion evaporated and that going to soil moisture recharge 

as melt waters. 

(2) The contribution . to soil moisture recha_rge as a result of 

snow melti_ng and dripping from the forest canopy, and the magnitude of 

snow interception losses. 
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(3) The man_agement implications of small openi_ngs and strips in 

lodgepole pine stands in this elevational zone. 

In conclusion, it is difficult, because of the paucity of data, 

to make any reliable_ generalizations concerning snow accumulation and 

stand density. A general trend of greater snow accumulation in stands 

with less basal area (Area #2) or with fewer stems per acre (Area #1) 

can be considered as suggested, though not confirmed, by the results 

obtained. 

plots. 

CANOPY INTERCEPTION OF RAINFALL 

Canopy interception studies dealt with the following topics: 

(1) Throughfall, as measured by standard_ gauges, in the three 

(2) Stemflow, as a component of net precipitation. 

(3) Throughfall variation within plots. 

(4) Tro_ugh gauge performance, as compared to standard gauges, in 

throughfall estimation. 

These topics are considered separately on the pages which follow. 

Throughfall - Differences Between Plots 

Three plots were studied. Plot 1 had been thinned in 1941; 

Plot 2 was its unthinned counterpart. Plot 3 was an unthinned dense . 

stand of low height and low mean DBH. 

Only measurements taken by standard rai_ngauges are considered 

under this heading. Trough gauge data receive later treatment. 
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Results of Origina l Studies 

In the period of 1963, duri_ng which measurements were taken, 21 

storms were experienced havi_ng total_ gross precipitation of 10.11 

inches. In the 1964 period, 25 storms were measured, havi_ng total 

gross precipitation of 4.77 inches. 

The basic statistics of gross precipitation for each plot are 

given in Table 10 for 1963 and Table ll for 1964. During 1963, Plot 1 

was the first to be instrumented, followed by Plot 2, with Plot 3 being 

set up later in the season. Readings in Plot 1 b_egan on June 16, 1963 

and terminated on August 25, 1963. In 1964, readi_ngs b_egan on June 12, 

1964 and terminated on September 18, 1964. 

A summary of 1963 plus 1964_ gross precipitation is contained 

in Table 12. The frequency distribution of storms in 1963 and 1964 

by storm size classes is given in Table 13. 

Table 13 shows that very few storms exceeded 1.00 inch, while 

over 50 percent of the storms measured had a gross precipitation of 

0. 20 inches or less. Values of throughfall, interception and ga_uge 

variation on all three plots in both years are given in Table 14. 

Differences between the two gauges located in the cleari_ngs shown in 

F_igure 2, and used to measure_ gross precipitation, occurred occasion-

ally but were not significant. Mean values of the five to 10 gauges 

within each plot are given as thro_ughfall in Table 14. Also included 

is the value for each storm of the throughfall ga_uge having the 

highest r eading. This value exceeded gross precipitation in approxi-

mately 30 percent of the storms measured. 
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Table 10. Basic statistics of 1963 precipitation used for analysis, 
shoNing number of storws, total gross precipitation, mean, 
maximum, minimum precipitation par storm, standard deviation 
and coefficient of variation percent 

No. of storms 

Total gross 
precipitation 
(inches) 

Mean 
precipitation 
(inches) 

Maximum 
precipitation 
(inches) 

Minimum 
precipitation 
(inches) 

Standard 
deviation 

Coefficient of 
variation (%) 

1 

21 

10.11 

0.48 

2.40 

0.01 

0.74 

154 

PLOT NUMBE=R""'-_____ ____, 
2 

21 

10.11 

0.48 

2.40 

0.01 

0.74 

154 

3 

14 

5.04 

0.36 

2.30 

0.01 

0.59 

165 
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Table 11. Basic statistics of 1964 precipitation used for analysis, 
showing number of storms, total gross precipitation, • 
mean, maximum, minimum precipitation per storm, standard 
deviation and coefficient of variation percent. 

No. of storms 

Total gross precipi-
tation (inches) 

Mean precipitation 
(inches) 

Maximu~ precipi-
tation (inches) 

Minimum precipi-
tation (inches) 

Standard 
deviation 

Coefficient or 
variation (%) 

1 

25 

4. 77 

0 .19 

0.74 

0.01 

0 .18 

95 

PLOT NUMBER 

2 

25 

4.77 

0.19 

0.74 

0.01 

0.18 

95 

3 

25 

4. 77 

0.19 

0.74 

0.01 

0.18 

95 
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Table 12. Basic statistics of 1963 + 1964 precipitation used for 
analysis, showing number of storms, total gross 
precipitation, mean, maximum, minimum precipitation per 
storm, standard deviation, and coefficient of variation 
percent. 

PLOT NUMBER 

1 2 3 

No. of storms 46 46 39 

Total gross precipi- 14.88 14.88 9.81 
tation (inches) 

Mean precipitation 0.32 0.32 0.24 
(inches) 

Maximum precipi- 2.40 2.40 2.30 
tation (inches) 

Minimum precipi- 0,01 0.01 0.01 
tation (inches) 

Standard 0.53 0.53 0.38 
deviation 

Coefficient of 164 164 158 
variation(%) 
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Table 13 Frequency distribution of storm size 

in 1963 and 1964 in Plots 1, 2 and 3. 

PLOT NUMBER 1 2 

YEAR - 1963 1964 1963 1964 

STORM SIZE n " n " n " n " (inches) 

0.01-0.10 6 29 10 40 6 29 10 40 

0.11-0.20 5 24 6 24 5 24 6 24 

0.21-0.30 4 19 4 16 4 19 4 16 

0.31-0.40 1 5 2 8 1 5 2 8 

0.41-0.50 1 4 l 4 

0.51-0.60 1 5 1 4 l 5 l 4 

0.61-0.70 l 5 1 5 

o. 71-0.80 1 4 1 4 

0.81-0.90 

0.91-1.00 

1.00-1.25 

1. 26-1.50 

1.51-1~ 75 

1.76-2.00 1 5 1 5 

2.01-2.25 

2.26-2.50 2 10 2 10 

TOTAL 21 25 21 25 

'l'OTAL % 100 100 100 100 

3 

1963 1964 

n " n " 
5 36 10 40 

3 21 6 24 

2 14 4 16 

1 7 2 8 

1 4 

1 7 1 4 

1 7 

1 4 

1 7 

14 25 

100 100 
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Table 14 Gross precipitation, mean t ·hroughfall, m·aximum 

throughfall and interception for storms during 

1963 and 1964 at Plots 1, 2 and 3. 

PLOT NUMBER 

1 2 

Storm 
GPl 2 Ml 4 5 M X 

No. GP Thfl 'l'hfl Int Thfl Thfl Int 

1 0.1.1 0.11 0.01 0.09 0.04 0.01 0.13 0.04 

2 0.04 0.04 ·0.02 0.03 0.02 0.02 0.03 0.02 

3 2.40 2.40 2.18 2.02 0.22 2.04 2.47 0.36 

4 1.87 1.87 1.18 1.37 0.69 1.71 2.20 0.16 

5 0.12 0.12 0.09 0.12 0.03 0.09 0.11 0.03 

G 0.20 0.28 0.24 0.30 o. 04 0.22 0.32 0.06 

7 0.25 0.25 0.20 0.24 0.05 0.22 0.33 0.03 

8 0.10 0.18 0.10 0.16 o.oa 0.09 0.17 0.09 

9 0.23 0.22 0.12 0.14 0.10 0.16 0.26 0.06 

0 0.11 0.11 0.06 0.01 0.05 0.05 0.00 0.06 

1 0.54 0.56 0.47 0.58 0.09 0.37 0.49 0.19 

2 0.07 0.07 0.02 0.03 o.os 0.03 0.04 0.04 

3 2.34 2.30 2.14 2.95 0.16 2.28 3.06 0.02 

4 0.69 0.69 0.56 0.75 0.13 0.57 0.81 0.12 

5 0.06 0.06 0.02 0.03 0.04 0.03 o. 06· 0.03 

6 0.03 0.03 0.01 0.02 0.02 0.01 0.02 0.02 

7 0.07 o.oa 0.03 
'·• 

0.05 o.os 0.03 0.05 0.05 
' 

18 0.01 0.01 o.oo o.oo 0.01 o.oo o.oo 0.01 

19 0.13 0.14 0.09 0.15 o.os 0.10 0.16 0.04 
•; 

3 

M X 
Thfl Thfl Int. 

- - -
- - -
- - -
- - -
- - -
- - -
- - -

o.ca 0.1~ 0.10 

0.09 0.13 0.13 

0.09 0.10 0.02 

0.54 0.61 0.02 

0.02 0.02 0.05 

1.83 2.30 0.47 

0.56 o.oo 0.13 

0.02 0.04 0.04 

0.01 0.02 0.02 

-0 . 04 0.01 i).04 

o.oo o.oo 0.01 
. 

O.ll 0.15 0.03 
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Table 14 Gross precipitation, mean throughfall, maximum 

tnroughfall and interception for _storms during 

1Y63 and 1Y64 at Plots l, 2 and 3. - continued. 
Plot Number l 2 
Storm GPl GP2 -M3 4 5 M X 
No. Thfl Thfl Int Thfl Thfl Int 

20 o.32 0.31 0.20 0.33 o . .1.l 0.19 0.28 u • . Ll 

21 0.28 0.28 0.23 0.29 o.os 0.22 0.28 0.06 

22 0.22 0.22 O.ll 0.20 0.11 0.16 0.25 0.06 

23 0.18 0.18 0.13 0.17 o.os 0.13 0.18 o.os 

24 0.23 0.23 0.17 0.21 0.06 0.16 0.27 0.07 

25 0.30 0.30 0.06 0.10 0.24 0.19 0.25 0.11 

26 0.41 0.41 0.47 o.63 0.06 0.38 0.74 0.03 

27 0.33 o.33 0.24 0.33 0.09 0.25 0.30 0.00 

28 o.oo 0.01 0,03 0.04 0.02 0.02 0,03 • o. 01 

29 0.12 0.13 0.00 0,11 o.os 0,09 0.12 0.04 

30 0,37 0,37 0.21 0.27 0.16 0,28 0,47 0.09 

31 0,06 0.06 0.01 0.02 0,05 0,03 0,06 0,03 

32 0.12 0.12 0,06 0.07 0,06 o.os 0.10 0.07 

33 0.06 0.06 0.01 0.02 0,05 0.02 0,04 0.04 

34 0.00 0,08 0.05 0.06 0.03 0,05 0.01 0,03 

35 0.20 0.20 0.10 0.20 0.10 0,09 0.18 0.11 

36 . o. 02 0.02 o.oo 0.02 0.02 0.01 0.02 0.01 

37 0.20 0.20 0.10 0.19 0.10 0.14 0.23 0.06 

38 0.02 0.02 0.01 0.01 0.01 0.01 0.02 0.01 

39 0.04 0,03 0.01 0.02 0,02 0.03 0,05 o.oo 

40 0.21 0.21 0.12 0,16 0.09 o.13 0.19 0,08 

41 o."00 0.00 0.03 0.06 0.05 0.03 0.07 o.os 

3 
M X 

Thfl Thfl Int 
U.J.I 0.21 0.14 

0.18 0.26 0.10 

0.14 0.20 0.00 

0.15 0.20 0.03 

0.09 0.14 0.14 

0.19 0.28 0.11 

0.32 0.50 0.09 

0.23 0.32 0.10 

o.oo o.oo 0.01 

0,08 0.13 0,05 

0,2& 0,77 0.11 

0.02 0,04 0,04 

0.06 0.10 0.06 

0,03 0.12 0.03 

0.06 0.09 0.02 
f 

0.11 0.23 0.09 

0.01 0.02 0.01 

0.10 0.15 0.10 

0.01 0.02 0.01 

0.01 0.02 0.01 

0.11 0,16 0.10 

0.04 0.01 0.04 
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•rab le 14 Gross precipitation , m·c an· t hroughfall , maximum 

t hroughfali and. t nte.>:ception fo r storms during 

1963 and 1964 at Plots 1, 2 and 3 - continued. 

Plot Number l 2 
Storm GP1 GP2 M3 4 5 M X 
No. Thfl Thfl Int '.rhfi Thfl Int 

3 
M X 

Thfl Tilfl Int. 
4 2 o.oo o.oo o. oo 0.01 o. ·oo-"""o.oo---n--:00--0:00 o~o::1l1r7>~ 
43 0.04 0.04 0.02 0 .02 0.02 0.02 0 .03 0.02 0.02 

44 0. 55 0.55 0.37 0. 48 0. ltl 0. 40 0.46 0.15 0.33 

45 o. ~8 0.18 0.11 0 . 14 0.07 0.11 0.15 0,07 0.09 

46 0,69 0,74 0,78 I .. 11 0.04 o. n l.18 0.02 0, 66 
-- - --

1GP -· Gross precipit«tion in !:irst s tandard gauge (inches ) 
2 GP - Me an gross precipitation (inches ) ( two standar d gauges ). 
3 M Thfl =- Mean throughfali" (inches ) 

0.05 

0. 4 1 

0. 12 

o·. a1 

4x Thf: l "' Ma;c imum thr oughfall (inc.he s ) as maximum stand ar d gauge value 
recorded for given s t orm. 

5 I nt ,.,, Interc e ption ( inche s ), d e t er.mined cH I mean gross precipita tion 
minus mean throughfall. 

0.02 

0. 22 

0.09 

o. 08 
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Results of interception and interception percent for 1963 and 

1964, plus the two seasons combined are given in Table 15. Interception 

was calculated as: 

Sum gross precipitation - sum throughfall 
Sum gross precipitation X 100 

This is the conventional method, though an alternative method 

(mean of sum of interception divided by gross precipitation, for each 

storm) has been proposed by Kittre_dge, Loughead and Mazurak (1941). 

This second method yields consistently higher results than the method 

above. 

Table 15 shows markedly higher interception percent values for 

1964 than for 1963. This is the result of the different disposition of 

precipitation during the two years (Tables 10, 11, 13), there being a 

much h_igher proportion of small storms duri_ng 1964. It has been con-

ventional in the literature to express interception as a total seasonal 

or monthly value. The discrepancy between 1963 and 1964 results shows 

the dangers inherent in this procedure. 

Storms for 1963 and 1964 were classified as shown in Table 16. 

Within each storm class, for each plot separately, individual storm 

interception percent values were determined and averages for each class 

computed. Results for 1963, 1964 and 1963/4 combined are_ given in 

Table 16. It is evident that the number of storms measured was not 

sufficiently large for meaningful average values to be obtained for 

individual storm classes. Accordingly, the results expressed in Table 

16 are not further considered. 

Simple linear r_egression equations of mean thro_ughfall per storm 

on gross precipitation were calculated in each plot for each year 
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Table 15 Gross precipita tion , t ~roughfall, inter ception and 

interception percent for each Plot :for 1963/1964 and 

1963/4 combined. 

Gross precipitation 

Th r oughfall 

Intercept ion 

Interception% 1 
,..) 

Gr oss precipitation 

T'11roug'hfall 

Interception 

Int~rceptlon % l 

Gr o ~s precipitation 

'I'hro1Jghfall 

Intercept ion 

Int e rcept io_n % 1 

1 

10.11 

8.03 

2. 08 

20.6 

4. 77 

3. 27 

1.50 

31.4 

1963 & 

14.88 

11.30 

3.58 

24,l 

Pi,UT NUMB ER 

2 3 
1963 

10.11 5.04 

8.50 3.74 

1.61 1.30 

15.9 25.0 

1964 

4. 77 4. 77 

3.50 3.12 

1.2~ 1.65 

26,6 34.6 

1964 

J.4.88 9.81 

12.00 6.86 

2,88 2 .95 

19 . 3 30.l 

1 Sum gross E:_~itation - Sum net precipita tion x 100 
Sum-gross precipitation 



- 129 -

TabJ.e 16 Interception percent by storm class of Plots 

1, 2 and 3 for 1963, 1964 and 1963/4 con~ined . 

Storm 
cl ass PLOT 1 PLOT 2 PLO'l' 3 
(inches ) 

No . No . No. 
GP1 Inter-

Gl'l 
Inter- Inter-

Storms cept i on Storms ception Storms GP1 ception 
% % % 

1963 

0.01-0.10 6 o.os 65.S 6 0.05 58.6 5 o.os 64.0 

0.11 - 0.20 5 0.13 37.9 5 0.13 39.4 3 0 .14 34.9 

0.21~0.40 5 0.21 26 . 1 5 0.21 24.6 3 0.21 4 5.7 

0.51- 0.75 2 0.63 17 .6 2 o.63 24.8 2 0.63 12. 0 

1.00 + 3 2.19 16.3 3 2.19 8.2 1 2.30 20.4 

1964 

0.01-0.10 10 0.04 57.5 1 0 0.04 45.0 10 0.04 47.5 

0.11-0.20 6 0.16 4 2.G 6 0.16 39.6 6 o.~G 41.6 

0.21-0.30 4 0.24 52 .1 4 0.24 33.3 4 o . . ~4 44 ,0 

0.31-0.50 3 0.37 17.l 3 0.37 18.0 3 0.37 27.0 

0.51-0.75 2 0.65 10.9 2 0,65 13.2 2 0,65 23.J 

1963 & 1964 

0.01-0.10 16 0.04 60. 9 16 0.04 50.7 15 0 . 04 SJ • . 

0.11-0.20 11 0.15 40.7 11 0.15 39.5 9 0.16 ,; 

0.21-0~30 8 0.25 37 .2 a 0.25 26.6 6 0,2 4 2 

o. 31-0.50 4 0.36 21.1 4 0,36 22.5 4 0,3G . 2 
0. 51-0.75 4 0.64 14.2 4 0,64 18.9 4 0,64 ., 
1.00 + 3 2.19 16 .3 3 2 .19 8.2 1 2,30 , . 

1 GP = Mean gross precipitation (per storm) 
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separately. These results are given in Table 17 . Combini_ng data from 

storms in 1963 and 1964 similar regression equations were computed for 

each plot. Covariance analysis showed this to be permissible. Combined 

seasons results are given in Table 18 and_ graphically presented in 

Figure 36. Individual storm values around Plot 1 are shown in F_igure 

37, as an example of storm size distribution. 

In addition to the basic statistics of each linear equation, the 

initial stor_age capacity was computed and is_ given in Tables 17 and 18. 

Determination of initial storage capacity was by the technique employed 

by Wilm and Niederhof (1941) and does not allow for the curvilinearity 

proposed by Rutter (1963). The interception values of Plot 1 were 

plotted over_ gross precipitation as shown in F_igures 38 with no obvious 

curvilinear portion. Lack of clarity for the l_ight storms due to their 

large number was overcome as shown in F_igure 39 with an expanded seal e. 

In both Figures 38 and 39 there was no obvious trend of curvilinearity, 

and the linear relationship was used thro_ughout. 

Discussion and Supplementary Tests 

The regression equations (21), (22) and (23) presented in Table 

18 indicate that throughfall is greatest in Plot 2, and least in Plot 

3 (Figure 36). Thus, if the stand in Plot 1 prior to thinning was the 

same as that which subsequently developed into the stand studied in Plot 

2, it can only be assumed that, 23 years after the thinni_ng, no effect 

of thinning on thro_ughfall persisted. Furthermore, one is tempted to 

conclude that canopy response to thinning was such that throughfall at 

the time of study had actually been reduced as a result of thinning. 



Plot 

1 

2 

3 

a. 

b. 

c. 

Table 17. Simple linear regression equations of throughfall (Y) on gross precipitation 
(X) in Plots 1, 2 & 3 for 1963 and 1964 with -basic statistics and computed 
initial storage. 

. No. Regression Regression Regression SE a b 2~% Initial Year r r o 

Storms constant coefficient No. E storage 

1963 21 -0.0346 0.8661 (15) 0.108 0.987 97 .4 0.042 

1964 25 -0 . 0432 0.9140 (16) 0.066 0.931 86.6 0.047 

1963 21 -0.0376 0.8991 ( 17) 0.040 0.998 99.6 0.042 

1964 25 -0.0280 0.8866 (18) 0.034 0.979 95.8 0.032 

1963 14 -0.0169 0.8108 ( 19) 0.048 0.995 99.1 0.021 

1964 25 -0.0237 0.7826 (20) 0.035 0.973 94.6 0.030 

SEE standard error of estimate 
b simple correlation coefficient.and r = 
2,. r o = coefficient of determination percentage 

..... 
I.,.) ..... 
I 



Table 18 •• Simple linear regression _equations of throughfall (Y) on gross precipitation (X) 
in Plots 1, 2 & 3 for 1963/4 combined with ba·sic statistics and computed initial 
storage. 

Plot! No. Regression 
c'onstant 

Regress:j_on 
c'oefficient 

Regression 
No. 

SE ? . r 1r~% Initial 
storage 

(inches) 
Storms E 

1 I 46 -0.0352 0.8689 (21) 0.086 0.983 I 96.7 0.040 

2 46 -0.0328 0.8965 (22} 0.037 o.997 I 99.4 0.037 

3 39 -0.0245 0.8101 (2 3) 0.039 0.992 I 98.5 0.030 

.... 
l_,J 
N 
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Figure 36. Simple linear regression equations of throughfall 
(Y) on gross piecipitation (X) in Plots 1, 2 and 
3 for 1963/64 combined. 
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·\ 

I._ 
• j , •• ... . . 

Figure 37. Simple linear regression equation of throughfall (Y) on gross precipitation (X) 
in Plot 1 for 1963/64 combined, showing individual storm data. 
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Figure 38. Relationship between interception and gross precipitation in Plot 1 for 1963-64 
• combined showing individual storm values. 
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Figure 39. Relationship between interception and gross pre-
cipitation in Plot 1 for 1963/64 combined showing 
individual storms, but omitting storms of more 
than 0.60 inches. 
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Covariance analysis to test difference between r _egression (21), 

(22) and (23) was carried out. This analysis showed that r _egressions 

(22) (Plot 2) and (23) (Plot 3) were significantly different (p = 0.01). 

There was no significant difference between r _egressions (21) and (22), 

i.e., between Plots 1 and 2, norbetweenr_egressions (21) and (23), i.e., 

between Plots 1 and 3, 

Thus it is seen that throughfall, in plots havi_ng basal areas of 

140 feet2 and 142 feet2 respectively, was highly s_ignificantly differ-

ent, whereas thro_ughfall in a plot havi_ng 155 feet 2 basal area occupied 

a position intermediate between these two, and was not s_ignificantly 

different from either. This surely speaks eloquently of the utility 

of basal area as a parameter to describe stand density for hydrol_ogic 

purposes. However, it will be noted that number of stems per acre is 

no more helpful than basal area for this purpose. 

Niederhof and Wilm (1943) studied rainfall interception in 

mature lo_dgepole pine forest in Colorado. The stand they studied 

carried 159 feet 2 of basal area per acre (Ki ttre_dge, 1948), more than 

any of the three stands studied in Alberta. 

They arrived at the thro_ughfall equation below: 

Y = -0.0290 + 0,8046 X (2) 

This equation it will be noted, is virtually identical with 

equation (23), expressing throughfall in 1963/64 in Plot 3. Yet the 

stand of Niederhof and Wilm (1943) was entirely different from Plot 3, 

havi_ng 300 to 400 trees per acre larger than 3.5 inches DBH (Wilm and 

Dunford, 1948), whereas Plot 3 had over 4500 stems per acre, with a 

mean DBH of 2.0 inches. 
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Horton (1919) derived the equation: 

GP - E =NP+ LS 

GP= gross precipitation, 

E = evaporation duri_ng a storm, 

NP = net precipitation (thro_ughfall), 

LS= leaf storage. 

Direct measurement of GP and NP are possible and leaf stor_age 

(LS) can be computed. 

One distinct problem with the equation above is the necessity 

that gross precipitation and net precipitation are comparable. They 

both should be precise measurements. Within the experiment described 

above,_ gross precipitation was measured at_ ground level with standard 

_gauges which were located in large openi_ngs. The ga_uges were relatively 

close to the plots and thus comparable with conditions experienced with-

in the plots. The very small differences between the two outside 

gauges in both locations are seen in Table 14. Ideally, the validity 

of the measurements of these gauges should be checked by compari_ng them 

with over-canopy ga_uges and standard ground level gauges set on both 

the windward and leeward sides of the plots. Wicht (1941) found a 

definite "exposure" effect on his outside_ ga_uge but Rowe and Hendrix 

(1951) found a negl_igible difference between ground level_ gauges and 

canopy ga_uges. 

Leaf storage, or initial storage values, were given in Table 17 

for the two seasons studied. There appears to be no regular relation-

ship between leaf storage and plot basal area or number of stems. · 

Values of leaf storage report ed here generally exceed those given by 

Niederhof and Wilm (1943), but gross precipitation in Alberta was higher 
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than that in Colorado. Stor_age capacities were summarised by Zinke 

(1967) for a variety of conifers. The overall results for 1963/64 

given in Table 18 are higher than those previously published for lodge-

pole pine. 

The variation in initial storage values_ given in Table 17 is 

due to a variety of factors which cannot be separated easily. Between 

the two seasons there is a difference in total precipitation and storm 

size frequency (Table 10, 11, 13). Why values should be higher for the 

1963 season when rainfall was heavier is unknown. The difficulties 

experienced in attempting to correlate water stor_age and leaf surface 

area have been described by Grah and Wilson (1944). 

Zinke (1967) summarised techniques used to determine net pre-

cipitation and pointed out that there were usually insufficient sampli_ng 

points used. Within this study there were 5 or 10 ga_uges. Some re-

sults quoted by Zinke (1967) indicated 15_ gauges would have been desir-

able in order to obtain a 5 percent standard error of estimate, but even 

more may be required with the l_ight precipitation commonly experienced 

within the experimental area. The large variation in storm size (Tables 

13, 14, 15) rendered an accurate measurement of throughfall difficult, 

especially when -a few la_rge storms were recorded. During 1963, three 

la_rge storm events (more than one inch of rain) occurred (Table 14) and 

these caused the la_rge standard deviation in Table ,10 compared with 

Table 11. 

Some of the problems of standard ga_uges and locations within 

plots are revealed in Table 14. Rainfall intercepted in at least one 

gauge commonly exceeded_ gross precipitation. On occasions, however, 

the mean of five or 10 gauges exceeded gross precipitation and there 
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was "negative interception." In Plot 1 this occurred in storms number 

26, 28 and 46. Excesses are possible balanced by abnormally low values 

such as storms 4 and 25 in Table 14. This la_rge variation, however, 

affects the determination of interception percent. This would help 

explain some of the anomalies in Table 16. Altho_ugh the trend of inter-

ception values in this table is correct, they do not approach the 

regular sequence reported by Penman (1963). 

Following scrutiny of the regression equations obtained in Plots 

l, 2 and 3, as presented in Table 18, it became obvious that thro_ugh-

fall in the three plots did not follow any neat relationship with basal 

area per unit area, as postulated by Wilm and Dunford (1948), Kittre_dge 

(1948) and Rogerson (1967), among others. Attention was therefore given 

to the possibility of measuri_ng other variables which might account for 

the differences in thro_ughfall between the three plots. 

Zinke's (1967) review suggested the possibility of canopy density 

being a pertinent factor. In each of the 100 points on each plot, it 

was noted, by measurement in 1967, whether the sampling point lay 

beneath, or between, tree crowns. Sampli_ng points were randomly located; 

the estimate obtained therefore was believed to be reliable. These 

measurements showed canopy density on the three plots to be, as follows: 

Plot 1 Plot 2 Plot 3 

62% 65% 89% 

Since only three plots were examined, the utilization of canopy 

density in a r_egression model was conside-red to be unJus-nTied and was 

not attempted. Inspection shows, however, that the discrepancy between 

the thro_ughfall estimate for Plot 3 and those for Plots 1 and 2 is 

approximate l y consistent with the values of canopy density obtained 
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above, tho_ugh it is somewhat in dis_agreement with the results of co-

variance analysis. 

Miller (1959) s~ggested stem density (E DBH) to be well corre-

lated with transmission of insolation in lo_dgepole pine stands. Plot 

stem densities were calculated, to yield the results below: 

Plot 1 Plot 2 Plot 3 

941 inches 1512 inches 2296 inches -

With only three plots, interpretation of stem density into a 

regression model could not be attempted. However, by inspection it is 

seen that, while the stem density value for Plot 3 may be helpful in 

understandi_ng the low throughfall experienced there, the relative stem 

density values for Plots 1 and 2 are in opposition to the thro_ughfall 

estimates obtained for those two plots. 

Delfs (1967) considered stand age and crown le_ngth to be variables 

which helped determine throughfall amounts, in intensively man_aged 

stands of European beech (Fagus sylvatica) and Norway spruce (Picea 

abies) in Germany. 

In the three lodgepole pine plots of this study, stand age was 

virtually identical (Table 4), so that this parameter may be ignored. 

However, crown le_ngth data were available on all three plots. The 

aver_age cr~wn le_ngth (mean of 30 lodgepole pine trees per plot) in the 

three plots was (Table 4), as follows: 

Plot 1 Plot 2 Plot 3 

16.7 feet 14.6 feet 12.0 feet 

It is obvious from these values that crown le_ngth is not helpful 

in explaini_ng the observed differences between plots. 
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Duri_ng 1967, for 20 samp le trees in each plot, crown width was 

measured, alo_ng with DBH and total he_i ght. If one assumes that crown 

projectional area (CPA) is a true circle, then it may be calculated 

from crown width. Similarly, if crown form is assumed to be paraboloid, 

then from crown width and crown le_ngth, the volume of space occupied by 

tree crowns (CV) and the area of the outer sur fac e of tree crowns (CS) 

may also be calculated . The assumpti ons listed, of course, are obvious-

ly not wholly justified. However, they are arithmetically necessary 

and conventionally utilized by biometricians dealing with tree crown 

parameters. 

Based upon these assumptions, crown volume (CV) and crown surface 

(CS) were calculated for each sample tree in each plot. From these 

calculated values and measured DBH data , linear regressions of crown 

volume (CV) and crown surface (CS) on DBH were calculated, accordi_ng to 

the models. 

(1) CV (feet3) =a+ b. DBH (inches) 

(2) CS (feet3) =a+ b. DBH (inches) 

The results of these r_egressions are shovm in Table 19. Similar 

r_egressions were calculated with basal area as the independent variable. 

These resulted in slightly h_igher coefficient of determination values. 

These regression data are not included. 

Table 19 shows that fairly precise equations expressing crown 

volume (CV) and crown surface (CS) as a function of DBH, were obtained. 

However, the slopes (Table 19) of the regression lines are practically 

vertical and for prediction purposes the equations are worthless. It 

was therefore i mpossible to estimate total crown volume and total crown 

surface from the DBH distribut i on, as was or_iginally intended. A 



Plot 

t 

2 

3 

Table 19. Regression analyses · of crown volume (CV) and crown surfaces (CS) on DBE in 
Plots 1, 2 and 3. 

Dependent Regression Regression Regression SEE r 
variable constant coefficient No. 

CV -272 .19 91.05 (24) 130. 958 o. 745 
cs - 46.86 46.92 (25) 90.365 0.640 

CV - 84.24 35.32 (26) 26.527 0.837 
cs - 45.19 31.30 (27) 28 .192 0.787 

CV - 62.36 33.05 (28) 24.602 0.860 
cs - 53.62 37.34 (29) 23.886 0.891 

White S£ruce 

All Plots combined 

CV 
cs 

-742.65 
-232.45 

272 .54 
123. 71 

(30) 
(31) 

489.469 
202.290 

0. 745 
0.775 

2'%· r o 

55.5 
41.0 

70.1 
62.0 

74.0 
79.4 

55.6 
60.1 

..... 
,I:--
--.J 
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calculation of sorts using mean DBH for individua l stands, can be 

carried out but it, too, is a valueless estimate. 

As a result of these equations, this line of enquiry had per-

force to be abandoned. 

Numerous invest_igators have calculated linear r_egressions 

expressing crown width (CW) as a function of DBH, accordi_ng to the 

general model: 

CW (feet)= a+ b. DBH (inches) 

The most recent example of the use of this model is the work of 

Bonnor (1964), using data from five stands at the Kananaskis Forest 

Experiment Station. 

Using the data from the 20 lo_dgepole pine sample trees in each 

plot, and from the 23 white spruce sample trees, the following re-

gressions were calculated: 

Lodgepole Pine 

Plot 1 

CW= 2.576 + 0.588 DBH (32) 

with r = 0.814, with 18 degrees of freedom. 

Plot 2 

CW= 0.820 + 0.683 DBH (33) 

with r = 0.759, with 18 degrees of freedom. 

Plot 3 

CW= 0.671 + 0.712 DBH (34) 

with r = 0.809, with 18 d_egrees of freedom. 
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White Spruce 

All Plots 

CW= 3.903 + 0.657 DBH (35) 

with r = 0.569, with 21 degrees of freedom. 

The above regression values for lodgepole pine (equations (32), 

(33), (34) ) do not support the tentative conclusions of Bonnor (1964) 

that stand density need not be considered as a variable in working with 

DBH and crown width relationships. However, this is not central to the 

present study. 

From the regressions obtained, total crown projectional area (CPA) 

was calculated for each of the three plots, to yield the results below: 

Plot 1 Plot 2 Plot 3 

4767 feet2 3669 feet2 4505 feet 2 

It is evident from inspection of the values that crown projec-

tional area (CPA) does not serve to explain the differences found 

between plots. 

The total crown circumference in linear feet also can be calcu-

lated from crown width estimates and plot stand tables. Such calcula-

tion of crown circumference per plot yielded the followi_ng values: 

Plot 1 Plot 2 Plot 3 

2904 feet 4160 feet 7341 feet 

Crown circumference might be a pertinent variable since thro_ugh-

fall has been found to be heaviest in the zone of the crown near its 

perimeter. This was confirmed, as will be shown later, by the present 

study. However, if this were a __pre-eminent f..a.G-t-0r, one- -cuul-u. -expect in 

that case to find h_igher values of thro_ughfali in Plot 3, which had very 

much more crown circumference than the other t wo plots. The actual 
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results (F_igure 36) are exactly the opposite, so that one must con-

clude that crown circumf erence is not a pertinent variable. 

No further tests and ca lculations of canopy characteristics 

could be made from the data either available, or capable of being 

obtained in 1967. 

The results may be summarized as follows: 

(1) In explaini_ng the differences in thro_ughfall between plots, 

basal area is of no value. This contradicts the conclusions of, among 

others, R_ogerson (1967) and Kittredge (1948) based upon Wilm and Dunford 

(1948). Both of these other studies were based upon thinnings carried 

out just prior to measurements being made . It may be true that for such 

conditions, before crown response to thinni_ng takes place, basal area is 

a useful variable to express stand density. However, it is worthwhile 

to bear in mind the conclusion of Wallis (1965) who, on examining the 

shortcorni_ngs of multiple regression analysis, found that a precise 

equation could be found which fitted the data but did not necessarily 

explain the relationship between the variables. Rothacher (1963) also 

considered basal area to be a poor estimator of intercepti_ng canopy 

surface. 

(2) Canopy density estimates, though three plots were too few for 

statistical testing, seemed in general agreement with the differences in 

interception between plots, inasmuch as Plot 3 which had the highest can-

opy interception also had a considerably higher canopy density than the 

other two plots. Rothacher (1963) and Skau (1964) considered canopy 

density to be the most reliable stand parameter for explanation of 

throughfall variation. Stem density was a less us eful estimator. 

(3) Crown le_ngth and _age of stand, su_ggested by Delfs (1967) as 

pertinent variables, could not be used as explanatory parameters to 
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explain differences in throughfall. The ordination of crown length was 

the opposite in trend to the ordination of thro_ughfall. 

(4) Meaningful estimates of crown volume and crown surface could 

not be attained mensurationa lly by the approaches attempted with the data 

available. Slope of regression lines s_u_ggests that it is impossible to 

predict crown volume and surface from basal area or DBH. 

(5) Neither total crown projectional area nor total crown circum-

ference served to help explain differences in throughfall. 

