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ABSTRACT

The H60 concept refers to the elevation of the snowline when the upper 60%

of a watershed is covered in snow. Timber harvesting in this “snow zone” is

thought to have a greater influence on peak flows due to changes in snow ac-

cumulation and snowmelt when the forest canopy is removed. To account

for this influence, the Interior Watershed Assessment Procedure provides a

weighting mechanism for harvesting proposed in this zone. To test this prin-

ciple, a 5-year study to look at snowlines and streamflow was undertaken. At

the time of peak flow, on average, it was found that approximately 65% of a

watershed was covered in snow. The H60 concept is valid for watersheds in

the southern interior of British Columbia as a tool for evaluating forest-

harvesting proposals. 

INTRODUCTION

Watershed assessments are used to assess the potential impact of proposed

timber-harvesting activities on streamflows, suspended sediment, landslides,

and channel stability within a drainage basin. Part of the assessment of

streamflows is evaluating peak flow change. Changes in peak flows as a result

of forest development have received considerable attention and study, and

the findings are controversial (Jones and Grant 1996; Thomas and Megahan

1998.) In the Interior of British Columbia, the majority of peak flows are gen-

erated through snowmelt or rain-on-snow through the later part of the melt

season. These and other causes of peak flows are described by MacDonald

and Hoffman (1995). Local research on the effects of forest removal on the

snowpack has shown an increase in the amount of snow water equivalent

() and an increase in melt rates (Toews and Gluns 1986). This may have

a potential influence on runoff in terms of an earlier peak or a higher peak,

depending upon the elevation, aspect, and extent of the harvesting. Recog-

nizing that a change in the snowpack can influence streamflow, it was

necessary to come up with an indicator for peak flows that is easily mea-

sured.

Currently, the Interior Watershed Assessment Procedure () uses

equivalent clearcut area () and road density as a surrogate to evaluate

peak-flow concerns.  refers to areas that have been disturbed (i.e., har-

vested, cleared, or burned). It is also a means to keep track of areas that are

partially cut or areas that are regenerating. At present, assumptions for 





values take into account regenerating stands based on heights of 3, 6, and 

9 m. Assumptions for  calculations are listed in the Interior Watershed

Assessment Procedure Guidebook (B.C. Ministry of Forests and B.C. Ministry

of Environment 1999). In assessing watersheds, it is recognized that differen-

tial melt within a watershed accounts for elevational variability in runoff-
generating mechanisms. The snowpack generally increases in  with ele-

vation. This increase also translates into higher melt rates at elevation due to

the onset of warmer temperatures and the increased amount of water avail-

able in the snowpack. At any given elevation, when the snow is consistently

covering the watershed, this is referred to as the snowline. When the water-

shed is experiencing rapid melt, and streams are peaking, the snowline at the

time is the one of interest. In the original version of the  this was de-

scribed as the H60 line—the elevation above which 60% of the watershed

lies. The area above this line is considered to be the major source area for

contributing to peak flows. Forest removal in this “snow zone” is assumed to

affect snow accumulation/melt and subsequent runoff by increasing the

amount of  and increasing the melt rates (Toews and Gluns 1986).

The basis of the H60 concept comes in part from a study by Garstka et al.

(1958) on St. Louis Creek in Colorado. Their findings suggest that streamflow

as a result of snowmelt begins to rise when only 10% of the basin is free of

snow. During this time, streamflow went from 0.255 m3/sec (baseflow) to 1.18

m3/sec. When the basin was 30% bare of snow, streamflow had increased to

about 3.82 m3/sec. By the time the steamflow had reached peak flow (8.30

m3/sec) the basin was 55% bare of snow. The graph in Figure 1 shows the 



  Graphical results of a study by Garstka et al. (1958) that illustrate the relationship between
streamflow and snow cover in a basin in Colorado.
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results of the study by Garstka et al. (1958) at St. Louis Creek near Fraser,

Colorado where they looked at the percentage of the watershed covered in

snow with respect to streamflow. This graph forms the basis of the H60 line

concept in the  and provides a conservative approach to identifying the

snow zone. Based on the findings of Garstka et al. (1958), an H45 would rep-

resent the snowline at peak flow.

