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ABSTRACT OF THESIS
STREAMFLOW RESPONSE TO FOREST MANAGEMENT:
A META-ANALYSIS USING PUBLISHED DATA AND FLOW DURATION CURVES

The effects of forest management on streamflow have long been a
concern for land managers. A clear understanding of this relationship is
difficult because studies on the hydrologic influences of forests are highly
variable in their conclusions. This project was undertaken to help reduce the
confusion by evaluating results from these studies.

An initial analysis of changes in peak and low flows was conducted
using reported results from approximately 160 papers. The effects of logging
on peak flows ranged from -36% to 563% relative to pre-treatment flows. Most
changes were less than 35% and approximately one-third were reported as not
significant. Large relative increases were uncommon and associated with
severe site disturbance and smaller peak flows. The largest peak flows were
typically little affected by timber harvest. Afforestation s-tudies generally
showed a decrease in the size of peak flows as the trees matured. Low flows
typically increased after logging and decreased after afforestation.

Mean daily flows from paired basins were used to generate flow
duration curves for a second analysis of streamflow changes after forest
management. Absolute and relative changes in flow were determined for 11
flow percentiles after adjusting for climatic differences between pre- and
post-treatment periods. This consistent methodology was used to minimize
variability between studies and to determine the changes in runoff over time

due to forest management.
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The flow duration curve data showed that the highest flow had the
smallest relative increase (median = 12%) while the lowest flow increased the
most (59%). Low flows recovered within three to four years after logging
while increases for larger flows persisted ten or more years. Afforestation
studies again showed streamflow decreasing with regrowth.

There were few strong relationships between the changes in flow after
logging and basin characteristics or management activities. Significant basin
characteristics included annual precipitation, hydrologic regime, mean
elevation, mean basin slope, drainage density, and vegetation type.

Significant management activities included percent area harvested,
silvicultural method, yarding method, and the use of buffer strips around
waterways. Insufficient data precluded a similar analysis using afforestation
results.

This study shows the complexity and variability of the hydrologic
response to forest management. Despite the lack of strong predictive
relationships, the results do show a difference in how high and low flows
respond to logging and afforestation. The results also provide an indication of
which basin characteristics and management activities influence the
observed changes. This information should provide a better basis for

determining the effects of forest management on streamflow.

Stephen A. Austin

Department of Earth Resources
Colorado State University

Fort Collins, CO 80523

Fall 1999
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1. INTRODUCTION
“It is not enough to know whether forests influence
stream flow; it is necessary to know how much, at what seasons,
and under what conditions of climate, soil, and topography, and
the variations between different kinds of forest, as well.”

--Bates and Henry, 1928

1.1. BACKGROUND

In the United States, the role that forests play in regulating streamflow
has been debated since at least the mid-nineteenth century. In 1864, G. P.
Marsh theorized in his book “Man and Nature” that the denudation of forests
was greatly affecting erosion, floods, climate and water supplies (Hewlett and
Doss, 1984). A few years later, several states began investigating the long-
term effects of deforestation (Young and Giese, 1990). In 1877, Dr. Franklin B.
Hough released the first comprehensive report on forestry for the United
States Congress. One of the conclusions he presented regarding the
relationship between forests and streamflow is as follows:

It is a matter of common remark, that our streams diminish as our

woodlands are cleared away, so as to materially injure the

manufacturing interests depending on hydraulic power, and to

require new sources of supply for our State canals, and for the

use of cities and large towns. Many streams, once navigable, are

now entirely worthless for this use (Hough, 1878 quoted in

Satturlund, 1972).

New York became the first state to set aside “forest preserves” in 1885
for the “preservation of the headwaters of chief rivers of the state...”

(Satturlund, 1972). At the national level, the first forest reserves were

established six years later with the passing of the General Revision Act of 1891



(Young and Giese, 1990). Section 24 (known as the Forest Reserve Act) gave
the President the authority to set aside public lands. Less than a month after it
passed, President Harrison established the Yellowstone Park Forest
Reservation and over the next two years created 14 other forest reserves
'totaling over 5.3 million hectares (Young and Giese, 1990).

Since there were no provisions in the Forest Reserve Act regarding how
the forest reserves were to be used, it was determined that these lands were off
limits to logging, mining, or any other activity. When President Cleveland set
aside an additional 8.6 million hectares as forest reserves near the end of his
term, Congress responded by passing the Organic Act. This act established
guidelines regarding which lands could be set aside and for what purposes
these lands could be used. One of the primary uses was for water:

No national forest shall be established, except to improve and

protect the forest within the boundaries, or for the purpose of

securing favorable conditions of water flows, and to furnish a

continuous supply of timber for the use and necessities of

citizens of the United States... (16 U.S.C. §§ 475, June 4, 1897).

Up to this point in time, all laws enacted to protect headwaters and
maintain streamflow were based primarily on empirical evidence. The
strength of this evidence is apparent in Raphael Zon’s 1912 report to the U. S.
Congress summarizing what was then known of the relationship between
forests and water (Zon, 1927). Zon’s conclusions were based on many
observational studies and some scientific evidence gathered throughout the
world. This report showed that Zon’s contemporaries in the scientific
community had a reasonable understanding of the hydrologic influences of
forests. For example, it was understood that groundwater recharge was the
primary source of baseflow and that losses to interception, evaporation,

transpiration, and surface runoff limited the amount of water available for



baseflow. At the same time, however, some scientists held the belief that the
presence of forests could increase precipitation by as much as 25% over
adjacent, non-forested sites. This suggests that scientific investigation of the
forest-water relationship was long overdue. However, by the time that Zon’s
report was presented, only two controlled experiments were being conducted
in the world.

The Swiss began collecting streamflow and climatic data in 1900 from
two basins--one completely forested and the other primérily in pastureland
(Hibbert, 1966). This was an important first step for the study of forest and
streamflow interactions. However, it is difficult to conclude that the
differences in discharge between the two basins were primarily due to the
differences in land cover. This fact was not lost on the Americans interested
in quantifying this relationship: “Without questioning the immense value of
the results...it may be freely said that the Swiss experiment leaves a certain
want unfilled” (Bates and Henry, 1922). In 1909, a site was chosen in the
headwaters of the Rio Grande for the purpose of meeting this “unfilled want”.

The Wagon Wheel Gap study was the first to use a paired basin design to
investigate the role of forests in regulating streamflow. Two adjacent basins
with similar geology, soils, topography, and land cover were selected and
monitored for several years prior to forest harvest. The effects of harvesting
on streamflow were evaluated by comparing expected discharge on the treated
basin--based on the pre-treatment calibration between the two basins--with
measured discharge after logging. The difference between the measured and
expected discharges was attributed to the treatment. With this study, Bates and
Henry (1928) quantitatively showed that forest harvest increased annual
water yields along with the size and volume of the spring snowmelt

hydrograph.