Stemflow Measurements 

Stemflow was recorded in 1963 and 1964 on five sample trees per 

plot in Plot 1 and 2. Sizes of trees used are_ given in Tables 20 and 

21. An analysis of correlation between stemflow and tree DBH revealed a 

complete absence of any relationship (r = 0.03). Values given in Tables 

20 and 21 indicate the variability of stemflow. Within Table 20 are 

stemflow values (volume of water collected in cubic inches) for the 

storms of 1963 and 1964 from the trees in Plot 1. For each storm's 

gross precipitation (GP) the volume (cubic inches) of water of a rain-

ga_uge with an aperture equivalent to the breast-height cross-sectional 

area of the sample tree has also been included. Values actually recorded 

which exceed the breast-he_i ght "rainga_uge" equivalent are underlined. 

Comparable values from the trees in Plot 2 are_ given in Table 21. 

To test the relationship of stemflow with storm size the values 

for stemflow on two additional plots in Marmot Creek basin (Plots 4 and 

5) were included with the values of Plots 1 and 2. Mean stemflow from 

the five sample trees in each plot was plotted over_ gross precipitation 

and mean thro_ughfall (standard gauges). There .was a total of 37 ob-

servations. Basic statistics are given in Table 22, with the_ correlation 
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Table 20 Stemflow (V.S-f) (inche s 3) and breast-height s .urrace-area 

4.4 

V. S- f V.dbh 
in . 3 . 3 

in . 

199.0 36.5 

232.0 35.6 

98.7 28.4 

8.6 10.5 

32 . 8 10.5 

l.7 8.4 

17.3 8.2 

32.8 6 .2 

8.6 5.6 

e q uivalent1 (V.dbh) f or each ~ample tree and stoi:m(GP) in 

Plot l during 1963 and 1964 

Sample ·rree (DBH) - inches 

6.6 7.5 7.6 9.3 

V.S-f V. dbh V . S- f V.dbh V.S- f V.dbh V.S-f V.dbh 
in . 3 in. 3 in. 3 . 3 in. 3 ., 

in.3 in. 3 in . in . .,,,, 

692 . 0 8 , , . ~.,. 9 8 0.0 106.l _572.0 109. 0 263.0 1663.0 

312.0 79. 9 628 . 5 103.5 556.0 106.2 237.3 158.9 

309.5 64.0 375 . 0 82.8 259. 0 84.9 166.2 127. 1 

n.1 23.6 B.:.§. 30.5 20. 5 31. 3 10.4 46 . 8 

..2.Q.J. 23.6 46.6 30.5 46.6 31. 3 19.l 46 .8 

1.7 18.8 3.6 24.4 - - 5.2 37.4 

8 .6 18.5 72. 7 23.9 12.l 24.5 15.6 36.6 

20 .8 14.0 32 . 8 18.l 10.4 18.6 6.9 27.8 

5.2 12.7 15.6 16.4 6.9 16.8 6.9 23.l 
I 

1 The olume in cubic inche s which would have been intercepted from the given storm 
by a raingauge whose aperture is equivalent ~o the s ample tree breast-height cross-
sec tional area . 
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Table 20 Stemflow (V.S-f) (inches3 ) and breast-height surface-area 

' equi valent- (V. dbh) fer each sample tree and storm (GP) in 

~lo~ 1 during 1 g63 and 1964 . - continued. 

Sc1IT,ple Tree (DBH) - inches 
I 

6 . 6 7.5 I 7. 6 9 . 3 
v.cbh V.S-f V.dbr. V.S-f V.dbh V.S-f V.dbh v.s-f V.cThh 
in. 3 . 3 . 3 in. 3 in.3 in. 3 i r:.. 3 in. 3 in. 3 in. ir,. 

s.o - - 3.6 14.6 - - 3.6 22.4 

- - - 1.7 13.3 - - 1.7 20.4 
I 

3 .5 3 .. 5. 7.9 5.2 10.2 )... 7 10 . 4 .5 .,? 15.6 
t-' 
Vl 
L,.) 
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Table 21 

---

4.3 

Stemflow (V.S-f) (inches3 ) and breast-height surface-area 

f quivalent1 (V.dbh) f or each s ample tree and storm (GP) in 

Plot 2 ·during 1963 and 1964 

Sample Tree DBH - inches 

4.4 4.5 6. J. 6.9 

Yn~1f V.~h V.S~f V.~h V.S-f V. d~h V. s-3f V.~h V.S-f V.d~h I , n in in 1.n 3 i n in In in 1.n. 3 in 
I :::sa. 5 34.8 22.5 36.5 169.9 38 .2 446.8 70.1 514 .5 89.8 I 208 .0 33.9 305_. 0 35 .6 114.3 37.2 121. 2 68.3 • 284. 0 87.5 

401. 5 27.1 766.5 28.4 539.0 29.7 445.0 54.6 890.0 69.9 

32.8 10.0 § 4 .0 10.5 10.4 11.0 1.7 20.2 6.9 25.8 

55 .4 10.0 6.9 10.5 24.2 11.0 58.9 20.2 105.7 25.8 

20.8 7.8 64 .0 8.2 8 .6 8.6 1. 7 15.8 5.2 20. 2 

10.4 5.S 2_3. 5 6.2 I 27. 7 , 6.5 1. 7 12.0 12.1 15.3 

3.6 4.8 - - - - - - --
3.6 4.3 1.7 4.6 - - l . 7 8.8 1.7 11.2 

3.6 3.4 1. 7 3.5 .5. 2 3.7 1. 7 6.7 ,3.6 B.l 

l The volume in cubic inches which would have been intercepted from the given storm by . a 
raingauge whose aperture was equivalent to the sample tree breast-height cross-sectional 
area. 

I-" 
ln 
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matrix in Table 23. Regression equations of mean stemflow on_ gross 

precipitation and mean throughfall are shown in Table 24. Figure 40 

shows regression (36) (Table 24) and plotted stemflow values for Plot 1. 

Based upon the stems per acre values in Table 4 and presumi_ng 

there is no relationship between stemflow and tree breast-he_ight-

diameter, the first equation (36) in Table 24 can be used to predict 

total stemflow for any storm within each plot. Thus in Plot 1 with 627 

stems per acre, each of which will collect (on average) a certain stem-

flow from a specific storm, for a hypothetical storm of 3.00 inches a 

stemflow value of 16.36 lbs. or 453.0 cubic inches of water per tree 

can be computed. If each tree "collected" this amount, total volume 

collected by all trees (per acre) in Plot 1 would be: 

453.0 x 627 cubic inches, 

this volume over an acre surface area. Therefore, the depth of water 

in inches would be: 

be: 

453.0 X 627 
4840 X 9 X 144 

= 0.045 inches 

Similarly, for Plot 2 with 1729 stems per acre, the value would 

453.0 X 1729 
4840 X 9 X 144 = 0.125 inches 

These values are for a 3. 00 inch storm (exceedi_ng any value re-

corded) yet the percentage of gross precipitation returned to the soil 

as stemflow would be: 

0.045 
3.00 

0.125 
3.00 

x 100 or 1.5% in Plot 1, and 

x 100 or 4.2% in Plot 2. 
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Table 22 Basic statistics of stemflow data from four plots 
combined for both 1963 and 1964 (stemflow value5 
in pounds weight). 

Variable 

Stemflow 

Mean 1 stemflow 

Tree breast-
height 
diameter 
(inches) 

Mean 

4.261 

4.252 

7.50 

Standard Minimum 
deviation 

7.32 0.062 

5.86 0.025 

2. 77 4.30 

1 Mean of five instrumented trees on each plot. 

Maximum 

36.062 

21. 962 

14.80 

Coe ff ic ien t 
of 
variation 

% 

171.8 

137.9 

37.0 

Table 23 Simple correlation matrix between gross precipitation 
(GP), mean throughfall (THFL), stemflow (S-f), and 
mean stemflow (MS-f). 

GP 

THFL 

S-f 

MS-f 

GP 

1.000 

0.978 

0.645 

0.808 

THFL 

1.000 

0.626 

0.784 

S-f 

1.000 

0.799 

At p = 0.01, significant 'r' for 37 observations= 0.510 

MS-f 

1.000 
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Table 24. Simple linear regression equations of mean stemflow 
(pounds weight) on gross precipitation (GP) and mean 
throughfall (THFL) (precipitation in inches depth) 

REGRESSION REGRESSION REGRESSION SEE - 2 
r r % I. s. CONS'l'ANT COEFFICIENT NO. 

-1. 755 6.040 GP (36) 3.466 0.808 65.3 0.291 

-0.935 6.069 'l'HFL (37) 3.653 0.784 61.4 0.154 

I.S. = Initial storage before stemflow measurable 
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F_igure 40. Simple linear regression of stemflow (lbs.) 
on gross precipitation. 
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Although several assumptions have been made above, it is apparent 

that very little precipitation was passed to the soil as stemflow in 

these stands, even from very heavy storms. 

Studies by Wilm and Niederhof (1941) and Wilm and Dunford (1948) 

reported stemflow to be of little importance in lodgepole pine stands. 

In the earlier paper it was stated that a storm of 0.30 inches was re-

quired before stemflow started. Comparab le results are given in Table 

24, where a storm of 0.29 inches resulted in initial stemflow. This 

result, however, was from four plots combined and not all the sample 

trees were lo_dgepole pine. Values for lob lolly pine given by Hoover 

(1953) were 0.10 inches, with 0.30 inches for alligator juniper cited 

by Skau (1964). 

Within second-growth ponderosa pine stands Rowe and Hendrix 

(1951) found stemflow was not proportional to stem size (DBH). This was 

conclusively found in the current study where the correlation coefficient 

was only 0.03. Results given in Tables 20 and 21 indicate the non-

significant effect of tree size and the more apparent effect of indivi-

dual tree characteristics or position in the canopy. Thus in Plot 1 

the stem of 7.5 inches DBH invariably recorded a high stemflow whereas 

the flow down the largest tree (9.3 inches DBH) was frequently smaller 

than that down the smallest tree (Table 20). Whether crown shape, i.e. 

ascendi_ng branches, or position of the stem of 7. 5 inches DBH was 

determinant, is not known, but it was apparently not absolute size which 

determined stemflow. Similar effects could be noted in the other plots. 

In Table 21 the flow down the stem 4.4 inches DBH was frequently more 

than down the stem 6.1 inches DBH. 
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In Tables 20 and 21, the amount which would be collected in a 

rainga_uge whose intercepting area was equivalent to the stem cross-

sectional area has been included. Individual trees varied in their 

yield of stemflow in relation to storm size, but generally the storm 

had to be more than 0.40 inches for the yield to exceed the "stem area 

equivalent" value. Kittredge et al. (1941) noted the variation of 

certain trees in their yield of stemflow and the effects of their 

location within the canopy. 

Al tho_ugh tree size had a non-s_ignificant effect upon stemflow 

there was a positive effect of storm size. This is readily apparent 

in Tables 20 and 21. Correlation coefficients between stemflow, mean 

stemflow, net precipitation and gross precipitation given in Table 23 

were all h_ighly s_ignif icant, though not very high. Coefficients of 

determination (r2) given in Table 24 indicate other factors besides 

storm size must account for approximately 35 percent of the variation in 

stemflow. Tree characteristics and canopy position again suggest them-

selves as being pertinent. 

The percentage of gross precipitation which is intercepted by 

the canopy and then passes to the soil as stemflow is important. If 

this value is high the overall interception may become quite small, as 

found. by Hoover (1953). Kittre_dge et ~- (1941) found stemflow on 

average accounted for 1.4 percent of gross precipitation in storms of 

0.73 inches and 2.4 percent in storms of 1.42 inches. Individual trees 

showed values up to 9.0 percent in the heaviest storms. Values for a 

variety of species over a complete season were given by Ovi_ngton (1954). 

Only 10 out of 46 storms during 1963/64 produced stemflow in Plot 

1. This was comparable to the 9 out of 43 reported by Wilm and Dunford 
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(1948). Their gross precipitation was 11.3 inches for all 43 storms 

whereas Plot 1 in the present study received 14.8 inches. Wilm and 

Dunford (1948) assumed an average crown width of 10 feet and found 

stemflow per tree only amounted to 0.01 inches of water for the entire 

43 storms. 

Following the determination, already noted, that there was no 

meaningful correlation between stemflow and DBH, an attempt was made to 

test the correlation between stemflow volume and crown variables of 

instrumented trees. Duri_ng 1967, data on crown le_ngth and crown width 

of trees instrumented for stemflow measurement in Plots 1 and 2 were 

secured for analysis. 

Utilizi_ng stemflow volume in cubic inches as the dependent vari-

able, linear regressions were calculated with the followi_ng individual 

independent variables, (1) crown length (CL), (2) crown width (CW), 

(3) crown surface area (CS), (4) crown volume (CV), (5) crown pro-

jectional area (CPA). 

The correlation coefficients associated with these r_egressions 

are shown in Table 25. Data for 1963 and 1964 were combined. None of 

the variables tested showed any significant correlation. 

A further test, which converted stemflow to inches depth over the 

crown projectional area, was made using the same crown parameters. The 

results were the same. No parameter showed any marked correlation with 

stemflow. 

Throughfall Variation Within Plots 

In the evaluation of "within-stand" thro_ughfall variation, the 

first step is to assess the overall variation within each stand for the 
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Table 25. Correlation coe fficients (r) qbtained in linear regression 
analysis of stemf l ow volume per storm on various parameters 
of crown characteristics. 

1 CL 

0.030 

lCL 

2CW 

3CS 

4CV . 

SC PA 

= 

= 

= 

= 

= 

INDEPENDENT VAR I ABLE S TESTED 

2 cw 

0.099 

0.049 

cro\Am l e ngth 

crown width 

c r m·m s u r f a ce 

c r own volume 

a rea 

crown proj ectiona l 

cs3 

Plot I 
O.OJ.5 

Plot 2 

0.157 

a r ea 

cv4 

0.029 

0.149 

5 CPA 

0.092 

0.061 
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various storm size classes. Two measures of variation are available: 

(1) standard deviation, and (2) coefficient of var i ation. 

Standard deviations and coeff icients of variation wer e calculated 

for seven storm size classes in Plots 1, 2 and 3, 1963 and 1964 data 

bei_ng combined. 

The results of these calculations are presented in Table 26. 

On all three plots, trends were similar. Standard deviation in-

creased progressively with increasing_ gross precipitation. Coefficient 

of variation decreased progressively with greater storm size . From 

comparison of standard deviations, one would conclude that variation in-

creased with higher precipitation amounts. From coefficients of varia-

tion one would be tempted to believe that variation decreased in larger 

storms. This illustrates one of the major weaknesses and dangers of the 

coefficient of variation statistic, name ly its sensitivity to an in-

crease in size of mean value. From the data in Table 26, it is seen 

that variation increased as storm si ze increased. 

For comparison of "within-stand" variation between plots, both 

the standard deviation and the coefficient of variation may be used, 

provided one examines each storm size class separately. From such a 

comparison, there is no reason to conclude that any one plot demon-

strated any higher or lower variability than any of the other two plots. 

The relationship between interception and soil moisture distri-

bution was recently examined by Eschner (1967), who summarized the 

findi_ngs of the · relevant literature . 

Since the research of Hoppe (1896), it has been noted that thro_ugh-

fall tended to increase with increasi_ng distance from the tree stem. For 



Table 26 Variation in throughfall (1963 a nd 1964 combined) in Plots 1, 2 and 3 for 

s eve n storm s.ize class. 

St o r m cla ss Numbe r of Mea n Standard Coefficient Range 
(inche s-gro?s obs e rv- throughfall de viation of variation (inches) 
precipitation) ations (inches) (inches) (percent) 

Plot l 
0.01 - 0.05 65 o. 0114 0.0101 89.03 o.oo - 0.03 

0.06 - 0.10 63 0.0248 0.0174 70.27 o.oo - 0.06 

0.11 - 0.25 15 0 0.108 2 0.0514 4 7.50 o.oo - 0.2 4 

0.26 - 0.50 60 0.2355 0.1370 58.17 0.05 - 0.63 

0.51 - 0.75 25 0.6288 0.1895 30.13 0.35 - 1.11 

o. 76 - 1.00 0 - - - -
1.01 + 20 l.8885 0.5741 30.40 0.99 - 2.95 

Plot 2 

0.01 - 0.05 85 0.0151 d.0112 74.33 o.oo - 0.05 

0.06 - 0.10 83 0.0357 o. 0180 50.35 o.oo - 0.10 

0.11 - 0.25 149 0.1182 0.0589 49.84 0.02 - 0.33 

0.26 - 0.50 65 0.2474 0.1045 42.24 I 0.09 - 0.74 

o.51 - o.75 25 0.5884 0.2124 36.10 l 0.23 - 1.18 
I 
I 

0.76 - 1.00 0 - - - -
1.01 + 18 1.9539 0.4275 

i 
21.88 1. 11 - 3 .·06 

-

t-' 

°' V, 



Table 26 

Storm class 
(inches-groGs 
precipitation) 

0.01 - 0.05 I 

O.OG - 0.10 

0.11 - 0.25 

0.26 - o.so 
0.51 - 0.75 

o. 76 - 1.00 

1.01 + 

Variation in throughfall (1963 and 1964 combined) in Plots 1, 2 and 3 for 

seven storm size c l ass continued. 

Nu:nber of Mean standard Coefficient I Range 
observ- through fal l deviation of vari a tion (inches) 
ations (inches} (inches) (percent) 

Plot 3 

84 o. 0131 0.0160 122.03 o.oo - 0.07 

65 0.0331 0.0223 67.37 0.00 - 0.12 

135 0.0985 o. 0477 48 .43 0.01 - 0.23 

49 0.2300 0.0857 37.27 0.07 - o.so 
14 0.6336 0.1525 24.08 0.31 - 0.87 

Ci - - - -
5 1.8300 0.3838 20.97 1.26 -· 2.30 

I 
I 

·I 

t-' 
(j'\ 
(j'\ 
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pine species, data have been obtained by Hoppe (1896) and Kittredge 

et al. (1941). 

While Wilm and Coll ett (1940) noted a similar relationship with 

snow accumulation in lodgepole pine stands, no studies appear to have 

been made to test the relationship for thro_ughfall of rain, in relation 

to lodgepole pine. The present study offered an opportunity to make 

such a test upon sound statistical grounds. 

Each interception plot contained 100 r andomly selected sampling 

points, within which gauges were rerandomized after each measurable 

precipitation event. 

At each of these points, in each sample plot, the following 

measurements were made: 

1. Distance to nearest tree. 

2. DBH of nearest tree. 

3. Distances to each of nearest three trees. 

4. DBH of each of nearest three trees. 

In addition, each sampling point was classified accordi_ng to the 

following code: 

Position 

IA 

1B 

2 

3 

Description 

Beneath tree crown, within 1 foot of tree stem. 

Beneath tree crown, distant more than 1 foot from tree stem. 

Beneath e_dge of tree crown perimeter. 

In gap, between tree crowns. 

These measurements allowed tests to be made of the systematic 

variation of thro_ughfall in the three lodgepole pine stands studied. 

By maki_ng a conventional separation of precipitation events into 

six storm size classes (Table 27), and within each storm class on each 
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plot, obtaining a mean value of throughfall, expr essed as a percent_age 

of gross precipitation, for each of the four ga_uge positions listed 

above, it was possible to make a first approximation of systematic 

thro_ughfall variation, if any. 

The results of this first t est in Plots 1, 2 and 3 are shown in 

Tables 27, 28 and 29 respectively. These results ar e worthy of exami-

nation. They demonstrate quite well the increasi_ng percent_age through-

fall as storm size increases. This relationship of increasing thro_ugh-

fall percenta ge with_ greater storm size is true of all gauge positions 

and all plots, wherever a sufficient number of observations was obtaine 

(n > 10). A few anomalies were found, e.g., Plot 1, Position 3, Storm 

class 0.76 inches+, but in these cases n < 10 and the unexpected re-

sults must be considered as a function of inadequate sampli_ng. 

Comparison of Positions lA and 1B is best carried out in Plot 

3 where, because of a la_rger number of stems per acre, more samples 

were obtained in Position lA. In Plot 3, no substantial difference in 

percentage thro_ughfall can be discerned between the two positions (Table 

29). Insufficient samples were obtained in Position lA on Plot 1 

(Table 27) to allow any comparison to be made. In Plot 2 (Table 28), 

there again were generally insufficient samples, tho_ugh the data in this 

case tend to suggest that thro_ughfall percent_ages may be less in Position 

lA than in Position 1B in this stand condition. However, only in one 

case, storm class 0 .11 to 0. 25 inches, was the sample size la_rge enough 

to allow a true comparison (Table 28). In this case, the difference 

(Position lA, n = 14, THFL = 0.065 inches, GP= 0.168 inches; Position 

1B, n = 18, THFL = 0.113 inches, GP= o.i69 inches) is fairly large. 
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Table 2 7 Variation in throughfa ll in Plot 1, a s determined by 

s torm size and gauge position (1963 + 1964 combined ) 

STORM CLI\S S 

Inches No. of Mean Mean 2 THFL/ 
observ- TH.FLl GP GP 
a t.ions inches inches percentage 

------PbSI'l'ION 1 A 
0.01 - 0.05 1 _ ,__ o. 01 0 0.030 33.33 
0.06 - 0.10 3 0.020 0,067 30.15 
0.11 - 0.25 8 0.094 0.186 50.82 
0. 26 - 0.50 1 0.350 0.410 85. 36 
0.51 - 0.75 0 0.000 0. 000 0.000 
0.76 + 1 2.300 2. 300 100.00 

P::)SITION 1 13 

0.01 - 0.05 11 0.006 0.031 19.69 
0.06 - 0.10 18 0. 009 0.069 12 .40 
0.11 ·- 0.25 · 4 0 0.093 0.18 0 52.00 
0.26 - o.so 15 0.212 0.333 61.20 
0.51 - 0.75 7 0.739 o. 719 J. 02. 07 
0.76 + 4 1.977 2.19 7 89 .00 

PbSITION 2 

0. 01 - 0.05 19 0.011 0.028 36.40 
0. 06 - 0.10 17 0 .028 0.072 37.22 
0.11 - 0.25 47 O.ll6 

I 
0.178 63 ,85 

0.26 - 0.50 18 0.215 0.327 64 .12 
0.51 - 0.75 10 0.589 0. 666 88 .14 
0 . 76 + 6 2.233 2,238 98 .96 

-
PbSIT:f~ 

0.01 - 0.05 34 0.013 0,029 41. 17 
0.06 - 0.10 25 0.035 0 .070 48.73 
0.11 - 0 .2 5 55 0.115 0.168 6 7. 68 
0.26 - 0 . 50 26 0. 25 9 

I 
0.318 79.27 

0.51 - 0.75 8 o.582 0.676 85 . 58 
0.76 + 9 1.573 2.159 71.9 2 

I 

1. THFL :: throughfall 

2. GP =: gross precipita~ion 
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Tabl e 28 Varia tio n i n through f a ll in Plo t 2 a s d e termine d by 

storm s i ze and gauge pos ition (1 ~6 3 + 19 64 c omb in0u ) 

Sto rm Cl a:: s 

i nche s No. of Mea n Mean 2 THFL/ 
observ- THFL 1 G.l-' liP 
ation s i nch es i nches p e rcent.age 

- - -
POSITI ON 1 A 

0 .01 - u.us 8 u.uo~ 0.030 27.08 
u.u6 - 0.10 9 o.u2 4 o.072 -33. 4 6 
0 . 11 - 0.25 14 O.Oo5 o.16 t1 38 . 4 7 
0. 26 - o.so 5 0. 208 0.360 56 .91 
0.51 - 075 2 0.3 55 0.625 56 . 49 
0.76 + 3 2. 317 2. 313 100.16 

POSIT I ON 1 B 
0.01 - o.os 5 0.008 0.036 26 . 66 
0.06 - 0.10 9 0.04 0 0.010 56 .15 
0 . 11 - 0.25 18 0.113 0.169 6 4 .60 
0. 26 .. 0. 5 0 5 0.3 46 0.38 2 91 .52 
0. 51 - 0 .75 2 a. sos 0. 69 0 7 3.18 
0.76 + 0 0 . 000 0.000 o. auo 

- -
POSITION 2 

0.01 - 0.05 50 0.015 0.031 4 7. 6 3 
0.06 - 0.10 4 0 0.034 0.069 48 . 6 3 
0.11 - 0 . 25 62 0.121 0.174 68. ll 
0. 26 - a.so 34 0. 24 7 o. 313 77.19 
0.51 - U. 75 10 o. 706 0. 68 9 1 01. 19 
u.76 + 6 2.152 2 .2 35 96. 9 9 

POS I TION 3 
0.01 - o.os 22 o. 020 0.033 58 . 78 
O.Ob .. 0.10 25 o. 04 0 0 . 010 58 . 4 7 
u.11 - u.2s 55 0. 130 0.171 74.8 0 
0 . 26 - o.so 21 0.2 34 0.321 72 .78 
0.51 - 0.75 11 0.539 0. 689 77. 56 
0.76 + 9 1.701 2 .111 8 0.95 

1 c thro ughfall 

2 • Gro s s pr--ec i p 1 t a t ion 
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Tab l e 29 Var i atio n i n throughfall in Pl o t 3 as determi ned by 

storm si ze andggauge position (1 96 3 + l ':J b4 combi.ned ) 

S'.i.'ORM CLAS~ 

Inches No. of Mean Mean 2 THFL/ 
observ- •rHF L l GP Gl:' 
ations inche s i nche s Pe r c e ntage 

POSITION l A 
u.Ol - u.os 33 0,005 0.029 15.00 
0.06 - 0.10 10 o. 025 0.068 35. 77 
0.11 - 0. 25 32 o. 08 2 0.178 46 . 81 
0.26 - 0.50 8 0.167 0.324 50. 9 5 
0. 51 - 0.75 5 0.594 0.730 80. 8 7 
o. '/6 + l 1.700 2.300 73.91 

POSITI ON 1 B 
0.01 - 0.05 16 0.004 0.027 10.1:>2 
0.06 - 0~10 14 0.030 O.Ob8 43. ·15 
0.11 - 0.25 17 o. 08 1 0.16 5 49 .53 
0.26 - 0.50 5 0.176 0.326 52. 43 
0. 51 - 0.75 3 0.680 o. 723 94 . 50 
0.76 + 0 0.000 0.000 o.oo 

POSITION 2 
0.01 - 0.05 23 0.025 0.029 8 0 . 29 
O.Ob - 0 .10 35 0.035 o.on 4':J . 25 
0.11 - 0. 25 70 0,104 0.172 59. 89 
0.26 - 0.50 28 0.2 4 5 0.341 71. Tl 
0.51 - 0.75 4 0.675 o. 727 9 2.73 
0.76 + 3 2.063 2,300 8 9. 71 

: 

---- - ·-
' POSITI ON 3 

0.01 - 0 . 05 12 0.026 0 . 030 83 .19 
0. 06 - 0.10 6 ' 0 . 04 0 0.070 ~4 . 16 
0.11 - 0.25 16 0 . 126 0.lu3 ·10. 6U 
0.26 - 0.50 8 0.272 0 .331 Bl.OB 
0.51 - 0.75 2 0. 580 o. 715 8 0.87 
0.76 + 1 1.26 0 2.300 54 .78 

l a throughf all 

2 a Gr o s s precipitation 
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In general, the results obtained do not t end to substantiate the 

hypothesi zed effect of greater canopy density near the tree stern re-

sulting in greater canopy interception close to the tree bole, as de-

rived by the review made by Eschner (1967). Similarly, no effect of 

"branch stub drip" in the annular area around the tree stern, such as 

noted by Leonard (1961), Voigt (1960) and Rutter (1963), can be sub-

stantiated by these data. 

Comparison of data from Positions 1B and 2, allows testi_ng of 

the hypothesis that "the zone of maximum throughfall is just within the 

perimeter of the crown" (Eschner, 1967; based upon Leyton and Carlisle, 

1959 and Delfs, 1958). 

In Plot 1 (Table 27), percentage thro_ughfall values were con-

sistentlr greater for Position 2 than for Position lB, in the four storm 

classes in which a sufficient sample (n > 10) was obtained for both 

gauge positions. Plot 2 results (Table 28) are indecisive because of 

small sample sizes in Position lB. In Plot 3 (Table 29), the results 

obtained support the conclusions derived for Plot 1. In all plots 

(Tables 27, 28, 29) it is interesting to note the very high frequency 

of samples occurri_ng beneath crown e_dges. 

From the data obtained, the hypothesis of greatest thro_ughfall 

at the crown edge would appear to be supported. 

Comparison of data from Positions 2 and 3 allows the catch in 

gaps between crowns to be evaluated. In Plot 1, the percent_age thro_ugh-

fall in_ gaps was greater than in Positions 2 and lB for all storms with 

sufficient sample sizes, i.e. up to 0.50 inches. In Plot 2 (Table 28), 

this again was large ly true, tho_ugh for storm class O. 25 to O. SO inches 

the results were inconclusive. In Plot 3, due to dense canopy, few 



- 173 -

readi_ngs in gaps were obtained . Where sufficient samples were avail-

able the trend obtained was similar to Plots 1 and 2. 

It is worthwhile, however, to examine the data for the la_rger 

storms, even tho_ugh the sample was unavoidably smal 1. In Plots 1 and 

2, for storms_ greater than O. SO inches, the percentage through.fall was 

invariably greater in Position 2 than in Position 3 (Tables 27, 28). 

These results from Plots 1 and 2 are tho_ught to be an expression 

of rainfall interception by crowns adjacent to openi_ngs at a_ngles of 

rainfall incidence other than 90 degrees, and of a drip concentration 

effect at the crown e_dge. It is noteworthy that in_ gaps, percent_age 

thro_ughfall never reached 100 percent in any plot, thus demonstrati_ng 

the effects of adjacent crowns interacti_ng with rainfall a_ngles (cf. 

Delfs, 1967). 

From these analyses, the followi_ng tentative conclusions are 

s_uggested for lodgepole pine stands: 

1. In all cases, r _egardless of ga_uge position, percent_age thro_ughfall 

increased as storm size became greater. 

2. No evidence was found of ei th.er increased or decreased thro_ughfall 

in the annular zone within one foot radius of the tree stem. 

3. In all cases, the data s_u_ggest that thro_ughfall percent_age was 

appreciably h_igher at the crown e_dge than in other positions be-

neath the crown. 

4. Through.fall in gaps between crowns never reached 100 percent of 

gross precipitation. 

5. In storms of O. SO inches or less, more thro_ughfall was experienced 

in gaps than in any other position, including crown perimeters. 
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6. In storms greater than O. 50 inches, thro_ughfall appeared to be 

greater at crown peri me ters than in gaps. 

7. The effect of crowns adjacent to_ gaps and of rainfall angl es 

shallower than 90° is considered to account for conclusions listed 

under (4) and (6) above, with the added influence of drip concen-

tration at crown perimet ers postulated in the case of (6). 

The conclusions just listed indicate a zone of greater through-

fall at the crown edge than for the other areas of ground lyi_ng beneath 

tree crowns. It does not, however, indicate that there need be a rela-

tionship between thro_ughfall and distance from the tree stem. 

The existence of such organized variation in precipitation 

reachi_ng the_ ground beneath forest stands has the stature of an accepted 

hydrol_ogic fact, as shown in the review made by Eschner (1967). In most 

of the pertinent studies made, the effect of storm size has tended to 

confound the effect of distance from stem upon percent_age throughfall. 

The data collected by standard_ gauges in this study and the availability 

of sampli_ng point location data allowed statistical tests to be made of 

the relationship between percent thro_ughfall and_ ga_uge position. 

Data (1) distance to the nearest tree, and (2) mean distance 

to the nearest ~hree trees, allowed two models to be tested. These are: 

(1) THFL/GP x 100 = a+ b,L1, where 

THFL = throughfal 1 (inches) 

GP = gross precipitation (inches) 

L1 = distance to nearest tree (feet) 

(2) THFL/GP x 100 = a+ b.L3, where 

L3 = mean distance to nearest three trees. 
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These models were tested in each of Plots 1, 2 and 3 for three 

storm classes. The first model, utilizi_ng distance to the nearest tree 

(L1) ,. generally_ gave results better than the second. 

The results of testi_ng the first model, for 1963 and 1964 data 

combined, in the three plots are shown in Table 30. The results of 

testing the second model, which utilized mean distance to the nearest 

three trees, are shown in Appendix C. 

Table 30 indicates that a relationship exists between percent 

thro_ughfall and distance to the nearest stem, but that this relation-

ship is not a stro_ng one in lo_dgepole pine stands. Levels of s_ignifi-

cance ranged from p = 0. 005 to "not s_ignificant." Where h_igh levels of 

s_ignificance were obtained, coefficient of determination values were low, 

the highest obtained bei_ng r 2 = 27. 6%, and the lowest r 2 = 2 .1 % . 

While some equations were h_ighly s_ignificant, the commonly low 

coefficient of correlation values lead to the conclusion that caution 

should be used in interpreti_ng such a relationship. A sample plot of 

individual observations is given in F_igure 41. 

However, it is true that two factors intrude into these consider-

ations. Firstly, data collected in gaps (Position 3) were included, 

so that the test was not confined to data collected beneath tree crowns. 

Secondly, no account was taken of variable crown width. A gauge three 

feet distant from a small tree might be beneath the crown perimeter, 

whereas another_ gauge an identical distance from a la_rge tree might be 

midway between the stem and the crown perimeter. 

The second of these factors was taken first into account. It 

is known that there is a stro_ng correlation between crown width and 

diameter at breast height. In lodgepole pine these relationships have 
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Table 30 Regression equations showing the r e lationship b etween 

percent throughfal l (Y), anc (L1 ) distance t o nearest 

tree (X) for three storm c l as s in Plots l , 2 mid 31 

with all 1963 and 1964 data combined . 

Storm No . of Regression No. of SE r 
class obse rv- equation equation E 
(inches ) ations 

' PLOT 1 

0.06- 0.10 63 Y=l2.27+6 .7 3Y. (38 ) . 21.36 0.376 
0.11-0.25 15 0 Y=43.81+5.57X (39 ) 21.67 o. 314 
0 .26-0 . 50 6 0 Y=58. 78+3.40X (40) 34.29 0. 144 

PLOT_£ 

0 . 06-0.10 8 3 Y=31 . 34+7.88X (41 ) 20 . 52 0 .470 
0.11-0.2 5 149 Y=5l.26+6.?.3X (42 ) 22.59 0.332 
0.26-0.50 65 Ya:66.04+3 . 88X (43 ) 25. 01 0 . 169 

PLO'.l' 3 

0. 05-0.10 65 Y=37.47+5 . 75X (44 ) 30. 83 0.144 
0.11-0.25 135 Y=40.23+10.62X (45) 22.67 o.402 
0 .26- 0.50 49 Y=- 47 . 68 Hl. 31X (46 ) 18 . 4 7 o.s25 

r2% Level 
of 
Signif-
i c ance 

14 .1 o. 00 5 
9.9 o. 00 5 
2. 1 N. S . 

22 . 1 o. 00 5 
11.0 o. 005 

2 . 0 N. S. 

2. 1 N.S . 
16 .'- 0. 005 
27.6 o. oos 
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Figure 41. Individual observations from storms of 0.26 to 
0.50 inches gross precipitation in Plot 1, and 
the regresiion line (39) obtained by analysis. 
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been demonstrated by a number of authors, the most recent being Bonnor 

(1964). These relationships were tested in these plots and high corre-

lation was found. Equations (32) for Plot 1, (33) for Plot 2, and (34) 

for Plot 3 have already been presented. 

These equations shm:, that a proportional increase in crown width 

accompanies increasi_ng DBH. Thus, a statistic combini_ng distance to 

nearest tree (L1) and DBH of nearest tree (D1) takes the factor of 

varying crown width into account. 

Four statistics were chosen for testing. These were: 

1. L1/D1 

2. L1/BA1 

3. L3/D3 

4. L3/BA3 

in which BA1 = basal area of nearest tree, and L3/D3 = mean ratio of 

distance from sampli_ng point/DBH, for nearest three trees, and L3/BA3 = 

mean ratio of distance from sampling point/basal area, for the nearest 

three trees. 