It is clear in reviewing the Colorado study that the assumption of the 60%

snowline for interior watersheds of British Columbia is more an “educated

guess” than based on any local information. There are no other known stud-

ies that have reported on aerial snow cover and streamflow for small-forested

watersheds in British Columbia.

Most of the work done with aerial snow coverage has been with satellite

and has proved effective for broad-scale studies. For discussion of the tech-

nology, see Pomeroy and Gray (1995). While that technology exists, for the

purpose of this study, the cost, timing, and resolution of utilizing satellite

imagery was considered beyond the realm of what would be effective in

meeting our objective.

This project was initiated in an attempt to verify the concept of area-based

snow coverage and streamflow. Since the current state of knowledge was lim-

ited to an early study with more of a continental climate, there was a need to

ensure that the assumptions built into the guidebooks were valid.

The objective of this study was to evaluate the H60 line (60% snow cover-

age) for applicability in the watersheds of the interior of British Columbia.

This study was also to provide information on the utility of snowlines as a

weighting factor for evaluating forest harvesting impacts. Furthermore, the

study provides snow cover information as a supplement to the climate and

snow monitoring in the West Arm Demonstration Forest. This included the

measurement of  at representive elevations in the watershed during the

accumulation and melt season.

METHODS 

The study took place in the West Arm Demonstration Forest () in the

Redfish and Laird creek drainages. The  is located 30 km east of Nelson

(Figure 2). The Demonstration Forest is described by Crampton et al. (1992)

and has many components to the project. The two watersheds were chosen

because they are both gauged by the Water Survey of Canada, with Redfish

having some historic streamflow data from 1967 to 1986. Area-elevations of

the two drainages are presented in Figure 3. Laird Creek has a higher propor-

tion of alpine land than Redfish Creek, but the H60 line is about the same for

both at 1750 m. Both watersheds have a range of forest cover types, from

cedar-hemlock to subalpine fir. They represent drainages typical of those

having forest-harvesting potential in the southeastern region of British Co-

lumbia. At present, the Redfish watershed has had some harvesting, and

future harvesting is planned. The Redfish watershed also has a series of cli-

mate and snow-monitoring stations located at various elevations, from valley

bottom to alpine. Additionally, both watersheds are located close to Nelson,

thereby minimizing travel time, which was of a tremendous benefit in col-

lecting the data.







  Location of the Redfish and Laird creek watersheds near Nelson, in southeastern British Columbia.



To measure snow cover during the snowmelt period on each of the water-

sheds, it was necessary to have quick access to carry out the survey when the

weather was co-operating. One of the limitations of using satellite images is

that they are available only on a set basis (i.e., every 18 days), and if the

drainage is cloud covered then there is no image available. Because melt can

be rapid and unpredictable, it is possible to miss some key dates using that

method. It was decided that the most cost-effective and efficient means to

obtain snow cover data was to fly each drainage with a fixed-wing aircraft. A

Cessna 172, with its overhead wings, provided good visibility for obtaining

the necessary information. Additionally, with an aircraft based in Nelson, the

cost of operating each survey was reasonable, and researchers could be air-

borne in a short time.

Snow disappearance was recorded using conventional photography (i.e.,

both a 35-mm still camera and a high-8 video camera) on regular flights over

the two watersheds. The recording was monthly until rapid melt was noticed,

and then recording switched to weekly. However, due to the mountain

weather, this was not always practical, and flights were weather-dependent.

The survey flights were tied in closely with the snow surveys carried out on

the ground.

Photographs for each flight where analyzed by marking on the photo-

graph the approximate boundary of the snowline by distinguishing between

snow cover and bare ground. At the interface between snow and bare ground

this required a degree of interpretation. Often, small patches of snow-free

zones were balanced with areas that had snow, as the areas involved were not

large enough to map. The interpretation of the line between snow and snow-

free was done by one person so that it would be consistent from year to year.

All lines were checked by another interpreter to ensure interpretation accu-

racy. Where necessary, to assist in the interpretation, researchers referred to

the video shot on each flight.

The interpreted lines were transferred from the 36–72 oblique 10 × 15 cm

(4 × 6 inch) photographs taken on each flight to an othophotographic base

of both the Redfish and Laird watersheds. The snowlines were placed on the

base as an overlay with the aid of ArcView.
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  Area-elevation curves for Redfish and Laird creek watersheds.