In the 1930s and 1940s many other studies were initiated to provide more
data on the effects of forest cover on streamflow. Up until the 1960s, the
primary emphasis of these studies was the potential for increasing water yield
by cutting timber. This emphasis continued on into the 1970s and early 1980s,
even though results from afforestation studies and long-term logging studies
suggested that the increases were short-lived (Hibbert, 1966; Anderson et al.,
1976). The longevity of this interest in annual water yield is also surprising
considering the large body of environmental legislation ‘passed in the U. S.
during the 1960s and 1970s. Legislation such as the Multiple Use-Sustained
Yield Act, National Environmental Policy Act, the Wilderness Act, and the
National Forest Management Act stressed multiple use management and a need
to minimize the cumulative effects of land use activities on public lands. These
laws made it impractical, if not illegal, to manage public forests solely for
timber production and increasing water yields.

During the late 1970s, it became apparent that annual water yield was
not the best indicator of cumulative effects and that other measures of runoff
were more directly related to key water resources. As a result, investigations
of the relationship between forest management and discharge started to focus
on changes in peak and low streamflow. These flows were considered to be
better indicators of cumulative effects due to their influence on channel
morphology (Heede, 1991), sediment transport (King, 1989), and fish habitat
(Hicks et al., 1991). While there is still some interest in annual water yield
changes after logging (e.g., Stednick, 1996), most current studies of forest
cover and streamflow relationships stress the effects of forest management on
peak and low flows.

Several reviews of forest management influences on streamflow have

been presented since Zon’s 1912 report to Congress (Hibbert, 1966; Anderson et



al,, 1976; Bosch and Hewlett, 1982; Stednick, 1996). These periodic updates
document how knowledge of this relationship has progressed over time. They
have also provided improved guidance for resource managers.

The first of these summaries focused on the effects of forest treatment
on annual water yield. It was also designed to present “the significance of
these results when considered collectively” (Hibbert, 1966). In other words,
Hibbert felt that the relationship between forest cover and annual water yield
could best be understood by grouping the results of diffefent studies. Hibbert
used both timber harvest and afforestation studies in his review, with the
latter being used to validate the timber harvest studies (i.e., if decreasing
forest cover increases annual water yields, then increasing cover should
decrease water yields). From 39 timber harvest and afforestation studies
located mostly in the U. S., Hibbert concluded that:

1. Reduction of forest cover increases water yield.

2. Establishment of forest cover on sparsely vegetated land decreases

water yield.

3. Response to treatment is highly variable and, for the most part,

unpredictable.

Bosch and Hewlett’s (1982) review also focused on the relationship
between forest management and changes in annual water yields. Their
review was intended to give land managers an idea of the “direction and
approximate magnitude of past and future changes in streamflow as a function
of forestry operations”. With the addition of 55 more timber harvest and
afforestation studies, Bosch and Hewlett reinforced the first two conclusions
presented by Hibbert (1966). They also agreed that the results from different
studies were highly variable, but disagreed with Hibbert regarding the
predictability of these results. Bosch and Hewlett (1982) were able to show that

quantifiable trends could be detected from the combined results of different



studies. This was accomplished by relating the changes in annual water vield
after logging to different basin characteristics and management activities. By
giving land managers a reasonable estimate of changes in streamflow that
would occur after logging, Bosch and Hewlett expanded the usefulness of a
review. Unfortunately, this expanded usefulness has not been extended to
peak and low flows.

No comprehensive review and analysis of the effects of timber harvest
on peak and low flows has been presented. The few reviews that have been
published have limited usefulness because they are either based on a small
number of studies (e.g., Johnson, 1967; Anderson et al., 1976, pp. 42-44), or they
are restricted to a specific geographic or climatic region (e.g., Lull and
Reinhart, 1972; Wolff, 1984; Bruijnzeel, 1990, pp. 101-115). They also draw
general conclusions rather than presenting quantitative trends.

The need for an extensive review of the effects of timber harvest on
peak and low flows is readily apparent when published results are compared.
There is a paper to support almost any claim, as reported peak flow changes
have ranged from increases of 500% or greater (Dietterick and Lynch, 1989;
Swindel et al., 1983) to no change (Harr, 1980; Johnston, 1984) or even
decreases of 22% (Cheng et al., 1975) and 36% (Harr and McCorison, 1979).
Reported low flow changes ranged from an increase of 164% (Hicks et al.,
1991) to a decrease of 15-20% (Harr, 1980). If resource managers are to make
informed decisions regarding the use of forest iands, then the state of
knowledge on the subject of peak and low flows should be disseminated in a
clear and consistent manner. Efforts should be made to understand the causes
of the variation in reported results so that resource managers can be provided
with reasonable estimates of the changes in flow associated with forest

management activities.



The wide variety of peak and low flow definitions is one reason for the
variability in results and probably the main reason why no comprehensive
review of the effects of timber harvest on these flows has been attempted. For
example, Ziemer (1981) and Wright et al. (1990) showed that there are many
ways to analyze changes in peak flows after logging. Using the same data set,
Ziemer (1981) analyzed changes in peak flows by looking at adjusted mean
peak flows, double mass curve averages, regressions, and the mean ratio of
peak flow differences between treated and control basins to the small and
large peak flows on the control basin. These different analysis techniques
produced results ranging from no significant change to a 225% increase in
the size of peak flows (Ziemer, 1981). More examples of the different types of
peak flows investigated in the literature are shown in Table 1.1. Low flow
definitions are just as diverse.

Unlike annual water yield, where the differences in definitions are
limited primarily to differences in units, the inconsistency in defining both
peak and low flows precludes direct comparisons between studies. In several
cases, it is difficult to tell what is being investigated because the flows studied
are not clearly defined. Hewlett (1982) attempted to tackle this problem in an
excellent article, but his call for consistency was either unheard or unheeded.

Some of the variability in the published results may also be caused by
differences in study durations and recovery rates. The time that it takes for
streamflow to return to pre-treatment levels varies from site to site and
depends primarily on the rate of vegetation regrowth. Estimates of hydrologic
recovery range from the end of the first post-treatment growing season at
Fernow Experimental Forest in West Virginia (M. B. Adams, 1995, personal
communication) to 80 years at Fraser Experimental Forest in Colorado

(Troendle and Kaufmann, 1987). In most studies, the effects of timber harvest



Table 1.1. Partial list of peak flow definitions used by authors investigating
the effects of timber harvest on streamflow.