Four models were tested. These were: 

1. THFL/GP x 100 = a + b (L1/D1) 

2. THFL/GP x 100 + a + b (L1/BA1) 

3. THFL/GP x 100 = a + b (L3/D3) 

4. THFL/GP x 100 = a + b (L3/BA3) 

Results of testing the first of these models are presented in 

Table 31. These results, when compared with those derived from the 

original simple mod~e1 (Ta.ore 30) -s-Jmw--rather conclusively that the. 

addition of the DBH term to simulate crown width did not result in 
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improvement of correlations, and in fact resulted in reduced "r" values 

in most cases. 

Results obtained from the other three models tested were no 

better. These results are shown in Appendix C. None of these results 

serve to increase confidence that there is a well-established o_rganized 

relationship between percent thro_ughfall and distance from the stem, in 

lo_dgepole pine stands. 

There still remains the fact that not all the data utilized in 

the above regression analyses were collected beneath tree crowns, since 

some of these came from _"gap" (Position 3) situations. To test whether 

this had any effect, and to see whether an improved relationship was 

obtained by omitti_ng Position 3 data, the same models were tested usi_ng 

Position lA, 1B and 2 data only. 

The results of testi_ng the or_iginal model: 

THFL/GP x 100 =a+ b.L1 

are shown in Table 32. Table 30 and Table 32 are directly comparable 

therefore, the sole difference being that all the data used in con-

structi_ng the equations in Table 32 were collected beneath tree crowns, 

whereas some of those in the regressions of Table 30 came from "gap" 

.situations. 

The results usi_ng "beneath crown" data only are not greatly 

different from those usi_ng Position 3 data also. In most cases, the 

"r" values obtained were lower than those for the correspondi_ng 

equations of Table 30. 

The results of the model usi_ng mean distance to the neaTest 

three trees, but omitting Position 3 data, are shown in Appendix C. 



'l'able 31 

Storm 
class 
(inches ) 

0.01)-0.10 
0.11-0 , 25 
0.2b-0.50 

0.06-0.10 
0.11-0.25 
0.215-0.50 

0.06-0.10 
0.11-0.25 
0.26-0.50 
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Regress ion equations showing the relationship between 

percent throughfall (Y), and {X) ratio (L1/n1 ) of distance 

to nearest tree (Li) : DBH of nearest tree (D1 ) for three 

storm classes in Plots 1, 2 and 3, with all 1963 and 1964 

data combined. 

of Regression Equation SEE 2 No. r r % 
observ- equation No. 
ations 

PLOT l 

b3 Y=21. 64+24. 9:>X (4 7) 22.41 0.233 5.4 
150 Y=48.l3+:l.7.14X (48 ) 22.b 0.242 :>.Y 

60 :t=o2. 2Y+J.4.8.LX (4~ ) 34.45 0.107 1.1 

PLOT 2 

.83 Y=34. 72+23.67X (50) 20.98 0.430 18.5 
149 Y=Sl. 92+23.26X (51) 22.20 0.375 14.l 

65 Y=71.00+ 6.54X {52) 25.25 0.102 1.0 

PLO.!._,! 

65 Y=44.27+34.08X {53) 31.12 0.042 0.1 
135 Y::42. 76+21. 9'/X (54) 22.80 0.390 15.2 

49 Y=SO, 21 +2·1. l4X (55) 18.87 0.495 24.5 

Level 
of 
Signif" 
icance 

o. 1:00 
o. oas 
N.S. 

o. 005 
o. 005 
N.S. 

N.S. 
o. 005 
o. 005 
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The data utili zed for Table 32 equations were all collected 

beneath tree crowns at known distances from tree stems. As such, they 

are comparable to thos e used in constructi_ng the r _egression equations 

of Reynolds and Leyton (1963), in which high correlation coefficients, 

very much higher than those obtained in the present study, were found 

in the relationship of thro_ughfall and distance from stern, in a Norway 

spruce plantation. Reynolds and Leyton (1963), however, used thro_ugh-

fall for time periods of varyi_ng lengths, so that the effects of storm 

size were not apparent. 

The plantation used by Reynolds and Leyton (1963) was you_ng. Its 

mean height was 26 feet, the number of stems per acre about 2,000. It 

was, therefore, not dissimilar to Plot 2, and considerably less dense 

than Plot 3. The two situations, that of Reynolds and Leyton (1963) 

and that of the present study, in other words, are comparable. One 

must conclude that there is a considerably better o_rganized relationship 

between Norway spruce thro_ughfall and distance from stem than there 

exists in lo_dgepole pine. 

The identical models usi_ng DBH and basal area to take · into 

account variable crown spread were tested, omitti_ng Position 3 data, 

to establish whether r _egressions were improved by confini_ng analysis 

• to data collected beneath the crown. 

The results of this analysis using the simplest of these models: 

THFL/GP x 100 =a+ b (L1/D1) 

are shown in Table 33. Table 33 is therefore exactly comparable to 

Table 31, the sole difference bei_ng the omission of Position 3 data 

from the analyses resul ti_ng in the Table 33 r _egressions. 



Table 32 

Storm 
c l ass 
(inche s) 

0. 06-0.10 
u.11- 0 . 25 
0. 26-0.50 

0.06-0.1 0 
0.11-0.25 
0 . 26-0.5 0 

o.ou-u. 10 
Oull-0.2 5 
0.26-0,s o 
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Regression equations showing the relationship between 

percent througnfal l (Y) and (L1 ) distwce t o neares t 

tree (XJ f or tnree storm c lasses in !'lots 1 , 2 and 3, 

wi t h 1963 and 1964 data combined , po sition three 

omit ted. 

No. of Regression ·quation SEE r r2% 
observ- equation No. 
ations 

!'LOT l . 
38 Y=2 0.83+1. 52X ( 56 ) 21 . 03 o. 0·19 0.6 
95 Yn42.98+5 . 64X (57 ) 23.11 0 .284 a. o 
34 Y=54 . 50+3 . 25X (58 ) 33.58 0.140 1. 9 

-
PLOT 2 

58 Y=29 . l0+~.48X (59 ) 21.19 0.3t:J4 14. 7 
Y4 Y=52 . 46+5 .0t1X (60 ) 23.4 0 0.21 0 4 . 4 
'14 Y=53.25+12 . 08X (bl ) 2b. '/2 o.331 10.'.:I 

PLOT 1 
5~ Y»38. 0l+ 5.l7X (b2 } 31.00 U.121 1.4 

119 Y=1 0.2b+l0.52X (b3 ) 22.72 0. 358 12 . B 
4 1 Y=49 . lb+l0.3UX (b4 ) 19.05 0.429 lti.4 

Level 
of 

Signif-
cance 

N. S. 
o . 010 

N. S. 

o. oos 
0.050 
o. 050 

~. s . 
o.oos 
0.010 
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Table 33 shows _again that the addition of the DBH parameter to 

take into account varying crown width does not result in an)' general 

improvement of the correlation coefficient (Table 32 and Table 33). 

Again, also, "r" values tended to be smaller when Position 3 data were 

excluded from the analysis (Table 31 and Table 33). 

The r _egression equations obtained from the other models tested 

and utilizing only Positions IA, 1B and 2 data, are included in Appendix 

C. 

Previous analyses, already discussed, have shown a zone of heavier 

thro_ughfall near the crown perimeter. The analyses presently under 

discussion do little more than this. It is determinable that a rather 

weak relationship exists between thro_ughfall percent and distance from 

stem. This relationship seems to apply to gaps between trees as well 

as for the_ ground beneath the crowns th ems elves. 

While r _egression statistics were obtained which were h_ighly 

s_ignificant, in general correlation coefficient values were not large 

and coefficient of determination percent seldom exceeds 15 percent. 

This cannot reliably be interpreted as any more than confirmi_ng that 

there is a zone of greater thro_ughfall at the crown e_dge. 

One can only conclude that the low "r"· values and the wide 

"scatter" of the data (Figure 40) are the expression of a relatively 

open crown habit in lo_dgepole pine. From this one might deduce that 

o_rganized distribution of precipitation which has been found in stands 

of some species cannot Hghtly be assumed to occur in all. It also 

s_uggests that r _igorous, statistically sound sampli_ng might show the 

o_rganization of precipitation distribution to be less pronounced than 

has been thought. 



Table 33 

~torm 
clas s 
(.inches ) 

0 .06-0. 10 
0.11 ... 0.25 
0,26-0.50 

0.06- 0.10 
0.11~0.25 
0,26 - 0.50 

0.06- 0.10 
0.11- 0.25 
0,26-0.50 
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Re gression equations showing the relation ship between 

percent throughfall (Y) and (X) ratio (L1/o1 ) of d~.s~ance 

to nearest tr€e (L1) : DBH of nearest tree (D1 ) for three 

storm classea in Plots 1, 2 and 3 with 1963 and 1964 data 

combined, position 3 omitted . 

No. of Regression No. of SEE r r 2,1 ,. Level 
observ- equatio,1 equation of 
ations signif-

icance 

PLOT 1 
. • 

38 Y=32.76-18.56X (65) 20.83 o.15u 2,5 N.S. 
95 Y0=43.6 ./ +34, U4X (b6) 23.23 0.266 '/ . l o. 010 
34 Y=b3.5U- 0.28X (67) 33.92 0.001 0 , 01 N.S . 

PLOT 2 

58 Y"'36.34+2 0.61X (68) 21.90 0.300 9.0 o. 025 
94 Y=55.04+16.00X (69) 23.44 0.202 4.1 o. 050 

44 Y==6 0.17+32.00X (70) 26.86 0.316 10.0 o. 050 
. 

PLOT 3 

59 Y=47.83- 3, 49X I ( 71 ) 31.20 0.012 0.1 N.S . 
119 Y=41 . 93+22 .63XI ( '/2 ) 22.66 0,364 13.3 o. 005 

41 Y=S2, 94+22,08X (73) 19.98 0.320 10.2 o. 050 
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Certainly, on the basis of this study, one is tempted to con-

clude that variation in thro_ughfall in lo_dgepole pine stands is to a 

large extent (approximately 85 percent) randomly distributed. 

The remaini_ng obvious source of variation in precipitation inci-

dent upon the forest floor, is stemflow. Eschner (1967) reviewed the 

literature on stemflow as a contribution to variation in soil moisture 

within stands. Authors who have dealt with pine species in this context 

are Hoover (1953) and Horton (1919). 

The standard method of considering stemflow as a source of 

variation in soil moisture is to convert the stemflow volume to inches 

depth water over an annular area two feet greater in diameter than stem 

DBH. 

This conversion was applied to the data presented earlier in 

Tables 20 and 21. Results of the conversion are shown in Table 34. 

It is immediately evident that the conversion utilized does not 

change the impression obtained and recorded earlier, namely that stem-

flow was negligible. Stemflow depths were small, extremely small in 

comparison to the values quoted by other authors for other species. 

Stemflow in lo_dgepole pine stands in Alberta does not make a 

major contribution to soil moisture variation -within stands. 

Trough Gauge Measurements of Throughfall 

As stated earlier, five trough gauges were operated concurrently 

with standard ga_uge readings in all three plots. The gauges in Plot 

3, 9 feet x 1 foot x 4 inches, were of different dimensions than those, 

3 feet x 3 feet x 12 inches, in Plots 1 and 2~ 



Tree 
DBH 
(inches 

Totol 
stemflow 
(1Yb3 + 
J.9b4) 
(i ns . 3) 

~t:emrlow 
depth 
(i nches ) 

T:cee 
DBH 
(inc:hes ) 

'Total 
stemflow 
(1963+1964 ) 
(ins. 3) 

Ste r,1£ low 
d~pth 
(in.::hes ) 
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Tota l stemflow in J.963 and 1Y64 (combined) a s incnea 

deptn of wa ter over an area two f ee t greater in diame ter 

than stem DBH . 

PLOT 1 

4.4 6.6 7.5 7.6 9.3 

638. 7 1476.2 2198.l 1485.2 741.l 

0.258 0 .526 0.784 0.502 0.231 

PLOT 2 

4.3 4 .4 4 .5 6.1 6.9 

1098~ 2 1325.0 899.3 1080.4 1823.7 

--- -
o.-447 0 . 536 0. 362 0 .396 0.64 0 

I 

I 

l 
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Table 35 gives a comparison of standard and trough gauge data 

within each plot. 

Simple correlation coefficient (r) matrices for each plot and 

year are given in Table 36, including relationships between mean gross 

precipitation and mean throughfall. The latter expression is presented 

as that measured by standard gauges (THFL(S)) and that measured by 

troughs (THFL(T)). Included in the table are the appropriate values of 

'r' for the 1.0 percent significance level. 

Linear regression equations of mean depth of water in tro_ugh 

ga_uges on mean gross precipitation are_ given in Table 37 with appro-

priate basic statistics. No r_egressions for 1963 and 1964 data combined 

are presented, since covariance analysis showed that this was not per-

missible in Plots 1 and 2, where significant differences between re-

gression slopes were encountered. Comparisons between predicted thro_ugh-

fall from standard gauge data and tro_ugh_ ga_uge data are shown in Figures 

42, 43 and 44. 

A brief review by Re_igner (1964) evaluated trough_ ga_uges and 

compared their results with those from conventional g~uges. He noted 

the possible causes of loss from splashi_ng when the tro_ugh was horizon-

tally positioned. Results quoted by Reigner (1964) from trough ga_uges 

used under canopies were inconclusive but some evidence is presented 

here. There was a very s_ignificant correlation between net precipita-

tion as determined by standard_ gauges and tro_ugh gauges but the latter 

tended to underestimate throughfall with increased storm size. This 

is apparent in Figures 42 and 43. The underestimate, presumi_ng rovi_ng 

standard gauges record the true throughfall, of thro_ughfall by tro_ugh 

gauges was quite appreciable in large storms. There were indications 



Table 35. Annual mean, standard deviation (S.D.) and coefficient of variation percent 
(C.V.%) of throughfall (inches water) as determi ned by standard and trough 
gauges within each Plot. 

Gauge 

Standard Trough 

Plot Year Mean S.D. C.V.% Mean S.D. C.V.% 

1 1963 0.397 0.698 176 0.302 0.451 149 
1964 0.133 0.172 130 0 . 138 0.157 114 

'2 1963 0.318 0.569 179 0.250 o.375 150 
1964 0.173 • 0.192 111 0.166 0.158 95 

3 1963 0.396 0.668 169 - - -
1964 0.180 0.175 97 0.117 0.136 116 

I 

I 

I 

' 
' 

1--
CX) 
\0 



Table 36 

Plot 

l 

2 

- ---

3 

-
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Simple correlation coefficients betwee:1 mean gross 

precipitation (GP), mean thr oughfall from standwrd 

g auge s ('rHFL(S )) and mean t hroughfall f:.:'orn trough 

gauges (THFL (T)) for each plot and year , including 

valuo of correlation coefficient (r ) at the t. O 

percent leve l of s ignificance . 

I 
YEAR 

1963 1964 

G p 1 .000 G p l.000 

THFL (S) 0.977 1 . 00 0 THFL (S) 0.93 2 

'ffil'L (T) 0. 984 0. 992 1.000 THFL (T) 0 . 941 

r"' 0 . 66 5 r = 0.63 0 

G p l. 0Q0 G p 1 . 000 

TI-D:'L (S ) 0 .998 1.000 T!-IFL (S) O.Y59 

TI-IFL ( 'I') 0 . 974 0 . 9 78 1. 000 THFT., (T) 0. 982 

r = o.693 r C 0. 67-J 
- · 

In aSuffic ient r esults for G p 1.000 

statJ.sticc1l anal ysis. THFL ( :; ) O.Y4 2 

THFL (T) 0.982 

r = 0.63 0 

1 . 000 

0 . 986 
1 .000 

l. 00 0 

0.979 
1.000 

1.000 

O.Y83 
1. 000 



Plot 

1 

;2 

3 

Table 37. Simple linear regression equations of throughfall (mean depth of 
water in troughs) on mean gross precipitation (GP) by years and 
plots, including basic statistics of equations. 

Year No.of Regression Reg:r:ession Regres- SE E r 
storms constant coefficient sion 

No . . 

19ti3 21 U.0140 0.6500 ( ·; 4) U.08~ o.~ti4 

196~- 25 -0.0219 0.8771 (7 5) 0.058 0.942 

·1963 21 0.0082 0.7133 I ( '/6) . o.141 0.968 
.. 

1964 25 -0.0199 0.8912 (77) 0.032 0.982 

1963 insu:ficent data 

1 964 25 - O.Ulb4 0.7864 (78) 0.027 0.983 

r2% 

Y6.8 

88.8 

93.7 

96.4 

96.7 

-

i 

t-' 
•.o 
t-' 
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that differences between the two estimates of throughfall were smaller 

duri_ng 1964 when there were no large storms (Figs. 42, 43, 44). 

Standard error of estimate va lues for the r _egression equations 

usi_ng tro_ugh_ ga_uges, which are given in Table 37, were small and the 

equations precise. 

The r _egression equations developed expressi_ng mean tro_ugh gauge 

thro_ughfall catch as a function of gr oss precipitation (Table 37) 

showed that there were serious discrepancies in mean thro_ughfall as 

estimated by standard_ gauge, at least in the case of the 1963 data 

(F_igs. 42 and 43). Trough_ ga_uges seriously underestimated the thro_ugh-

fall produced by la_rge storms ( > 0. 75 inches_ gross precipitation). 

Where no large storms were encountered, as was the case in 1964 

(Table 14), there was no appreciable difference in thro_ughfall estimates 

by tro_ugh and standard ga_uges. 

One has to conclude from this that the tro_ugh_ ga_uges tested did 

not function well in large storms, and in such storms their use re-

sulted in a serious underestimate of throughfall. There was also a 

tendency for tro_ugh_ gauges somewhat to underestimate thro_ughfall in all 

storms in Plot 1 (Fig. 42). 

Trough_ ga_uges have been used in a number of interception studies 

and their use in this regard has not been criticized. Delfs (1958), 

Leyton and Carlisle (1959), Reynolds and Leyton (1963) and Leyton, 

Reynolds and Thompson (1967) all report on interception studies 

utilizi_ng trough_ ga_uges. 

Tests of tro_ugh_ ga_uges have shown them to compare well with other 

gauges (Storey and Hamilton, 1943; Hayes and Kittredge, 1949; Hamilton, 

1954), and they have. been described as aerodynamically efficient. It 
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F_igure 42. Comparison of linear regression equations for 
throughfall on gross precipitation for standard 
gauges (regression (15) ) and trough gauges 
(regression (74) ) in 1963 (uppei) and in 1964 
(regressions (16) and (75) ) (lower) in Plot 1. 
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Y = - 0.0219 + 0 .8771 X 
(Plot I - Trough) 

g 1.0 -
0 
a:: 
J.: 
I-

0.0 
a...c,:_, _ _____ __. ________ _._ ________ __J 

1.0 2.0 3.0 
GROSS PRECIPITATION (INCHES) 
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Figure 43. Comparison of linear regression equations of 
throughfall on gross precipitation for standard 
gauges (regression (17) ) and trough gauges 
(r.egression (76) ) in 1963 (upper) and in 1964 
(r_egressions (19) and (77) ) (lower), in Plot 2. 
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Y" -0.0199 + 0.8912 X 
(Plot 2 - Trough) 
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Y • - 0.0280 + 0.8866 X 
( Plot 2 - Standard) 
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Figure 44. Comparison of linear regression equations of 
throughfall on gross precipitation for standard 
gaug·es (regression (20) ) and trough gauges 
(regression (78) ) in 1964 in Plot 3. 
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is true, as point ed out by Reigner (1964 ), that these tests have 

applied to tro_ughs of s emi-circular cr oss -section only, and not to 

those of r ecta_ngular cros s -section such as us ed in this study. 

Splash from tro_ughs has been considered as a possible source of 

loss which might result in an underestimate. These tro_ughs in Plots 1 

and 2 had sides 12 inches high. It seems unlikely that splash would 

have been a major factor in those gauges. The troughs in Plot 3 had 

sides 3 inches high. The results obtained (Tables 17 and 37) show that 

the troughs in Plot 3 during 1964 rather more closely approximated 

standard gauge throughfall catch than the tro_ughs with high sides in 

Plots 1 and 2 duri_ng 1964. For this reason loss of catch thro_ugh 

splashing out of the tro_ugh gauge is not believed to be a very pertinent 

factor. 

The bulging of unbraced trough sides was considered by Reigner 

(1964) to be a source of error. Any error of th.is sort would, it is 

tho_ught, result in an overcatch by trough ga_uges. The results of study 

indicate the reverse. For this reason, the bulgi_ng of tro_ugh sides 

cannot be considered to be the source of the discrepancies found. 

In view of the departure from recommended practice in choosi_ng 

a h_igh-sided trough with a rectangular cross-section, the aerodynamic 

efficiency of the troughs was evaluated as a possible source of error, 

at the time the study was begun. At that time it was reasoned that, 

since summer rainfall in the area was not characteristically accompanied 

by high winds, these factors were not of major importance. Wind speeds 

in the summer months at the Kananaskis Forest Experiment Station may 

be appreciable, up to mean maxi mum one hour winds of 22 mph in summer 

(Table 1), but observation suggests that these maximum wind speeds occur 
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in dry weather. It is true also that a large percent_age of throughfall, 

particularly in dense stands, occurs as "drip" from the canopy, so that 

the vertical distance thro_ugh which the drops fall before reaching 

a gauge is fairly short, in many cases a matter of a few feet only. Drop 

size, from "canopy drip" is furthermore characteristically large, so that 

this factor too ~ends to operate against the likelihood of drops develop-

i _ng a la_rge hori zontal component in their fall direction before they 

reach a gauge. 

The most pertinent factor, however, was considered to be the wind 

speed within the stand. The reduction in wind speed within forest stands 

is well-known (Ge_iger, 1965). Data quoted by Ge_iger (1965) suggest that 

in wind speeds above the stand of 10 mph, the wind speed within the stand 

at the height o~ ga_uge orifice exposure (2 to 3 feet) would be no more 

than one-quarter of this value. 

The combined effects of (1) a la_rge part of thro_ughfall occurring 

as canopy drip, (2) large drop size of canopy drip, and (3) wind speed 

reduction within stands, were considered when the study was b_egun as 

militating _against any important aerodynamic effect of gauge shape. 

Underestimate of throughfall from trough_ gauges, coupled with the 

elimination of other possible sources of error, leads to the conclusion 

that this was not so, and that in fact there was some aerodynamic effect 

which results from gauge design. Unfortunately, no further evidence is 

available. 

The performance of trough gauges in the few large storms en-. . . . 

countered was poor. This is thought to be the result of the collecti_ng 

system utilized (Figs. 9, 10) in which tro_ugh catch was channelled into 

two vessels thro_ugh a T-coupli_ng. Unless this coupling was exactly 
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positioned, more of the trough catch was directed into one of the 

vessels, which might then overflow while the other remained unfilled. 

Though in the absence of further tests there is no means of checki_ng 

this postulate, the underestimate of thro_ughfall from troughs in large 

storms is not considered primarily to be a function of gauge performance. 

If it is .assumed that the thro_ughfall estimate obtained by 

standard_ gauge techniques is the preferred estimate for canopy inter-

ception of rainfall studies, then it is worthwhile to establish whether 

trough_ gauge estimates can be converted to standard gauge estimates. The 

data collected allow such an attempt to be made. 

The first model tested was the simplest one possible, namely: 

THFL (S) =a+ b.THFL (T), where 

THFL (S) = mean thro_ughfall for one storm, as caught by 

standard ga_uges, in inches 

THFL (T) = mean throughfall for one storm, as ca_ught by 

tro_ugh gauges, in inches. 

The data for 1963 and 1964 were kept separate. The results of testi_ng 

the above model are presented in Table 38. 

Table 38 shows that precise estimates of mean standard gauge 

catch can be obtained from mean trough ga_uge catch. Standard errors 

of estimate were usually fairly small and the equations precise. How-

ever, while the equations for Plots 1 and 2 in 1963 were similar, and 

those for Plots 1, 2 and 3 in 1964 were similar, there was little 

similarity between the equations obtained for 1963 and those obtained 

for 1964. This was tho_ught to result from 'the effect of the few la_rge 

storms measured in 1963, for which the tro_ugh_ ga_uge estimates, as noted 

earlier, were poor. 
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In Table 38, the equation for Plot 3 in 1964 was more precise 

than thos e calculated for Plots I and 2 in 1964. Plot 3 utili zed a 

long (9 f eet), narrow (I foot), low (4 inches) tro_ugh, in contrast to 

the square (3 feet x 3 fe et), h_igh (1 2 inches) tro_ughs in Plots I and 

2. The data s_uggest that the trough design utilized in Plot 3 gave 

superior performance, when evaluated against the results obtained by 

standard ga_uge sampling. 

To test whether the effects .of large storms was responsible for 

the discrepancy in results as obtained in 1963 and 1964 data, new re-

gression analyses were made for Plots I and 2 titilizi_ng the 1963 data. 

In these analyses, only storms with_ gross precipitation of O. 75 inches 

or less were utilized, the data for larger storms being omitted. The 

la_rgest storm measured in 1964 was O. 74 inches. Therefore, the data 

used for the new 1963 analyses were completely comparable to those 

utilized in the 1964 analyses L 

The results of the new 1963 analyses are shown in Table 39. The 

r_egression equations in Table 39 can be directly compared with the re-

gression equations for 1964 in Table 38. Results show that there was 

little difference between regression equations for Plots 1 and 2 in 1963 

and 1964 , when only storms of O. 75 inches_ gross precipitation or less 

are taken into consideration. When the la_rge storm data were omitted, 

there was a substantial reduction in the standard error of estimate. 

Regressions (81) to (85) inclusive are shown in F_igure 45. The 

regressions are seen to be closely similar, as was confirmed by co-

variance analysis, which showed no significant differences between them. 

This allowed the calculation of composite r_egression (94), presented 

later. 
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Tabl e 38 Regr ess ion equations expressing mean throughf a l l i n standard 

gauges (Y) a s afu ncti on of me<'m throughfal l in trough gauges 

(X), for 1 9o 3 and l 9b4 dat a in Plots 1, 2 and 3. 

Plot Ye a:r No.o.f Reg.cession Re gre s - SEE r r2% 
s t orms e q u a tion sion 

No. 

1 1%3 21 Y= - 0.048 + l. 4 2t!X (79) 0.089 0.991 98.2 

2 1963 21 Y= -0,058 + l. 488X (80) 0.122 0.978 95.7 

l 1964 25 Y= -0.0191 + l.123X (81) 0.034 0.98 2 96.6 

2 1 964 25 Y= -0.0139 + 1.091X (82) 0.026 0.989 97.9 

3 1964 25 Y= -0.008 6 + l.089X (83) 0 . 009 0.996 99.2 

Table 39 Regression equations , expressing mean thr oughfall in standard 

gauges (Y) a s a function of mean t hr o ughfall in trough gauges 

(X), i n Plots l and 2, utilizing 1963 storms h aving gross 

prec:i.pi. tation of 0. 75 inches or le ss only. 

Plot Year no.of Re gression Regre s- SEE X: r 2¾ 
storms equati on sion 

No. 

1 1963 18 Y= - 0.0077 + l.093X (84) 0.023 0.990 98.0 

2 1963 18 Y= - 0.0080 + l .049X (85) 0.021 0. 98 5 97.0 
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Reigner (1964) found, for his tro_ugh_ gauges located in the open , 

that the tro_ugh_ ga_uges • underestimated rainfall. He utilized and tested 

a r _egression model which took into account the slope of the tro_ugh_ ga_uge. 

The model he utilized was: 

Y = amount per storm, as measured in the standard ga_uge, 

in inches, 

X = amount ca_ught in any low tro_ugh, in inches, 

S = slope of the low tro_ugh, in percent. 

Results of this model were as follows: 

Y = 0.011 + 1.073 X - 0.00319 X.S 

both variables being highly significant at the one percent level. 

This work by Reigner (1964) suggested a line of enquiry to be 

followed in this study. A similar model was postulated and tested. 

This model was: 

THFL (S) = a + bl THFL (T) + I: (THFL • (T). S), where 
n 

THFL (S} = mean thro_ughf all in any storm, as measured 

by standard_ gauges, in inches, 

THFL (T) = mean throughfall ca_ught in any storm, as 

measured by trough gauges, in inches, 

THFL (T) = throughfal 1 caught in individual tro_ugh 

gauges, in inches, 

(86) 

s = slope of individual tro_ugh_ ga_uges, in d_egrees, 

n = number of trough_ gauges. 

The results of testi_ng this model are shown in Table 40. These 

results show that mean thro_ughfall in standard_ gauges can be expressed 
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Figure 45. Regression lines expressing the relationship of 
throughfall as measured by roving standard gauges, 
and throughfall in trough gauges, in Plots I and 
2 in 1963 and 1964 and Plot 3 in 1964, storms of 
0.75 inches gross precipitation or less only. 
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with improved pr ecision from mean thro_ughfall in tro_ugh_ gauges and 

trough ga_uge slope data. Addition of trough gauge slope data some-

times, tho_ugh not always, improved the standard error of estimate. 

This can be ascertained by comparison of standard errors of estimate 

and coefficients of correlation in Tables 38 and 40, which are complete-

ly comparable. 

Again, it was evident that 1963 and 1964 data did not yield 

similar equations in Plots 1 and 2. Accordi_ngly, the previous pro·ced-

_ure of omitting storm data for 1963 storms with more than 0. 75 inches 

gross precipitation was attempted. 

Results of this new analysis for 1963 data in Plots 1 and 2 are 

presented in Table 41. The equations in Table 41 can be compared 

directly with the equations for 1964 data in Table 40, the basis of 

analysis being completely comparable. Omission of large storm data 

_again resulted in sl_ightly smaller standard errors of estimate, while 

_again the addition of a_ gauge slope term also improved the standard 

errors of estimate, as can be seen by comparison of Tables 39 and 41. 

Covariance analysis was applied to regression (89), (90) and 

(91) of Table 40 and regressions (92) and (93) of Table 41 to determine 

whether there was any significant difference between r_egressions. Co-

variance analysis showed significant differences between regressions. 

It should be noted, however, that the appropriateness of applying co-

variance analysis to curvilinear regressions is open to debate. 

The analysis of trough_ ga_uge results can be summarized as 

follows: 



Plot 

1 

2 

1 

2 

3 

Table 40. Results of regression analyses expressing mean throughfall 
(standard gauge) as a function of mean throughfall (trough 
gauge) and trough gauge slope, for data collected in 1963 
and 1964 separately. 

Year No. of Regression Regression SEE r r2% 
storms e quation1 No. 

1963 21 Y=-0.0410-6.535X1+1.399X2 (87) 0.066 0.995 99.8 

1963 21 Y=-0.428-24.4~4X1 +4.519X2 (88) 0.074 0.992 98.4 

1964 25 Y=-0.0029+9.90921-l.431X2 (89) 0.025 0.991 98.2 

1964 25 . Y=-0.0137-0.804X1+0.329X2 (90) 0.027 0.989 97.8 

1964 25 Y=-0.0057-l.612X1+0.58SX2 (91) 0.013 0.997 99.4 

1. In regression equations: 

Y = 'l'IWL(S) 1 x1 = 'I'HFL(T) 1 X2 = "Z. (I'EFL(T)!'S)/n. 

I 

N 
1--' 
0 
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(1) Trough ga_uge estimates of throughfa ll, based on five randomly but 

permanently sited trough_ ga_uge s per plot, were not identical with 

throughfall estimates from roving standar d gauges. 

(2) Tro_ugh gauges tended to underestimate thro_ughfall in comparison to 

standard ga_uges. 

(3) Undercatch associated with trough gauge throughfall estimates, was 

most probably the result of an aerodynamic effect of the_ ga_uge des_ign 

used. This is in spite of theoretical considerations which would lead 

to the belief that aerodynamical considerations, in the situation under 

study, were not of major importance, and of the fact that two gauge 

types were tested, one of which might be expected to be aerodynamically 

much more efficient than the other. 

( 4) Trough ga_uges gave poor results in large storms. This is believed 

to be a result of the collection system used and not of gauge perform-

ance. 

(5) Of the two tro_ugh gauge types tested, there were indications that the 

lo_ng, narrow, low tro_ughs_ gave results somewhat closer to, tho_ugh not 

identical with, standard_ gauge results. These low tro_ughs are, by 

coincidence, virtually identical to the type recommended by Re_igner 

(1964). 

(6) Mean standard_ gauge catch per storm can be estimated from mean 

tro_ugh ga_uge catch per storm with good precision. 

(7) When only storms less or equal to O. 75 inches_ gross precipitation 

were considered, there was no significant difference in the relation-

ship of mean standard ga_uge catch with mean trough gauge cat-ch between 

years and plots. 



Table 41. Regression equations expressing mee.n throughfnH (standard gauge) as 
a function of mean throughfall (trough gauge) and gauge slope, 
omitting storms in 1963 with gross precipitation greater than 0.75 
inches. 

Plot Year No . of Regression Equa- SE E 
storms equations tion 

No. 
I 

r 

1 1963 18 I Y=-0. 0011 +4.639Xl -.o. 635X2 (92) 0.021 0.992 

2 1963 18 Y=-0.0120+10.665X1-l•68lX2 (93) 0.025 0.988 

I 

2% r o 

I 
98.4 

97.6 

N ,.... 
N 
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(8) When years and plots are combined, this relationship is expressed 

as: 

THFL (S) = -0.012 + 1.093 THFL (T) (94) 

with r = 0. 988, with 1 and 106 d_egrees of freedom, . and 

standard error of estimate= 0.025 inches. 

(9) The addition of a ga_uge slope parameter to the prediction equation, 

as s_uggested by Re_igner (1964), sometimes resulted in a lower standard 

error of estimate. 

(10) Covariance analysis of the results of the regression model incor-

porating a_ ga_uge slope parameter showed that regressions for plots and 

years were significantly different. Covariance analysis may not, how-

ever, be appropriate. 

(11) When years and plots are combined this expanded model yields the 

following equation: 

THFL (S) = -0.012 + 1.283 THFL (T) - 0.035 t(THFL (T) .S) 
n 

(95) 

with r = 0.988, with 2 and 105 d_egrees of freedom and standard error 

of estimate= 0.025 inches. 

(12) The main advant_age of trough ga_uges is that, if they are successful, 

they avoid the manpower problems associated with standard gauge re-

randomization. With the recent development of interest in forested 

experimental and representative basins in Canada (Jeffrey, 1967) there 

is an added interest in obtaining interception estimates for water 

balance studies, alo_ng the lines suggested by Zinke (1967). The re-

sults of this study suggest that tro_ugh gauges, randomly and permanently 

located, may be useful for this purpose, provided certain factors are 

taken into account. 
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(13) Where trough gauges are used for interception studies, the type 

of ga_uge used should be compared statistically with roving standard 

gauges, to obtain a conversion equation of the type given in (8) and 

(ll) above. The results presented indicate that trough_ gauge catch 

cannot otherwise be precisely equated to standard ga_uge catch, since 

tro_ughs tend to underestimate throughfall. 

(14) In view of the possible savi_ngs of research labour inherent in 

a fixed trough ga_uge sampling system, further study of trough gauge 

accuracy in thro_ughfall studies is warranted. At the same time, un-

critical application of trough gauge sampli_ng, even of approved tro_ugh 

gauge types with semi-circular cross-section, would appear somewhat 

questionable. 

SOIL MOISTURE 

Soil moisture studies dealt with the followi_ng topics: 

(1) Soil moisture content. 

(2) Soil moisture change. 

(3) Evapotranspiration. 

(4) Precision in soil moisture sampli_ng. 

These topics are considered separately on the p_ages which follow. 

Five plots were studied. Of these, three (Plots 1, 2, 3) had 

been thinned in 1939-40. Plots 4 and Shad not been thinned. 

Readi_ngs were taken in 1963, 1964, 1965 and 1966. 

Comparison of Soil Moisture Contents 

The data on soil moisture content, in each depth zone of each 

plot, which will be presented in the few pages immediately followi_ng, 
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may be anticipated here to make a comparison between soil moisture 

values obtained in the laboratory usi_ng pressure apparatus, and those 

obtained in the field using the calibrated neutron probe. 