The program had the ability to zoom into different areas and thus allow

for a better placement of the snowlines. Snowlines were then analyzed direct-

ly to provide snow cover by survey date and by year. Snow-cover data were

then analyzed in conjunction with the Water Survey of Canada ()

streamflow records for each watershed. Primary analysis consisted of plotting

the snow-cover depletion curve with streamflow to assess the relationship

between the two. The objective was to define the snow coverage at which

peak flow occurs. This was carried out for each year and for the mean of all 

5 years to take into account the year-to-year variability.

RESULTS AND DISCUSSION 

Snowline surveys were carried out over a 5-year period. In Figure 4, these

dates are displayed visually, with the  streamflow data that were collect-

ed, to provide an indication of aerial coverage during the snowmelt period

and the yearly runoff patterns. In all years, snowmelt peaks were covered by

snowline surveys. Streamflow magnitudes during this 5-year period were not

unusual, and when compared with the 20-year historic values, were within

the maximum and minimum recorded for Redfish Creek. 

A visual representation of each snowline for 1996 is presented in Figure 5.

This shows how the lines appeared on the ArcView display window following

interpretation from the oblique aerial photos. 

From this snow coverage, a snow-depletion curve was constructed and

plotted against streamflow for each of the 5 years of data collection. The re-

sult of this analysis shows that there was a consistent melt pattern from year

to year, although there were year-to-year variations. These snow-depletion

curves were then averaged for the 5-year study period and analyzed with the

average 5-year streamflow over the same period. The summary of the 5 years

is presented in Figure 6 for Redfish Creek, and in Figure 7 for Laird Creek.

On both watersheds, the 5-year average peak streamflow occurred with

about 65% of the basin still snow-covered. This value is close to the suggested

60% (H60 concept) in the initial . Streamflow started to rise when as

little as 10% of the area of the watersheds was void of snow, and rose rapidly

as the lower third of the basin melted out. Ground-based snow surveys were

able to confirm that melt was occurring at higher elevations as well. Figure 8

shows the streamflow response to snowmelt at various elevations in the wa-

tershed. These data are based on a 5-year average for the watershed. This

indicates that the snowmelt in the middle third of the drainage is critical dur-

ing the development of peak flows. Snow survey and snow pillow records

from a station in the alpine region of the drainage showed the snowpack

starting to lose water as the middle third of the basin is undergoing rapid

melt. The response of streamflow to melting in the watershed is illustrated in

a series of graphs in Figure 9 for the 1996 snowmelt season. These results in-

dicate that, in the middle portion of the basin, the differences in snow

accumulation and melt arising from forest removal could be important in

the de-synchronization and generation of peak flows.

The pattern of watershed snowmelt and the resulting streamflow observed

in this study demonstrates some important points for this region. Peak

streamflow magnitude and timing can be variable and are not as easily pre-

dictable as the colder continental climate upon which the concept of
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  Five years of hydrographs for both Redfish and Laird creeks. The timing of snow-
line flights is indicated.
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  Snowlines for 1996 as seen on the ArcView display after interpretation
from oblique photos of snow cover.
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  Average 5-year snow cover depletion curve and streamflow hydrograph for Laird
watershed.
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  Snow cover during the 1996 snowmelt season and the corresponding streamflow on each sampling date.
The blue line on the airphoto indicates the H60 line for each of the watersheds.



snowlines and streamflow are based. The runoff is highly dependent on the

climatic events of the season and it could be solar-radiation driven, or influ-

enced by a rain-on-melting-snow event. The result is that in some years

several peaks can be seen in the annual hydrograph, with several peaks of

equal magnitude. For example, the 1996 runoff year had peaks of similar

magnitude being separated by 26 days.  On the contrary, continental climate

hydrographs, as shown in Garstka et al. (1958), tend to have one main peak.

The role of aspect and elevation is also significant in the melt pattern. It

was found that the pattern of snowcover was consistent from year to year.

The snowline was not found to follow a specific contour at any one time, but

was variable, depending on the aspect and position in the watershed. The

snowline tended to be much higher on the south-facing valley walls near the

outlet of the watershed and persisted longer in lower elevations along the

main drainage channel. 