Peak flow investigated

Reference

Instantaneous peak discharge

Instantaneous peaks less base flow
Peak mean daily
Annual maximum daily flow

Growing and/or dormant season
peaks

Summer, fall, and/or winter peaks

Annual instantaneous peak (less
base flow) associated with snowmelt

Peak for 1-hour unit hydrograph

Peak associated with mean storm

Instantaneous peak less base flow
for mean maximum 1-hour storm

Percentiles on flood frequency
curves

Anderson and Hobba (1959);
Blackburn et al. (1986)

Cheng et al. (1975); Duncan (1986)
Troendle and King (1985)
Van Haveren (1988); Cheng (1989)

Reinhart et al. (1963); Dietterick and
Lynch (1989)

Harr et al. (1975); Gottfried (1991)
Megahan et al. (1995)

Mumeka (1986); Dept. of Drainage and
Irrigation, Malaysia (1989)

Swank et al. (1988)
Hewlett and Helvey (1970)

Hsia (1987); King (1989)

on peak and low flows are averaged over the entire post-treatment period for

which data are available. However, there is no consistency in the length of

this period. Thus, the differences in recovery rates combine with the

different post-treatment time periods to increase the variability in the

published results. While a comprehensive review of the effects of forest

management on peak and low flows will help clear up this confusion by

pointing out these inconsistencies, it is not enough by itself. An analysis of

the hydrologic impacts of logging using a consistent methodology is also

required.

One simple yet effective way to analyze a broad range of flows is by

using flow duration curves (FDCs). A FDC is a graphical representation of a
streamflow record (Vogel and Fennessey, 1994). It differs from a hydrograph
because the data are ranked and plotted as percentiles. Thus, a FDC illustrates

the percentage of time less than or equal to a given flow (Figure 1.1). A
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benefit of FDCs is that they can easily be developed from mean daily flows,
making them ideal for this project as most data sets are only available at that
resolution. More importantly, the effects of land use changes on large and
small flows can be analyzed by calculating changes in percentiles taken from
pre- and post-treatment FDCs using a paired basin methodology.

The original intent of those who began studying the hydrologic
influences of forests was to shed light on the subject so that forest lands could
be managed wisely and streams could be protected. A great deal of information
has been obtained from the numerous studies conducted since the Swiss first
attempted to quantify the relationship between forests and streamflow in 1900.
It is the intent of this author to follow in the footsteps of those pioneers by
sorting through and analyzing the available information to more clearly

define the effects of timber harvest on peak and low flows.

1.2. GOAL AND OBJECTIVES

The purpose of this study is to provide resource managers and
researchers with a clear understanding of the relationship between forest
management and peak and low streamflows. This includes providing
information on the expected changes in peak and low flows after timber
harvest or afforestation; the influence of basin characteristics and
management activities on these changes; and the persistence of these changes
after treatment.

The specific objectives for this study were:
1. Review and summarize the results of existing studies on the effects of

timber harvest and afforestation on peak and low flows.

2. Determine if any basin characteristics or management activities are

consistently associated with the reported changes in flow.

10



Reanalyze the original flow data from timber harvest and afforestation
studies through a pre- and post-treatment comparison of selected flow
duration curve percentiles.

Determine if any basin characteristics or management activities are
consistently associated with observed changes in the selected flow duration
curve percentiles.

Determine the time to recovery after timber harvest for high, median, and
low flows using flow duration curves developed frorh different post-
treatment periods (e.g., first two years, second two years, etc.).

Determine the time to the stabilization of streamflow changes after
afforestation for high, median, and low flows using flow duration curves

developed from different post-treatment periods.
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2. METHODS

2.1. LITERATURE SEARCH

The search for studies on the effects of timber removal on streamflow
was carried out primarily at Colorado State University (CSU). Key word
searches were conducted in Uncover, Water Resources Abstracts, Agricultural
Abstracts, and GeoRef to develop an initial list of studies. Any studies that
reported a change in peak flows associated with timber harvest were
photocopied. Additional studies were identified by reviewing the references
cited. Studies on low flow changes after timber harvest and afforestation
studies were obtained by a similar process. Altogether, almost 350 published

studies were reviewed and approximately 160 papers were acquired and read in

full.

2.2. STUDY SUMMARIES AND MATRIX DEVELOPMENT

The published studies were first grouped by study site. Three types of
data were recorded for each study: general information, basin characteristics,
and management activities (Table 2.1). Multiple tables were generated to
record and compare data from both the forest harvest and afforestation studies
(Appendices I and II, respectively). These tables summarize the effects of
forest harvest on streamflow in 135 treated basins from 57 different study sites
world-wide. Similarly, afforestation data for 21 treated basins in 6 different
countries were recorded.

As the tables were being filled in, it became apparent that the desired

information could not all be obtained from the published sources and that

12



Table 2.1. Summary information collected for each timber harvest study.

Similar data were collected for each afforestation study.

General information

Basin characteristics

Management activities

References
Location

Name of treated
basin(s)

Study design

Type and frequency of
precipitation data

Location of precipitation
measurements relative to
discharge station

Discharge record before
and after treatment (years)

Author’s definition of
peak or low flow

Reported changes in
flow (percent and
L st ha')

Statistical significance of
observed changes

Area (ha)
Latitude and longitude

Elevation mean, range,
and relief (m)

Ecoregion domain
Vegetation type

Pre-harvest stand age
(years)

Soil type and depth (m)
Geology

Mean slope of the basin
(percent)

Mean slope of the treated
area (percent)

Drainage density
(km km?)

Annual precipitation
(mm)

Annual ET (mm)

Dominant hydrologic
regime (i.e., cause of
runoff)

Dominant aspect
Rate of regrowth

Type of silvicultural
method

Percent of vegetation
cover removed

Use of buffer strips
around waterways

Duration of harvest
period (months)

Type of yarding

Type of site
preparation

Road density (km km?)

Percent of area
compacted

Season of management
activities

some of the referenced publications could not be obtained from CSU or

cooperating libraries. In an attempt to fill these gaps, the original authors or

institutions most likely to have the missing data were contacted by mail. A

second set of letters was sent out to those who did not respond to the first letter

13



within a couple of months. Many gaps in the tables were filled from the
responses to these letters.

Additional searches were conducted periodically during the
summarization process to identify new studies or studies that had been
overlooked in the original search. The tables were then updated as new

information and studies became available.