The comparisons to be made are between, firstly, 1/3 bar moisture 

content (field capacity) and the highest value obtained duri_ng the 

measurement sequence with the neutron probe, and secondly, between 

15 bar moisture content (wilting point) and the lowest value obtained 

by the neutron probe. 

Such comparisons have been made in tabular form. For convenience, 

the tabular presentations are placed in Appendix B. These comparisons 

show that there were frequently la_rge discrepancies between the values 

obtained by the two methods. In the surface foot of soil, field values 

were always appreciably less than laboratory values. The field range 

for "field capacity" was 0.29 inches water to 0.93 inches water, and 

for "wilting point" 0.49 inches water to 0.95 inches water. 

In the tables of Appendix B, only 1966 measurement values are 

shown. When data for all years were utilized, the field range in 

differences for "wilti_ng point" did not change. The field range for 

"field capacity" became 0.19 inches water to 0.95 inches water. 

In the 12 to 24 inches depth, the range in difference between 

methods for "field capacity" was +0.36 to -0.31 inches water, for 

"wilti_ng point," nil to 0.44 inches water. For 24 to 36 inch depth, 

and 36 to 48 inch depth, differences were generally somewhat less than 

at shallower depths, but in a few cases were appreciable. At depths 

deeper than these, it could not s-afely be assumed that soils ever 
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reached either field capacity or wilti_ng point duri_ng the measurement 

periods. 

As mentioned earlier, the laboratory determinations were made 

with scrupulous care. They are believed to be of a high order of 

reliability. 

Discrepancies of this type are not unusual (cf. Tabler, 1965). 

However, when they are of the order shown above they become too la_rge 

to be ignored, and they immediately might be interpreted as casti_ng a 

considerable shadow upon the neutron probe calibration. 

The magnitude of differences in the Oto 12 inch depth, and at 

the 12 to 24 inch depth, showed that both shallow and deep neutron 

probe measurements were concerned. Thus both probe calibration 

equations (13) and (14) have to be considered. 

The largest discrepancies between the two methods occurred in · 

the first and second depth zones. At the deeper zones, discrepancies 

became smaller. This suggests that the characteristics of the A and B 

horizons played a role in the occurrence of discrepancies. It will be 

recalled that the material used for the probe calibration was C horizon 

material. It may be postulated that the calibration was accurate for 

the C horizon material but was not accurate for A and B horizons. The 

12 to 24 inch depth zone, in Plots 2 and 3, was composed uniquely of 

C horizon material. Appendix B shows that large discrepancies were 

found in Plot 2 tho_ugh not in Plot 3. The evidence is inconclusive, 

especially when it is noted that the second depth zone of Plot 5, which 

contained a B horizon, showed close correspondence between the two sets 

of values (Appendix B). 
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The conditioned probe calibration equations, as outlined earlier, 

were used for conversion of count ratios to percent moisture by volume. 

It should be ascertained whether selection of the conditioning pro-

cedure, which is arguable, was sufficient to account for the dis-

crepancies noted. 

Inspection showed that lowest field moisture contents corre-

sponded approximately to count ratios of 10 percent. At such a count 

ratio the difference in soil moisture estimation was about 1.18 percent 

moisture by volume, or 0.14 inches water per 12 inches of soil depth, 

with the unconditioned equation .(14) yielding the h_igher value. Ob-

viously, the conditioned equation did not explain the "wilting point" 

discrepancies in the surface foot. 

Highest soil moisture contents in the surface foot corresponded 

to an approximate count ratio of 40 percent. The difference in 

moisture estimation by equation (14) (conditioned) and equation (10) 

(unconditioned) for such a count ratio was -0.02 inches water per 12 

inches soil depth, a completely negligible difference. 

The differences in moisture estimation by conditioned (13) and 

unconditioned (7) equations for depths deeper than 12 inches, were even 

smaller than these. 

It is evident that the selection of conditioned equations from 

calibration data did not explain the discrepancies encountered. 

The four values obtained for 1/3 bar moisture content and 15 bar 

moisture content for each horizon and soil depth increment in some 

cases showed considerable variation. No obvious correspondence, 
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however, was evident between this variability and the size of the 

difference between methods. 

Other explanations s_uggest themselves. Bulk density values may 

be incorrect or unrepresentative. Plants may extract soil moisture at 

soil moisture tensions_ greater than 15 bars. These postulates cannot 

be tested. It is, in any case, true that the 1/3 bar and 15 bar moisture 

contents are regarded only as approximations. 

The fact remains, however, that some evaluation has to be made 

of the meani_ng of the discrepancies encountered. 

Earlier, in Table 6, total available soil water storage (1/3 

bar moisture content minus 15 bar moisture content) was presented for 

various soil depths in each plot. Similar data from the highest and 

lowest neutron probe readings obtained can be collated from Appendix 

B. 

These data are compared in Table 42 and a remarkable correspond-

ence is immediately evident. From this correspondence it is su_ggested 

that the probe calibration was not accurate for the A and B soil 

horizons, presumably due to differences between these horizons and the 

C horizon parent material. It would appear, however, that the 

calibration used resulted in a rather constant underestimate. If true, 

this indicates that the slopes of the calibration equations were 

appropriate to the soils in question. Comparisons between plots can 

be made with relative confidence and comparisons of moisture cha_nge 

are in no way jeopardized. 

The lack of correspondence between absolute moisture contents 

obtained by the two methods poses interesti_ng problems for neutron 
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probe research. It has not, apparently, been su_gges ted that a separate 

calibration is required for the upper soil hori zons, yet that is what 

these data tend to imply. 

Throughout this section, attention is directed primarily to 

individual soil depths or to zones within the solum, rather than to 

"between-plot" comparisons of the whole instrumented depth overlyi_ng 

compacted gravel and till, which varied from three feet in Plot 2 to 

14 feet in Plot 5. This preoccupation with individual depths of zones, 

may tend to obscure the fact that there was a very considerable differ-

ence in total soil moisture contents in the five plots. 

For instance, in 1966 at the start of record, Plot 1 contained 

6.1 inches soil moisture, Plot 2 - 5.2 inches, Plot 3 - 11.0 inches, 

Plot 4 - 8.5 inches, and Plot 5 - 12.6 inches. The variation is, of 

course, a function of varying soil depth and water holding capacity 

among the five plots. 

The march of total soil moisture in the five plots is shown in 

F_igure 46 for 1963, Figure 48 for 1964, F_igure 50 for 1965, and F_igure 

52 for 1966. Particular attention is drawn to these_ graphical presen-

tations, since they show total moisture content and total moisture 

change for all plots in a readily assimilable form. Thus, they comple-

ment the individual statistical analyses presented in later pages. 

First Year of Record - 1963 

Ten access tubes were installed in each of Plots 1 to 4 inclu-

sive during July, 1963. The first readi_ngs in these tubes were taken on 

August 7, 1963. Duri_ng 1963, with four plots in operation only, it re-

quired two days to take readi_ngs on all four plots. 
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Table 42 Total av a ilable water storage ( inches ) in the uppermo s t 

12 , 36 and 48 i nches of soil in each plot , by t wo methods . 

Soil depth PLO'r 
(inches ) 

1 2 3 4 5 

Pr e ssure appa-catus d ata1 

0- 12 1. 33 1.2 3 '1 . 33 1. 17 1. 00 

0-36 3 .37 3 . 2 0 2 . 32 2.19 2. 24 

0- 48 4 .03 2 . 77 2 . 6 2 2.83 

Erobe dat a 2 Neutron 

0 -12 1. 53 1.52 1 . 32 !. 26 0 .88 

0-36 3. 21 3. 27 2 . 76 2.73 2.2 0 

0-48 3 .87 3 . 21 3.51 2.92 

l . Take n from Table 6 and Appendix B, 1 /3 bar moist ure c ontent minus 
15 b ar moistur e content. 

2. Tal~e n from Appendix B, highest nc u,:ron p robe estimate minus 
lowe st neutron probe estimate . 
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Six sets of readings were taken at approximately weekly intervals 

between August 7, 1963 and September 12, 1963. One further measurement 

was taken on October 25-27, 1963, to make a total of seven sets of 

measurements in all, during the year. 

Soil moisture levels in each plot were plotted for comparison by 

individual depths (Figure 47). Rainfall during the period of record, 

graphically presented in Figure 47, totalled 3.51 inches, as measured 

at the synoptic weather station of the Kananaskis Forest Experiment 

Station headquarters, approximately 700 yards distant from the plots. 

The_ general trend in soil moisture content was one of pr_ogressive 

decrease duri_ng the period, early August to late October, 1963. 

Thus, Plot 1 (total depth, four feet) had 4.13 inches total moisture 

stored on August 6 and 2.56 inches total moisture stored on October 25, 

while Plot 4 (total depth, seven feet) had 7.36 inches total moisture 

stored on August 8 and 5.66 inches total moisture stored on October 27. 

In the uppermost 12 inches of soil, Plot 4 showed the h_ighest 

moisture contents (F_igure 4 7). The other three plots were not greatly 

different one from another. Soil moisture decreased until September 

4-5, then increased sl_ightly on September 11-12. No marked change was 

evident between these values and those obtained on October 25-27. 

In the second foot (12 to 24 inches depth), Plot 2 had the h_ighest 

moisture contents (Figure 47), followed by Plots 4, 1 and 3 in that 

order. Soil moisture levels decreased pr_ogressively at this depth 

throughout the period of record. 

The third foot (depth, 211- -to 36 inches) showea little difference 

in soil moisture levels between plots. Aside from a slight increase in 
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Figure 46. March of total soil moisture in Plots 1, 2, 3, and 
4 in 1963. Moisture contents are for the whole 
instrumented solum (Plot 1 - 4 feet; Plot 2 - 3 
feet; Plot 3 - 8 feet; Plot 4 - 7 feet; Plot 5 -
14 feet). 
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Figure 47. Soil moisture contents of individual depths, 
Plots 1 - 4 inclusive duri_ng 1963. 
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soil moisture in Plot 3 on September 4, a consistent steady decrease 

in soil moisture took place. 

More difference in soil moisture levels between plots was found 

in the fourth foot (depth, 36 to 48 inches) where of the three plots 

(1, 3, 4), Plot 1 had the highest values, followed by Plots 3 and 4 

in that order. A slight increase in soil moisture took place in Plot 

4 on August 15; otherwis e soil moisture decreased pr_ogressi vely at 

this depth on all plots. 

In the fifth foot (depth, 48 to 60 inches), 'both plots (3, 4) 

showed progressive soil moisture depletion thro_ughout the period of 

record. Soil moisture was considerably h_igher in Plot 3 than in Plot 4. 

In the sixth and seventh feet, soil moisture showed only a 

sl_ight decrease duri_ng the season. Plot 3 soil moisture contents at 

these depths were considerably higher than those for Plot 4 (Figure 

47). 

Only Plot 3 had an eighth foot. Very little ch8:nge in soil 

moisture content was evident at this depth (F_igure 47). 

To make a statistical test of the differences noted above, 

separate analyses of variance were carried out, as follows: 

1. Uppermost three feet of soil - all four plots 

2. Uppermost four feet of soil - Plots 1, 3, 4 

3. Uppermost seven feet of soil - Plots 3, 4 

4. Uppermost eight feet of soil - Plot 3. 

The analysis- e-f -var-iance tahl..e for the first analysis, the ---

uppermost three feet of soil, is given in Table 43. Other analysis 

of variance tables are included in Appendix D. 
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The results of these ana lyses of variance are consistent. They 

show: 

1. Highly s_ignificant differences between plots, periods (dates 

of measurement) and depths. 

2. Highly s_ignificant interactions of plot x depth and period 

x depth. 

3. Interactions, plot x period, and plot x period x depth, not 

significant. 

Second Year of Record - 1964 

The first sets of measurements in 1964 were taken on April 8, 

though it was not until April 27 to 30 that a full set of measurements 

was made on all plots simultaneously. Access tubes had been installed 

in Plot 5 during autumn, 1963 so that this plot was fully incorporated 

into the schedule of readi_ngs in 1964. 

A great deal of trouble was experienced with instrumentation 

duri_ng 1964. Both probe and scaler gave problems which resulted in 

loss of r _egular record, and which culminated in both bei_ng returned to 

the supplier for repairs in July, 1964. As a result of these diffi-

culties, readi_ngs in 1964 were somewhat sporadic and were terminated on 

July 10, no further measurements being possible for the balance of the 

year. Duri_ng the period April 8 to July 10, seven sets of measurements 

were made on all plots with the exception of Plot 4, in which only six 

sets of readi_ngs were taken. 

While the 1963 measurements showed soil moisture trends in late 

season (August to October), the 1964 readings showed early season 

soil moisture r egime. As such, the 1963 and 1964 values are to a 

... 



Table 43. Analysis of variance: uppermost three f€et of soil, 1963 . soil moisture 
contents (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares squares ratio significance 

Plot (B) 3 ' • 2.87 0.96 31.80 o. 005 

Period (P)l . 6 10.4!:> 1. ·74 5 ·1 .tH::S o. 005 

Depth (D) 2 1.82 0.91 30. 2 ·1 o. 005 

BX P 18 0.60 0.03 1.11 N.S~ 

Bx. D 6 2.56 0.43 14.18 o. 005 

PX D 12 3.20 0.2 ·, 8.87 o. 005 

BX PX D 36 0.99 0.03 0.92 N.S. 

Error 756 22.75 0.03 

TOTAL 839 45.25 
I l 

1. Date of measurement. 

N 
N 
CXl 
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certain degree complementary to each other. March of total soil 

moisture in the instrumented sol um is shown in F_igure 48. 

Soil moisture contents were plotted graphically by individual 

depths for comparative purposes (Figure 49), along with rainfall 

during the period of record (8.29 inches total, April 8 to July 10, 

1964). 

In contrast to the soil moisture trend in 1963, when mid and late 

season values only were obtained, and during which the trend in the 

upper soil depths was_ generally downward throughout the period of 

record, soil moisture trends in 1964, where early season values were 

obtained, showed some fluctuation. 

In the first (uppermost) foot of soil, soil moisture decreased 

from late April to early June (Figure 49) then rose between June 3 to 

5, and June 23 to 25. Thereafter a fairly pronounced decrease was 
' detectable until the close of record on July 10. Highest values were 

obtained on Plot 2, and lowest on Plots 3 and 5 respectively. 

In the second foot of soil, an increase in soil moisture was 

apparent until May 11 to 13, a decrease from then until June 3 to 5, 

an increase thereafter to June 23 to 25, and a decrease from those 

dates until the end of record. Changes in moisture content were of 

lesser magnitude than in the surface foot of soil. As in the surface 

foot, trends on all plots were similar. The ranking of values, from 

highest to lowest was Plot 2, Plot 1, Plot 4, Plot 3, Plot 5, the same 

order as in the first foot of soil. 

In the third foot, differences were much less pronounced (F_igure 

49), and values were generally lower than in the uppermost two feet. 

Soil moisture, as in the second foot, increased. up to May 11 to 13, 
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Figure 48. March of total soil moisture in Plots 1, 2, 3, 4 
and 5 in 1964. Moisture contents are for the 
whole instrumented solum. (Plot 1 - 4 feet; Plot 
2 - 3 feet; Plot 3 - 8 feet; Plot 4 - 7 feet; 
Plot 5 - 14 feet). 
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Figure 49. Soil moisture contents in individual depth zones 
of Plots 1 to 5 inclusive during 1964. 
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and for the remainder of the period of r ecord showed the same trend as 

did the second foot of soil. The r anking of soil moisture contents 

was also the same as in the 12 to 24 inches depth. 

In the fourth foot, increasing soil moisture was _again noted up 

to May 11 to 13, but thereafter was_ generally decreasi_ng. Plot 4 

showed lowest values and Plot 1 highest. 

In the fifth foot, soil moisture contents increased initially 

in all three plots (3, 4, 5) which extended to this depth. Increased 

soil moisture was found on Plots 3 and 5 up to May 11 to 13, and on 

Plot 4 up to June 3. Thereafter soil moisture cha_nge tended to be a 

comparatively small decrease. Values were highest in Plot 3 and 

lowest in Plot 5. 

While some periods of slight soil moisture depletion were noted 

in the sixth foot of Plot 3, there was generally either a sl_ight in-

crease or no change in soil moisture in Plots 4 and 5 throughout the 

period of record. In_ general, cha_nges in soil moisture at this depth 

were very small in comparison to upper depths. Soil moisture contents 

in Plot 3 were almost double those of Plots 4 and 5. 

In the seventh foot of soil, Plot 3 again had moisture contents 

very much higher than the other two plots. Changes were sl_ight, and 

in general showed a pr_ogressive increase in soil moisture thro_ughout 

the period of record. 

Only two plots (3, 5) had an eighth foot. Plot 3 values _again 

were substantially h_igher than those in Plot 5. Soil moisture tended 

to increase slightly at this depth on both plots thro_ughout th_e period 

of record. 



- 236 -

Below the e_i ght-feet depth. only Plot 5 was r epresented. The 

general trend from eight f eet to fourteen feet depth was for cha_nges 

to be very sl_ight • and to be positive. 

To make a statistica l test of the differ ences noted above . 

analyses of variance wer e carried out on the same plan as was us ed for 

the 1963 data, with the followi_ng additions: 

1. In the analysis for the uppermost e_ight feet, two plots 

(3 and 5) were represented. 

2. An analysis of variance was carried out for the uppermost 

fourteen feet. Only Plot 5 figured in this analysis. 

The analysis of variance table for the uppermost three feet is 

given in Table 44. Other analysis of variance tables for 1964 are 

given in Appendix D. 

The results of analysis of variance were in general very similar 

to those of the 1963 analyses. 

1. Plots, periods and depths were always highly s_ignificantly 

different. 

2. Interactions, plot x depth, and period x depth, were always 

highly s_ignif icant. 

3. Interactions. plot x period. and plot x period x depth, were 

generally not s_ignificant, but in some analyses (seven and e_ight feet) 

were significant. 

The s_ignificance levels associated with the various components 

of variation in the different analyses are shown in ·Table 45. 

Third Year of Record - 1965 

In the early portion of 1965, instrumentation problems were again 

encountered. Accordi_ngly, the first full set of readi_ngs could not be 



Table 44. Analysis of variance: uppennost three feet of soil, 1964 soil moisture 
contents (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation :treedorn squares square ratio significance 

. 
Plot (B) 4 14.81 3,.703 84.59 0.005 

Period {P) 1 7 33.58 4.797 109.59 o.o 05 

Depth {D) 2 51.74 25.868 590.96 o. 005 

BX P 23 * * * 

Bx D 8 3.81 o.477 10.89 o. 0 05 

PX D 14 18.81 1.344 30.87 o .. oo 5 

BX PX D 46 * * * 

Error 897 37.94 0.04 

Total 932 157.30 

-* Best estimate is zero. 

1 Date of measurement. 

N 
I.,.) 
-..J 
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obtained until June 8 to 11, 1965. Measurements were taken on 13 

different occasions between these dates and the end of October; two 

in June, four in July, and four in August, none in September, and two 

in October. The absence of data in September was again the result of 

instrumentation difficulties. 

The summers and fall months of 1965 were considerably wetter 

than the long-term average, as is shown by the monthly precipitation 

values of Table 46. On some plots, h.igher soil moisture values were 

obtained duri.ng 1965 than in any of the other three years of record, 

in spite of the late start in readi.ngs. 

While 1963 showed late season values, and 1964 early season data, 

the 1965 measurements. gave the first opportunity to study soil moisture 

trends over a large portion of the summer and fall season. Due to the 

heavy precipitation experienced, considerable fluctuation in soil 

moisture occurred, particularly in the uppermost depths of the solum. 

The march of total soil moisture in all plots is shown in F.igure 50. 

First foot of soil showed a pattern of soil moisture accretion 

and depletion from early June to mid-August. Thereafter accretion took 

place until early September, followed by depletion from then until 

late October. During periods of high soil moisture there was con-

siderable difference between plots. Differences were less when soil 

moisture had been depleted. Trends are shown in Figure 51. Plot 2 

had highest soil moisture values, followed in order by Plots l, 4, 3, 

and 5. 

In the second foot (12 to 24 inches depth) of soil, differences 

in soil moisture content between plots tended to be relatively small. 

Moisture contents showed the same ranking as the uppermost foot, Plot 



Table 45. Levels of significance assoc i ated with sources of var i ations in analyses 
of variance for three, four, seven, eight and fourteen uppermost feet of 
soil. 1964 soil moisture contents. 

I 

Source of Three feet Four feet Seven feet Eight feet Fourteen 
v ariation feet 

Plot (B) 0.005 0.005 o. 005 o. 005 not 
applicable 

Period (P) 0.005 0.005 o. 005 0.005 o. 005 

Depth (D) 0.005 0.005 o. 005 o. 005 I o. 005 

I B X P - N.S. I - - not app-
licable 

BX D 0.005 0.005 o. 005 0.005 not app-
licable • 

PX D 0.005 o.oos o. 005 0.005 o. 005 

BX PX D - - - o.oos not app-
licable 

I 
I 

N w 
I.O 



Table 46. Comparison of monthly rainfall in summer and fall months of 
1965 with long-term average for those months. 

MONTH MONTHLY PRECIPITATION ( INCHES WATER) 

LONG-TERM AVERAGE! 1965 

June 4.4 6.17 

July 2.6 2.80 

August 2.9 4.14 

September 2.1 4.59 

October ·1.s 0.99 

TOTAL I 13. ',5, 18.69 

1 Taken from McKay, Curry and Mann (1963). 

' 

' 

N 

0 
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1 being: great est and Plot 5 least. Soil moisture depletion was found 

at dates l at er than those det ermined for the uppermost foot. However, 

trends in the second foot of soi l may be sa id to be essentially similar 

(tho_ugh l ess mar ked) to thos e not ed above for the first foot of soil 

(F_igure 51). 

The third foot showed very little difference in soil moisture 

content between plots. Trends were similar to those of the shallower 

soil depths, but less pronounced. 

Greater differences between plots were found in the fourth foot. 

Plot 4 showed values lower than the other plots, which had soil moisture 

contents little different one from the others. A pattern of soil 

moisture accretion was noted to the end of June. Thereafter, a deple-

tion pattern held until the end of August, followed by sl_ight accretion 

during September, and sl_ight depletion duri_ng October. 

In the fifth foot of soil, Plot 3 had soil moisture contents 

considerablY: greater than Plots 4 and 5 (F_igure 51). Trends were 

similar in all plots. Moisture accretion took place to end of June. 

Thereafter changes were slight. 

The same pattern was found in the sixth foot of soil. In the 

seventh foot, Plot 5 had moisture contents considerably lower than 

Plots 3 and 4. Plot 5 showed a rather marked soil moisture accretion 

until early July, whereas Plot 3 demonstrated virtually no cha_nge in 

soil moisture content. 

In the eighth foot of soil, Plot 3 _again had values considerably 

greater than Plot 5. Accretion took place to mid-July. Thereafter 

there was little cha_nge. 
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Figure SO. March of total soil moisture in Plots 1, 2, 3, 4 and 5 in 1965. Moisture 
• contents are for the whole instrumented solum. (Plot 1 - 4 feet; Plot 2 -

3 feet; Plot 3 - 8 feet; Plot 4 - ·7 feet; Plot 5 - 14 feet.) 
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Figure 51. Soil moisture contents in individua l depths of 
Plots 1 to 5 inclusive duri_ng 1965. 
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Only Plot 5 had soil depths_ greater than e_ight feet. In the 

ninth foot, a period of soil moisture accretion ended in late July, 

followed by little cha_nge. 

In the 10th and 11th feet, soil moisture accretion took place 

until mid-August. In the 12th foot, this accretion period extended to 

early September. Accretion of soil moisture also took place in the 

13th and 14th foot, but was not_ great. Once accretion of soil moisture 

had taken place, soil moisture contents tended to remain constant at 

depths of e_ight feet and_ greater. 

It is interesting to note (Figure 51), that soil moisture accre-

tion continued in Plot 5 to pr_ogressively later dates as depth in-

creased. Thus soil moisture at seven to e_ight feet depth increased 

up to early July, in the 10th foot to mid-August, and in the 21th foot 

to early September. 

Analyses of variance were carried out in exactly the same manner 

as was described for the 1964 data. The analysis for variance table 

for the uppermost three feet of soil is_ given in Table 47. Other 

analysis of variance tables are included in Appendix D. 

These analyses of variance show all sources of variation with one 

exception, to be very highly significant (p = 0.005). The one ex-

ception is the third order interaction, plot x period x depth, which 

was always not significant. 

The s_ignificance levels associated with the various components 

of variation in the different analysis are shown in Table 48. 

Fourth Year of Record - 1966 

Duri_ng 1966, readi_ngs b_egan on May 11th to 12th, and continued 

to September 27 to 30, with the exception of Plot 5, where one 
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additional readi_ng was taken on October 11. Measurements were made 

14 times on Plots 1 to 4 inclusive, and 15 times on Plot 5. Data were 

collected at weekly intervals duri_ng May and June, and approximately 

every two weeks thereafter. 

Total precipitation duri_ng the period of record in 1966 was 

12. 27 inches. This was sl_ightly less than the lo_ng-term average, 

since precipitation from b_eginning of May to end of September , 1966 

was 13 .1 inches, in comparison to the lo_ng-term aver _age of 15 .1 inches 

for the same period . . 

The lower precipitation, than that experienced in the same months 

of 1965, influenced soil moisture trends in 1966, as is seen by compari-

son of F_igure 50 and F_igure 52. 

Duri_ng 1966, in the first foot there were wide differences 

between plots in soil moisture contents at the start of record. By 

mid-August these differences had substantially decreased. The_ general 

trend was to progressive dryi_ng at this depth (F_igure 53). The ranki_ng 

of soil moisture contents was, in descending order, Plot 2, 1, 4, 3 

and 5, the same ranking as determined in previous years of record. 

Some plots dried more than others at this depth (F_igure 53). 

In the second foot of soil, there was, in general, less difference 

in soil moisture contents between plots, than in the first foot. The 

general trend was one of soil moisture depletion. Periods of measured 

soil moisture accretion were infrequent. Again, Plot 2 showed the 

highest values. 

The third foot showed only n_egligible differences between plots. 

A general dryi_ng trend was evident, tho_ugh less pronounced than that 

established in the second foot. 



Table 47. Analysis of variance: uppermost three feet of soil, 1965 soil moisture 
contents (inches water) 

Mean 
Sonrce of Degrees of ;:,uHt of t>quare , Variance Level of 
variation freedom squares ratio significance 

Plots (B) 4 1'9.46 4.87 165.01 0.005 

Periods (P)l . 12 1 7.30 1.44 48 .. 89 0.005 

Depths (D) 2 a,.12 43.56 1411.20 0.005 

BX P 48 4.44 0.09 3.14 0.005 

B x D 8 4.4 ·1 O.Sb 18 .. 97 0.005 

PX D 24 2.88 0.12 4. o·, 0.005 

BX PX D 96 3 .. 05 0.03 1.08 N.S. 

Error 15':10 46.8Y 0.03 

TOTAL 1784 185.61 

1. Date of measurement. 

N 

'° 



Table 48. Levels of significance associated with·sources of variation in analysis 
of variance for uppermost three, four, seven, eight and fourteen feet 
of soil. 1965 soil moisture contents. 

Source of Tnree Four ::;even Eight l Fourteen 
variation feet Feet feet feet feet 

.Plot (B) ..0.005 0.005 o. 005 o. 005 not applicable 

Period (P)l 0.005 0.005 o. 005 o. 005 o. 005, 
I 
I 

Depth (D) 0.005 0.005 o. 005 o. 005 o. 005 

B xP 0.005 o.oos 0.005 o. 005 not applicable · 

B x D 0.005 o.oos · o.oos o. 005 not applicable 

PX D 0.005 
I 

0.005 o. 005 • o. 005 o. 005· 

BxPxD N.S. N.S. N.S. N.S. not applicable 

1. Date of measurement. 

N 
V, 
0 
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In the fourth foot , Plot 5 showed the lowest values as the 

b_eginning of record, but dried less than some of the other plots 

over the season (Figure 53). Plot 4 consistently had the lowest 

values, over the remainder of the period of record, while Plot 1 had 

consistently highest values. Soil moisture accretion took place up to 

early June. Thereafter, a depleti~n pattern was found. 

In the fifth foot, Plot 3 values were appreciably h_igher than 

those of Plots 4 and 5. After soil moisture accretion ceased in mid-

June, a general depletion trend set in. 

The sixth foot demonstrated virtually no cha_nge over the season 

in Plot 3, in which values were found which were higher than in either 

of the other two plots. The pattern for the seventh foot was an 

identical one. 

In the eighth foot, Plot 3 values were considerably greater than 

Plot 5 values. Little change in soil moisture took place. 

At depths beyond e_ight feet, only Plot 5 was represented. 

Virtually no cha_nge in soil moisture content took place at depths 

between e_ight and fourteen feet in this plot. 

The identical analysis of variance models, as used in 1964 and 

1965, were tested for the 1966 data. The analysis of variance table 

for the uppermost three feet of soil is_ given in Table 49. Other 

analysis of variance tables are included in Appendix D. 

These analysis of variance show all sources of variation to be 

highly s_ign-ificant. The third___a_rder_ interaction, plot x period x 

depth, was not s_ignificant in some analyses. 

The s_ignificance levels associated with the various components 

of variation in the different analyses are shown in Table 50 . 
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Figure 52. March of total soil moisture in Plots 1, 2, 3, 4 and 5 in 1966. Moisture 
• contents are for the whole instrumented solum. (Plot 1 - 4 feet; Plot 2 -

3 feet; Plot 3 - 8 feet; Plot 4 - 7 feet; Plot 5 - 14 feet.) 
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Figure 53. Soil moisture contents in individual depths of 
. Plots 1 to 5 inclusive during 1966. 
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Table 49. Analysis of variance: uppermost three feet of soil, 1966 soil moisture 
contents (inches water) 

Source of Degrees of Sum of Variance l Mean Level of 
variation freedom squares square ratio signifi-

cance 

Plots (B) 4 20.60 5.15 167.64 o. 005 

! Periods (P)l 15 157.72 10.52 342.32 o. 005 

Depths (D) 2 43.98 21.99 715.91 o. 005 

B X P 51 0.03 . o.oo 0.02 N.S. 

Bx D 8 4.70 0.59 19.11 o. '005 

PX D 30 19.89 0.66 21.59 o. 005 

BX PX D 102 4.26 0.04 1.36 o. '025 

Error 1737 53.35 0.03 

' 
TOTAL 1949 304. 52 

I I 
! I 

1. Date of measurement. 

N 
V, 
--.J 



Table 50. Levels of significance associated with sources of variation in 
analysis of variance for uppermost three, four, seven, eight 
and fourteen feet of soil. 1966 soil moisture contents. 

Source of Three Four Seven Eight Fourteen 
variation feet feet. feet feet feet 

I -
Plot (B) o. 005 o. 005 o. 005 o. 005 not applicable 

I Period {P)l o. 005 o. 005 o. 005 o. -005 o. I 00£ 

Depth (D) o. 005 o. 005 o. 005 o. 005 o. '005 -
BX P N.S. 

I 
o. 010 - - not applicable 

BX D o. 005 o. 005 o. ·oo.s o. 005 not applicable 

PX D 0.005 o. 005 o. 005 o. ·005 o. -00-5 

BX PX D o. 025 N.S. - - not· applicable 

1. Date of measurement. 

N 
V, 
CX> 
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All Years - Comparison of Soil Moisture Contents 

Readings were taken in late season 1963, early season 1964 , and 

throughout the season in 1965 and 1966, excepting that the 1965 readi_ngs 

were somewhat late in b_eginni_ng. A certain consistency eme_rges from the 

four years of record. 

In the uppermost foot of soil, Plot 2_ generally had the highest 

values, followed by Plots 1 and 4 which had_ generally similar moisture 

contents, followed in tur n by Plots 3 and 5. Excepti_ng duri_ng 1963, 

when readings were taken only in late season, when the upper soil was 

drier, the first foot of soil generally showed values higher than those 

in deeper soil depths. This was considered to be the result of its 

higher water holding capacity (Table 6), and the fact of its receiving 

more recharge than deeper soil layers. 

The second foot of soil showed a similar pattern. Plot 2 values 

were highest, followed by Plots 1 and 4, followed in turn by Plots 3 

and 5. Moisture content·s, while less than the uppermost foot, were 

generally greater than in the soil layers immediately below, except in 

the case of Plot 5 . Cha_nges in soil moisture were of lower m_agnitude 

in the second foot than in the first foot. 

In the third foot of soil, while a ranki_ng similar to that noted 

above for the first and second feet existed, differences in moisture 

contents between plots tended to be relatively small (Figs. 47, 49, 

51, 53). While mean moisture contents for the first foot of soil 

duri_ng 1965 ranged from 1. 2 to 1. 6 inches, in the third foot the ra_nge 

was from O. 9 to 1. 0 inches, demonstrati_ng both the lower moisture 

contents and a lowe r range between plots. This was in spite of the 

fact that Plot 2 did net extend beyond a depth of three feet. 
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In the fourth foot, differences bet ween plots were similar to 

those in the third foot. Plot 1 had h_ighest values, with Plots 3 and 

5 occupyi_ng a central position, and Plot 4 having lowest soil moisture 

contents. Mean annua l values showed close similarity to the third foot 

of soil. Plot 1 did not extend beyond four foot depth. 

In the fifth foot of soil, Plot 3 always had appreciably higher 

values (mean 1965 value , 1.57 inches) than Plot 4 (0.94 inches) and 

Plot 5 (0.96 inches). As in the fourth foot, changes in soil moisture 

content tended to be less marked than in upper soil layers (F_igs. 4 7, 

49, 51, 53). 

The sixth and seventh feet of soil showed patterns similar to 

the fifth foot, excepting that Plot 4 soil moisture contents were in-

variably considerably higher than Plot 5 values, while Plot 3 values 

were always the h_ighest of the three plots. Only sl_ight changes in soil 

moisture contents took place at these depths. Plot 4 did not extend 

beyond seven feet. 

In the eighth foot, the same pattern was repeated. Plot 3 

values were always considerably h_igher than those of Plot 5. Thus, 

in 1965, the mean soil moisture content measured at this depth was 1.53 

inches in Plot 3 and only 0.82 inches in Plot 5. In both plots, soil 

moisture contents at e_ight feet were less than soil moisture contents 

at six and seven feet. Plot 3 did not extend beyond e_ight feet. 

In Plot 5, access tubes extended to fourteen feet. Cha_nges in 

soil moisture at these depths were very small. Soil moisture contents 

were low and ranged from 0.6 to 0.8 inches, mean measured values for 

all years (Figs. 47, 49,. 51, 53). 
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The consistency shown by inspection of soil moisture trends 

duri_ng four years in which data were collected, extended also to the 

results of analysis of variance (Tables 43, 44, 45, 47, 48, 49, 50). 

The results of analysis of variance showed: 

(1) Differences between plots were invariably highly significant. 

(2) Differences between dates of measurement periods were invariably 

h_ighly s_ignificant. 

(3) Differences between depths were invariably h_ighly significant. 

(4) The interaction, plot x period, was usually highly significant, 

but occasionally was not s_ignificant. 

(5) The interaction, plot x depth, was invariably h_ighly significant. 

(6) The interaction, period x depth, was invariably highly s_ignifi-

cant. 

(7) The interaction, plot x period x depth, was usually not s_ignificant 

but occasionally was h_ighly s_ignificant. 

The occurrence of significant interactions s_ignifies that care 

must be exercised in interpretation of differences between main effects, 

i.e., between plots, dates of measurement and depths. 

The s_ignificant interactions may be explained by the response of 

soil moisture to precipitation and transpiration duri_ng the period of 

record. Soil moisture trends in the upper soil levels, while over 

the lo_ng run essentially parallel, show that some depths of some plots 

dried more than others in a given period between measurements, or 

alternatively retained more incident precipitation in a given depth 

during certain periods between measurements (F_igs. 4 7, 49, 51, 53). 