Whitaker et al. (2001) analyzed the impacts of forest harvesting on stream-

flow by modelling melt from several zones in the watershed. These were

H80–H100 (lowest forest zone), H60–H80 (middle forest zone), H40–H60

(upper forest zone), and H0–H40 (alpine zone). They found that harvesting

the lowest zone had no effect on peak flows, whereas harvesting in the mid-

dle zone showed some increase, depending on the amount of timber

removal. The greatest effects were seen while harvesting in the upper forest

zone. This lends credibility to the concerns about harvesting in the upper

zone (above H60), and supports the concept of weighting timber harvesting

proposals in this zone.

The applicability of using the H60 concept in other watersheds in the inte-

rior is dependent upon the characteristics of the drainage and the runoff
pattern. Results from this study can be applied to watersheds with snow-

dominated runoff, a broad range of elevations, and a general increase in 
with elevation. Without further verification, the results will be limited in wa-

tersheds with a narrow range of elevations (i.e., a drainage with a plateau

area encompassing the upper portion of the drainage basin), or where differ-

ences in snow accumulation between upper and lower elevations is generally

low.

What these data show is that the generation of peak flow is concentrated

when snow in the 40–80% snow coverage range is undergoing rapid melt.

The 5-year study shows that the H60 in reality is H65 for the watersheds

looked at. This difference is not significant and may be within the error of 

interpretation.  This finding does not warrant a change in the H number.

The H60 concept is valid in weighting upper-elevation harvesting in a 

watershed context and is important when it comes to planning timber-

harvesting activities in the snow zone.
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Retrospective Analysis of the Effects of Harvesting on Peak

Flow in Southeastern British Columbia

B. E. MCFARLANE

ABSTRACT

The paired-watershed approach was used retrospectively to identify control

and treatment watershed pairs from 66 gauged watersheds in southeastern

British Columbia. Peak-flow and forest-harvest data were analyzed using

both graphical and statistical tools, and results were compared with accepted

theory to determine consistency. Study findings indicated that while specific

changes in peak flow could be detected, the relationship of these changes to

the treatment could not be substantiated. Possible sources of error were dis-

cussed, and several considerations for better design of paired-watershed

experiments were recommended.

INTRODUCTION

Over the past few decades, numerous studies relating the effects of forest har-

vesting to peak-flow changes have been published in the scientific literature

(Scherer 2001, this publication). One of the most credible experiments for

determining such changes in peak flow is the paired-watershed method,

wherein treatment and control watersheds are calibrated prior to treatment.

The subsequent differences between expected and measured stream-flow re-

sponse is a measurement of the treatment effect. Normally, paired

watersheds are identified prior to treatment and the harvesting is conducted

with the experiment in mind. In some cases, the paired-watershed method

can be retrospectively applied to suitable watershed pairs, if sufficient

stream-flow data exist in both the pre- and post-treatment periods. Jones

and Grant (1996) used this approach to detect peak-flow changes in rain-

dominated watersheds of coastal Oregon. In this study, 66 gauged watersheds

in southeastern British Columbia were examined to find watershed pairs that

could be used to detect changes in peak flow and potential correlation with

forest harvesting.

SELECTING WATERSHED PAIRS

Watersheds were first compared for similarities in 13 geomorphological indi-

cators, including measures of watershed area, drainage density, main channel

gradient, maximum basin elevation, steep-land area, and lake area. These





watershed characteristics, which had been derived from 1:50 000 topographic

forest-cover maps, were provided by the B.C. Ministry of Forests. Data were

statistically compared for watershed similarity using algorithms developed by

Cheong (1995), and candidate watersheds were selected for low values of dis-

similarity. Assumptions about climatic similarity were based on watershed

elevations, snowpack data, and location by latitude and orientation. To re-

duce the potential for spatial variability, only those watersheds having areas

in the order of 10 000 ha or less were examined further. Following this selec-

tion process, candidate watershed pairs were screened for peak-flow data that

were concurrent between control and treatment watersheds, had cumulative

forest harvesting over the period of study near or above 20%, and, therefore,

met the basic requirements of a paired-watershed study. Separation of dis-

tinct calibration and treatment periods became evident with application of

statistics to peak-flow data, as explained below.