2.3. ANALYSIS OF PUBLISHED DATA

The information summarized in the harvest and afforestation tables
became the data set for analyzing the published studies. Due to limited
information, the number of basins included in this analysis dropped from 135
to 80. For peak flows, the initial comparisons were between studies that had
used similar definitions and analysis procedures. Nine results for the effects
of only roads were not included in this analysis. The studies were not stratified
according to storm and base flow separation techniques because it often was
not specified if and how the separation was determined. The studies on peak
flows were placed into eight groups according to the type of high flow that
was analyzed: (1) instantaneous peak flows, (2) high flows using daily
discharge data, (3) growing season high flows, (4) dormant season high flows,
(5) annual maximum high flows, (6) author-defined mean high flows, (7)
author-defined large high flows, and (8) all high flows.

Some studies used one data set to determine changes in different types of
peak flows. For example, changes in instantaneous peaks may have been
calculated for different size classes or different times of the year. When this
occurred, the different reported results were placed only in the more specific
peak flow categories (e.g., growing season or large peak flows), so that the

multiple results from one study were not repeatedly placed in the more
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general instantaneous category. For the purposes of this paper, the
instantaneous category contained results only for all instantaneous peaks
averaged over the entire post-treatment period.

The daily category contained results from studies that analyzed the
largest mean daily flows over the post-treatment period. Growing season peak
flows occurred only during the spring or summer months, while dormant
season peaks were from the fall and winter months. The growing and dormant
season data were typically averaged over several years and included both daily
and instantaneous high flows. Studies that investigated a distinct maximum
annual high flow (e.g., snowmelt-dominated hydrographs) were placed in the
annual category.

Mean flows were taken from studies where the author compared either
the average flow or the flow associated with the average storm before and
after treatment. Large flows were author-defined by either size class,
percentile, or an arbitrary selection of the highest peaks over the study
period.

Each of the peak flow study results were included in the “all” category
except one result where the same data were used to analyze the same type of
peak flows for two different studies. In this case, the more recent result was
used in the analysis. Results that were too unique to be classified were also
placed in the “all” category.

The reported changes in peak flows had to be given in relative terms
(i.e., percent change) in order to be included in the comparison of peak flow
types, as few studies reported changes in absolute terms. Results given only as
absolute changes were not used unless relative changes could be determined

from the information provided.
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The analysis of reported results was greatly complicated by the
variations in the use of statistical analyses. Some studies did not evaluate the
statistical significance of the observed changes in peak flows. Studies that did
evaluate the significance of results often differed in the levels of significance
used. Many times p-values were not provided and, in some cases, neither the
p-value nor the level of significance was provided. Thus, for the purpose of
this study, the actual reported changes were used regardless of their reported
significance. In this way, results from different studies could be combined
despite the differences in analyses. Studies that reported results as non-
significant without specifying the observed changes were not treated as zero
in the analysis, but were tabulated separately for each peak flow type. To
minimize confusion, the non-significant results from studies that did not
report observed changes will be referred to as “NS results”.

None of the categories had sufficient data to warrant more than a simple
statistical analysis except the “all” category. Unfortunately, a more detailed
analysis of the “all” category was inappropriate since the data set included
multiple results for some basins and many different categories of peak flows.
Thus, a combination of the different categories was used to develop a more
consistent data set (“composite peak flows”) for more detailed analysis.

The following criteria and adjustments were used to create the
composite peak flow category. From the original data set, 20 results were
excluded because only one result was used from each basin. In each of these
cases, the most generically defined peak flow type was chosen. For example,
instantaneous peak flow results would be taken over growing season peak flow
results if both results had been reported. Similarly, the results with the
highest temporal resolution were used when multiple results were available

(e.g., instantaneous results would be chosen over daily results).
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When peak flows for a given study were broken down by season or size
class, the number of events used to calculate each peak flow type were usually
provided. The results from these studies were included in the analysis by
using a weighted average based on the number of events in eéch category.
For example, if a study had 10 growing season peaks and 25 dormant season
peaks, the average change for these peak flow types would be multiplied by 10
and 25, respectively. The sum of these two products would then be divided by
35 to obtain the percent change for that study. This adjustment reduced by
another nine the number of results available for analysis.

Eleven more results were excluded from the analysis because the peak
flow types were either obscurely defined or the results were questionable. An
additional study was eliminated because the extreme increase (500%) after
logging was due to the channeling of runoff toward the gaging station along
windrows created during site preparation (Swindel et al., 1983). After
excluding the 35 NS results and the nine roads-only studies, these constraints
reduced the 130 published results to a sample size of 45 for the detailed
statistical analysis.

The first step in the detailed analysis was to plot each basin
characteristic and management activity against the reported percent change
in peak flows. Missing information about basin characteristics and
management activities reduced the number of data points in most of these
comparisons (Table 2.2). For the continuous data, such as mean annual
precipitation or percent area cut, these plots were used in conjunction with
correlation tables to determine which characteristics and activities could help
explain the magnitude and direction of the observed changes. Regression
analysis was then used to test the relationships that appeared most promising.

A 0.10 level of significance was used on untransformed data because this was

17
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an exploratory study and the data were highly variable. Transformations were
not used because the presence of zeros and negative values precluded most
common transformations without arbitrarily adjusting, and thus biasing, the
data.

Standardized residuals and scatter plots were used to check for outliers
and influential observations. Outliers were generally included because either
their removal resulted in the appearance of more outliers or removing them
did not change the significance of the relationship. When it was apparent
from the plots that a single observation was driving the relationship between
a basin characteristic or management activity and the reported changes in
peak flows, the observation was generally removed and the relationship
reassessed. The quality of each significant relationship was determined by
evaluating the R?, the standard error of the regression, the slope of the
regression equation, and the role of outliers or influential observations.

For the categorical basin characteristics and management activities,
numbers were assigned to each category to facilitate comparisons (Table 2.3).
Since the different categories had unequal variances, the nonparametric
Kruskal-Wallis test was used instead of analysis of variance to detect
differences between categories. If significant differences were observed at
o = 0.10, then two-sample t-tests assuming unequal variances were performed
for each combination of categories within a characteristic or activity. Since
0.10 was the overalllerror rate for the comparisons within a characteristic or
activity, a-values for t-tests were obtained by dividing 0.10 by the number of
comparisons made within that characteristic or activity (Ott, 1993).

This project was exploratory in nature, so no multivariate analyses were
conducted on these data. The inherent problems and variability in the data

meant that it was more appropriate to identify general trends and not to
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develop multivariate models. Thus, no overall adjustment (e.g., Bonferroni
adjustment) was made for the large number of statistical tests performed. An
overall adjustment was also not used because the differences in available
information for each study resulted in different sample sizes and different
populations for each univariate analysis.