These effects were most pronounced in the upper soil layers, and were 

the source of the significant interactions encountered. 
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The s_ignificant differences in moisture contents between plots 

were made difficult of interpretation not only by the occurrence of 

s_ignificant interactions, but by the differences in soil character-

istics, particularly of water stor_age capacity, which obtained between 

plots (Table 6; Appendix B). 

To supplement the results of analysis of variance, the mean, 

maximum and minimum soil moisture contents measured in 1963, 1964, 

1965 and 1966 in the soil depths used for analysis of variance (0 - 3 

feet; 0 - 4 feet; 0 - 7 feet; 0 - 8 feet; 0 - 14 feet) are listed in 

Table 51. 

While there is a general consistency in the ranking of plots 

one against another, departures from the general trend show up. Thus, 

in the mean values for depth O - 4 feet, Plot 3 values were generally 

greater than Plot 5 values. However, in 1966 the Plot 5 mean soil 

moisture content was sl_ightly_ greater than that of Plot 3. The same 

was true of 1966 minimum soil moisture contents. 

The ranki_ng, furthermore, of maximum and minimum values was not 

always the same. In 1964, for example, the Plot 3 maximum for depth 

0 - 3 feet was greater than that of Plot 5, while in minimum values 

the Plot 5 minimum was greater than that of Plot 3. A similar dispar-

ity in ranking was found in most cases, as can be readily determined 

by inspection of Table 51. The significant interactions established in 

analysis are believed to result from such phenomena. 

Eme_rgent from the analysis of variance is the consistency of 

results, r_egardless whether a.nalysis was carried o-µt for O - 3 feet, 

0 - 4 feet, 0 - 7 feet, 0 - 8 feet or O - 14 feet (Tables 43 to 45, 

47 to 50). This is s_u_ggestive that soil moisture measurement to a 



, _Table 51 Mean, maximum and niinimum totc1l soil moisture contents (inches water) in all 
plots in f our years for depths of 0-3 feet, 0-4 faet , 0-7 feet, 0-8 feet and 
0-14 feet. 

1963 I 1964 

Plo1 :Cepth Mean Ma.'Cimum Hinimum Mean Maximum Minimu.m 

l 0-3' 2.44 3.04 1.73 4.02 4.70 3.29 
2 0-3 1 2.73 3 . 35 2.33 4.16 4 . 97 3.33 
3 0-3 ' 2 . 28 2.74 2.03 3 . 39 4.35 2.81 
4 0- 3' 2.64 3 . 18 2.16 3.72 4.79 3.03 
5 0-3' - - - 3.05 4 .26 2.48 

l 0- 4' 3.46 4 . 13 ::? • 56 5 .15 6 .13 4.51 
3 0-4' 3.15 3 . 74 2.68 4 . 46 5.57 4.01 
4 0-4 1 3 . 40 4.03 2.78 4 .55 5.83 3.89 
5 0-4' - - - 4 .08 5. 42 3.56 

3 0-7 •. 7.67 8 . 49 6 . 60 9.06 10.20 8.65 
4 0-7' 6.64 7.40 5.66 7.73 8 . 74 7.38 
5 0-7' - - - 6.69 8.25 6.47 

3 0-8' 9.09 9.90 a.01 10.42 11.51 10.12 
5 0-8' - - - 7.37 8,,86 7.07 

5 0-14' - - - l0.90 12.75 10.51 

N 

°' w 
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Table 51 Mean, maximum and mini mum t o tal soil moisture cont en ts (inches water ) i n al l 
I plo t s in fou r years f or depths o f 0-3 f e e t, 0-4 feet , 0-7 f e e t , 0-8 feet , and 

0-14 fee t - continued . 
I 
I 1965 1 966 

Pl o t Depth Mean Maximum Mi n i mum Mean Maxi mum Mi nimum 

l 0- 3 ' 3.68 4 .31 J . 19 3. 36 5 . 03 1. 91 
2 0- 3 1 • 3. 89 4 . 55 3 . 41 3 . 63 5 . 16 l. 98 
3 0- 3' 3 . 21 3 . 91 2 . 64 2 . 81 4 .27 1.62 
4 0- 3 ' 3 . 6•1 4.01 3 . 18 3 . 35 4 .76 1 . 99 
5 0-3' 2. 97 3 . 6 3 2 . 5,9 2 .89 4 .36 1 .74 

l . 0-4' 4 . 87 5.55 4 . 35 4 . 4 7 6 .06 2.83 
3 0- 4 1 4 . 37 s .~3 3 .70 3 . 8 0 5. 22 2 .31 
4 0-4' 4 . 55 5. 09 3 . 98 4 .2 0 5. 61 2 . 64 
5 0-4' 4 .09 4 . 94 3. 68 3 . 8 7 s .21 2.56 

3 0-7' 9. 2 9 10.48 8 . 56 8 . 36 9.77 6 .39 
4 0-7 ' 8 .11 9 . 00 7.37 7.57 8. 54 5.70 
5 0-7' 6 .93 7.90 s.9a 6 .28 7.37 4 .88 

3 o-8 ' 10.82 11.97 10. 11 9.85 11 .00 7 .79 
5 0-8' 7.74 8. 4 9 7.37 6 . 97 8. 1 2 S. bO 

5 O-l 4' 12.06 1 3 .11 10.4 6 ll.32 12.60 9.92 

I 

N 

°' +:"' 
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depth of three or four feet only, in these soils was sufficient in 

itself to demonstrate differences between plots. To test this hypoth-

esis, Duncan's Multiple Range Test (Steel and Torrie, 1960: 107-109) 

was applied to the plot means in the analyses of soil moisture contents 

in the uppermost four feet of soil. 

The results of this test are shown in Table 52. These demon-

strate that significant differences between plots in the analyses for 

the uppermost seven or e_ight feet of soil usually existed also in the 

upper most four feet of soil. However, further Duncan's Multiple Range 

tests applied to the uppermost seven feet plot means showed that there 

were s_ignificant differences between means between Plots 3 and 4 in 

1964 and between Plots 3 and Sin 1966. In addition, the eight feet 

analysis in 1966 (Table SO) showed a highly s_ignificant difference 

between Plots 3 and 5. 

Thus, it must be concluded that sampli_ng to shallow depths only 

did not invariably show the s_ignificant differences which appeared 

when measurement was extended to deeper soil layers. 

Comparison of Soil Moisture Change 

In this section, attention is mainly directed to individual 

depths or zones within the solum. 

F_igures 46, 48. SO, 52, already presented, show total soil 

moisture cha_nge over the various periods of record. 

It is readily discernible that, while large differences in 

total soil moisture content existed between plots, differences in 

total soil moisture cha_nge were much smaller. 

Thus, in 1966, while the soil moisture contents of Plot 2 and 

Plot 5 (shallowest and deepest plots) were at first measurement (May 
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Table 52. Results of Duncan's Multiple Range Test for plot means 
of soil moisture content (inchei water) in 1963, 1964, 
1965 and 1966 in the uppermost 4 feet of soil. 1 

YEAR 

PLOT 

YEAR 

PLOT 

YEAR 

FLOT 

YEAR 

PLOT 

1963 

1 

1964 

1 

1965 

1 

1966 

1 

1963 

2 

1964 

2 

1965 

2 

1966 

2 

1963 

3 

1964 

3 

1965 

3 

1966 

3 

1963 

4 

1964 

4 

1965 

4 

1966 

4 

1. No significant difference between plots underlined (p = 0.05). 

1964 

5 

1965 

5 

1966 

5 
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11-12) 5.2 inches and 12.6 inches respectively, a very large difference, 

the total moisture change for these two plots calculated as "first 

reading (May 11-12) minus last reading (Sept. 28 - 30)" was3.0 inches 

for Plot 2 and 2.2 inches for Plot 5, an entirely negligible difference. 

The much greater depth of Plot 5 apparently had little effect upon total 

moisture change, as calculated in this manner. 

Soil moisture cha_nge is fundamentally the main parameter of 

interest in forest hydrol_ogy studies of which soil moisture is a 

component. An indication of soi 1 moisture cha_nge with time and differ-

ent soil depths was_ given by Figures 47, 49, 51, 53. 

Since detailed consideration of soil moisture change, comparable 

to that given to soil moisture content on the pages immediately pre-

cedi_ng, would be repetitious, only the most important points are 

considered below, under the heading of soil moisture change. 

The percentage disposition of total soil moisture accretion and 

depletion by individual depths in all years is shown in F_igures 59 to 

63 inclusive, while the range in soil moisture contents by year and 

depth is presented in F_igure 58. 

To make an appraisal of the statistical significance of soil 

moisture changes measured, analyses of variance were carried out 

exactly as was done for soil moisture content, the sole difference 

being that soil moisture change was the variable analysed. 

Analysis of variance was undertaken for the uppermost 3 feet, 

4 feet, 7 feet, 8 feet, and 14 feet, for 1963, 1964, 1965 and 1966. 

The results of analysis of variance are shown in Table 53. 
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These results are highly illuminating. Only the three feet 

analyses show significant differences between plots. The others 

generally show no significance. Period is always highly significant, 

as would be expected. Most of the interaction terms are significant. 

The conclusion to be drawn from these analyses is that no 

significant difference exists in soil moisture change between plots. 

First Year of Record - 1963 

Moisture change values were obtained for . the latter part of the 

year only during 1963. Soil moisture change with time in Plots 1, 2, 

3 and 4 duri.ng 1963 is shown in F.igure 54. 

These values showed that soil moisture depletion took place 

throughout the period of record, August 7 to October 27. This de-

pletion left soil considerably drier in late October than in early 

August. It extended throughout the profile in Plots 1 and 2, to six 

foot depth in Plot 3 and to seven foot depth in Plot 4. 

Generally speaking, soil moisture depletion diminished in magni-

tude as depth increased. Greatest depletion amounts occurred in the 

uppermost foot of soil. The same was true of soil moisture accretion. 

As seen in Figure 54, soil moisture accretion took place frequently 

in the surface foot but less frequently and in lesser amounts at deeper 

depths. 

Analysis of variance tables for 1963 are given in Appendix D. 

Second Year of Record - 1964 

In contrast to 1963, when only late season values were obtained, 

during 1964 only early season readings could be taken. The _period of 

record extended from April 8 to July 10. 
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Figure 54. Soil moisture change in 1963, Plots l, 2, 3 and 4. 
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Table 53. Levels of significance associated with source of variation in analysis of variance dealing 
with uppermost 3, 4, 7, 8 and 14 feet of soil. 1963, 1964, 1965, 1966 soil moisture change 

(inches water). 

Source of Three Feet Four Feet Seven Feet 
Variation 1963 1964 1965 1966 1963 1964 1965 1966 1963 1964 1,965 

Plot (B) 0.01 0.05 N.S. 0.05 N.S. 0.05 N.S. N.S. N.S. N.S. N.S. 

Period (P) 1 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Depth (D) 0.01 0.01 N.S. 0.01 N.S. 0.01 N.S. 0.01 0.05 0.01 0.01 

B x P 0.01 0.01 0.01 0.01 0.01 0. 01. 0.01 0.01 0.05 N.S . . 0.01 

B x D 0.01 N.S. N.S. N.S. 0.01 0.01 N.S. N.S. N .S. N.S. N.S. 

P x D 0.01 0.01 0.01 0.01 • 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

B x P x D 0.01 N .S. 0.01 0.01 0.01 N.S. 0.01 • 0.01 0.01 0.01 0.01 -
1. Interval between _two consecutive measurements. 

1966 

t-T.S. 

0.01 

0 . 01 

0.01 

N.S. 

0.01 

N.S. 

N 
'-.I 
N 



Table 53. 
I 

Cont'd. Levels of significance associated with source of variation in analysis 
of variance dealing with uppermost 3, 4, 7, 8 and 14 feet of soil. 
1963, 1964, 1965, 1966 soil moisture change {inches water). 

I Source of Ei2:ht Feet Fourteen Feet 
I Variation 1963 1964 1965 . 1966 1963 1964 1965 1966 

, 

Plot (B) - N.S. N .S. N.S. - - - -
Period (P) 1 0.01 0.01 0.01 0.01 - 0.01 0.01 0.01 

I 
Depth (D) 0.01 0.01 0.05 0 .01 - 0.01 0.01 0.01 

B x P - N .S. 0.05 0.01 - - - -
B x D - N.S. N .s. N .S. ·- - - -
p X D . 0.01 0.01 0 .01 . 0.01 - 0.01 0.01 0.01 

B x P X D - N .S. 0.01 0.01 - - - -

I\.) 
•..J 
I,..) 
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F_igure 55 clearly shows that in . early April recharge of the soil 

mantle had not taken place, even in Plot 2, the shallowest plot, 

which extended only to three foot depth. Maximum values for the upper-

most three to five fe et of soil were attained in mid-May. In some 

cases, minimum values were attained at the end of April, following a 

depletion period in late April at middle depths. In Plot 3, maximum 

values at depth, effectively speaking, were attained in late May. In 

Plot 4, at depths of 5 to 7 feet, maximum soil moisture levels were not 

attained until late June, while Plot 5 maximum soil moisture levels at 

depths of 6 feet and more were obtained about July 10. Above six foot 

depth in Plot 5, considerable depletion took place from the mid-May 

h_igh values. 

In Plot 5 (F_igure 55), the generally low range in values at 

depths greater than eight feet is noteworthy. 

Results of analysis of variance are shown in Table 53. 

Analysis of variance tables for 1964 are contained in Appendix D. 

Third Year of Record - 1965 

In 1965, readings began in mid-June and terminated in late 

October. The season, as remarked earlier, was extremely wet in 

comparison to the normal summer rainfall. This pattern of recurrent 

alternati_ng soil moisture accretion and depletion, created the be-

wilderi_ng perplexity of F_igure 55. 

In Plots 1 and 2, maximum soil moisture levels thro_ughout the 

prof-He were attained in early July. This was also true of Plots 3 

and 4 to six foot depth and of Plot 5 to seven foot depth. The 
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Figure 55. Soil moisture change in 1964, Plots 1, 2, 3, 4 
and 5. (Note change in vertical scale in Plot 5). 
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period mid-June to early July was one of marked soil moisture accre-

tion in the uppermost six foot of mantle. 

In Plot 5, at depths greater than six feet, gradual soil moisture 

accretion took place throughout the season. 

Noteworthy in the individual plots of Figure 56 was the low range 

between extreme values at all depths compa:red to other years (F_igures 

54, 55, 57). 

Results of analysis of variance are in Table 53. Analysis of 

variance tables for 1965 are contained in Appendix D. 

Fourth Year of Record - 1966 

Comparison of the_ graphs of Figures 56 and 57 dramatically shows 

the differences between a wet year (1965) and a normal year (1966). 

The range in values between extreme soil moisture levels was very much 

more pronounced in 1966 than in 1965. Readi_ngs in 1966 b_egan in mid-

May and were terminated at the end of September . 

In the "shallow plots" (Plots 1 and 2), recha_rge of the soil 

mantle was virtually complete in mid-May, some slight soil moisture 

accretion only taking place at 3 and 4 foot depths in Plot 1 until 

early June. 

Though the shallow portion of soil mantle (0 to 3 feet) was 

fully recharged in mid-May, it was early to mid-June before rech~rge 

was complete at 5 foot depth in Plots 3, 4 and 5, while full recharge 

at 7 feet was delayed until late June (Figure 57). 

In Plot 5, very little further soil moisture accretion took 

place at depths greater than 7 feet after early July. In any case, 
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Figure 56 . Soil moisture change in 1965, Plots 1, 2, 3, 
4 and 5. 
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soil moisture accretion at these depths was comparatively sl_ight, in 

marked contrast to 1965 (cf. F_igure 56 and Figure 57). 

After full recharge was attained, drying took place progressive-

ly through the shallow portion of the mantle. Mid to late September 

values were lowest on all plots to depths of 7 feet. Below this depth 

in Plot 5 little cha_nge in soil moisture took place, once maximum soil 

moisture values for the season were attained. 

Results of analysis of variance are shown by Table 53. Analysis 

of variance tables for 1966 are contained in Appendix D. 

Comparison of Soil Moisture Change - All Years 

The results of analysis of variance are shown in Table 53 and 

Appendix D. They indicate that, while differences in soil moisture 

change existed between plots, they could not_ generally be considered 

as s_ignificant. Only the analysis (Tab.le 53) for the uppermost three 

feet of soil showed s_ignificant differences between plots. The 

occurrence of h_ighly s_ignificant interactions (Table 53) indicates that 

care should be used in attributi_ng significance to differences between 

plots even when relatively h_igh variance ratios are obtained (Appendix 

D). The significant interactions may be attributed to the same causes 

as were ascribed in soil moisture content analysis of variance in the 

preceding section of this thesis. 

In order to determine which plots were s_ignificantly different 

one from another, Duncan's Multiple Range Test was applied to the 

analysis data for the uppermost three feet of soil, to determine 
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Figure 57. Soil moisture change in 1966, Plots 1, 2, 3, 
4 and 5, 
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whether significant differences existed between Plots 3, 4 and 5. 

No s_ignificant differences (p = 0. 05) between these plots were found 

using this test. 

Inspection of Figures 54 to 57 provides some insight into moisture 

cha_nge at different depths, to supplement the impressions obtained from 

F_igures 46 to 53 in the precedi_ng section. 

The range in moisture content was_ greatest in the surface foot 

of soil and tended to diminish pr_ogressively in succeedi_ng depths. 

The ra_nge (maximum soil moisture content minus minimum soil moisture 

content) for each depth of each plot in each year is shown in F_igure 

58. 

In 1963, only late season values were obtained; therefore, 

ranges were low. In 1964, only early season values were collected; 

both maxima and minima were high; ranges, accordi_ngly, again tended 

to be low. In 1965, abnormal amounts of precipitation were experi-

enced, and minima tended to be high. _Again, ra_nges at shallow depths 

were rather low. In 1966, values were obtained in early season. 

This provided high maxima, which were not obtained in 1965, because 

of a late start in records being obtained. In 1966, dryi_ng was pro-

gressive thro_ughout the season and continued into September. There-

fore, low minima, comparable to those of 1963, were obtained in 1966. 

For the above reasons, range in soil moisture at shallow depths was 

greater in 1966 than in other years. 

A noteworthy feature (F_igure 58) is the low ra_nge associated 

with increasing depth. In 1963, no depth below six feet had a range of 
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Figure 58. Range in soil moisture contents (maximum re-
corded minus minimum recorded) in Plots 1, 2, 
3, 4, and 5 during 1963, 1964, 1965 and 1966. 
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0.15 inches water, with the exception of 13 to 14 feet in Plot 5. In 

1965, ra_nges at depths below six feet were appreciably greater than 

in other years, due to generally h_igher maxima at these depths. In 

1966, no depth greater than eight feet had a range_ greater than O .15 

inches. 

From this it may be concluded that much more soil water move-

ment took place at shallow depths than in deeper zones. Specifically, 

it is seen that in all years except 1965, the amount of water pene-

trating below seven or eight feet in Plot 5 was not substantial. From 

this it may be concluded that comparison of moisture budgets in the 

upper seven or e_ight feet of soil yields reasonable results. It may 

be j~dged that the ~omparison of Plots 3, 4 and 5 for 1963, 1964 and 

1966 is physically valid, inasmuch as no s_ignificant amount of water 

may be expected to "leak" out of these plots, as a contribution to 

groundwater storage. The same assumption cannot be made for Plots 1 

and 2 from which some drainage must have occurred. This point is 

further considered in succeeding pages. 

Consideration of soil moisture change duri_ng overwinter periods 

can be made from the data, for two periods: 

1. End-October 1963 to end-April 1964. 

2. End-October 1965 to mid-May 1966. 

Overwinter soil · moisture cha_nge during these two periods is 

shown in Table 54. La_rge differences existed between the two years in-

sofar as total amounts are concerned. This probably reflects higher 

soil moisture levels in October, 1965 than in October, 1963 (F_igs. 46, 

SO). In spite of discrepancies between amounts, trends were the same. 

Over the winter months, soil moisture levels rose in the upper three 
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Table 54 . Soil moisture change (inches water ) in plots 1, 2 , 3 , 
4 , d ur ing winte r 1963 / 64 and in Ploto 1 , 2, 3 , 4 , 5 
during winter 1965/66 . 

Dep_th 
(feet ) 

0-1 

1-2 

2 - 3 

Total : 
0- 3 

3-4 
-
Total : 
0-4 

4 -5 

5-6 

6-7 

Total: 
0-7 

7- 8 

Total 
0 - 8 

8-9 

9-10 

10- 11 

11-12 

12-13 

13-14 

Tot:al : 
0- 14 

Period e nd-October , 1963 
end-April , 1964 

Plot 
.1 L. _j '¾ 

+1.68 +1. 23 +0 . 93 +1.13 

+0.93 +0 .78 +0 .76 +0. 64 

+0.35 + 0 .29 +0. 34 +0. 10 

+2.96 +2.3 0 +2.03 +1.87 

+0 .05 +0.04 - 0. 05 

+3 . 0 1 +2 .07 H . 82 

+0.14 - 0 .10 

-0 .08 -0 . 10 

-o.os - 0. 09 

+2.08 +1 . 53 

- 0. 10 

+1.98 

-

Period : end-October 1965 
mid-May , 1966 

Plot 
- 1 :l 3 4 

+o. 57 +0. 46 +0 . 41 +0 . 48 

+0 . 73 +0. 64 +0 .22 +0.65 

, +0. 15 +0 . 30 +0 .35 +0.17 

+1.45 +1.40 +0 .98 +1.3 0 

- 0.14 - 0 .20 -0.03 

+1 . 3 1. +0 .78 +1.27 

-0.3 0 -0 . 23 

-0 .19 -0.22 

-0 . 01 -0 . 15 

+0 .2 2 +0 .67' 

- 0. 05 

+0 .J.7 

-
---

+0 .53 ; 

+0. 71 I 
I 
I 
! 

+0. 46 ' 

+1. 7 0 

- 0 .21 

: 
+1.49 I 

! 
- 0. 28 I 

i 
- 0. 21 

I 

·-0 . 24 I 
I 
I 
I 
I 

+0 . 76 I 
-0.14 I 

i 
I 

+0 .62 ! 
' 

- 0 . 13 ' ' 
i 

- 0 .11 i 

I 
-0 .11 

-0 .01 
-0.08 

- 0 . 02 

+0. 1 0 
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fe et in both periods. At lower levels, i.e., below five feet, soil 

moisture levels decreased during the wint er . 

The accretion of soil moisture in the upper l ayers can be 

attributed to several possible sources, (a) snowmel t water, (b) spri_ng 

rainfall, and (3) water vapour movement from below. The soil moisture 

depletion at lower depths might be attributed to (a) evapotranspira.-

tion (b) drainage (c) vapour movement upwards. 

In the accretion of water in the upper layers, it is likely that 

snowrnelt water plays a prominent part . Studies have shown (Figs. 29, 

34, 35) that continual fluctuation takes place in the snowpack and 

that for periods it disappears altogether. Most of the snowpack water 

may proceed into the soil rather than evaporate, a sufficient ene_rgy 

source for la_rge winter evaporation losses being debatable in spite of 

recurrent chinook winds. Spring rainfall does not appear to be a 

major pertinent factor (Table 1). 

In the depletion of water from lower depths, overwinter evapo-

transpiration may safely be discounted. Evapotranspiration does not 

appear to take place to any appreciable extent below six feet in 

summer (Figs. 47, 49, 51, 53). It is the more unlikely that it would 

be occurring in winter. Drainage may take place, over the winter, but 

soil moisture levels at depths greater than six feet were not h_igher 

than field capacity at b_eginning and end of either period. 

The question of water vapour movement from below to above is 

interesti_ng and the hypothesis that this occurs is supported by the 

lack of adequate alternatives. Duri_ng lo_ng portions of the winter 

(Figure 29), the ground surface beneath these stands was bare of snow. 
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Very low air temperatures are common (Table 1). A considerable 

temperature gradient must exist between the comparatively warm soils 

below and the frozen soil surface above. Along this_ gradient, it is . 

reasonable to expect considerable water movement as vapour to occur. 

Accordingly, it seems reasonable to suppose that some of the 

water occurri_ng _in May at upper soil levels, duri_ng the preceding 

October might have been found at_ greater soil depths, havi_ng migrated 

upwards as water vapour duri_ng the winter. 

The most noteworthy feature, however, of the data is its illus-

tration of the relatively small quantities involved in overwinter re-

cha_rge. The effects of the low winter precipitation (Table 1) are 

effectively shown here, and the question of snowpack evaporative 

losses from Chinook winds s_u_ggests itself as pertinent to research. 

Indeed, during winter 1965/66 recha_rge can scarcely be said to 

have taken place at all, particularly on Plots 3 and 5. This was, 

it will be recalled, a year in which little snow fell. 

Total soil moisture accretion and depletion over each period of 

record in 1963, 1964, 1965 and 1966 was calculated to determine the 

influence of soil depth on moisture cha_nge in the various plots. These 

values are_ given in Table 55, while percent_age distribution is shown 

in Figure 59 for depths to three feet, in F_igure 60 for depths to four 

feet, in F_igure 61 for depths to seven feet, in F_igure 62 for depths to • 

e_ight feet and in Figure 63 for depths to fourteen feet. 

The information provided by this tabular and graphical presenta-

tion is interesting. The pre-eminence of the surface foot of soil in 

both accretion and depletion is immediately apparent. 
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Table 55. Total cumulative measured soil moisture accretion and 
depletion (inches water) in 1963, 1964, . 1965, and 1966. 

1963 1964 1965 1966 
Depth Plot 1 Plot 1 Plot 1 Plot 1 
(feet) • Acc. Dep. Acc. Dep. Acc. Dep. Acc. Dep. 

0-1 0.216 1.056 0.492 1. 956 1.632 1. 788 0.900 2.532 

1-2 nil 0.396 0.576 1.104 0.648 0.828 nil 1.428 

2-3 nil 0.360 0.492 0.564 0.480 0.612 0.048 0.672 
3-4 nil 0.312 0;696 0.504 0.420 0.348 0.336 0.552 

Plot 2 Plot 2 Plot 2 Plot 2 
0-1 0.288 o. 792 0.384 1.308 1. 2"48 1.536 0.864 2.484 
1-2 . nil 0.432 0.360 0.816 0.66 0.840 0.048 1.356 
2-3 nil 0.324 0.48 0.528 0.480 0.624 0.024 0.816 

Plot 3 Plot 3 Plot 3 Plot 3 
0-1 0.360 0.612 0.300 1. 212 1.836 1. 872 1. 296 2.676 
1-2 nil 0.360 0. 096 0.66 o. 600 . 0.636 0.060 1.044 
2-3 0.072 0.336 0.300 0.384 0.588 o. 696 0.048 0.804 
3-4 nil 0.420 0.648 0.204 0.684 0.552 0.384 0.768 
4-5 nil 0.672 0.600 0.120 0.492 0.42 0.456 0.672 
5-6 nil 0.300 0.468 0.120 0.216 0.156 0.252 0.432 
6-7 0.012 o·. 096 0.204 0.108 0.072 0.072 0.144 0.276 
7-8 nil 0.036 0.276 0.132 0.216 0.156 0.252 0.408 

Plot 4 Plot 4 Plot 4 Plot 4 
0-1 o. 096 0.576 0.444 1.080 1.176 1.20 0.41\4 1. 92 

1-2 nil 0.456 0.456 0.864 0.540 0.612 0.108 1.332 
2-3 nil 0.288 0.480 0.348 0.492 0.588 0.108 0.504 
3-4 0.204 0.432 0.492 0.372 0.444 0.432 0.156 0.348 
4-5 0.048 0.312 0.492 0.144 o. 720 0.456 0.480 0.444 
5-6 nil 0.252 0.444 0.072 0.684 0.336 0.348 0.492 
6-7 0~048 0.192 0.264 nil 0.780 0.432 0.492 0.340 

Plot 5 Plot 5 Plot 5 Plot 5 
0-1 0.216 1. 68 1. 236 1. 368 1. 740 2. 70 
1-2 0.240 0.756 0.624 0.828 0.132 1.224 
2-3 0.444 0.408 0.408 0.702 0.144 0.948 
3-4 0.612 0.144 0 . 468 0.528 0.432 0.612 



- :295 -

Table 55. cont ... Total cumulative measured soil moisture accretion 
and depletion (inches water.) in 1963, 1964, 1965, and 
1966. 

Depth 1964 1965 1966 
(feet) Plot 5 Plot 5 Plot 5 

Acc. Dep. Acc. Dep. Acc. Dep. 
4-5 0.576 0.120 0.804 0.396 0.408 0.492 
5-6 0.432 nil 0.612 0.312 0.540 0.636 
6-7 0.312 0.024 0.540 · 0.192 0.144 0.204 
7-8 0.300 0.012 0.420 0.120 0.180 0.300 
8-9 0.156 0.012 0.324 0.084 0.084 0.216 
9-10 0.048 0.048 0.240 0.048 0.072 0.180 
10-11 0.024 0.048 0.204 0.048 0.084 0.180 
11-12 0.024 0.072 0.168 0.036 o. 096 0.180 
12-13 0.024 0.048 0.156 0.036 0.156 0.276 
13-14 0.036 0.072 o. 204 0.084 0.060 0.216 
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Figure 59. Soil moisture accretion and depletion in each of the uppermost three feet of 
soil, expressed as percentage of total accretion and depletion in the upper-
most three feet of soil. • 
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Figure 60. Soil moisture accretion and depletion in each of the uppermost four feet 
of soil, expressed as perceptage of total accretion and depletion in the 
uppermost four feet of soil . 
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Figure 60. Soil moisture accretion and depletion in each of the uppermost four feet 
of soil, expressed as percentage of total accretion and depletion in the 
uppermost four feet of soil. 
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.. 

Figure 61. Soil moisture accretion and depletion in each of the uppermost seven feet 
of soil, expressed as percentage of total accretion and depletion in the 
uppermost seven feet of soil. 
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Figure 62. Soil moisture accretion and depletion in the uppermost eight feet of 
soil expressed as percentage of total accretion and depletion in the 
uppermost eight feet of s·oil. 
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Figure 63. Soil moisture accretion and depletion in each of 
the uppermost fourteen feet of soil, expressed 
as percentage of total accretion and depletion in 
the uppermost "fourteen feet of soil. 
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Soil moisture depletion in the first foot (0 - 1 feet) ex-

pressed as a percentage of total depletion from the uppermost three 

feet varied, in the four periods of record, from 54 to 58 percent in 

Plot 1, from 49 to 53 percent in Plot 2, from 47 to 59 percent in Plot 

3, from 44 to 51 percent in Plot 4, and from 47 to 59 percent in Plot 

5. Accretion values did not show a similar constancy . (Figure 59). 

The percentage values for the upper foot of soil naturally 

diminished as more soil depths were introduced into the computation, 

and the apparent consistency between plots and years tended to dis-

appear. Thus, in Plot 3, soil moisture depletion measured in the first 

foot of soil, expressed as a percent.age of total depletion in seven 

feet of soil, varied from 22 to 43 percent, in Plot 4 from 23 to 37 

percent and in Plot 5 from 23 to 54 percent. It should be noted, how-

ever, that the values for Plots 3 and 4 became considerably smaller in 

range (Table 55, F.igure 61) if the late season data of 1963 were 

.ignored. 

Generally speaki.ng, moisture depletion from depths below seven 

feet was relatively small (F.igure 63, Table 55). The same tended to be 

true of moisture accretion, though 1965 values were of greater magni-

tude than other years. It would in general appear that measurement of 

soil moisture to and not beyond depths of seven feet in these soils 

would result in only n.egl.igible loss of accuracy in water balance 

studies. Sampling to. greater depths in this soil and this climate does 

not appear to be justified. 

Previous studies have s.uggested (Horton, 1956) that lodgepole 

pine roots penetrate to depths of 12 feet. In ·these plots roots were 

found to depths of over e.ight feet (Appendix B). Nevertheless, there 
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was no evidence that evapotranspiration removed water from depths 

greater than seven feet, even tho_ugh water was available at these 

greater depths. 

Comparison of Evapotranspiration 

For each of the years of study, the data obtained were critically 

examined to determine the feasibility of compari_ng evapotranspiration 

losses amo_ng the five plots. 

In order to make an estimate of evapotranspiration losses from 

soil moisture budget techniques, the followi_ng assumptions are necessary: 

(1) Evapotranspiration = change in soil moisture content plus precipi-

tation: in equation form: 

ET = P - ti SM, 

where ET = evapotranspiration for period (inches) 

p = precipitation for period (inches) 

t>. SM = change in moisture content of whole 

profile (inches) 

This also assumes that surface runoff is negligible. In the 

study area, for the periods of record, this assumption is valid. 

(2) Losses of soil water by downward percolation and lateral movement 

off the study area are negligible. 

This assumption is not valid for considerable periods of record. 

It has already been shown (F_igs. 54, 55, 56, 57) that downward perco-

lation is a marked feature of all five study plots, and that in the 

case of Plots 1 and 2, it undoubtedly must result in the movement of 

large quantities of water laterally outside the study area, duri_ng 

certain periods of the year, particularly in the early season. 
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(3) The groundwater table is assumed to be below the zone of measure-

ment, therefore making no appreciable contribution of water to the 

zone of measurement. This assumption appears to be valid, in the 

l_ight of the moisture contents measured thro_ughout the experiment. No 

measured moisture content at depth indicated a saturated condition. 

The non-tenability of assumption (2) above means that comparison 

of evapotranspiration can only be made for restricted periods of the 

year, viz. those periods when downward percolation of water has 

ceased. 

By applying this criterion conservatively, in relation to the 

march of soil moisture at depth (Figs. 54 to 57), the periods of 

record for which comparison of evapotranspiration is valid were: 

1. 1963 - whole period (August 7 - October 25) 

2. 1964 - no period 

3. 1965 - July 1 - October 29 (Plots 3 and 5 only) 

4. 1966 - June 27 to October 11. 

Determination of the applicable periods was made by reference 

to soil moisture march at depth, as shown by F_igure 54 for 1963, 

F_igure 56 for 1965 and F_igure 57 for 1966. 

Analysis of variance was carried out usi_ng calculated evapo-

transpiration amounts for the various periods of measurement in 1963, 

1965 and 1966. Total evapotranspiration amounts are presented in 

Table 56. 

It is interesti_ng to note that Plot 3, havi_ng the lowest stand 

density (108 feet 2 per acre basal area versus 190 feet 2 basal area 



Table 56. Evapotranspiration estimates for individual plots for pertinent periods 
of 1963, 1965 and 1966. 

Plot Year 

1963 1965 1966 

Period ET(inches) Periocl ET (inches) Period ET (inches) 

1 Aug.7-0ct.25 5.08 I 

N/A N/A June 28-Sept.27 8.11 

2 Aug.7-0ct.27 4.53 N/A N/A June 27-Sept 28 7.83 

3 Aug. 8-0ct.26 5.40 July l-Oct.29 14.02 June 29-Sept.27 8.92 

4 Aug.8-0ct.27 5.21 N/A N/A June 30-Sept.28 8.41 

5 N/A N/A June 30-0ct.28 12.47 June 27-0ct.ll 8.68 

' 
l,.) 
0 
I.O 
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in unthinned Plot 5) consistently showed highest evapotranspiration 

losses of all plots, though differences were not s_ignificant. 

Larger water stor_age capacity of the soil in Plot 3 (Table 6) 

may have contributed to this result. 

The results of analysis of variance were consistent for the 

three years. Differences amo_ng plots were not s_ignificant ("F" = 

0. 53, 1. 28, 0. 05), while differences amo_ng periods were h_ighly s_igni-

ficant ("F" = 56.89, 35.44, 5.71). This result is exactly that found 

by Lull and Axley (1958) in their comparison of evapotranspiration 

rates. 

Periods were of unequal le_ngth. Analysis of variance usi_ng 

calculated daily evapotranspiration rates resulted in the same con-

clusion, tho_ugh "F" values for differences between periods were 

appreciably reduced (F = 9. 94, 5. 34, 2. 98), remaini_ng s_ignificant, 

however. 

Certainly from these results, it is valid to conclude that at 

the time of this study, no hydrol_ogic effect of thinning in the form 

of evapotranspiration reduction persisted. 

Also, the results conclusively demonstrate that variation in 

stand density, in this case, had no effect upon evapotranspiration. 