Two watershed pairs—Anderson and Sullivan creeks, and Sinclair and

Windermere creeks—were finally chosen as case studies for statistical analy-

sis of peak flow (Figure 1). Several of the comparison data and peak-flow

means for these watersheds are presented in Table 1. Parameters are defined

in Table 2.



  Watershed locations and study area.



Windermere and Sinclair creeks are situated near each other, on the western

side of the Rocky Mountains near Invermere, B.C. Both creeks drain west-

ward and empty into the Columbia River. Most of the Sinclair watershed is

located within park boundaries, has not been subjected to past forest devel-

opment activity, and was, therefore, considered the control in this basin pair.

Windermere and
Sinclair Creeks



  Characteristics of selected watershed pairs

Parameter Anderson (C*) Sullivan (T**) Sinclair (C*) Windermere (T**)

Peak-flow data pairs 27 19
Area (ha) 907 622 9430 8420
Harvested area (%) Nil 17 Nil 32
Gauging stn. elev. 701 975 869 1006
Gauging stn. lat. 49° 30' 12" 49° 06' 14" 50° 37' 45" 50° 29' 03"
Valley flat (ha) 0 0 0 0.5
Lake area (ha) 0 0 0 0
Steep-land area (ha) 0.4 0.2 58 30
Avg. peak flow (m3/s) .94 0.35 5.86 1.58
Mean channel gradient (%) 22 24 9 9
Max. basin elev. (m) 6660 7011 8700 8700

* Denotes control.
** Denotes treatment.

  Definitions of parameters

Parameter Definition

Peak-flow data pairs Maximum number of paired records that could be
obtained from existing peak-flow data for selected
basin pairs, based on years of concurrent record

Harvested area (%) Cumulative area harvested for the period of record as
a percentage of total watershed area

Area Drainage area above the watershed gauging station

Gauging stn. elev. Elevation above sea level of streamflow gauging 
station

Gauging stn. lat. Geographic latitude of streamflow gauging station

Valley flat Total area in watershed adjacent to the drainage 
network with slopes <7%

Lake area Total lake area in watershed

Steep-land area Total area in watershed with slopes >60%

Avg. peak flow (m3/s) Mean annual extremes of maximum daily flow over 
period of study

Mean channel gradient Gradient of main channel

Max. basin elev. Maximum ground elevation of watershed



The Sullivan and Anderson watersheds are much smaller than the Winder-

mere and Sinclair watersheds. Although situated at approximately the same

latitude, the Sullivan and Anderson watersheds are located approximately 70

km apart. Anderson was chosen as the control because no harvesting has oc-

curred there.

ASSUMPTIONS

For the purposes of this research, a number of assumptions were required to

validate the study methods. Equivalent clearcut area () was estimated as

cumulative area of harvest. Based on a long-term study of the Fool Creek wa-

tershed by Troendle and King (1985), it was assumed that the effects of forest

harvesting pervade streamflow changes for many years beyond the time of

treatment. Thus, recovery effects of revegetation on peak-flow changes were

considered negligible over the time period examined. Forest-harvest data for

all treatment watersheds included both harvest areas and roads. All data were

inclusive of recorded observations up to and including 1993. Environment

Canada, the B.C. Ministry of Environment, and the B.C. Ministry of Forests

provided streamflow, snow, and forestry data, respectively; and all data were

assumed to be correct.

Although it was recognized that other factors, such as aspect, elevation,

and location of harvest blocks, and road density, could also affect peak-flow

generation, analysis of these relationships was considered beyond the scope

of the study.

COMPILATION OF PEAK-FLOW DATA

Peak-flow data were reduced from maximum daily flow to the format re-

quired by each analysis technique. Hydrographs of annual freshets were

plotted for watershed pairs to obtain the component parts: peak-flow magni-

tude, time-of-peak, time-to-peak, and peak-flow volume (Figure 2). Peak

flow was easily obtained by selecting the maximum annual flow for each tar-

get watershed. Time-to-peak and peak-flow volume were obtained by

standard hydrograph separation techniques (Dunne and Leopold 1978). Base

flow was determined by averaging annual freshet hydrographs for each gaug-

ing station and fitting a reasonable line from the average start of the rising

limb to the end of the falling limb. Time-of-peak was identified by ordinal

date, commencing January 1, and obtained for each freshet hydrograph.