There were insufficient data to allow a statistical analysis for either the
effects of timber harvest on low flows or the effects of afforestation on peak or
low flows. Thus, only the general trends for these relationships are presented

here.

2.4. FLOW DURATION CURVES

Flow data were obtained in electronic or hard copy format for 32
harvested and four afforested basins and their paired controls. Mean daily
flows were used because many sources could not provide higher resolution
data and the data sets became unwieldy if higher resolution data were used.

To facilitate comparisons, each set of data was converted to liters per
second per hectare (L s* ha?). If the data were provided at a higher temporal
value, weighted average flows were calculated for each day. In such cases,
midnight values were often not available because many data recorders only
registered when flows changed by a predetermined amount. When discharge
values at midnight were unavailable, linear interpolation was used to

determine these values as they were needed to calculate the mean daily flows.

2.4.1. PERCENTILES

The flow duration curves (FDCs) were developed in Microsoft Excel using
the rank and percentile tool. This macro ranked all the flow data in
descending order for the period of interest. The largest mean daily flow was

equal to the 100th percentile and the smallest flow equaled the zero percentile.
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Although the FDC procedure could be used to evaluate change for any
given percentile, it was not practical to analyze all percentiles on all basins.
Limiting the number of percentiles investigated also reduced the potential for
Type I statistical errors (Ott, 1993).

Since the flows of most interest were located at either end of the FDC, the
percentiles selected for analysis were: 1, 2.5, 5, 10, 25, 50, 75, 90, 95, 97.5, and 99.
By analyzing several percentiles at each end of the FDC _the consistency of the
results could be compared. The zero and 100th percentiles were not analyzed
because their results were both highly variable and less reliable due to their
dependence on the most extreme climatic conditions over the period of
analysis.

It should be noted that the different percentiles are not independent.
The data were ranked in order to form the FDCs, so the data in each percentile
depend on the data in the percentiles below them. Thus, adjacent percentiles
were often highly correlated even though sample sizes sometimes varied
between percentiles due to differences in the number of no flow days. The
lack of independence between percentiles precluded the use of multivariate
analysis to evaluate trends across the FDC.

As with the published data (Section 2.3), an overall adjustment was not
used for statistical analyses within a percentile. This is because the
differences in available information for each study resulted in different
sample sizes and different populations for each univariate analysis. Also, the
purpose of this project was to identify general trends and not to develop a
statistical model for predictive purposes.

The absolute discharges for all 11 percentiles were obtained from the

ranked data using the “percentile” function in Excel. This function was used



because it ranked identical values rather than assigning one rank to all flows

with the same value.

2.4.2. PAIRED BASIN METHOD

A paired basin approach was used to account for climatic differences
between pre- and post-treatment time periods. FDCs were generated before
and after treatment for both the control and treated basins. Typically, the FDCs
for the control basin differed before and after treatment. In the absence of
management activities or natural disturbances, these differences were
assumed to be due to climatic differences between time periods. Since the
focus of this study is on the hydrologic response to forest management, the
differences associated with climatic changes over time had to be taken into
account. This was accomplished by assuming that the climatic changes
observed on the control basin also occurred on the treated basin. Thus, the
pre-treatment FDC for the treated basin was adjusted by the percent change
observed in the control basin (Equation 1). Any differences between the post-
and adjusted pre-treatment FDCs on the treated basin were then attributed to
the treatment.

The following equation was used to determine the percent change on

the treated basin for each of the selected percentiles:

[ c_-c_ 1
Tp.e |} + _.PE(E:_.E
= = *
T%change I C_.C T 100% (1)
T 1 + D8t e
W[ Cpm

where T and C represent the discharge values on the treated and control
basins, respectively. The subscripts pre and post signify pre- and post-

treatment, respectively. Absolute changes in flow for the treated basin were
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obtained by using just the numerator of Equation 1. Changes could not be
calculated for percentiles that had zero discharge during the pre-treatment
time period. This is why the smaller percentiles have fewer observations than
the larger percentiles (e.g., Table 3.5).

To check the validity of the adjustment methodology, a test run was
performed using all the data sets containing at least five years of pre-
treatment discharge. The “post-treatment” period was defined as the last
three years of the pre-treatment record. The “calibratioﬁ” period was at least
two years long and consisted of all data prior to the “post-treatment” data. If
the basins were perfectly matched, the adjusted changes in flow on the treated
basin should equal zero since no treatment had occurred.

The results from each basin were grouped by percentile and tested for
significance from zero using a one-sample sign test. Using the sign test and a
median value of zero for no change, a p-value of 1.00 would be associated with
percentiles that had an equal number of negative and positive results, while a
p-value of 0.00 would be associated with percentiles consisting of either all
positive or all negative results. This non-parametric test was used because
high skew in the data prevented the use of tests with more power. If the
median change for a given percentile was not significantly different from
zero (o = 0.05), then the adjustment method was considered valid.

After the FDC methodology was validated, the adjustment procedure was
carried out on the full data set for each paired basin. The results obtained
from each study were once again grouped by percentile. A one-sample sign
test using o = 0.05 was used to test whether the median value for each
percentile was significantly different from zero.

In order to maintain consistency for the two significance from zero

tests, the same level of significance was selected. The 0.05 level of significance
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was used because it represented a compromise between o-values of 0.01 and
0.10. An a-value of 0.01 would make it difficult to find any changes in flow due
to treatment, but validation of the methodology would be highly likely. On the
other hand, an a-value of 0.10 would provide less rigorous proof of the validity
of the adjustment methodology. An o-value of 0.10 would also increase the
likelihood that the post-treatment change in flow would be significantly

different from zero.

2.4.3. TIME PERIODS

The pre-treatment time period consisted of all available discharge data
prior to any management activities on the treated basin. This period ranged
from 1.5 to 16 years depending on the study (Appendices I and II).

In most cases the post-treatment time period began the first water year
after treatments ceased. October 1 to September 30 and April 1 to March 31
were used to define water years in the northern and southern hemispheres,
respectively. In two cases (Caspar Creek and Hubbard Brook-4), logging was
carried out over three treatment periods that were each separated by two
years. For these studies, the post-treatment period was assumed to begin after
the second treatment as this included most of the forest harvest while
minimizing the effects of regrowth.

The regrowth issue also arose when deciding the length of the post-
treatment time period after logging that would be used for the analysis of
basin characteristics and management activities. After analyzing the
combined results from each basin for post-treatment time periods of 2, 3, 4, 5,
and 6-10 years, it was decided that three years of post-treatment data would be
used. Three years represented the best compromise between the variability

associated with shorter time periods and the decreasing changes in flow over



time due to regrowth. This post-treatment interval reduced the number of
basins available for analysis using the FDC method to 26 since six post-

treatment data sets were less than three years long.