Inasmuch as the r~nge, both in basal area and stem numbers (Table 5), 

was l~rge, this result was not in _agreement with prevalent opinion 

as expressed in the literature (see Douglass, 1967). 

Persistent la_rge discontinuities in canopy existed in Plots 2 

and 3 (F_igs. 15 to 18). It is s_uggested that these were not indica-

tive of discontinuities in the root network. Alternatively, the shrub 
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growth of Alnus crispa in Plot 2, and of Populus !remuloides in Plot 

3, may have utilized water which would not have been taken up by the 

lodgepole pine forest. 

The march of evapotranspiration in 1963, 1965 and 1966 is shown 

in F_igures 64, 65 and 66. 

Lull and Axley (1958) pointed out that a wide variation in 

evapotranspiration rate estimates was to be expected, when small 

periods were used for estimation purposes. An identical findi_ng was 

made here, as shown by the values of Table 57. 

The average daily evapotranspiration rate in 1966 was 0.09 

approximately, for the period of late June to late September. This 

estimate lies within the boundaries of previously published evapo-
' 

transpiration estimates, and is of the same order as the estimate of 

0 .12 inches per day, su_ggested by Munn and Storr (1967) from their 

micrometeorological measurements in Marmot Creek Basin's spruce-fir 

forest, duri_ng August, 1965. 

From Table 57 it is seen that the August, 1965 mean evapo-

transpiration rate in Plots 3 and 5 was 0.14 inches per day, very close 

to Munn and Storr' s (1967) "best" estimate in the same_ general area. 

Precision in Soil Moisture Sampling 

The planni_ng of soil moisture studies usi_ng neutron probe 

techniques necessitates that a decision be made concerni_ng the number 

of access tubes which will be installed. In the present study, 10 

access tubes were used in Plots 1 to 4 inclusive and six access tubes 

in Plot 5. In Plots 1 to 4 the selection of 10 as the number of tubes 
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F_igure 64. Cumulative evapotranspiration in 1963, on Plots 1, 2, 3, and 4. 
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.. 

Figure 65. Cumulative evapotranspiration in 1965 in Plots 
3 and 5. 

.. 

.. 

-.. 



14 

-~12 
::i: 
0 z -
2 10 
0 

0: 

3; 8 
2 · 
<t a: ... 
0 
o_ 6 

LIJ 

0 
w 

4 
..J 
:> 
0 
_J 

2 

-·-·-•-p 

Plot 

3 
5 

- 315 -

,. 
,· ,. ,. 

,,. 

,· .. ,· ,. . 
/ ,,· . ,. . _,. . 

, .· 
;' .. ,. .. 

./ . , .· ; .. 
,.,. .. ·· .• 

I • 
i .. ·••• ; : ,. ... 
: ,. ... 

i : 
i .:· 

i .-·· 
I .•• ; ... 

i .•• 
; .. ·• ,: .·• ;.· 

;.-· ,· .. · 

,., ., ,. 
.. .. .. • 

., .-., ., ., 

.. .. .. 
.. ... ... 

,,:.• 0 -i:,;.::.;.... _____ ______ ______________ __,,_.. ______ __ _ 

June 30 July 20 Aug 9 29 S e pt 18 Oct 6 28 
DATE - 1965 



- 316 -



Figure 66. Cumulative evapotranspiration in 1966 in Plots 1, 2, 3, 4, and 5. 
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'l'able 57 Daily J:.:vapotr anspiration rates (inches water} - estimates 
frJr pe rtinent measureme nt p e riods in l9b3, 1965 & 1966. 

Approximate Pl.ot 
perJ.od 

1 2 3 4 5 

,!_963 

Aug . ., - 14 0.055 0.600 0.08 5 0.021 
l\ug. 14 - 21 0.102 0.102 0.106 0.llu 
Aug.21 - 28 0 . 075 0.043 o.mn 0.104 
Aug.28 - Sept. 4 0.04b o.oso 0.033 0.048 
Sept. 4 - 11 0.0-,0 0.076 0.106 0.092 
Sept.11 - Oct.25 0 0.059 0.045 0.059 0.055 

1965 

July 1 - 6 0.120 0.048 
July 6 - 13 0.140 0.14 2 
Ju lyl3 - 21 0.138 0.084 
July21 - 27 O.l8 b o.149 
.July27 •• Aug . 6 0.119 0.0 E> 0 
Aug . 6 -10 0.245 0 .2 58 
Aug.10 - 17 0.108 0.081 
Aug . 17 - :n 0.121 0.108 
l\ug .31 - Oct. 7 0.108 0.114 
Oct. 7 - 29 0.056 0.056 

1966 

June27 w , ,Ju ly 8 0.123 o.uo 0 .115 0 .157 0.096 
July 8 - 27 0.083 0.070 . 0.113 0 .074 0.094 
July27 - Auc;.10 0.092 0.106 0.081 0.102 0.065 
Aug.10 - 22 0.120 0.112 0.110 0.152 0 . 142 
Aug.22 - 31 0.150 } o.039 0.181 } o. 01~ } o. 025 Aug~31 - Sept.14 0.04 2 0.046 
Sept.14 - 28 0.057 o.oso 0.06 5 0 . 064 0.057 
Sept.28 - ~t. 11 0.04 0 
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to be installed was based upon a desire to make a study of precision 

of estimate in soil moisture sampling. In Plot 5, which was sampled 

to a depth of 14 feet, six access tubes were installed because of man-

power considerations. 

Hewlett, Do_uglass and Clutter (1964) carried out a study of 

soil moisture variance. They concluded that instrument and timing 

errors were ins_ignificant, and that locational variance made the most 

important. contribution. They took measurements in a la_rge number of 

locations in forest soils of North and South Carolina. Measurements 

were taken at a depth of 24 inches only, over a period of approxi-

mately 14 days. Moisture contents averaged 40 percent by volume, 

ranging from 25 to 50 percent. They concluded that an expected standard 

error of estimate of one percent by volume could be obtained for 

moisture contents by 38 measurements, but to obtain the same precision 

for moisture change required only two or three :raeasurernents. 
I . 

Earlier, Do_uglass (1962) had studied soil moisture variance at 

one location in South Carolina, and had pointed out this difference 

in sampli_ng requirement between soil moisture content and soil 

moisture change. He also 5uggested that the amount of clay in the 

soil had a strong influence on required sample numbers. For a standard 

error of estimate of one percent by volume (0.12 inches per foot of 

soil depth) in moisture change, three smnples were required at a clay 

content of 20 percent whereas about six were needed at a clay content 

of 40 percent. Ten samples gave a standard error of estimate in 

moisture content of 0.2 inches at 20 percent clay content, and of 0.3 

inches at 40 percent clay content. 
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The present studies differed from those reviewed above in that: 

(1) Drier soil conditions were studied than those in the 

Carolina r_egion. 

(2) Lower clay contents were studied. 

(3) The study data were obtained in an operative research 

pr_ogram and were not especially collected for variance estimation in 

soil moisture sampling. 

(4) A wider range in time of sampling was available, to allow 

appraisal to be made of seasonal effects. 

(5) The study combined data from greater depths with a large 

number of samples over a large time period. 

Procedure 

Only 1966 data were used in the initial analysis. Measurements 

in 1966 extended from early May to late September. Plot 5, having only 

six access tubes, was excluded from the analysis. Soil moisture was 

measured on 14 occasions in each plot. 

From these data, variances and standard deviations of soil 

moisture and soil moisture change were calculated for each measurement 
I . 

date, or measurement period, at each depth on each plot. 

These variances were used to calculate sample number required 

for a precision level of 0.12 inches (1 percent by volume) per foot of 

soil depth. To calculate sample number required the formula used was: 

n = t2s2 
E2 

n = required sample number 

t = Student's "t" value 
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E = desire precision level 

s2= calculated variance 

This is the standard sample number formula for infinite, 

normally - distributed populations. 

Soil Moisture Content 

The results of analysis dealing with soil moisture content are 

shown in Table 58 for Plot 1, Table 59 for Plot 2, Table 60 for Plot 

3, and Table 61 for Plot 4. 

In Plot 1, the required sample number varied from 4 to 19 in 

the first foot, from. 4 to 13 in the second foot, from 12 to 23 in the 

third foot, and from 12 to 17 in the fourth foot. 

In Plot 2, the first foot required 4 to 13 samples, the second 

foot 11 to 22 samples, and the third foot 6 to 23 samples. 

In Plot 3, the first foot required 4 to 33 samples, the second 

foot 4 to 38 samples, the third foot 5 to 28 samples, the fourth foot 

6 to 29 samples, the fifth foot 5 to 25 samples, the sixth foot 3 to 

7 samples, the seventh foot 3 to 4 samples, and the eighth foot 7 to 

12 samples. 

In Plot 4, the first foot required 4 to 25 samples, the second 

foot 11 to 39 samples, the third foot 5 to 17 samples, the fourth foot 

1 to 44 samples, the fifth foot 4 to 17 samples, the sixth foot 7 to 

11 samples, the seventh foot 4 to 12 samples. 

There is, of course, a direct relationship between standard 

deviation and sample number required. For S = 0.020, n = 1; for S = 
0.150, n = 9; for S = 0.225, n = 17; for S = 0.365, n = 39. 



TABLE 58. 

DEPTH (FEET) 

0-1 S. D. 

No. of a amp les 

1-2 S. D. 

No. of samples 

2-3 S. D .. 

t-b. of sar.ip les 

3•4 S. D. 

No, of samples 

Required sample numbers for EE0.12 inches water, and standard deviatio~ obtained for different soil 
depths and measurement dates: 1966 soil moisture contents (inches water): plot 1 . 

l ' 2 3 . 4 5 6 7 8 9 10 11 12 13 14 

DATE OF MEASUREMENT 
May 11 ?-'iay 19 Ma y 27 Jrne 7 June 13 June 22 June 28 July 13 .lll.y26 Aug. 91 Aug. 22 Sep t .1 Sept.13 

I 

O.OSJ 0,075 0.075 0.080 0.138 0.087 0.154 0.111 0.151 0.182 0.249 0.208 0.146 

4 4 . 1+ 4 8 4 9 6 9 12 19 14 8 

0.159 0, 187 0.197 I 0, 188 0;180 0.163 0.153 0.139 0.132 0.109 0.091 0.103 0.092 

9 12 13 12 11 10 9 8 7 6 5 5 5 

0.240 0.235 0.245 0.251 0.250 0:249 0,268 0.241 0,226 0.228 0.217 0.278 0.188 

18 17 19 · 20 19 19 22 18 16 17 15 23 12 

0.191 0.228 0,212 0.202 0,214 0,203 0,227 0,204 0.186 0.197 0.189 0.196 0,209 

12 17 15 14 15 14 16 14 12 13 12 12 14 

15 

Sept.27 

0.158 

9 

0.078 

4 

0.206 

14 

o. 215 

15 

l,.) 
N 
N 



TABLE 59. Required sample numbers for E=0.12 inches water and standard deviation,obtained for different soil depths and 
measurement dates: 1966 soil moisture contents (inches water): plot 2. 

I l I 2 3 4 5 6 I 7 8 9 10 11 13 14 15 

DEPTH (FEET) DATE OF MEASUREMENT 
May May H'.ly June June June June June July July Aug. Aug. Sept. Sept. 

11 20 26 1 8 14 21 27 8 27 10 31 14 28 
0-1 . S. D. 0.134 0.120 0.150 0.064 0.084 0.115 0.158 0.156 0.097 O.:i.65 I o.139 0 . 193 0.140 0.140 

No. of samples 9 6 9 3 4 6 9 9 5 10 8 13 8 8 

1-2 S. D . . .0.206 0.262 0.267 0.252 0.212 0.203 0.192 0.176 0.193 0.197 0.202 0.206 0.199 0.223 

No. of samples 14 21 22 20 15 14 13 11 13 13 14 14 13 16 

2-.3 S. D. 0.130 0.118 0.117 0.146 0.143 0.140 0.137 0.127 0.137 0.278 0.129 0.109 0.123 0.125 

No. of sample.s 7 6 6 10 8 8 8 • 7 8 23 7 6 7 7 

I.,.) 
N 
I.,.) 



TABLE 60. 

DEPTH (FEET) 

0-1 S. D. 

No. of samp les · 

1-2 S. D. 

No. of samples 

2-3 S. D. 

No. of samples 

3-4 S. D. 

No . of samples : 

4-5 S. D. 

No. of samp les : 

5-6 S __ . D. 

No, of samp les 

6-7 S. D. 

No.of samp les 

7-8 S. D. 

No, of samples 

Requiri!d sam;,i..e numbers for E=0.12 inches water and standard deviation, obtained for different soil depths 
and measurement dates: 1966 soil moii:ture contents (inches water).: plot 3. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 . 
I DATE OF l-lEASUREMEN'i: 

May Ma y May I June June June June July July IA~g. Aug . Sept. Sept . Sept . 
11 19 26 7 15 21 29 14 26 22 1 13 28 

0.169 0.174 0.211 0.218 0. 198 o. 193 0.223 0.333 0.198 10. 177 0.292 0.216 0.09 2 0.075 

10 11 15 15 13 13 16 33 13 11 26 15 5 4 

0.359 0.287 0. 245 0.190 0.200 U.196 0.213 0.198 0.078 0.213 0.202 0. 162 0.136 0. l 0l, 

38 . 25 19 12. 13 13 15 13 4 15 14 10 8 5 

C.308 0.156 .0.128 0.124 0. 110 0.107 0.107 0.124 0.101 0.103 0.149 0. 123 0. 128 0.114 
28 9 7 7 5 6 6 7 5 5 9 7 7 6 

0.230 0. 187 0.164 0. 20/f 0.187 0.207 0 .194 0.198 0.174 0. 187 0.315 0. 119 0.125 0. 127 

17 : 12 : 10 14 12 14 13 13 11 12 29 6 7 7 

0.265 0.202 0.136 0.144 0.091 0.090 0. 109 0.128 0.114 0.172 0.219 0.25 8 0. 29 0 • 0. 291 

22 14 ' 8 8 5 5 6 7 6 11 16 20 25 25 

0.114 0 .127 0.119 0.149 0.076 0.060 0.067 0.066 0.062 0.072 0.071 0.094 0.110 0.1 14 

6 7 6 9 4 3 4 4 3 4 4 5 6 6 . 

0.080 0.061 0.084 O.C61 0.058 0.050 0,055 0.060 0.053 0.056 0.074 0.066 0.078 0.071 

4 3 4 3 3 4 4 3 4 4 . 4 4 4 4 

0.117 0. 190 0.148 0.160 0.155 0.150 0.133 0.130 0.126 0.149 0.161 0. 120 0.130 0. 123 

6 12 9 iO 9 I 9 7 7 . 7 9 10 6 7 7 

w 
N .r:--



TABLE 61. 

DEPTH (FEET) 

0-1 S. D. 

No. of samples 

1-2 S. D. 

No. of samples 

2-3 S. D. 

No. of samples 

3-4 S. D~ 

No. of samp les 

4-5 S. D. 

No. of samples 

5-6 S. D. 

Ne. of samples 

6-7 S. D. 

No. of aat:lples 

Required sar.iple numbers for E".'0.12 inches water and standard deviation, obtained for different soil 
depths and measurement dates: 1966 soil moisture contents (inches water) .: plot 4. 

1 2 I 3 4 5 6 7 8 9 10 11 12 13 14 

DATE OF MEASUREMENT 
May May May June June June June June July July Aug . Aug. Sept. 
12 20 27 1 10 15 22 30 11 27 10 31 16 

0.100 0.127 0.129 0.109 0.123 0.086 0,227 0.176 0.163 0.260 0.232 0.168 0,274 

5 7 7 6 7 - 4 17 11 10 21 17 10 23 

0.282 0.364 0.345 0.322 0.279 0.306 0.311 0.327 0.299 0.261 0.359 0. 163 0.178 

24 39 35 31 24 28 29 31 27 21 38 10 11 

0.086 0.063 0.095 0.135 b.157 0.159 0.185 0.171 0.162 0.162 0,155 0.234 0.2l.l 

9 3 5 8 9 9 - 12 11 10 10 9 17 15 

0.390 0.085 0.077 0.088 0,021 0.031 0.039 0.048 0,055 0.063 0,055 0.141 0.121 

44 4 5 5 - 1 2 2 3 4 3 4 8 7 

0.108 0.149 0.142 0,154 0.144 0.-147 0.151 0.159 0,167 0.148 0.145 0.088 0.080 

6 9 8 9 8 8 9 9 10 9 8 5 4 

0. 144 0,143 0.153 o. 141 0.168 0,159 0.166 0.131 0.139 0.143 0.145 0.148 0.141 

8 8 9 8 - · 10 9 - 10 7 . 8 8 8 9 8 

0.134 0.140 0.122 0.115 0.133 0.186 0.152 0.145 0.138 0.140 0.157 0.114 0.103 

7 8 7 6 . . . . ·7- . 12 I 9 8 8 8 . 9 . 4 5 

15 

Sept . · 
30 

0.289 

25 

0.3 21 

30 

0.234 

17 

0.171 

10 

0.234 

17 

0.179 

11 

0. 098 

5 

L,..) 
N 
V1 
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Tables 58 to 61 show that with 10 access tubes per plot the 

desired precision level of 0.12 inches water per 12 inches soil depth 

was attained much more frequently at deeper depths than at shallow 

depth. At depths of one and two feet it was attained relatively 

seldom. 

Variation therefore was appreciably less at depth than in the 

.upper soil layers. In Plot 2, there was less variation in the third 

foot than at shallower depths. In Plot 3, there was much less vari-

ation b.eginni.ng in the sixth foot than at shallower depths. In Plot 4, 

there was much less variation b.eginni.ng in the fourth foot than at 

shallower depths. 

However, there was little evidence of progressive decrease in 

soil moisture variance with increasing depth, such as s.u.ggested by 

Striffler (1961) and Bethlamy (1963). Highest standard deviations 

were encountered in the third foot in Plot 1, in the second foot in 

Plots 2 and 4, and in the first, second and fourth foot of Plot 3. 

The required sample numbers calculated lay within the ra.nge to 

be expected from the work of Douglass (1962) and Hewlett, Do.uglass 

and Clutter (1964). The maximum values obtained were often at shallow 

depths, close to the rt= 40 conclusion arrived at in the latter work. 

Soils (Appendix B; Table 6) did not have large clay fractions. There-

fore, one would expect lower sample numbers to be in. general required 

than were determined from the Carolina r.egion, according to the postu-

lates of Douglass (1962). This would seem to be borne out by the 

results, and it is interesti.ng to note the higher standard deviations 

in the e.ighth foot of Plot 3 (Table 60) in comparison to the depth 
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zones immediately above. This depth (Appendix B) had appreciably 

higher soil moisture constant values, and presumably a la_rger clay 

fraction, than these other depths. 

Tables 58 to 61 s_u_ggest that variation was greater in either 

early season (early May) and in late season (late September) than it 

was in the intervening period, though no consistent pattern emerged 

for all plots. 

To check upon any such pattern, the data for 1963, 1964 and 

1965 were subjected to analysis. The 1963 analyses were inconclusive. 

Plot 1 showed higher variation at end season, but other plots did not 

to any extent. 

The 1964 analysis, which dealt with early season data only, 

demonstrated a marked diminution of variation from early season to 

mid-summer. 

In 1965, relatively little variation in moisture levels was 

found, due to the wetness of the summer. No trend could be dis-

tinguished from the 1965 analysis. 

It would appear that soil moisture variation definitely tended 

to be greater in early season, while in late season this was not 

established, and may or may not occur. 

Soil Moisture Change 

The results of analysis deali_ng with soil moisture cha_nge are 

presented in Table 62 for Plot 1, Table 63 for Plot 2, Table 64 for 

Plot 3, and Table 65 for Plot 4. 
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The required numbers of samples for moisture cha_nge, as would 

be expected from previous work, were considerably smaller than the 

comparable values for soil moisture content. 

In Plot 1, the required sample number for the first foot was 

1 to 21, in the second foot 1 to 8, in the third foot 1 to 8, and in 

the fourth foot -1 to 6. 

In Plot 2, required sample number in the first foot was 2 to 5, 

in the second foot 1 to 9, and in the third foot 1 to 5. 

In Plot 3, required sample number in the first foot was 3 to 

30, in the second foot 1 to 14, in the third foot 1 to 5, in the 

fourth foot 2 to 21, in the fifth foot 1 to 27, in the sixth foot 1 

to 5, in the seventh foot l to 4, and in the e_ighth foot 1 to 13. 

In Plot 4, required sample number in the first foot was 3 to 

17, in the second foot 1 to 42, in the third foot 1 to ,.. in the ;:, J 

fourth foot 1 to 44, in the fifth foot 1 to 10, in the sixth foot 1 

to S, and in the seventh foot 1 to 4. 

The results show that the actual sample number of 10 tubes 

yielded results within the desired precision level in 92 percent of 

Plot 1 measurements, in 95 percent of Plot 2 measurements, in 87 

percent of Plot 3 measurements, and in 93 percent of Plot 4 measure-

ments. Plot 3 contained a number of clay lenses in its soil profile 

(Appendix B). This may account for the disparity between this plot 

and the other three. 

It is noteworthy that there was considerable variation between 

periods, with a number of extreme values showing up. Previous work 

had indicated that three samples might be expected to yield the 



TABLE 62. 

DEPTP. (FEET) 

0-1 S, D, 

N:l. of samp lea 

1-2 S. D. 

lb. of samples 

2-3 S . D, . 

No.of samples 

3-4 S. D • . 

No. of samples 

Required sample numbers for E~0.12 inche& water, and standard deviations obtained, for different soil depths 
and measurement dates: 1966 soil moistu4e change (inches water): plot l. 

I l 2 3 5 6 7 8 I 9 10 11 12 13 14 
DATE OF MEA5UREMENT 

}'.ay }'.ay 1-'fay 27- June June June June 28:1 July July 26 August Aug. 22 Sept. Sep t, 
11- 19 19-27 June 7 7- 15 15-22 22-28 Jul v 13 13-26 Aug, 9 9-22 Sept , 1 1-13 13-27 

0,047 0,022 0,070 0. 131 0,157 0,106 0.073 0.105 0,079 0,219 0.262 0.115 0.084 

3 1 4 7 9 6 4 5 4 16 21 6 4 

0,059 0,050 0,030 0,023 0,025 0,014 0,041 0.139 0, 124 0,045 0,034 0.034 0.038 

3 4 1 1 l 3 3 8 7 3 2 2 2 

0,098 0,019 0,019 0.027 0,029 0,132 0,135 0,109 0,090 0,024 0.115 0.029 0,039 

5 1 1 1 1 7 8 6 5 l 6 l 2 

0.080 0.024 0.035 0.038 0,023 0.079 0,077 0,028 0.112 0, 105 0,117 0,039 0,032 

4 1 2 2 1 4 4 1 . 6 6 6 2 2 

L,J 
N 
\.0 



'£ABIE 63 . 

DEPTH (FEET) 

0- l. S . D .. 

No. oi r,:-mple3 -1-2 S. D. 

No . of samples 

2- 3 S. D. 

No . of samp lea 

Requi red sample number s for E .. 0.12 inches wat er, and sta ndard dev iations, obtained for different 
s oil dep t hs and measur ement dates : 1966 soil mois t ur e change ( inches wa t er) : p lo t 2 . 

I I 
1 2 3 ' 4 5 6 7 8 I 9 10 11 12 13 14 

DATE OF MEASUREMENT 
May May 1'{.ay 26 Jui:le June June June June 2i July July 27 Aug. Aug . 31 Sept. 
11-20 20 -- 26 June 1 1-8 I 8-14 14- 21 21-27 8-27 Au?,. 10 10- 31 Sept.14 14- 28 

I 
o. os3 I 0 . 039 o . ot,5 0.091 0. 034 0.040 0. 080 0 . 050 0.074 0. 101 0. 063 0. 093 0. 045 

' I 
3 5 2 3 4 4 4 5 3 4 5 3 

j 0 . 123 0.062 0. 051 0.057 I (). 02/, 0.028 0.042 0 . 047 0. 047 0. 023 0 . 055 0.148 0.147 
' I 

7 3 If 3 1 1 3 3 3 1 4 9 8 

0.0 62 0 . 098 0. 060 0. 030 0. 012 0. 019 0.030 0. 030 I 0 .. 025! 0.027 0.033 0.022 0. 027 
I 

3 5 3 .i. 2 1 1 l 1 1 2 1 1 .. 
v,) 
v,) 
0 



TA:RLE 64. 

I;EPTH (FEET) 

0-1 S.D. 

No. of samples 

1-2 S. D. 

No. of samples 

2-3 S. D. 

No. of sanr1,les 

3-li S. D. 

No. of samples 

4-5 S. D. 

No. of samples 

5-6 S. D, 

No. 0f samples 

6-7 S. D. 

No. of sar.iples 

7-S S. D. 
No. of samples 

Required sample numbers for E•0.12 inches, and standard deviations,obtained 
depths and measurement dates: 1966 soil moisture change (inches water): 

l • 2 3 4 5 6 7 8 9 10 11 
DATE OF HEASUREMENT 

May Hay Hay26 June June June August 

for different soil 
plot 3. 

I 

12 13 14 

Aug.22 Sept. Sept. 
11-19 19-26 .Nne 7 7-15 15-21 21-29 

June 29 JJly tuly 26 
~ulv 14 14-26 ' ""' g CJ-22 !S o,..,. . 1 1-11 11-?7 

0.154 0.183 0.135 0.116 0.078 0.090 0.321 0.308 0.153 0.174 0.206 0.156 0.058 

9 12 8 6 4 5 30 28 9 11 1'1 9 3 

0.085 0.062 0.081 0.034 0.025 0.022 0.034 • 0.196 0.204 0.096 0.057 0.038 0.040 

4 3 
: 

4 2 1 1 2 13 14 5 3 2 2 

0.230 0.068 0.033 0 .034 0.013 0.016 0.032 0.040 0.016 0.092 0.097 0.018 0.023 

17 4 2 2 2 3 2 3 4 5 5 ·4 1 

0.129 0.091 0.098 0.039 0.080 0. 111 0.065 0.062 0.032 0.229 0.264 0.048 0.057 

7 5 5 2 4 6 3 3 2 17 21 3 3 

0.302 0.125 0.071 0.069 0.023 0.039 0.024 0.042 0.091 0.117 0 .118 0.218 0.247 . 
27 7 4 4 1 2 1 3 5 6 6 16 19 

0.099 0.046 0.128 0.138 0.034 0,025 0,024 0.020 0.031 0.067 0.068 0.032 0.040 

5 3 7 8 2 l l 1 2 4 4 2 3 I 
I 

G.022 l0.042 
I 

C,.085 0.065 0.031 0.02l1 0,025 0.036 0.018 0.039 0.061 0.018 0.02S j 

4 3 2 1 1 l 3 2 4 2 3 4 1 
I 

0.072 0.055 0.018 0.022 0.018 0,026 0.016 0.030 0.067 0.080 0. l0S 0.040 0.028 
4 l, 4 l 4 1 l 1 ' 4 4 5 2 1 

w w 
I-' 



TABLE 65, 

DEPTH (FEET) 

0- 1 S. D. 

No . of samples 

1-2 S . D. 

No . of &amples 

2-3 S , D, 

No. of samples 

3- 4 S . D, 

No. of sa mp l es 

4-5 S. D. 

No. of samples 

5-6 S , D. 

No . of samples 

6-7 S. D. 

No. of samples 

Required samp l e nuffiber s f or E=0.12 i nche s wa t er, ~nd s t andar d devia t i ons, ob tained for d i f f er ent 
soi l dep t hs and ffi~a surement da t es: 1966 soil mois ture change ( inches water): p lot 4. 

l 2 3 4 5 6 7 i 8 9 10 11 12 13 14 
DATE OF Xr:ASUREMENT 

Nay May May 'lJ J·une June J une J une J.me 30 July .hly 27 Aug. Aug.31 Sept. 
12- 20 . 20-2 7 June 1 1- 10 10- 15 15 - 22 22-30 Julv U 11- 27 Au~. 10 10-3 1 Sen t .16 16-28 
0. 053 0.040 0 . 058 0 .137 0 .139 0. 142 0. 061 0 .096 0.181 0. 142 0. 133 0.234 0 . 214 

4 2 3 8 8 8 3 5 11 8 7 17 I 15 I 
! o.os7 I o . c62 0 . 040 I 0 . 043 I 0 . 028 

I 
O. C3 3 0 . 028 0 . 079 0 .306 o .378 10. 261 0 . 042 i 0. 21., I 

I ' 

I l .I j I 5 3 ., 3 1 2 l 4 23 42 I 21 3 23 .., 
I 

() . 096 0 . 043 0 . 055 0. 040 0. 0:i. l 0 . 023 0 .019 0 .019 0.011 0 . 010 0 . 101 0. 026 0 . 030 
I 

5 I 3 4 i 2 2 1 1 l 2 2 5 l l 
I 

0. 387 0 . 015 0.073 0. 069 0 . 023 0.013 0 . 027 0 . 015 0.0 13 0. 012 0.089 0. 029 0 . 05 7 

44 3 4 4 1 2 l 3 2 2 5 1 3 

0 .075 0.057 0 . 044 0 .048 0 . 034 0.022 0 . 021 0.053 0.043 0.026 0.061 0.009 0 . 165 

L; 3 I 3 3 2 1 l 4 3 1 3 l 10 

0. 033 0 .042 0. 036 0 .086 0 .040 0 . 024 0. 037 0.024 0.007 0. 022 0 .091 0 . 022 0 .052 

2 3 2 4 3 , 2 1 1 l 5 • : 1 4 ... 

0. 005 0.0 19 0 . 009 0. 031 0.062 0.048 0 .017 0 .026 0.034 0.029 0.020 0.071 0.071 

l l 1 2 3 l 3 • 4 l 2 l l 4 4 i 

uJ 
uJ 
N 
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desired level of precision. These results show that three samples 

would not be adequate in these soils, but that e_ight samples would 

provide the desired result in the large majority of measurements 

(about 90 percent). 

Variance in soil moisture change was greatest in the surface 

foot in all plots, tho_ugh not markedly so in Plot 2. To this extent, 

the findings of Striffler (1961) and Bethlamy (1963) may be r_egarded 

as confirmed. 

Again, there appeared to be a tendency for extreme variance 

to show up at the beginning and end of the season. The 1963, 1964 

and 1965 data were processed to determine whether any pattern might 

appear. 

From the analysis for these other years, a definite trend 

appeared for soil moisture change variance to be higher in early 

season. The 1964 data very clearly indicated this trend on all four 

plots. In the late season data, the trend for soil moisture change 

variance to be greater in late season was less definite, but it was 

nevertheless discernible in the upper soil layers. The 1963 data 

showed this trend, as did the 1965 results also, tho_ugh not so clearly. 

Presumably, these h_igh variances were due to wetti_ng of the 

profile by spri_ng and fall rains (Table 1), with spri_ng rain and snow-

melt water havi_ng an influence to greater depth than did fall precipi-

tation. 

In the tables extreme values showed up (e_. g. Table 64, fifth 

foot, periods 13 and 14). It seemed unlikely that these values could 

be due to anything other than human error. However, similar unexpected 
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extreme variances appeared in the results for the other years (1963, 

1964, 1965). Different operators collected the data in each year. 

The extreme variances may have been due to some factor other than 

human error, and if they were due to this cause, then it would appear 

to be largely unavoidable in routine soil moisture sampling. 

Number of Access Tubes Required 

Preceding pages have dealt solely with required sample numbers 

at individual depths. Often, however, the researcher is interested 

in determining the sample numbers required to obtain a given precision 

level for the whole instrumented solum. This is particularly true of 

water balance studies in experimental and representative watersheds. 

To obtain this information, soil moisture content and soil 

moisture change variances for the whole profile were calculated and 

required sample numbers derived from these. Results are shown in 

Table 66. These results are based upon readings in each 12 inches 

depth increment; in other words the total number of measurements re-

quired is the required number of access tubes multiplied by the depth 

(feet) of the instrumented solum. 

Again, a great deal of variation in time appeared in the analysis. 

Required access tube number for soil moisture content determination 

was 9 to 27 in Plot 1, 12 to 23 in Plot 2, 14 to 40 in Plot 3, and 7 

to 49 in Plot 4. 

For soil moisture change, number of access tubes required was 

1 to 9 in Plot 1, 1 to 11 in Plot 2, 1 to 7 in Plot 3, and 1 to 15 in 

Plot 4. 



TABLE 66. 

Plot 1 
Plot 2 
_Plot 3 
Plot 4 

!1.£Ll 
Plot 2 
Plot 3 

·-

Required ~umber of access tubes fer: E=0.12 i nches water for whole instrumented solum, based on 
r eadings a t each 12 inches depth, 1966 data, soil moisture content and soil moisture change. 

Period of measurement 

l 2 3 4 5 6 7 8 9 10 11 12 13 
I I I 

SOIL MOISTURE CO~'TENT 

14 15 17 -- 16 21 15 27 17 14 15 11 9 
12 15 23 20 15 15 17 12 12 20 15 -- 17 
40 24 31 -- 28 22 20 22 30 14 29 40 26 

7 13 12 10 5 11 21 21 17 18 25 -- 19 

SOIL MOISTURE CHANGE 

2 1 1 -- 2 2 3 2 2 3 9 9 5 . 
2 2 1 1 1 l 1 1 11 11 l - l 
6 5 I 1 -- 1 1 1 5 7 5 5 5 3 

15 1 2 2 2 3 1 1 3 5 13 13 I -

14 

9 

17 
19 
25 

2 

3 
3 
s 

I 

I. 

15 

11 

17 
17 
49 l,.) 

l,.) 
V, 
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Ki_ng (1967), utilizing the results of Hewlet t , Do_uglass and 

Clutter (1967) reconunended that three access tubes be installed in 

unit source areas of instrumented watersheds. These results indicate 

that this number would be insufficient on many occasions to obtain a 

precision of one percent soil moisture by volume. However, there are 

many circumstances in which this precision would not be needed. 

The results of these analyses may be summarized, as follows: 

(1) La_rge variances in soil moisture content existed in the soils 

under study, so that, at depths of one and two feet, ten samples per 

foot of soil depth relatively seldom yielded precisions equal to one 

percent soil moisture by volume, at least in the upper solum. In deeper 

soil layers variance was less. 

(2) There wac: little evidence of progressive decrease of soil 

moisture content variance with increasi_ng depth. Maximum variance was 

often encountered in the second and third feet of the solum. Variance 

in soil moisture cha_nge was_ greatest in the surface foot of soil. 

(3) There was appreciable ra_nge in variance from one sampli_ng 

date to another. Variances were less,_ generally speaki_ng, than has 

been found in finer textured soils in the more humid region of the 

Carolinas. 

(4) Results s_uggested that variance was higher at beginni_ng and 

end of the season, though all plots did not show a consistent pattern. 

Results from years other than 1966 confirmed this trend, at least for 

early season data . Variances definitely were_ greater in early season. 

(5) Appreciable range in variance of soil moisture change was 
. . 

encountered according to season of year. Results from other years 
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confirmed this trend. Var iance was cons istently h_igher in early season. 

Greater variance in soil moisture change was also discernible in late 

season, but only in the upper soil layers. 

(6) The previous finding from the Carolinas that three samples 

might be expected to yield estimates of soil moisture cha_nge with a 

precision of one percent soil moisture by volume was not confirmed by 

this study. E_ight samples yielded this level of precision for 90 percent 

of the measurement events. 

(7) Total variances for the whole profile were calculated and 

numbers of access tubes r equired for E = 0.12 inches water derived from 

them. A wide range in total variance according to date of measurement 

was again obtained. 

(8) To estimate total soil moisture cha_nge with a precision level 

of 0.12 inches water required from 1 to 15 access tubes. Eight access 

tubes would have yielded this result in 90 percent of the measurement 

periods, and three access tubes in about 70 percent of the measurement 

periods. 
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Chapter V 

SUMMARY AND CONCLUSIONS 

The study was carried out in the Kananaskis Forest Experiment 

Station in western central Alberta. Its primary objectives were to 

determine whether any hydrol_ogic effect of thinni_ng lodgepole pine 

stands persisted 20 years after thinning had been undertaken, and 

whether stand density, as expressed by basal area or number of stems 

per acre, had an influence upon the hydrol_ogy of lodgepole pine 

forests. Secondary objectives dealt with sample numbers required in 

soil moisture sampling, precipitation redistribution at the_ ground 

surface beneath lodgepole pine stands, and the utility of tro_ugh 

gauges in throughfall estimation. 