Time-to-peak data were the most difficult to extract because criteria used to

identify commencement of the rising limb could not be applied consistently

to all hydrographs. In some target watersheds, rising limbs were easily distin-

guished from early-melt effects, but in others the first indication of increased

flow was taken to be the start of the rising limb. Peak-flow magnitude and

volume were converted to unit measures, based on watershed areas. These

components of the hydrograph were required for application of the chi-

square test under categorical analysis. Neither time-to-peak nor time-of-peak

required similar conversion.

Sullivan and Anderson
Creeks





METHODS

A number of statistical tools were used to analyze data: double-mass curves,

cumulative deviations from the mean, maximum likelihood tests, and cate-

gorical analysis using chi-square tests. A software program for evaluating

statistical power (Borenstein and Cohen 1988) was applied to peak-flow mag-

nitudes, based on chi-square and Student’s t-test distributions. Double-mass

curves and cumulative deviations from the mean were plotted for visual

comparison.

Cumulative deviations from the mean, using peak-flow data from both

control and treatment watersheds, were calculated for each basin pair and

plotted (Buishand 1982). Sums were rescaled and made dimensionless by di-

viding each of them by the sample standard deviation. Nonhomogeneous

data were indicated when most of the deviations plotted on the positive side

of the axis rather than being distributed about the axis. Double-mass curves

were fitted to pre-harvest and post-harvest time periods of cumulative peak-

flow data for each watershed pair, using regression techniques. Change

points were identified using Worsley’s statistic (Worsley 1979).

The final phase of this research, categorical analysis, involved a modified

station-pairs approach to treatment and control watersheds, wherein differ-

ences between treatment and control watershed parameters were sorted into

pre-  and post-treatment observations for each watershed pair. The approach

used in this research differed from that described by Jones and Grant (1996)

in that insufficient numbers of paired data were available and this precluded

sorting of peak-flow events into several groups. Instead, all sample pairs were

considered to constitute a single category for application of chi-square tests.

Before analysis, peak-flow magnitude and volume were first converted to

unit measures, dividing by watershed area. Indications of change points were

demonstrated by Worsley’s statistic, as above. Data that fell above and below

the pre-treatment average were counted for both pre-  and post-treatment 

periods. These corresponded to the expected and observed categories, 

respectively, in application of the modified chi-square test.
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RESULTS

Graphical plots and statistical tests showed that no single tool was adequate

for analyzing changes in peak-flow regime. Results did not support current

theory that forest harvesting reduces the time-to-peak and/or increases peak-

flow magnitude. Instead, statistics revealed that assumptions about control

and treatment watersheds were unjustified. Where control data were expect-

ed to be homogeneous over the period of record, statistics indicated that they

were heterogeneous. Likewise, where treatment data were expected to be het-

erogeneous, tests showed that they were homogeneous. In addition, results

indicated that increased sample numbers in both watershed pairs were re-

quired for 80% statistical power.

Plotted results of cumulative deviations from the mean showed that while

treatment/control designations for Windermere/Sinclair were consistent

with data homogeneity (Figure 3), the opposite was true for Sullivan/Ander-

son (Figure 4). Graphs indicated that peak flow in Anderson (control) had

changed during the period of record, although Sullivan (treatment) flows

fluctuated about the mean and were, therefore, unchanged.

Results of the double-mass curves showed a remarkable increase in trend

slope on the double-mass curve for Sullivan/Anderson, where the change in

peak flow coincided with an  of 17% (Figure 5). On the other hand, the

curve for Windermere/Sinclair did not indicate a significant change in slope

(Figure 6), although the change point coincided with an  of 22%.

Statistical analysis of data involved three test statistics, , , and  (Buis-

hand 1982). All applications of maximum likelihood tests on treatment

watersheds failed to reject the null hypothesis (Ho), that peak flow was un-

changed, at the 95% significance level (Table 3). However, significance was

indicated by two of the three tests for Anderson, the control watershed. This

finding was consistent with results of the double-mass curve.