2.4.4. HIGH RESOLUTION DATA

The effect of analyzing mean daily rather than mean hourly flows was
evaluated by comparing the results from one pair of basins (HJA-1 and HJA-2)
where the raw data allowed the calculation of mean flows for multiple
temporal resolutions. For each percentile, differences between the calculated
changes in flow were compared along with ratios of mean hourly and mean
daily flows using the three year post-treatment time period. The statistical
significance of the differences between the hourly and daily data could not be
tested because they were developed from the same data set and, thus, not
independent of each other.

Since the amount of data necessary to create hourly FDCs was more than
Excel functions could handle, the following formula was developed to obtain

the percentiles for mean hourly flows:

percentile = %a:%l (2)
where mean hourly values were ranked from smallest to largest with the
smallest given a rank of 1 and n is the total number of discharge values. In
order to rank the large hourly data set, the data were split into smaller groups
and sorted. Similar values from these individual groups were then combined
and resorted. This was repeated until all data were effectively sorted and
ranked. When interpolation was necessary to determine a discharge value for

.

a desired percentile, the following equation was used:
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(P-P)
= ——— -
Q (Pa _ Pb)(Qa Qb) + Qb (3)
where Q and P are the desired discharge and percentile, respectively, and the
subscripts a and b represent the respective values above and below the desired

values.

2.5. ANALYSIS OF FLOW DURATION CURVE DATA

Once the flow duration curves were generated and the discharge values
associated with each percentile were obtained, the analysis of the FDC data
began. All analyses were performed using both absolute (L s? ha?) and
percent changes. Results were grouped by percentile and the significance of
the changes was checked by testing for differences from zero using an

a-value of 0.05 as discussed above (Section 2.4.2).

2.5.1. ANALYSIS OF BASIN CHARACTERISTICS AND MANAGEMENT ACTIVITIES

The changes in each percentile were related to the basin characteristics
and management activities in a similar fashion as the analysis of the
published peak flow results (Section 2.3). Univariate plots provided an initial
indication as to which characteristics and activities were most likely related to
the changes in flow for each percentile. Correlation tables, regression
analysis, and residual analysis were used to evaluate the continuous data.
Kruskal-Wallis tests and t-tests were used to analyze the categorical data.

The categorical analysis was limited by the small number of FDC results.
The most results possible for any given characteristic or activity was 26, or
slightly more than half the maximum number of data points available for the
published results. Since the number of categories for a given characteristic
or activity ranged from three to eight (Table 2.2), comparisons were often

limited by the number of data points in a given category. In order to make
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reasonable comparisons, categories with less than three data points were
excluded from Kruskal-Wallis tests. If only two categories within a
characteristic or activity had three or more results, then a t-test was the only
analysis performed for that characteristic or activity. When possible, similar
categories with limited data were grouped and tested for differences from
other categories (e.g., clearcut vs. selection and patch cuts).

The large number of statistical tests needed to ana_llyze these
relationships raised the possibility of spurious statistical results. Even though
few comparisons were made using exactly the same data sets due to differences
in the available data for each study, the number of tests performed was
minimized to reduce the potential for Type I errors. Thus only the highest,
median, and lowest flows (99th, 50th, and 1st percentiles, respectively) were
analyzed initially. A basin characteristic or management activity that was
significantly associated with the calculated changes in flow at one of these
percentiles was then tested for significance with changes in flow at the
adjacent percentiles.

The adjacent percentiles for large flows were considered to be the 97.5
and 95th percentiles. For median flows, the 25th and 75th percentiles were
used. The 2.5 and 5th percentiles were the adjacent percentiles for the 1st
percentile. If a basin characteristic or management activity was found to be
significant with the adjacent percentiles, then each of the closest percentiles
would be successively tested until the characteristic or activity was no longer
significant. By identifying unique and potentially spurious results, this
procedure increased the reliability of the more general trends for both

absolute and percent changes in flow.
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2.5.2. RECOVERY OF STREAMFLOW OVER TIME

Post-treatment recovery rates were assessed by evaluating how each
percentile changed over time. Median values for each percentile were used in
the comparisons because the presence of extremely high percent change
values severely skewed some of the results.

The post-treatment data from each study were grouped into two-year
intervals after treatment for the recovery analysis. If there were sufficient
post-treatment data, up to five intervals were calculated for each study. By
grouping the results from different sites and time periods, it was assumed that
any undue influence from studies affected by abnormal post-treatment
precipitation patterns would be minimized. It was also assumed that most of
the post-treatment differences due to abnormally wet or dry years were
accounted for by the paired basin adjustments (Section 2.4.2).

Although the use of two-year intervals increased the variability
between periods, these intervals also increased the temporal resolution of the
recovery curves. At the same time, the use of two-year periods helped
increase the sample size of each percentile. For example, a study with only
five years of post-treatment data would have two post-treatment time periods,
but the same study would only have one post-treatment period if three- or
four-year intervals were used.

Only the 1st, 50th, and 99th percentiles were statistically evaluated for
recovery over time after logging. Non-parametric sign tests were used to
determine if the median for each of these three percentiles differed
significantly from zero (o = 0.05) for each time period. Means were also
determined for each percentile over time to evaluate the skew of each data set.
Recovery rates for the other eight percentiles were used to confirm the

general trends observed for the 1st, 50th, and 99th percentiles.
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2.5.3. AFFORESTATION ANALYSIS

Flow data were available for four paired basins in two afforestation
study areas. As with the timber harvest data, the FDCs for the first three years
after treatment were compared to the adjusted FDCs prior to treatment. Only
the 50th to 99th percentiles were evaluated because one of the basins had zero
flow more than 50% of the time and two others had no flow at least 25 percent
of the time. The limited sample size precluded any effort to relate the observed
changes in flows to basin characteristics or specific management practices.

The effect of afforestation on streamflow over time was also evaluated.
Since the post-treatment data sets ranged from 14 to 20 years, these effects
were analyzed using three-year time intervals instead of the two-year
intervals used in the timber harvest data sets. This helped reduce the
variability while still allowing five post-treatment time periods. The 50th to
99th percentiles were evaluated, but none were statistically analyzed due to the
small number of afforestation studies. |

One of the four afforestation studies (Shackham Brook in New York) did
not have any pre-treatment data. While the treated basin was gaged
immediately after planting, the control basin was not gaged until several
years later. Fortunately, the initiation of data collection on the control basin
coincided with the end of a second round of planting on the treated basin. This
second planting was due to the poor survival rate of the original planted trees,
so the effects of tree growth were assumed to be minimal during the first three
years after the second round of planting. This three-year period was
therefore used to calibrate the two basins. All data after the first three-year
period were considered to be post-treatment data. Thus, the second through
sixth three-year intervals from Shackham Brook were respectively grouped

with the first through fifth intervals from the other studies.
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3. RESULTS

3.1. PUBLISHED DATA

The literature search for the effects of timber harvest on peak flows
yielded results from 80 basins in 39 different study sites world-wide (Appendix
). These studies were typically conducted in temperate zones on basins less
than 100 hectares in size. Twenty-eight of these basins from 13 sites were also
used to investigate low flows. None of the basins were investigated only for
low flows.