Three parameters were chosen for study. These were (1) snow 

accumulation (2) canopy interception of rainfall (3) soil moisture 

and, inferentially, evapotranspiration. 

Snow Accumulation 

Snowpack was ephemeral in the study locations. During lo_ng 

periods the ground was free of snow beneath lodgepole pine stands. In 

some winters there was snow on the_ ground for only relatively short 

periods of the year. Snow disappearance was believed to result from 

recurrent Chinook winds. The disposition of the snowpack water equiva-

lent (i.e., melt versus evaporation) is not known. La_rge evaporative 

losses are usually considered to be unlikely, on the basis of the 

absence of a sufficiently large ene_rgy source. 
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Tho_ugh data, over four winters (1963-1966) of study, were inevi-

tably sparse, some evidence eme_rged that there was greater accumula-

tion of snow in stands with lower basal areas or numbers of stems per 

acre, more than 20 years after thinni_ng was carried out. 

Canopy Interception of Rainfall 

Three stands were studied, one thinned, the other two unthinned. 

Two summers of rainfall record were obtained (1963 and 1964). 

No evidence eme_rged that, more than 20 years after thinni_ng, any 

residual effect of thinni_ng on canopy interception of rainfall re-

mained. In fact, interception in the thinned plot was sl_ightly higher 

than in its unthinned counterpart. The two unthinned stands had 

virtually identical basal areas, tho_ugh widely di ve_rgent numbers of 

stems per acre. Thro_ughfall in these two stands was significantly 

different. Neither basal area nor number of stems per acre was help-

ful in explaini_ng differences between stands. 

A number of other approaches was attempted to explain these 

differences. Of these, canopy density showed the most promise tho_ugh, 

with only three plots, it could not be statistically tested. Of the 

following variables (1) crown length (2) crown projectional area (3) 

crown circumference, none were of any value in explaini_ng "between-

stand" differences. Crown volume and crown surface area, it was found, 

could not be estimated from DBH distribution data, tho_ugh high corre-

lations were obtained with DBH. 

The thro_ughfall equation for the stand (Plot 3) havi_ng the 

highest interception was virtually identical with that derived by 
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Niederhof and Wilm (1943) for their unthinned stand, which had 

structural and mensurational characteristics very different from 

Plot 3. 

It can be concluded that, contrary to opinion in the literature 

(R_ogerson, 1967; Kittre_dge, 1948), basal area was of no value in 

explaini_ng "between-stand" thro_ughfal 1 differences. Canopy density 

seemed to be a better estimator. This would tend to confirm the con-

clusions of Rothacher (1963) and Skau (1964). A hydrol_ogically perti-

nent measure of v_egetative differences needs to be developed. 

Initial storage values (0.30 to 0.40 inches) of rainfall stored 

on tree crowns were h_igher than previously published for lo_dgepole 

pine. 

Stemflow was n_egl_igible, as found by Wilm and Niederhof (1941) 

and Wilm and Dunford (1948). Stemflow only occurred in storms greater 

than 0. 29 inches_ gross precipitation. Stemflow was conclusively shown 

not to be proportional to tree size (DBH), a result conformi_ng to the 

findi_ngs of Rowe and Hendrix (1951). Stemflow was tested against (1) 

crown le_ngth (2) crown width (3) crown surface area (4) crown volume, 

and (5) crown projectional area, of instrumented trees. None of these 

variables showed any significant correlation with stemflow volume. 

Stemflow was s_ignificantly correlated with storm size. 

In comparison of throughfall variation within stands, standard 

deviations and coefficients of variation were calculated. It was 

found that, based on comparison of standard deviations, variation in 

thro_ughfall increased as storm size became_ greater. There was no 
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evidence that any plot demonstrat ed any higher or lower variability 

in throughfall than any other plot. 

In studying throughfall catch in relation to ga_uge position 

within the stand, it was confirmed that, r_egardless of ga_uge position, 

throughfall percentage increased as storm size increased. No evidence 

was found of either increased or decreased throughfall in the annular 

zone within one foot radius of the tree stern. Throughfall percent_age 

was appreciably greater at the crown edge than in other_ gauge positions 

beneath tree crowns. Thro_ughfall beneath gaps in the canopy never 

reached 100 percent of gross precipitation. In storms of 0.50 inches 

or less, more throughfall was experienced beneath canopy_ gaps than in 

any other_ gauge position, whereas in storms greater than O. 50 inches, 

thro_ughfall appeared_ greater beneath crown perimeters than beneath 

canopy gaps. 

The relationship between throughfall and distance from tree 

stems was examined. A relationship was found to exist, but it was not 

stro_ngly expressed. When all data, including those collected beneath 

canopy gaps, were included, high leve~s of significance (p = 0.005) 

were obtained, but coefficients of determination were seldom higher 

than 25 percent and generally were considerably less. 

When data collected beneath canopy gaps were excluded, the 

relationship tended to be weakened rather than improved. 

Models were tested which attempted to take into account variation 

in tree size and according ly crown width. None of these models gave 

consistently improved relationships. 



- 342 -

The combination of low "r" values and wide data "scatter" was 

tho_ught to be the expression of a relatively open crown habit in 

lo_dgepole pine. O_rganized distribution of precipitation in lodgepole 

pine forests was not pronounced, other than in the occurrence of a 

zone of greater thro_ughfall at the crown e_dge. Variation in through-

fall was large and appeared to be approximately 85 percent randomly 

distributed. This is at variance with the findings of Leyton and 

Carlisle (1959) in a U.K. Norway spruce stand. 

Stemflow in lo_dgepole pine stands made no major contribution to 

soil moisture variation. 

In comparison of tro_ugh ga_uges and standard ga_uges for through-

fall estimation purposes, trough gauges were found to function poorly 

in large storms. This was attributed to the catch collection system 

utilized and not to ga_uge performance. Even when the few storms with 

gross precipitation_ greater than 0. 75 inches were excluded, mean 

tro_ugh_ gauge catch was not found to be identical with mean standard 

ga_uge catch. 

Tro_ugh_ ga_uges tended to undercatch. This was believed, thro_ugh 

elimination, to be a function of the aerodynamic efficiency of the 

tro_ugh gauges used, tho_ugh two types, one of which might be expected 

to be aerodynamically more efficient than the other, were utilized. 

In all plots, and both years, the relationship between mean through-

fall catch by trough and standard_ ga_uges was very precise, for storms 

< 0. 75 inches. No s_ignificant differences existed in the expression 

of this relationship for different plots and years. 
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Tro.ugh ga.uges, in permanent, random locations offer considerable 

manpower savings for interception studies. If calibrated .against 

standard gauges, they are believed to be worthwhile research tools. 

They cannot, however, be shown to yield results identical to standard 

gauges, but rather a sl.ight underestimate of throughfall, and conse-

quently an overestimate of canopy interception. 

The addition of a gauge slope parameter into the trough. gauge 

catch expression, as s.uggested by Reigner (1964), sometimes resulted 

in improvement of the standard error of estimate, in the relationship 

with standard ga.uge catch. 

SOIL MOISTURE 

Five plots were studied. Three of these had been thinned in 

1939-40. A wide range in basal area (108 feet 2 to 190 feet 2) was 

a characteristic of these plots. Readings were tkane in 1963 to 1966 

inclusive. 

Wide discrepancies were found between values obtained for 1/3 

bar and 15 bar soil moisture tensions, usi.ng pressure apparatus, and 

highest and lowest values obtained in field measurement by calibrated 

neutron probe. The probe calibration was shown not to be a s.ignificant 

factor in the occurrence of these discrepancies. The divergence was 

greatest in the uppermost layers of the solum. It is suggested that 

the probe calibration, carried out usi.ng C horizon material, may not 

have been accurate for A and B horizon material. · The ranges in 

laboratory-determined available water storage and the difference 

between highest and lowest neutron probe readings were closely similar 
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in all plots. Comparisons between plots could be made with confidence. 

It is suggested that research should look into the question of separate 

probe calibration for A and B soil horizons. 

In the comparison of soil moisture contents between plots, dates 

of measurement and individual soil depths, results from all four years 

were very simila!, Plots, dates of measurement and depths were invari-

ably highly significantly different in analysis of variance. However, 

first order interactions were also invariably highly significantly 

different. These interactions were attributed to differences in soil 

moisture recharge and withdrawal patterns in the various plots, 

particularly in the upper soil layers. These s_ignificant interactions 

necessitated care in the interpretation of treatment effects. 

It was shown that sampli_ng to depths of seven or e_ight feet 

bro_ught to l _ight differences between plots which were not apparent 

when data for the uppermost three or four feet alone were analysed. 

In analysis of variance utilizi_ng data on soil moisture change, 

the results obtained were completely different. Significant differ-

ences between plots appeared only when analysis was confined to the 

uppermost three feet of soil. _Again, h_ighly s_ignificant first order 

interactions were encountered. It was concluded that thinning carried 

out moTe than 20 years previously had retained no persistent effect 

upon soil moisture change. It was further concluded that, within the 
./ range of basal areas and numbers of stems per acre, stand density had 

no s_ignificant effect upon soil moisture cha_nge. Therefore, these 

parameters were concluded to be poor descriptors of stand variation 

for hydrologic purposes. This is in opposition to convention, the 
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litera ture consistently r e f erring to basa l area, in particular, to 

describe differences in stand density (see Do_uglass, 1967). 

Soil moisture change was largest in uppermost soil depths. At 

depths greater than six, or at most e_ight f eet, virtually no change 

in soil moisture took pla.ce in some years. Water was available for 

evapotranspiration at these depths but there was no evidence of it 

bei_ng utili zed . From this it is suggested that the effective rooti_ng 
/ 

depth of lodgepole pine may extend to six or eight feet only. Previous 

studies (Horton, 1957) had s~ggested rooting to 12 feet depth. 

Conversely, soil moisture sampli_ng to a depth of e_ight feet gave 

-completely adequate results, and measurement below this depth was not 

economically justifiable. 

Plots with deep soils contributed virtually no water to_ ground-

water duri_ng at least three of the four periods studied. Shallower 

plots did contribute water to groundwater storage. 

Considerable movement of water vapour upwards thro_ugh the soil 

profile duri_ng the winter months was su_ggested by the data collected. 

This movement was believed to be thermally induced. 

The surface layers of soil were seen to play the main role in 

measured soil moisture accretion and depletion, particularly the 

surface foot. This is the same findi_ng as obtained by Lull and Axley 

(1958). 

Evapotranspiration was compared between ·plots for periods of · 

1963, 1965 and 1966. , Comparison was made only for periods when dmm-

ward drainage of soil water had become insignificant. These were 

rather conservatively estimated, to ensure a valid comparison. The 
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1964 data were not used since they were all early season data, and 

drainage had not ceased before readi_ngs had to be discontinued. 

No s_ignificant differences in calculated evapotranspiration 

were found. Highly s_ignificant differences between periods of 

measurement were encountered. It was concluded that 23 years after 

thinni_ng took place no evapotranspiration difference remained. The 

effect of thinning therefore was not persistent, and any hydrol_ogic 

benefits of thinni_ng in the sense of evapotranspiration __ savings, were 

relatively short-lived. The stand which had been most heavily thinned 

demonstrated the greatest evapotranspiration loss. However, a greater 

water stor_age capacity on this plot might help explain this result. 

Two heavily thinned plots showed la_rge persistent discontinuities 

in canopy. Yet no evapotranspiration differences were found. This 

s_uggests that canopy discontinuities did not necessarily indicate 

discontinuities in rooti_ng, or alternatively that unde_rgrowth shrub 

species utilized water which was not transpired by the lo_dgepole pine 

forest. 

The mean daily evapotranspiration rate in late June to early 

October, 1966 was 0.09 inches water, which _agreed approximately with 

evapotranspiration values previously published. A study carried out 

in the same general area (Munn and Storr, 1967) in August, 1965, 

estimated an evapotranspiration rate of 0.12 inches per day. The 

current study provided an estimate of 0.14 inches per day for the 

same period. 

Stand dens i ty differences, as expressed in basal area or number 

of stems per acre, were large. The absence of differences in 
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evapotranspiration amounts casts doubt upon the prevalent opinion of 

the literature which states that differences in s tand density of more 

than 20 percent signify differences in evapotranspiration. The 

literature does not_ generally make a proper distinction between "differ -

ence in stand density" and "reduction in stand density." 

Usi_ng the data collected in soil moisture samp ling, standard 

deviations of mo isture content and soil moisture change were obtained . 

La_rge variances in soil moisture content existed. There was little 

evidence of pr_ogressive decrease in soil moisture content variance 

with increasi_ng depth (cf. Bethlamy, 1963). There was appreciable 

ra_nge in variance between s amp ling dates. Soil moisture content 

variance was higher in early season. The data s_uggested that this 

might be true of late season also. 

From variances, the number of samples required to estimate soil 

moisture with a precision of 0.12 inches water per foot of soil depth 

was calculated. Maximum values were close to the 40 samples r ecommended 

by Hewlett ~- (1964). 

The sa me calculations were carried out for soil moisture cha_nge. 

_Again, ranges in variance between measurement periods were la_rge. 

Variance was definitely greater in early season, and also in late 

season, but in the latter case only in the upper soil layers. The 

number of samples required to measure soil moisture ch~nge, with a 

precision of 0.12 inches water per foot of soil depth, was greater 

than the three samples s_uggested by Hewlett ~ -- (1964). E_ight 

samples yield this precision in 90 percent of the measurement events. 

Total variances for the whole profile were calculated, and 

sample numbers estimated f rom these data. Based upon measurements in 
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each 12 inch depth incr ement of the solum, 1 to 15 access tubes were 

required to measure total soil moistur e change with a precision of 

0.12 inches water for the whole profile . Three access tubes would 

have yielded this precision in 70 percent of the measurement periods, 

and e_ight access tubes in 90 percent of the measurement periods. 

General Conclusions 

The primary conclusions eme_rgi_ng from this study are that 

measurable hydrol_ogic benefit from thinni_ng, does not persist for one-

fifth of the expected rotation le_ngth, and therefore is economically 

questionable. This applies to even very heavy thinni_ngs, such as that 

applied to soil moisture Plot 3 in this study. These conclusions must 

be qualified by the rec_ognition that little knowledge is available of 

overwinter evaporative losses, which might vary with stand condition. 

Stand density was found to have no effect on evapotranspiration 

rate, at least within the rather wide ra_nge of conditions encountered. 

Measures of stand density are inadequate for hydrol_ogic studies. 

Basal. area and number of stems per acre are meaningful to the timber 

man_ager, but not to the hydrol_ogist. A new measure is needed, and 

until it is available, such timber-oriented measures should be 

utilized with extreme care. The available literature needs to be 

interpreted with a similar caution when it deals in these parameters. 

Nor should this be surprisi_ng, for forest rnensurationists have 

been aware of the discrepancy between crown closure, which surely 

must be a hydrologically pre-eminent factor, and conventional stand 

density measures. Husch (1963) states: 

The percentage of the land area covered by the crown 
canopy of a stand has also been used as a measure of stand 
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density ..... The weakness of crown closure as a descriptive 
characteristic is that the percentage of an area covered by 
tree crowns is not closely correlated with number of trees 
or tree sizes in the stand. Crm,ms of individual trees in 
a stand will expand to occupy openings in the canopy, so 
that a spars ely stocked stand may show the same relative 
crown closure as a dense stand. 

In the case of the canopy interception studies reported, this 

statement is h_ighly apropos. There, hydrologic differences existed 

where stand basal area differences did not. However, that the 

situation is more complex than this is shown by the soil moisture 

study where valid stand differences, conventionally expressed, 

existed but hydrologic differences did not. 

Future Studies 

No longer being associated, other than by goodwill and common, 

shared research enthusiasms, with the agency responsible for these 

studies, a certain delicacy intrudes in recornmendi_ng further work. 

It is evident, however, that in the hydrologic management of 

Alberta lo_dgepole pine forests, more useful results may be expected 

from research into cover reduction by blocks and patches, rather than 

from further work with thinni_ng procedures. 
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TABJ..E A. Stand characteristics in canopy interception Plots 4 and 5 5.n 
?-1.armot Creek Basin. (All values per acre where approp r ia te). 

Characteristic 

Basal area (lP) 
Basal area (eS) 
Basa l area (aF) 

Tota l basal area 

No. of st1:;ms (lP) 
No_. of stems (eS) 
No. of stems (aF) 

Tutal No. of stems 

Mean DBH 

Hei.gh t r ange (eS) 
Height range (aF) 
Height range (lP) 

Age range 

lP lodgepole pine 
eS = EngP.lmann spruce 
aF • alpine fir 

Units 

f ee t 2 

II 

II 

II 

No. 
II 

" 
II 

i nches 

feet 
II 

11 

years 

PLOT 4 PLOT S 

14. 7 124 .4 
146.1 62.') 
28.l 33.2 

189.0 220.5 

22 218 
631 301 
366 226 

1019. 745 

5.9 7.4 

9 - 81 a - 78 
9 - 52 6 .. 43 

--- 39 - 70 

6S -230 70 - 260 



Table B Basic statistics of 1963 precipitation used for analysis, showing 
number of storms, total gross precipitation, mean, maximum, minimum 
precipitation per storm, standard deviation and coefficient of 
variation percent. 

Plot number 

4 5 

No. of storms 23 24 

Total gross precipitation 9.65 11 .. 64 

Mean precipitation 0.42 0 .. 49 

Maximum precipitation 2.84 2.84 

Minimum precipitation 0.01 0.01 

Standard deviation 0.63 0.70 

Coefficient of variation% 1 .. 51 1.43 

I 

w 
°' w 
I 



Table C Basic statistics of 1964 precipitation used for analysis, showing number 
of storms, total gross precipitation, mean, ma.ximum, minimum 
precipitation per storm, standard deviation and coefficient of variation 
percent. 

Plot number 

4 5 

No. of storms 18 18 -

Total gross precipitation 3.91 3.91 

Mean precipitation 0 22 0.22 

Maximum precipitation 0.72 0.72 

Minimum precipitation 0.01 0.01 

Standard deviation 0.24 0~24 

Coefficient of variation% 111 111 

l,J 
0--
+' 



Table D. Basic statistics of 1963 + 1964 precipitation ~sed for analysis, ·showing 
number of storms, total gross precipitation, mean·, maximum, minimum 
precipitation per storm, standard deviation, and coefficient of variation 
percent. 

Plot number 

4 5 

No. of storms 41 42 

Total gross precipitation 13.56 15.53 

Mean precipitation 0.33 . 0.35 

M~imum precipitation 2.84 2.84 

Minimum precipitation 0.01 0.01 

Standard deviation o.so 0.51 

Coefficient of variation% 153 147 

l.,.J 

°' \JI 



- 366 -

Table E Frequency distribution of storm si ze in 1963 and 1964 in Plots 
4 and S. 

Plot 4 5 
Year 1963 1964 1963 1964 

Storm Size (In.) n% n% n% n% 

0.00-0.10 7 30 9 50 7 29 9 50 

0.11-0.20 4 17 2 11 4 17 2 11 

o, 21-0. 3 0 5 22 3 17 5 21 3 17 

0.31-0.40 2 9 1 6 2 8 1 6 

o.41- 0.so 

o.s1-o.60 

0.61-0.10 1 4 1 6 1 4 1 6 

0.71-0.80 1 4 2 11 1 4 2 11 

0.81-0.90 

o.91-1.00 l 4 1 4 

l.01-1.25 

1.26-1.50 l 4 1 4 

1.51-1.75 

1. ·,6-2.00 l 4 

2.01-2.25 _ , 

2.26-2.50 l 4 1 4 

Total 23 18 24 18 

Total% 100 100 100 100 



Table F. Si.mple linear regression equations of throug~fall (Y) on gross 
precipitation (X) in plots 4 and 5 for 1963 and 1964 with basic 
statistics and computed initial storage. 

Plot Year No. 
storms 

Regression 
constant 

Regression 
coefficien~ 

SEE rb 

4 1963 23 -0.0084 0.7942 · 0.135 0.967 

1964 18 -0.0004 0.5824 0.020 0.991 

5 1963 24 -0.0'Jil 0.9390 0.074 0.994 

1964 18 -0.0132 0.6950 0.035 0.981 

r2% 

93.5 

98.l I.A,) 
C'\ 
--..J 

I . 

-
98.8 

96.2 



Table G. Simple linear regression equations of throughfall (Y) on gross 
precipitation (X) in Plots 4 and 5 for 1963/4 combined. 

Plot No. Regression 
storn1s I constant 

4 41 -0.0208 

5 42 -0.0646 

Regression 
coefficieut 

0.7811 

0.9178 

SEE 

0.107 

0.069 

rb 

0.966 

20/ r 10 

93~3 

0.991 98.2 I.,..) 
O"I 
00 
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Table H Variation in througnfall (l9b3 and l~b4 combined) iu Plots 

4 and ·5 for seven storm size classes 

Storm class No. of Mean ~tandard Coefficient Range 
(inches gross ooserv- through- deviation of variation (inches) 
precipitation) ations fall (inches) (.1:>ercent) 

.(inches) 

Plot 4 
0.01-0.os 55 o.02'/5 0.0234 85.34 0.00-0.ou 

0.00-0.10 ,s u.u405 0.0251 • 61.90 0.00-0.10 

0.11-0.25 95 o. 0958 0.0649 67. 72 0.00-0.2'1 

0.20-u.so 40 0.20·,o 0.1016 49.0<J o.ot-0.39 

o.51-0.15 25 0.4'116 o.2355 49·. 31 o.u3-l:.12 

0.16-1.00 5 0.6440 · 0.262l:I 40.81 0.40-1.06 

1.01 + s 1.6940 o.5292 31 . 24 1.10-2.4~ 

Plot 5 

0.01-0.os 55 0.0229 0.0203 88. 77 0.00-0.0·, 

o.06-0.lU 74 0.0416 0.0303 72.90 0.00-0.11 

0.11-0.25 94 0.0841 0.0539 64.11 0.00-0.22 

0.26-0.so 40. 0.1800 0.0846 46.99 0.00-0.35 

o.51-o.,5 25 , 0.5248 0.2097 39.96 0.13-0.98 

0.75-1.00 5 0.6420 0.1099 17.11 0.47-0.73 

1.01 + 5 1.3200 0.3202 24.25 0.75-1.49 
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APPENDIX B 

SOILS PROFILE DESCRIPTIONS AND ASSOCIATED SOILS DATA 
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APPENDIX B 

SOILS PROFILE DESCRIPTIONS ANS ASSOCIATED SOILS DATA 

SOIL MOISTURE PLOT 1 

Soil Profile Description: 

Well-drained, weakly developed podzol. Parent material 

fluvial-deposited sand. Parent material variable both 

vertically and horizontally - 1 stratified: weakly developed 

cross-bedoing noted in C-horizon. Thin discontinuous layers 

of silt and_ gravel noted as well as very fine clay bonds 

within the profile. The layers are horizontal but discontinuous. 

Permeability generally h_igh to moderate throughout profile. 

Major root concentration within the A and B horizons. Fine 

roots noted within entire depth of sampling (75"). Roots 

tend to be concentrated within zones of finest-textured 

horizons. Texture finer than in Plots 2, 4, or 5. 

2-0 L.F.H. layers. Quite variable thro_ughout plot. Ra_nges from 

heavy concentration of spruce and pine needles to well-

decomposed organic matter. Mor-type humus layer. 

0-2 A. Fine sandy loam to loamy sand. Si_ngle_-grained to weakly 

granular structure; low incorporation of o_rganic matter; 

10 YR 7/3 (dry). 

2-4" A2 loamy fine sand. Horizon weakly developed; weakly 

developed granular structure; pH 6.8; Eff. - nil. 10 YR 7/3 

(dry). 



- 372 -

4-6" A3. Weakly developed platy structure; fine to medium sandy 

loam to loamy sand. Boundary gradual wavy; pH 6.8; Eff. -

nil. 10 YR 7/3 (dry). 

6-7" B. Fine sandy loam to loamy sand; pale reddish color 
. 

(transitional from A to B2 horizon). Friable - granular 

structure; pH 7.6; Eff. - h_igh. 

7-9" B21• Reddish-brown to orange color (FE - oxidation product) -

Hematite stain in sand grains. (Fine sand to medium sand.) 

Boundary wavy, distinct; friable - fine sandy loam. Granular 

structure - weakly developed. pH 7. 6; Eff. - h_igh. 10 YR 

6/2 (dry). 

9-16" B22- Fine sandy loam; weakly developed platy structure; 

very friable when dry; dark brown color; does not show reddish-

orange color of B21 horizon; lower boundary grades into C 

horizon pH 7. 6; Eff. - h_igh. 10 YR 6/2 (dry). 

• 16-75" C. Fine to medium sandy loam; weakly granular; weakly 

developed cross bedding noticeable. Stratification of fine 

to medium sand, silt and coarse gravel; pH 8.2+; Eff. -

very high. Color with incr ease in depth; 10 YR 5/2; 10 YR 

7/1 (dry). Gravel layer encountered at 75" below ground 

surface. 
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SOIL MOISTURE PLOT 2 

Soil Profile Description: 

Soil profile_ generally coarser-textured than Plots 1, 3, 

4 and S. Parent material consists of fluvially-deposited 

medium sand with fine layers of gravel and till (clay to 

loam) interbedded in the sand. 

Profile weakly developed podzol, developed under well-drained 

conditions. Generally more shallow profile than other pro-

files. Major root concentration in B2 horizon, altho_ugh fine 

roots extend through entire depth of the profile. 

3-0" L. F. H. layers, well decomposed. No incorporation of o_rganic 

matter with mineral soil. Depth of o_rganic layer variable 

throughout plot. Varies from well decomposed to poorly 

decomposed spruce and pine needles, and ground vegetation. 

Mor-type humus layer. 

0-1" A2. Sandy loam; ash:y-gray color; horizon developed 

immediately beneath organic layer; pH 6.2; Eff. - nil; 10 

YR 7 /3 (dry). 

1-3" A3 . Sandy loam; weakly-developed granular structure; 

pH 6.2; Eff. - nil. 

3-4" B1. Fine sandy loam: reddish-orange hematite stain on 

sand grains. Granular structure; pH 7.6; Eff. - med; 

10 YR 6/2 (dry). 
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4-7" B2. Dark brown color; medium to fine sandy loam;_ granular 

structure; friable; pH 7.6; Eff. - med.; 10 YR 6/2 (dry). 

7-58" C. Al ternati_ng layers of sand, clay and_ gravel. 3" 

thick gravel layer at 40-inch. (Gravel cse.) Cross-

beddi_ng and stratification apparent in profile. Coar se 

gravel layer encountered at 58". Gravel 1 to 2½" diameter, 

water polished. Weakly developed_ granular structure; loamy 

fine sand texture; pH 8. 0+; Eff. - h_igh to very h_igh; 10 

YR 7/1 (dry). 

SOIL MOISTURE PLOT 3 

Soil Profile Description: 

Weakly developed podzol; well-drained profile. Good 

permeability thro_ughout profile. Major root concentration 

within twenty-four inches from the_ ground surface. Parent 

material fluvially deposited sand wi th interbedded gravel 

bands. 

1-0" L.F.H. layers - moderately well decomposed. Thickness of 

o_rganic layer variable. Little incorporation of organic 

matter into A1 horizon. Mor-type humus layer. 

0-1" A1 . Fine sandy loam - weakly developed granular structure 

to single_ grain; little incorporation of o_rganic matter 

with mineral soil. Poorly-developed horizon. 
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1-2" A2 . Medium to fin e s andy loam ; very weakly developed a shy-

gray layer; boundari es wavy and gradual. Weak_ granular 

structure; 10 YR_ 4/3 (dry); pH 6.5. 

2-3" A3. Loamy fine to medium sandy loam; boundary with underlyi_ng 

horizon wavy and_ gr adua l weakly-developed granular structure; 

10 YR 4 / 3; Ef f. - s l _i gh t ; pH 6. 5 . 

3-5" B1 . Medium to fine sandy loam; very weakly developed platy 

structure - may be associated with cross-beddi _ng. Boundary 

wavy, generally distinct. 10 YR 4/3 (dry); pH 7.2; Eff. -

sl_ight. 

5-9" B2, Medium to fine sandy loam; r eddish-ora_nge hematite 

stain on sand particles. Limited o_rganic matter accumulation 

associated with top of B2 horizon. Fine dark band. Friable; 

10 YR 5/2 (dry); pH 7.4; Eff. - h_igh. 

9-102" C. Medium to fine sandy loam. L_ight_ grayish color; weakly 

granular; weak _aggregation of par ticles noted. Texture 

appears to be fairly uniform throughout C horizon. Friable; 

10 YR 6/2 (dry); pH 8.2+; Eff. - very high. 

at 102" Layer of coarse_ gravel encountered in profile. Gravel well-

rounded, aver_age approxi mately to l½ inches in diameter. 

Thickness of gravel layer 2-3 inches. 
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SOIL MOISTURE PLOT 4 

Soil Profile Description: 

Profile developed under well-drained conditions. Weakly 

developed podzol profile developed in fluvial deposit of 

fine to medium sand. Some cross-beddi_ng notable within 

profile. Possibly some textural stratification; however, 

did not appear in the profile examination. Roots concen-

trated within top 24" of profile - profile similar to Plots 

3 and S. Fine roots extend to 96". 

1-0" L.F.H. layers - moderately to moderately decomposed muck-

like texture. Mor-type humus. 

0-2" A1. Medium to fine sandy loam; only limited development of 

horizon; weak_ granular structure. 

2-3" A2, Fine to medium sandy loam; horizon and podzol - ashy 

grey color weakly developed. Very weakly granular to single-

grained; 10 YR 6/4; pH 6.4; Eff. - nil. 

3-6" AB. Fine to medium sandy loam; granular structure; color 

l _ight reddish-brown; boundary with B2, wavy, sharp. 

6-12" B2. Fine to medium sandy loam; reddish-o_rgange color 

(hematite stain). Friable; boundary with B3, sharp, wavy. 

Weakly developed granular structure; 7.5 YR 4/4 (dry); 

pH 7.0; Eff. - nil. 
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12-15" B3. Fine sandy loam; l_ight brown to_ grey color; granular 

structure - weakly developed; pH 7. 6; Eff. - h_igh; 10 YR 

6/2 (dry). 

15-96" C. Fine to medium sandy loam; some stratification; l_ight 

grayish color; pH 7.8; Eff. - very high; 10 YR 6/1 (dry). 

SOIL MOISTURE PLOT 5 

Soil Profile Description: 

Soil profile well-drained - both topographic position and 

internal drain_age. Weak podzolic development. Iron stain 

on sand grains and accumulation in Bz soil colors generally 

bright thro_ughout profile. Iron oxidized to br_ight orange-red 

color (hematite). 

Roots concentrated within the upper four feet of the soil 

profile. Few roots extend to 96" (depth of excavation). 

Root density greatest in A1 and Bz horizons. Permeability 

h_igh throughout profile. Parent material - well sorted 

glacial-fluvial sand deposit. Parent material variable both 

vertically and horizontal. 

2-0" L.F.H. layers; moderately well decomposed. Fibrous Mor-

type humus layer. 

0-2" Ai. Fine to medium sandy loam, moderate to poor incorporation 

of o_rganic matter with mineral soil; structure single_ grained 
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to weakly_ granular _a_ggregates. Boundary of AB wavy, 

distinct. 10 YR 6/4 (dry); pH 6.2; Eff. - nil. 

2-4" AB. Fine to medium sandy loam; weak_ granular structure. 

Boundaries wavy, distinct; friable. 

4-8 11 B2. Fine to medium sandy loam; weakly granular structure; 

oxidized iron stain on sand_ grains - br_ight hematite stain. 

Boundaries wavy and distinct; friable; 10 YR 5/4; pH 6.8; 

Eff. - nil. 

8-14" B3. Loa.my fine to medium sand; si_ngle_-grained structure, 

lower boundary wavy, generally_ gradual transition with C 

horizon. 

14-96" C. Medium to fine sandy loam; weakly granular structure. 

Texture appears uniform throughout 14-96" depth. No visible 

clay or_ gravel layers within profile. Sand deposit shows some 

weakly developed cross bedding. Fine roots found throughout 

entire profile depth. 10 YR_ 6/1; pH 8.0 to 8.2+; Eff. - ~ery 

high. 



Table A. Comparison of soil moisture constants, obtained by pressure apparatus, and 
highest and lowest values obtained by .field measurement, using calibrated 
neutron probe: Plot 1, 1966 measurements. 

Depth Field1 Highest2 Difference 
{feet)capacity measure- {2) - (3) 

(1) 

0-1 
1-2 
2-3 
3-4 

(inches) ment (in~hes) 

(2) 

2.30 
2.15 
1.66 
1.55 

(inc~es) 

(3) 

2.01 
1.79 
1.23 
1.32 

(4) 

+0.29 
+0.36 
+0.23 
+0.23 

Wilting 1 
point 

(inches) 

(5) 

0.91 
1.06 
0.71 
0.89 

Lowest 2 
measure-
ment 
(inches) 

(6) 

0.48 
0.62 
0.72 
0.89 

1. Obtained by pressu+e apparatus:% moisture by weight 
X bulk density X depth (inches) 

Difference 
(5) - (6) 
(inches) 

(7) 

+0.49 
+0.44 
-0.01 
o .. oo 

2. Measurement by neutron probe: conversion of count ratio, 
to% moisture by volume X depth. 

I..,.) 
'1 
\.0 



Table B. Comparison of soil moisture constants, obtained by pressure apparatus, 
and highest and lowest values obtained by field measurement, using 
calibrated neutron probe: Plot 2, 1966 measurements. 

Depth F ieldl 
(feet)capacity 

(inchesX 

(1) (2) 

0-1 2.53 
1-2 2.15 
2-3 1.15 

Highest2Difference 
measure- (2) - (3) 
rnent (inches) 
(inches) 

"( 3) (4) 

. 
2. 02 +0.51 
1.84 +0.31 
1.31 -0.16 

Wilting 1 
point 

( i nches) 

(5) 

1.30 
.o. 96 
0.37 

Lowest 2 
measure-
ment 
(inches) 

(6) 

0.50 
0.72 
0.68 

Difference 
(5) - (6) 

( i nches) 

(7) 

+0.80 
+0.24 
-0.31 

1. Obtained by pressure apparatus:% moisture by weight 
X bulk density X depth (inches) 

2. Measurement by neutron probe: conversion of count ratio 
to% moisture by volume X depth. 

w 
00 
0 



Table C. Comparison of soil moisture constants, obtained by pressure apparatus, 
and highest and lowest values obtained by field measurement, using 
calibrated neutron probe: Plot 3, 1966 measurements. 

Depth Field1 Highest2 Difference Wilting 1 Lo-...,est 2 Difference 
(feet)capacity measure- (2) - (3) point measure- (5) - (6) 

(inches) ment (inches) {inches) rnent (inches) 
(inches) (inches) 

(1) (2) ( 3) (4) (5) (6) (7) 

0-1 2.73 1.80 +0.93 1.43 0.48 +0.95 
1-2 1.14 1.29 -0.15 0.63 0.49 +0.14 
2-3 1.14 1.19 -0.05 0.63 0.55 +0.08 
3-4 1.11 1.20 -0.09 0.66 0.66 0.00 
4-5 2.39 1.60 N/A 1.14 1.07 +0.07 
5-6 2.78 1.70 N/A 1.03 1.40· N/A 
6-7 2 .14 1.62 N/A 0·.94 1.53 .N/A 
7-8 3.30 1.56 N/A 1.93 1.38 N/A 

------ - -----·--·~ 

1. Obtained by pressure apparatus:% moisture by weight 
X bulk density X depth (inches). 

2 • Measurement by n.eutron probe: conversion of count ratio, 
to¾ moisture by volume X depth. 