Conventional
Statistical Analysis

Techniques

Control and Treatment
Watersheds
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Chi-square tests conducted on peak flow, time-of-peak, time-to-peak, and

peak-flow volume agreed with the findings from the analyses above. In the

case of Windermere/Sinclair, no change in peak flow was detected, but a sig-

nificant increase in time-to-peak for Windermere/Sinclair indicated that

water contributions to peak flow may have occurred later than they did prior

to forest removal (Table 4). For Sullivan/Anderson, with  approximately

17%, the results indicated a significant increase in peak flow (Table 4).

Examination of peak-flow data (Borenstein and Cohen 1988) showed that

available data were fewer than that required to ensure dependable results for

either of the case studies. Power analysis for Worsley’s statistic was based on

the Student’s t-test option (Table 5). In general, results for the alternative

scenario indicated that in excess of 20 pre-treatment and 20 post-treatment

samples were required to obtain 80% power and 90% significance for

changes in pre-treatment means greater than 30%.

Power analysis of peak-flow data based on the chi-square test revealed that

power was low for data analyzed in both case studies (Table 6). As indicated,

a large number of samples would be required in the alternative scenario to

provide an 80% power of detecting a change, if in fact one occurred.

Power Analysis

Categorical Analysis
Techniques
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  Conventional statistical tests for watershed pairs

Maximum  likelihood tests
Q Statistic R Statistic W Statistic

Windermere 2.71 2.71 0.99
Sinclair 2.84 3.51 0.70
Reject Ho at α = 0.05? no no no

Sullivan 4.12 6.27 0.90
Anderson 6.46 6.78 3.46f

Reject Ho at α = 0.05? no no no

f Denotes significance for change after k = 6





  Summary of categorical analysis

Categorical analysis - chi-square test: p(Χ>χ)
Peak Time-of- Time-to- Runoff
flow peak peak volume

Significance level 
Tested 95% 95% 95% 95%

Windermere/ Sinclair 0.156 0.892 0.001 0.386
k = 13 ff

Reject Ho at α = 0.05? no no yesa no
Direction of change in increase increase increase increase
Windermere

Sullivan/ Anderson 0.001 0.819 0.678 0.251
k = 8 ff

Reject Ho at α = 0.05? yesb no no no
Direction of change in increase increase decrease increase
Sullivan

ff Determined by W statistic test. 
a There is a 99.9% chance that time-to-peak has increased in the treated watershed.
b There is a 99.9% chance that peak flow has increased in the treated watershed.

  Comparison of power and sample size for treatment
watersheds based on Student’s t-test

Power analysis of peak flow

Available data Alternative scenario
(α = 0.05) (α = 0.10)

Windermere
N1a, N2b 13, 7 20, 27
Power 24% 80%

Sullivan
N1a, N2b 8, 19 18, 28
Power 3% 80%

a Corresponds to pre-treatment data.
b Corresponds to post-treatment data.



KEY CONCLUSIONS AND DISCUSSION

The results of a series of statistical tests performed on the two watershed

pairs in this study suggested that conclusions of experiments using the

paired-watershed approach for detecting changes in peak flow may be unjus-

tified, if some of the assumptions required to apply the method are violated.

Furthermore, the results did not support a threshold level of forest harvest-

ing, above which peak-flow changes can be detected.

Neither of the two case studies analyzed behaved as expected. It has been

widely accepted that peak flow changes associated with forest harvesting can

be detected above 20–25% equivalent clearcut area (). Upon first inspec-

tion of treatment effects in the Sullivan Creek watershed (Tables 3 and 4)

using the paired-watershed approach, a significant increase in peak flow oc-

curred between 1974 and 1975, corresponding to an equivalent clearcut area

of 17%. Although this result was unexpected, further investigation revealed

that most of the cause for this change could be attributed to changes in peak

flow for the control watershed, Anderson Creek (Table 3), which suggested

that a factor other than forest harvesting could have been responsible for the

change. A possible explanation for this change might be a shift in the rating

curve for the gauging station on Anderson Creek.

Another component of hydrologic response that is thought to be affected

by forest removal is time-to-peak. Theory suggests that meltwater may expe-

rience shortened lag times because of increased snowpack ablation rates

(Hetherington 1987). During the selection process for target watershed pairs,

Windermere/Sinclair was considered a good case study for retrospectively

applying the paired-watershed approach because cumulative  over the

period of record exceeded the 20% threshold. Although initial analysis did

not indicate a change in peak-flow magnitude, application of chi-square tests

to the component hydrograph parts showed that an increase, rather than a

decrease, in time-to-peak had occurred. Using this statistic, quantification of

the peak-flow change could not be discerned.