Afforestation studies were conducted primarily outside of the United

States. Data were obtained for 21 basins at 13 different sites (Appendix II).

3.1.1. EFFECTS OF LOGGING ON PEAK FLOWS
3.1.1.1. GENERAL ANALYSIS OF REPORTED RESULTS

The reported changes show that peak flows usually increase after
timber harvest (Figure 3.1, Table 3.1). Mean increases for most of the peak
flow categories were between 24 and 50%, while the median increases were
between 20 and 50%. Two of the three largest mean changes were bmore than
twice their respective median changes. This strong skew indicates that few
studies have documented large changes in the size of peak flows. The
similarity and small size of the means and medians for most of the peak flow
categories also support this general conclusion.

The instantaneous peaks had the greatest range of results (-22 to 500%)
and the most results (17) reported only as “not significant” (NS results). The

mean change of 97% for instantaneous peak flows was nearly three times as
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Figure 3.1. Mean, median, 5th percentile, and 95th percentile for percent
change in peak flow by peak flow type.

Table 3.1. Summary statistics by peak flow category for the reported percent
change in peak flows associated with timber harvest. Appendix III lists all of
the results grouped by peak flow category.

Peak flow NS

category N * results Mean Median Min Max
Instantaneous 8 17 97 35 -22 500
Daily 7 0 48 50 21 87
Growing season 4 3 413 395 300 563
Dormant season 12 2 26 20 -11 60
Annual 6 1 25 35 -32 65
Mean 11 0 40 30 0 150
Large 17 1 24 26 2 50
All 82 35 59 32 -36 563

*N is the total number of studies that reported a percent change; only these studies were used
when calculating the summary statistics.
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large as the median change of 35%. This mean was also the second largest
change among the eight categories of peak flows in Figure 3.1 and Table 3.1.
This suggests that the results for instantaneous peaks were strongly skewed
towards larger changes. Even after removing the maximum observed increase
of 500%, the instantaneous peak flows still showed a relatively large range
(-22 to 118%). The large range and the large number of NS results show that
the effects of timber harvest on instantaneous peak flows are highly variable.

In contrast, the reported changes in daily peak flows were relatively
consistent. The difference between the minimum (21%) and maximum (87%)
changes was among the smallest for the peak flow categories. At the same
time, there were no NS results for daily peak flows. The respective mean and
median changes of 48 and 50% indicate that there is only a slight skew in the
combined daily flow results. The results suggest that daily peak flows are not
as variable as instantaneous peak flows and daily peak flows may be more
ﬁseful when evaluating the effects of timber harvest on high flows.

All but one of the reported changes greater than 150% were for
growing season peak flows (Dietterick and Lynch, 1989; Patric and Reinhart,
1971). The other large change was a 500% increase in instantaneous peak
flows reported for a severely disturbed site (Swindel et al., 1983). The change
in growing season peak flows ranged from 300 to 563% for the four studies that
reported a value, while three other studies reported NS results after treatment.

The four reported increases in growing season peak flows were all from
studies that used herbicides to inhibit regrowth. In contrast, only one of the
three NS results was from a site where herbicide treatments were used. This
difference in treatment may partially explain the extreme results. However,

additional analyses suggest that the large percent increases in growing season
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peak flows are probably caused by a combination of the size of flows
investigated and seasonal climatic influences (see Section 3.1.1.2).

Increases for dormant season peak flows were among the smallest after
logging. This peak flow category had the smallest median change of 20%,
while the mean change of 26% was essentially identical to the smallest mean
increases (Table 3.1). Even though the data were slightly skewed toward large
changes, the maximum reported increase in dormant season peak flows was
only 60%.

Seven studies investigated the effects of timber harvest on annual peak
flows. The six reported changes ranged from -32 to 65%. The mean (25%) and
median (35%) were among the smallest increases for the eight different
categories of peak flows. The difference between the mean and median was
caused primarily by the decrease of 32% observed at watershed 10 in the H. J.
Andrews Experimental Forest in Oregon (Harr and McCorison, 1979).

Mean and median changes for the mean peak flow category were 40 and
30%, respectively. The results from this peak flow category were skewed
because one study reported an increase of 150%. None of the other 10 studies
reported a change in mean peak flows greater than 60%. There were no NS
results.

The large peak flow category showed little skew or variability and
consistently had some of the smallest changes. This category had the smallest
mean change (24%) and nearly the smallest median change (26%) (Table 3.1).
The maximum change was the smallest of the eight peak flow categories and
the range was only 2 to 50%. Only 1 of the 20 studies that investigated the
large peak flow category reported a NS result. These results indicate that large

peak flows do increase after logging, but the relative change associated with



timber harvest is not as large as the other categories of peak flows. All the

data on peak flows are compiled in Appendix III.

3.1.1.2. PEAK FLOW CHANGES BY SIZE AND SEASON

The changes in peak flows were separated into different size classes for
four basins in three different study areas. Three of these basins showed an
inverse relationship between peak flow size and the percent increase after
logging (Figure 3.2). The fourth basin, North Creek in Queensland, Australia,
had mixed results (Gilmour, 1977). Larger flows had larger relative increases
than smaller peak flows after logging on North Creek. However, this same
basin showed little difference between small and large peak flow increases
when the vegetation that remained after logging was cleared from 67% of the
area for conversion to pastureland (Figure 3.2).

The inverse relationship between peak flow size and relative increases
after logging can also be seen on a seasonal basis. Relative increases
associated with typically small growing season flows are larger than increases
for typically large dormant season flows (Table 3.1). This is probably due in
part to the difference in peak flow response to precipitation resulting from
differences in soil moisture conditions.

In rain-dominated temperate areas, soil moisture levels are generally
lowest during the growing season. This is due to the greater loss of water to
evapotranspiration (ET) and interception that occurs during the late spring,
summer, and early fall. Once vegetation is removed in these areas, some of the
precipitation that usually would be lost to ET and interception is used for soil
moisture recharge and increased runoff. This extra runoff may be small in

absolute terms, but a small absolute increase in growing season peak flows can
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result in large percent increases (e.g., Dietterick and Lynch, 1989; Patric and
Reinhart, 1971).