I..,.) - CX) 



Table D. Comparison of soil moisture constants, obtained by pressure apparatus, and 
highest and lowest values obtained by field measurement, using calibrated 
neutron probe: Plot 4, 1966 measurements. 

Depth Fie1a1 Highest2 Difference Wilting 1 Lowest 2 
(feet)capacity measure- (2) - (3) point measure-

(inches) ment {inches) (inches) ment 
(inches) . . (inches) 

(1) (2) • ( 3) (4) {5) {6) 

0-1 2 .. 42 1.97 +0.45 1.25 0.71 
1-2 1.50 1.84 -0.34 0.78 0.78 
2-3 1.29 1.12 +0.17 0.99 0.71 
3-4 1.42 0.93 N/A 0.99 0.64 
4-5 . 2 .07 1.04 N/A 1.54 0.64_ 
5-6 2.29 1.31 N/A 1.16 0.88 
6-7 2 .12 1.38 N/A 1.20 1.19 

1. Obtained by pressure apparatus;% moisture by weight 
X bulk .. density X depth (inches). 

Difference 
(5) - {6) 
(inches) 

(7) 

+0.54 
0.00 

+0.28 
+0.35 
+0.90 
+0.28 
+0.01 

2. Measurement by neutron probe: conversion of count ratio, 
to% moisture by volume X depth. 

l,.) 
\ - 00 

N 



Table ·E. Comparison of soil moisture constants, ohtained by pressure apparatus, 
and highest and lowest values obtained by field measurement, using 
calibrated neutron probe: Plot 5, 1966 measurements. 

Depth Field l Highest 2 

(feet)capacity rneasure-
(inches) rnent 

(inches) 

(l} (2) (3) 

0-1 2 .20 1.59 
1-2 1.43 1.39 
2-3 1.16 1.25 
3-4 1.37 1.49 
4-5 1.91 1.36 
5-6 1.64 1.19 
6-7 1.12 1.10 
7-8 0.93 1.08 
8-9 1.12 1.17 
Q-10 1.13 0.97 
10-11 1.27 1.08 

-

Difference 
(~) - (3) 
(inches) 

(4) 

+0.61 
+0.04 
-0.09 
-0.12 
+0.55 
+0. 4 5 
+o. 02 
-0.15 
-0.05 
N/A 
N/:A 

Wilting 1 
point 

(inches) 

(5) 

1.20 
0.74 
0.61 
0.78 
1.07 
0.85 
0.51 
0.43 
0.48 
0.47 
0.59 

-· ·----·----- ·• 

Lowest 2 
measure-
ment 
(inches) 

(6) 

o. 71 
0.67 
0.65 
0.65 
0.65 
0.66 
0.62 
0.68 
0.69 
0.67 
0.72 

1. Obtained by pressure apparatus~% moisture by weight 
x· bu.J.k density X depth (inches). 

Difference 
(5) - (6) 
(inches) 

(7) 

+0.49 
+0.07 
-0.04 
+0.13 
+0.42 
+0.19 
-0.11 
-0.25 
-0.21 
N/A 
N/A 

2. Measurement by neutron probe: conversion of count ratio. 
to% moisture by volume X depth. 

i w 
00 w 
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APPENDIX C 

RESULTS FROM ADDITIONAL MODELS EXPRESSING THROUGHFALL PERCENT 

AS A FUNCTION OF DISTANCE FROM STEM(S) AND STEM SIZE CHARACTERISTICS 
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Table A. Regression equations showing the relationship between 
percent throughfall (Y) and (X) mean ratio (L1/BA 1 ) 
of distance to nearest tree (L ): basal area of 
nearest tree (BA1 ) for three storm classes in Plots 
1, 2 and 3, witfi all 1963 and 1964 data combined. 

I 

Storm 
class 
inches 

No. of Regression 
observ- equation 
ations 

0.06-0.10 63 
0.11-0.25 150 
0.26-0.50 60 

0.06-0.10 83 
0.11-0.25 149 
0.26-0.50 65 

0.06-0.10 65 
o. 11-0.25 135 
0.26-0.50 49 

Y=33.07+0.08X 
Y=55.65+0.39X 
Y=66.92+0.20X 

Y=39.95+0.29X 
Y=56.99+0.30X 
Y=73.98+0.04X 

Y=48. 63 ·-0. 04X 
Y=49.12+0.14X 
Y=59.J.8+0.17X 

PLOT 1 

PLOT 2 

PLOT 3 

SE 
E 

23.03 
22.62 
34.58 

21. 76 
22.51 
25.35 

31.08 
23.75 
20.42 

r 

0.033 
0.135 
0.061 

0.350 
0.340 
0.042 

0.067 
0.282 
0.338 

2 c, 
r 

0.001 
0.018 
0.003 

0.122 
0.115 
0.001 

0.004 
0.079 
0.114 



- 386 -

Table B. Regression equations showing the relationship between 
percent th.roughfall (Y) and (X) mean ratio (L /BA! 
of distance to nearest three trees (L3 ): basai area of 
nearest three trees (BA3 ) for three storm classes in Plots 
1, 2 and 3, with all 1963 and 1964 data combined. 

Storm No. of Regression 
class observ- equation 

. inches ations 

0.06-0.10 63 
0.11-0.25 150 
0.26-0.50 60 

0.06-0.10 83 
0.11-0.25 149 
0.26-0.50 65 

0.06-0.10 65 
0.11-0.25 135 
0.26-0.50 49 

~L<Yr 1 

Y=23.; l 7+0.44X 
Y=50.70+0.42X 
Y=60.30+0.38X 

PL<Jl' 2 

Y=27.45+0.49X 
Y=45.39+0.46X 
Y=74.69+0.01X 

PLOT 3 

Y=S6.82-0.14X 
Y=46.0S+0.15X 
Y=61. 93+0. 07X 

SE 
E 

22.54 
22.52 
34.46 

20. 52 
21.38 
25.37 

30. 76 
24.31 
21.53 

r 

0.207 
0.164 
0.102 

0.469 
0.450 
0.011 

0.157 
0.188 
0.126 

· 2 
r 

0~043 
0.026 
0.010 

0.220 
0.202 
0.0001 

0.024 
0.035 
0.015 
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Table c. Regression equations showing the relationship between · 
percent throughfall (Y) and (L) mean distance to 
three nearest trees (X), for tlree storm classes in 
Plots 1, 2 and 3, with all 1963 and 1964 data combined. 

Storm 
class 
inches 

No. of Regression 
observ- equntion 
ations 

PLOT 1 

0.06-0.10 63 
O.ll-0.25 150 
0.26-0.so 60 

0.06-0.10 83 
0.11-0.25 149 
0.26-0.50 65 

0.06-0.10 65 
0.11-0.25 135 
0.26-0.50 49 

Y=-20.84+10.68X 
Y=23.53+7.08X 
Y=57.65+2.22X 

PLOT 

Y=l3 .66+9. 73X 
Y=39 : S9+7.22X 
Y=S7. 78+4 .SlX 

2 

PLOT 3 

Y=S.27+17 . 26X 
Y=28 .11+11. sax 
Y=38. 7o+ll.16X 

SE 
E 

20.68 
21.62 
34.56 

19.78 
22.36 
24.78 

29.04 
22.93 
19.52 

r 

0.441 
0.320 
0.069 

0.524 
0.357 
0.214 

0.361 
0.376 
0.437 

2 
r 

0.194 
0.102 
0.004 

0.21s 
0.127 
0.045 

0.130 
0.142 
0.191 

-
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Table D. Regression equations showing the relationship between 
percent throughfall (Y) and (X) :ne a.n ratio (t3/D3 ) of 
distance to nearest three trees (L3 ): DBH of nearest 
three trees (D 3 ) for three storm classes in Plots 
1, 2 and 3, with all 1963 and 1964 data combined. 

Storm No. of Regression 
class observ- equation 
inches ations 

0.06-0.,10 63 
0.11-0.25 150 
0.26-0. 50 60 

0.06-0.10 83 
0.11-0.25 149 
0.26-0.50 65 

0.06-0.10 65 
0.11-0.25 135 
0.26-0 . 50 49 

P!nr 1 

Y=l.85+39.45X 
Y=28.93+39.40X 
Y=56.98+15.18X 

...flm.J.. 

Y=ll.64+41.21X 
Y=32. 78+36.21X 
Y=66.99+9.08X 

PLOT 3 

Y=40.74+6.30X 
Y=33.02+25.80X 
Y=45. 99+21. 95X 

SE 
B 

21.65 
21.83 
34.52 

19.02 
20.84 
25. 21 

31. 10 
23.49 
20.51 

r 

0.343 
0.292 
0.083 

0.574 
0.492 
0.113 

0.056 
0.315 
0.327 

2 
r 

0.117 
0.085 
0.007 

0.329 
0.242 
0.012 

0.003 
0.099 
0.106 



\, 
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Table E~ Regression equations showing the relationship between 
percent throughfall (Y) and (X) ratio (L1/BA1 ) of 
distance to nearest tree (L1 ): basal area of nearest 
tree (BA ) for three storm classes in 'Plots 1, 2 and 3, 
with 196¼ and 1964 data co:nbined, position 3 omitted. 

Storm No. of Regression • 
cl~ss observ- equation 
inches ations 

0.06-0.lQ 38 
0.11-0.25 95 
0.26-0.50 34 

PLCYl' 1 

Y=36.73-0.89X 
Y=50.23+0.59X 
Y=71. 00-0. 55X 

PLCYr 2 

0.06-0.10 
0.11-0.25 
0.26-0.50 

58 Y_=-40.6l+0.23X 
94 Y=57.85+0.21X 
44 Y=65.62+0.41X 

PWl' 3 

0.06-0.10 53 Y=49.21-0.06X 
0.11-0.25 119 Y=48. 17+0 .14X 
0.26- 0.50 41 Y=62.25+0.07X 

SE 
E 

19.86 
23. 71 
33.64 

22.27 
' 23.50 
27.13 

31.03 
23.51 
20.93 

2 
r r 

0.336 0.113 
0.180 0.032 
0.128 0.016 

0.242 0.058 
0.190 0.036 
0.287 0.082 

0.113 0.012 
0.258 0.066 
0.124 0.015 
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Table F. Regression equations showing the relationship between 
percent throughfall (Y) and (X) mean ratio (L3/BA 3 ) of 
mean distance to nearest three trees (L3 ): Me an basal 
area of nearest three trees (BA3 ) for three storm 
classes in Plots 1, 2 and 3, with 1963 and 1964 data 
combined, position 3 omitted. 

Storm 
class 
inches 

No. of 
observ-
ati.,ns 

0.06-0.10 
0.11-0.25 
0.26-0.50 

38 
95 
34 

Regression 
equation 

PLOT l 

Y=2 0. 91 +O .18X 
Y=39.12+0.74X 
Y=47.0l+0.66X 

PLOT 2 

0.06-0.10 
0.11-0.25 
0.26-0.50 

58 Y=29.8l+0.40X 
94 Y=45.35+0.42X 
44 • Y=64.73+0.30X 

0.06-0.10 59 
0.11-0.25 119 
0.26-0.50 41 

Y=62.86-0.24X 
Y=46.33+0.12X 
Y=62.5l+0.04X 

PLO'l' 3 

SE 
E 

21.05 
23.27 
33.50 

21.39 
22.13 
27.95 

30.18 
24.02 
21.04 

r 

0.068 
0.261 
0.156 

0.362 
0.381 
0.159 

0.256 
0.160 
0.067 

2 
r 

0.004 
0.068 
0.024 

0.131 
0.145 
0.025 

0.065 
0.025 
0.004 
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Table G. Regression equations showing the relationship between 
percent throughfall (Y) and (L3 ) mean distance to three 
nearest trees (X) for three storm classes in Plots 1, 2 
and 3,wi~h 1963 and 1964 data combined, position 3 omitted. 

Storm No. of 
class observ-
inches ations 

0.06-0.10 
0.11-0.25 
0.26-0.50 

0.06-0.10 
C.11-0.25 
0.26-0.50 

38 
95 
34 

58 
94 
44 

0.06-0.10 59 
0.11-0.25 119 
0.26-0.50 41 

Regression 
equation 

Y=-13. 02+7 .63X 
Y=26.00+6.31X 
Y=53.16+2.00X 

PLCYr 2 

Y:.::-2. 01+15. 32X 
Y=34.85+8.32X . 
Y=29.97+14.75X 

?Lor 3 

Y=7 .42+16. 31X 
Y=28. 94+ ll .13X 
Y=43.50+8.96X 

SE 
E 

20.18 
23.36 " 
33.88 

19.70 
22.62 
25.91 

29.81 
22.93 
19. 88 

r 

0.291 
0.246 
0.046 

0.512 
0.327 
0.403 

0.298 
0.335 
0.332 

2 
r 

0.084 
0.060 
0.002 

0.263 
0.107 
0.162 

0.088 
0.112 
0.110 



Table H. Regression equations showing the relationship between percent throughfall (Y) 
and (X) mean ratio (L1/D3 ) of mean distance to nearest three trees (L3 ): Mean 
DBH of nearest three trees (D3 ) for three storm classes in Plots 1, 2 and 3, 
with 1963 and 1964 data combined, Position 3 omitted. 

Storm 
class 

No. of Regression 
observ- equatipn 

inches ations 

0.06-0.10 38 
0.11-0.25 95 
0.26-0.50 34 

0 .. 06-0.10 58 
0.11-0.25 94 
0.26-0.50 44 

0.06-0.10 59 
0.11-0.25 119 
0.26-0.50 41 

Y=4.oo· +28.15X 
Y=23.24+42.93X 
Y=43.71+24.25X 

Y=l0.25+44.07X 
Y=31.10+37.99X 
Y=44.08+41.16X 

Y=56. 34-12. OlX 
Y=34.95+22.56X 
Y=50. 00+ 16. 34X 

PLOT 1 

PLOT 2 

PLOT 3 

SE 
E 

20.67 
22.86 
33.67 

20.01 
21.50 
26.89 

31.10 
23.41 
20.49 

r 

0.200 
0.316 
0.119 

0.490 
0.439 
0.313 

0.091 
0.273 
0.236 

2 
r 

0.040 
0.100 
0.014 

0.240 
0.192 
0.098 

0.008 
0.074 
0.055 

., 
l.u 
\.0 
N 
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APPENDIX D 

ANALYSIS OF VARIANCE TABLES FOR ANALYSES OF SOIL MOISTURE CONTENT 

AND SOIL MOISTURE CHANGE 
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Table A. Analysis of variance--uppermost three feet of soil, 1963. 

SOIL MOISTURE CONTENT (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares ·square ratio significance 

Plot (B) 3 2.87 0.96 31.80 0.005 

Period (P) 6 10.45 1.74 57.88 0.005 

Depth (D) 2 1.82 0.91 30.27 o.oos 
B X p 18 0.60 0.03 1.11 N. S. 

BX D 6 2.56 0.43 14.18 0.005 

p X D 12 3.20 0.27 8.87 0.005 

B X P X D 36 0.99 0.03 0.92 N. s. 
Error 756 22.75 0.03 

Total 839 45.25 

SOIL MOISTURE CHANGE (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 3 0.09 0.03 3.93 0.005 

Period (P) 5 1.05 0.21 26.22 0.005 

Depth (D) 2 0 .10 0.05 6.29 0.005 

B X p 15 0.61 0.04 5.04 0.005 

BX D 6 0.12 0.02 2.48 0.005 

p X D 10 3.37 0.34 42.01 0.005 

B X P X D 30 1. 21 0.04 5.02 0.005 

Error 648 5.20 0.01 

Total 719 11. 75 
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Table B. Analysis of variance--uppermost three feet of soil, 1964. 

SOIL MOISTURE CONTENT (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares squa!'e ratio significance 

Plot (B) 4 14. 81 3.70 94. 9,~1 0.005 

Period (P) 7 33.58 4.80 123.008 0.005 

Depth (D) 2 51.74 25.87 663.282 0.005 

BX p 23 * * * 
B X D 8 3.81 0.48 12.221 0.005 

p X D 14 18.81 1.34 34.459 0.005· 

B X P X D 46 * * * 
Error 897 37.94 0.04 

-, 
Total 932 157.30 

* Best estimate is zero. 

SOIL MOISTURE CHANGE (inches water) 

Source of Degrees of Sum of Mean - Variance Level of 
variation freedom squares square ratio Eignificance 

Plot (B) 4 0.31 0.08 2.63 0~005 

Period (P) 6 25.02 4 .17 142 .51 0~005 

Depth (D) 2 2.42 1.21 41.30 0.005 

BX p 19 3.60 0.19 6.47 0.005 

BX D 8 0. 15 0.02 0.66 N. S. 

p X D 12 6.07 0.51 17.29 0.005 

BX p X D 38 1.17 0.03 1.06 N. S. 

Error 660 19. 31 0.03 

Total 749 ·58.06 
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Table C. Analysis of variance--uppermost three feet of soilJ 1965. . 
SOIL MOISTURE CONTENT (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
var iation fre edom squares square ratio significance 

Plot (:B) 4 19 .46 4.87 165.01 o. 005 

Period (P) 12 17.30 1.44 48.89 0. 005 

Depth (D) 2 87.12 43.56 1477.20 0. 005 

B X p 48 4.44 0.09 3 .14 o. 005 

B x D 8 4.47 0.56 18.97 o. 005 

p X D 24 2.88 0.12 4.07 0. 005 

. Bx p x D 96 3.05 0.03 1.08 N. S . 

Error 1590 46.89 0 . 03 

Total 1784 185. 61 

SOIL MOISTURE CONTENT (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 4 0.05 0 . 01 1.25 N. S. 

Period (P) 11 23.80 2.16 224 . 59 o. 005 

Depth (D) 2 0.00 0.00 0.01 N. S. 

B X p 44 7.91 0.18 18. 65 0. 005 

B X D 8 0.01 0.00 0.18 N. S. 

p X D 22 7.06 0.32 33.30 0.005 

Bx p x D 88 5.89 0.07 6 . 95 0.005 

Error 1449 13 .96 0.01 

Total 1628 58.68 



Table D. Analysis of variance--uppermost three feet of soil, 1966. 

SOIL MOISTURE CONTENT (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squ~ square ratio significance 

Plot (B) 4 20.60 5 .15 167.64 o. 005 

Period (P) 15 157. 72 10.52 342.32 o. 005 

Depth (D) 2 43.98 21.99 715. 91 0. 005 

B x P 51 .0.03 0.00 0.02 N . : Si 

B x D 8 4.70 0.59 19 .11 o. 005 

P x D 30 19. 89 0.66 21.59 o. 005 

B X p X D 102 4.26 0.04 1.36 o. 005 

Error 1737 53.35 0.03 

Total 1949 304.52 

SOIL MOISTURE CHANGE (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 4 0.11 0.03 2 .51 o. 005 

Period (P) 14 17 .09 1.22 112. 85 0. 005 

Depth (D) 2 0. 72 0.36 33.40 0. 005 

BX p 47 2.95 0.06 5.81 o. 005 

B X D 8 0.13 0.02 1.55 N. S. 

p X D 28 17 .00 0.61 56.13 o. 005 

Bx p X D 94 3.20 0.03 3.14 o. 005 

Error 1614 17 .46 0.01 

Total 1811 58.67 
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Table E. Analysis of variance--uppermost four feet of soil., 1963. 

SOIL MOISTURE CONTENTS (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 2 0.66 0.33 15. 86 0.005 

Period (P) 6 6.21 1.04 49.76 0.005 

Depth (D) 3 1.61 0.54 25 ·. 79 0.005 

B X p 12 0.28 0.02 1.13 N. s. 
B X D 6 3.36 0.56 26.88 0.005 

p X D 18 1.74 0.09 4.65 0.005 

B x P X D 36 0.75 0.02 1.00 N. s. 
Error 756 15.73 0.02 

Total 839 30.34 

SOIL MOISTURE CHANGE (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 3 0.05 0.02 1.87 N. s. 
Period (P) 5 0.93 0.19 19.97 0.005 

Depth (D) 3 0.06 0.02 2.04 N. S. 

BX p 13 0.55 0.04 4 .51 0.005 

B x D 9 0.23 0.03 2.68 0.005 

p X D 15 3.62 0.24 25.88 0.005 

Bx p X D 39 1.31 0.03 3.61 0.005 

Error 792 7.39 0.01 

Total 879 14.14 
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Table F. Analysis of variance--uppermost four f ee t of soil, 1964. 
I 

SOIL MOISTURE CONTENTS (inches water) 

Source of Degr ees of Sum of Mean Variance Level of 
variation fr eedom s·guares _§_guare rat i o Significance 

Plot (B) 3 5.59 1.86 73.354 o.oc~5 

Period (P) 7 12.63 . 1.80 71.059 0.005 

Depth (D) 3 30.l,.8 10.16 4-00.000 0.005 

·B:.: x P 17 0.64 0.04 1.480 N. s. 

B i :: D 9 5.30 0.59 23.186 0.005 

p X D 21 21.12 1.01 39.594 0.005 

.B X p X D 51 * * * 
Error 923 23.459 0.0254 

Total 983 99.221 

* Best estima te is zero. 

SOIL MOISTURE CHANGE (inches wa ter) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom ~uares square rat i o sign ificance 

Plot (B) 4 0.29 0.07 2.59 o.pos 

Period (P) 6 23.16 3.86 140.36 0.005 

Depth (D) 3 3.49 1.16 42.35 0.005 

B X p ll~ 3.78 0.27 9.81 0.005 

B X D 12 1.85 0.15 5.62 0.005 

p X D 18 9.83 0.55 19.86 0.005 

B X p X D 42 0.41 0.01 0.36 N. s. 
Error 720 19.80 0.03 

Tota l 819 62.61 
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Table G. Analysis of variance--uppermost four feet of soilJ 1965. 

SOIL NOISTURE CONTENTS (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares 2 quare ratio significance 

Plot (B) 3 8.34 2.78 89.00 o. 005 

Period (P) 12 14.51 1.21 38.70 o. 005 

Depth (D) 3 65.30 21.77 696. 71 0. 005 

Bx p 36 3.08 0.09 2.74 o. 005 

BX D 9 13.95 1.55 49.60 0. 005 

p X D 36 3.32 0.09 2.95 o. 005 

BX PX D 108 3.63 0.03 1.08 N. S. 

Error 1652 51.61 0.03 

Total 1859 163.73 

SOIL MOISTURE CHANGE (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 3 0.04 0.01 1.92 N. S. 

Period (P) 11 18.75 1. 70 221.96 0. 005 

Depth (D) 3 0.05 0.02 2.36 N. S. 

BX p 33 5.38 0.16 21.23 o. 005 

B x D 9 0.01 0.00 0.15 N. S. 

P x D 33 7.16 0.22 28.27 0. 005 

B x P x D 99 6.78 0.07 8.92 0. 005 

Error 1500 11.52 0.01 

Total 1691 49.70 



- 401 -

Table H. Analysis of variance--uppermost four feet of soil, 1966. 

SOIL MOISTURE CONTENTS (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom sguares sguare ratio significance 

Plot (n) 3 9.76 3.25 100. 73 0 . . 005 

Period (P) 15 105.83 7.06 218.52 o. 005 

Depth (D) 3 34.97 11.66 361.08 0. 005 

Bx P 38 1.99 0.05 1.62 o. 005 

B x D 9 9.73 1.08 33.50 o. 005 

p X D 45 30.11 0.67 20. 72 o. 005 

BX p x D 114 4.09 0.04 1.11 N. s. 
Error 1812 58.50 0.03 

Total 2039 254. 98 • 

SOIL MOISTURE CHANGE (inches water) 

Source of • Degrees of Sum of Mean Variance Level of 
variation freedom sguares sguare ratio significance 

Plot (B) 3 0.06 0.02 1.92 N. S. 

Period (P) 14 11.68 0.83 77.87 0. 005 

Depth (D) 3 1.49 0.50 46.32 0. 005 

B X p 35 2.26 0.06 6.04 o. 005 

BX D 9 0.16 0.02 1.64 N. S. 

p X D 42 16.29 0.39 36.21 0.005 

B x p x D 105 3.08 0.03 2.74 0. 005 

Error 1684 18.04 0.01 

Total 1895 53.06 
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Table I. Analysis of variance--uppermost seven feet of soil, 1963. 

SOIL MOISTURE CONTENTS (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 1 3.53 3.53 128.12 0.005 

Period (P) 6 4.92 0.82 29.76 0.005 

Depth (D) 6 57.97 9.66 350.59 0.005 

BX p 6 0.08 0.01 0.48 N. S. 

B X D 6 15 .68 2.61 94.85 0.005 

p X D 36 2.62 0.07 2.64 0.005 

BX p x D 36 0.65 0.02 0.65 N • . S. 

Error 637 17.55 0.03 

Total 734 103.00 

SOIL MOISTURE CHANGE (inches water) 

Source of Degrees of Suro. of Mean Variance Level of 
variation freedom squares square ratio §.1._gnificance 

Plot (B) 1 0.00 0.00 0.28 N. S. 

Period (P) 5 0.51 0.10 9.60 0.005 

Depth (D) 6 0.18 0.03 2.80 0.005 

Bx P 5 0.12 0.02 2.26 0.005 

BX D 6 0.10 0.02 1.55 N. S. 

p X D 30 2.47 0.08 7.83 0.005 

B X p X D 30 0.64 0.02 2.02 0.005 

Error 546 5.75 0.01 

Total 629 9.76 
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Table J. Analysis of variance--uppermost seven feet of soil, 1964. 

SOIL MOISTURE CONTENTS (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom sguares sguare ratio significance 

Plot (B) 2 20.62 10.31 377. 729 o. 005 

Period (P) 7 7. 90 . 1.13 41.348 o. 005 

Depth (D) 6 22.90 3.82 139.795 0. 005 

BX p 11 * * * 
Bx D 12 28.09 2.34 85.747 o. 005 

p X D 42 28.15 0.67 24.548 o. 005 

B X p X D 66 ""'( * * 
Error 931 25.457 0.0273 

Total 1000 133 .12 

* Best estimate is zero. 

SOIL MOISTURE CHA.~GE (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom sguares sguare ratio significance 

Plot (B) 2 0.06 0.03 2.55 N. S. 

Period (P) 6 8.28 1.38 122.14 0 . . 005 

Depth (D) 6 3.25 0.54 48.02 o. 005 

BX p 9 0.17 0.02 1.71 N. s. 
BX D 12 0 .17 0.01 1.23 N. s. 
P x D 36 9.93 0.28 24.42 o. 005 

Bx P x D 54 1.25 0.02 2.05 o. 005 

Error 700 7 .91 0.01 

Total 825 31.01 
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Table :::<. Analysis of variance--uppermost seven feet of soil, 1965. 

SOIL MOISTURE CONTENTS ( inches water) 

Source of Degrees of Sum of ~ean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 2 39 .12 19.56 702.76 0.005 

Period (P) 12 9.72 0.81 29 .11 0.005 

Depth (D) 6 60.68 10.11 363.42 o. 005 

BX p 24 1.48 0.06 2.22 0.005 

BX D 12 55.72 4.64 166.86 0.005 

p X D 72 7 .11 0.10 3.55 0. ·005 

B X p x D 144 4.64 0.03 1.16 N. S. 

Error 1617 45.00 0.03 

Total 1889 223.47 

SOIL MOISTURE CHANGE (inche s water) 

Source of Degrees of Sum of Mean Varianct! Lev2l of 
variation freedom square s square ratio significance 

Plot (B) 2 0.01 0.00 0.30 N. S. 

Period (P) 11 11.45 1.04 122.01 0.005 

Depth (D) 6 0.17 0.03 3.35 o. 005 

B X p 22 1.47 0.07 7.82 0.005 

BX D 12 0.10 0.01 1.02 N. S. 

p X D 66 7.79 0.12 13 . 83 0.005 

BX p X D 132 6.20 0.05 5.50 0.005 

Error 1449 12.36 0.01 

Total 1700 39 . 54 



- 405 -

Table L. Analysis of variance--uppermost seven feet of soil, 1966. 
I 

SOIL MOISTURE CONTENTS (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 2 33.95 16.98 676.295 0. 005 

Period (P) 15 43.96 2.93 116.757 o. 005 

Depth (D) 6 48.32 8.05 320.817 0. 005 

B X p 25 * * ~· 

Bx D 12 73.58 6 .13 244.279 -o. 005 

p X D 90 46.30 0.51 20.496 0. '005 

BX p x D 150 * * * 
Error 1967 49.517 0.0251 

Total 2092 294.62 

* Best estimate is zero. 

SOIL MOISTURE CHANGE (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 2 0.03 0.02 1.37 N. S. 

Period (P) 14 6.42 0.46 40.01 0. 005 

Depth (D) 6 1.57 0.26 22.80 o. 005 

B X p 23 2.03 0.09 7.68 o. 005 

B x D 12 0.10 0.01 0.71 N. S. 

p X D 84 14.44 0.17 14.99 0.005 

Bx p X D 138 3.97 0.03 2.51 o. 005 

Error 1666 19 .10 0.01 

Total 1945 47.66 
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Table M. Analysis of variance--uppermost eight feet of soil., 1963. 

SOIL MOISTURE CONTENTS (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio ~nee 

Plot (B) 0 

Period (P) 6 2.83 0.47 20.07 o. 005 

Depth (D) 7 73.28 10.47 445.50 o. 005 

BX p 0 

Bx D 0 

p X D 42 2.99 0.07 3.03 o. 005 

Bx p X D 0 

Error 504 11.84 0.02 

Total 559 90. 94 • 

SOIL MOISTURE CHANGE 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio Significance 

Plot (B) 0 

Period (P) 5 0.40 0.08 9.01 o. 005 

Depth (D) 7 0.32 0.05 5.16 0. 005 

BX p 0 

B x D 0 

p X D 35 2.47 0.07 7.99 o. 005 

B x p x D 0 

Error 432 3.82 0.01 

Total 479 7.01 
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Table N. Analysis of variance--uppermost eight feet of soil, 1964. 

SOIL NOISTURE CONTENTS (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 1 28.41. 28.41 i060.22 o. 005 

Period (P) 6 5.75 0.96 35.769 o. 005 

Depth (D) 7 18.81 2.69 100.272 o. 005 

Bx P 6 * * * 
Bx D 7 17.27 2.47 92.067 0 .. 005 

p X D 42 19.07 0.45 16.942 0. 005 

B x p X D 42 2.96 0.07 2.633 o. 005 

Error 750 20.17 0.0268 

Total 855 112 .45 • 

* Best estimate is zero. 

SOIL MOISTURE CHANGE (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
va.riation freedom squares square ·ratio significance 

Plot (B) 1 0.01 0.01 0.88 N .S. 

Period (P) 5 5.17 1.03 64.05 o. 005 

Depth (D) 7 2.92 0.42 25 .87 o. 005 

B X p 5 0.06 0.01 0.78 N .S. 

B X D 7 0.11 0.02 1.03 N .S. 

p X D 35 7.90 0.23 14.00 o. 005 

B x P x D 35 0.65 0.02 1.16 N .S. 

Error 608 9.81 0.02 

Total 703 26.66 
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Table 0. Analysis of variance--uppermost eight feet of soil, 1965. 

SOIL MOISTURE CONTENTS (inches water) 

Source of Degrees of Sum of -Mean Variance Level of 
variation fre2dom squares square ratio significance 

Plot (B) 1 57.25 57.25 2216.50 0.005 

Period (P) 12 6.52 0.54 21.03 0.005 

Depth (D) 7 58.10 8.30 321.33 0.005 

BX p 12 1.06 0.09 3.42 0.005 

Bx D 7 39.66 5. 67 • 219.38 0. 005 

P x D 84 9.41 0.11 4.34 0.005 

B X p X D 84 2.47 0.03 1.14 N. S. 

Error 1432 36.99 0.03 

Total 1639 211.46 

SOIL MOISTURE CHANGE (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 1 0.00 0.00 0.15 N. S. 

Period (P) 11 8.33 0.76 98.36 o. 005 

Depth (D) 7 0.13 0.02 2.33 0. 005 

B X p 11 0.24 0.02 2.81 o. 005 

B x D 7 0.10 0.01 1.87 N. S. 

P x D 77 10.27 0.13 17.32 0. 005 

B X p X D 77 2.34 0.03 3.94 o. 005 

Error 1272 9.79 0.01 

Total 1463 31.19 
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Table P. Analysis of variance--uppermost eight feet of soil, 1966. 

SOIL MOISTURE CONTENTS (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 1 56.66 56.66 3001.01 o. 005 

Period (P) 15 35.57 2.37 1Z5.59 0.005 

Depth (D) 7 48.18 6.88 364.56 0 . .005 

BX p . 12 * * * 
B x D 7 66.35 9 .48 502.03 0.Q05 

P x D 105 40.76 0.39 20.56 0.005 

B x P X D 84 * * 

Error 1704 32.065 0.0188 

Total 1839 279.59 

* Best estimate is zero. 

SOIL MOISTURE CHANGE . (inches water) 

Source of Degree·s of Sum of Mean Variance Level of 
variation freedom squares square ratio &gnificance 

Plot (B) 1 0.03 0.03 2_.94 N. S. 

Period (P) 14 6.19 0.44 45.58 0.005 

Depth (D) 7 1.18 0 .17 17 .44 0.005 

Bx P 11 0.82 0.07 7.70 0.005 

B X D 7 0.04 _ 0.01 0.58 N. S. 

p X D 98 13.91 0.14 14.64 0.005 

B x P X D 77 2.58 0.03 3.46 0,005 

Error 1496 14.51 0.01 

Total 1711 39.26 
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Table Q. Analysis of variance --upper most four t een feet of soil, 1964. 

SOIL MOISTURE CONTENTS (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 0 

Period (P) 6 0.80 0.13 7.04 0.005 

Depth (D) 13 21.65 1.67 87.55 0.005 

BX p 0 

B X D 0 

p X D 38 10.39 0 .13 7.01 0.005 

B X p x D 0 

Error 434 8.26 0.02 

Total 531 41.lI 

SOIL MOISTURE CF.ANGE (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 0 

Period (P) 5 0.71 0.14 51.27 0.005 

Depth (D) 13 1.06 0 . 08 29.40 0.005 

B X p 0 

BX D 0 

p X D 65 2.86 0.04 15. 81 0.005 

B X p X D 0 

Error 308 0.86 0.00 

Total 391 5.49 
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Table R. Analysis of variance--uppermost fourteen feet of soil, 1965. 

SOIL MOISTURE CONTENTS (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 0 

Period (P) 12 2.14 0.18 9.80 0.005 

Depth (D) 13 26.04 2.00 109.88 0.005 

Bx P 0 

B X D 0 

p X D 156 9.48 0.06 3.33 0.005 

Bx p X D 0 

Error 896 16. 33 0.02 

Total 1077 53.99 

SOIL MOISTURE CHANGE (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 0 

Period (P) 11 1.45 0.13 27.93 0.005 

Depth (D) 13 0.21 0.02 3.43 0.005 

BX p 0 

BX D 0 

p X D 143 6.30 0.04 9.35 0.005 

BX .P X D 0 

Error 840 3.96 0.00 

Total 1007 11.92 
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Table S. Analysis of variance--uppermost 
I 

fourteen feet of soil, 1966. 

SOIL MOISTURE CONTENTS (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variatior, freedom squares square ratio significance 

Plot (B) 0 

Period (P) 14 5.09 0.36 19 .51 o. 005 

Depth (D) 13 17.92 1.38 73.92 o. 005 

BX p 0 

Bx D 0 

p X D 182 18.02 0.10 5.31 0. 005 

.Bx p x D 0 

Error 1050 19.58 0.02 

Total 1259 60.62 

SOIL MOISTURE CH.ANGE (inches water) 

Source of Degrees of Sum of Mean Variance Level of 
variation freedom squares square ratio significance 

Plot (B) 0 

Period (P) 13 2.15 0.17 44.43 0 . . 005 

Depth (D) 13 0 .51 0.04 10.60 0 . . 005 

Bx p 0 

B x D 0 

p X D 169 8.22 0.05 13.07 o. 005 

BX p X D 0 

Error 980 3.65 o.oo 
. Total 1175 14.54 
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