Consistency of Results
with Theory



  Comparison of power and sample size for treatment
watersheds based on chi-square test (without Yates
correction)

Power analysis of peak flow

Available data Alternative scenario
(α = 0.05) (α = 0.10)

Windermere/Sinclair
N1a, N2b 13, 7 20, 22
Power 20% 80%

Sullivan/Anderson
N1a, N2b 8, 19 20, 22
Power 40% 80%

a Corresponds to pre-treatment data.
b Corresponds to post-treatment data.



An unfortunate constraint of applying the paired-watershed approach to

snowmelt-dominated peak flow is that many years of data collection are re-

quired to obtain an adequate sample size. One of the greatest obstacles

encountered throughout data analysis in this report was the lack of paired

data available for candidate watershed pairs. More data would have increased

the chance of detecting change. One reason that changes were not detected in

this study can be attributed to low statistical power. That is, the failure to re-

ject the null hypothesis does not mean that a change did not occur; it may

only mean that sample sizes were not large enough to provide a high statisti-

cal power for detecting a change if, in fact, one actually occurred in nature

(Peterman 1990).

Results of basin-pairs experiments depend not only on the number of

available paired data but also on the extent of potential change from pre- to

post-treatment data. In most applications of statistical tests in this study, Ho

(no change) failed to be rejected. However, this result did not lead to conclu-

sions that a change in peak flow did not exist. Instead, power analysis showed

that, for the range of treatment studied (17–30% ) and a 30% change in

peak flow magnitudes, years of data in the range of 20 pre- and 20 post-treat-

ment measurements were required to obtain a statistical power of 80%.

Commitments for this duration of data collection (40 years plus) are highly

unlikely, given shrinking research budgets and changes in corporate or insti-

tutional mandates. One alternative to this dilemma would be to set

treatment levels sufficiently high so that, likewise, the effect size would be

large. Despite adequate considerations for the above parameters, however,

assumptions about similarities between control and treatment watersheds

may still confound experimental results because background “noise” may

override the effects of treatment.

RECOMMENDATIONS FOR EXPERIMENTAL DESIGN

Examining the relationships of changes in peak flow to forest removal is one

component of assessing watersheds. In designing paired-watershed experi-

ments, there are a number of factors that researchers should consider both

prior to undertaking, and throughout execution of, the study. Typically, a

great deal of effort is expended to ensure that basin pairs are similar in geo-

morphology and climate. Findings from this study suggest that more effort is

required to ensure that hydrologic responses are similar. This activity could

be undertaken by analyzing long-term hydrologic data in watersheds that are

in close proximity. Alternatively, pre-treatment data could be examined

using several statistical tools, including those used in this paper.

In general, design of peak-flow, basin-pairs studies should include the 

following considerations:

1. the areas of control and treatment watersheds should be small (1000 ha 

or less);

2. the treatment (forest removal) should be executed in a single treatment,

and the percentage of treatment by watershed area should be extensive

(>30%);

3. the number of pre-  and post-treatment data should be large enough to

have a high power of detecting change if one exists, say >10 years each;

and

Sample Size





4. the assumptions about similar hydrologic behaviour between control and

treatment watersheds should be evaluated as collection of pre-treatment

data occurs, using statistical tools for testing data homogeneity.

Currently, the Forest Practices Code of British Columbia Act requires that

cumulative watershed impacts be assessed before forest development plans

are approved in Community Watersheds and in watersheds containing high-

value fish streams. Potential peak-flow increases are assessed using equivalent

clearcut area as a surrogate indicator of peak-flow increases. Given that peak

flow has a high degree of natural variability and that our ability to detect

changes in peak-flow data is limited, streamflow monitoring intended to

measure peak-flow change must be designed to accomplish this objective.

Often, the justification for streamflow measurement of forested watersheds is

based on determining the effect of forest harvesting. However, without a

sufficient calibration period and confirmation of hydrologic similarity be-

tween paired basins prior to treatment, there is good chance that potential

effects will be unsubstantiated and expected benefits from funding invest-

ments unrealized.
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