Peak flows are generally largest during the dormant season because soil
moisture levels are high and a higher proportion of the rain or snowmelt
becomes runoff. The high soil moisture levels are due to lower ET and
interception losses during the late fall, winter, and early spring. When trees
are removed, the proportion of rain or snowmelt becoming runoff does not
change as dramatically in the dormant season as in the growing season
because there is relatively little difference between pre- and post-harvest soil
moisture levels during the dormant season. Thus, the dormant season peak
flows increase by relatively small amounts after logging (Table 3.1).

The peak flow response to timber harvest associated with seasonal
variations of soil moisture and precipitation described above is not universal.
For example, in areas where little precipitation falls during the growing
season, no changes in peak flow were detected (Cheng, 1989; Gottfried, 1991).
Also, Harr et al. (1975) found that early dormant season peak flows increased
more after logging than peak flows later in the dormant season because of
differences in soil moisture levels. They separated the dormant season at their
study site in Oregon into periods of “recharging” and “recharged” soil
moisture conditions (Harr et al., 1975). These periods were based on both an
arbitrary date separation (e.g., September to November was the recharge
period for two of the basins) and a sharp rise in base flow level. The
recharging and recharged periods roughly coincided with fall and winter,
respectively. After logging, the median increase for the smaller fall peak
flows was 50%, while the median increase for the larger winter peak flows was
only 19%. Thus, while the pattern of smaller peak flows increasing by larger

relative amounts still held true for these Oregon basins, the differences
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between small and large peak flow increases were not apparent for growing

and dormant season flows.

3.1.1.3. DECREASES IN PEAK FLOW

Five of the 82 results in the all peak flow category were decreases.
Although decreases in peak flow were not common, the observed declines are
of interest because they are the opposite of what might normally be expected
after logging. The decreases were typically attributed to a change in the
timing of the processes that generated peak flows. Cheng et al. (1975)
suggested that the compaction of macropores after logging slowed the
subsurface flow of water to streams. The greater travel time through the soil
resulted in peak flows decreasing by 22%.

In another study, Harr and McCorison (1979) suggested that a reduction
in interception after logging was the cause of a 32% decrease in peak flows on
H. J. Andrews watershed 10 in Oregon. Their study site was in a transitional
zone with relatively little snow accumulation prior to logging. Cutting the
trees reduced interception and increased snow accumulation on the ground.
As this snow had a smaller surface area, it melted more slowly than the
intercepted snow in the canopy. Harr and McCorison (1979) hypothesized that
slower melt in cleared areas desynchronized runoff from different parts of the

basin, resulting in the reduced peak flows.

3.1.1.4. STATISTICAL ANALYSIS OF PEAK FLOWS

The 45 results composited for the detailed statistical analysis of
published changes were less variable than the 82 results pooled for the “all”
peak flow category. The median increase of 30% for the data analyzed in detail
(Table 3.2) is essentially the same as the median for all peaks (Table 3.1).

However, the mean change for all peaks is nearly twice the size of the mean
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3.2. Descriptive statistics of peak flow results used in
detailed analysis.

Statistic Value
Number of results used 45
Mean (%) 35
Median (%) 30
Standard deviation (%) 35
Minimum (%) -32
Maximum (%) 150
Skew 1.3

increase for the peak flows used in the detailed analysis (59 and 35%,
respectively). This difference is due to the exclusion of the growing season
peaks and the severely disturbed site that had a 500% increase. The skew of 1.3
and the difference between the mean and the median suggest that the data
used for the detailed analysis were skewed toward the higher percent changes.
However, this skew was not as strong as for all peak flows.

The percent change in peak flows was significantly related to four
continuous basin characteristics (Table 3.3). As annual precipitation
increased, the increases in peak flows decreased (Figure 3.3 (a)). Since areas
with higher precipitation typically have larger peak flows, this relationsﬁip
supports the concept that larger flows are less affected by logging (Section
3.1.1.2).

Increases in annual ET and drainage density were significantly related
to increased changes in the size of peak flows. This was unexpected as higher
annual ET rates and higher drainage densities both typically occur in areas
with high annual precipitation rates and thus high peak flows. However, both
relationships were driven by influential observations (Figures 3.3 (b) and (c))

and neither relationship was significant without these observations.
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Table 3.3. Significant results from the regression analysis of percent change
in peak flow vs. basin characteristics and management activities using the

published data.

Coefficients Standard
Variable N v-int __ slope error  R? p-value Comments

Basin characteristics

Annual 44 58 -0.015 34 0.08 0.065 twwo outliers

precipitation included

(mm)

Annual ET 20 5.2 0.060 39 0.17 0075 one outlier

(mm) included;
driven by one
observation

Drainage 12 15 1.5 15 044 0019 one outlier

density removed;

(km km?) driven by one
observation

Latitude 44 98 -1.6 32 008 0.060 one

(degrees) influential
observation
removed; two
outliers
included

Management activities

Area 35 21 1.1 31 0.13 0.035 one outlier

compacted (%) included;
driven by one
observation

Latitude was the only other basin characteristic significantly related to

a percent change in peak flows. There was a weak tendency for peak flows to

increase less after harvesting with increasing latitude (Figure 3.3 (d)), but it is

unclear why this relationship was significant. None of the categorical basin

variables were significantly related to published changes in peak flows

(Appendix IV).

Area compacted was the only continuous management variable

significantly related to the reported changes in peak flows (Tablé 3.3).

Although this relationship showed the expected positive correlation, it was

significant only because of one influential observation (Figure 3.4). Part of
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Figure 3.4. Plot of area compacted versus percent change in peak flow. Outliers
and influential observations are included as described in Table 3.3. Outliers and
influential observations are represented by "x" and "-", respectively.

the observed variability in this relationship may be due to differences in how
the amount of compacted area was determined for different studies. Some
authors (e.g., Swank et al., 1982) only considered the total area in roads as
compacted, while others included skid trails and landings as well (e.g., Ziemer,
1981). The variability may also be attributed to differences in the way that
compaction affects flow paths. In some cases, compaction reportedly increased
peak flows by reducing infiltration rates and allowing Horton overland flow to
occur (Blackburn et al., 1990). However, compaction has also been reported to
decrease peak flows by slowing subsurface stormflow through macropores
(Cheng et al., 1975).

The only categorical management activity that was significantly

associated with a change in peak flow was the type of yarding (p = 0.028). The
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mean increase (49%) for sites where only tractors or rubber-tired skidders
were used was more than twice the mean for sites where only a cable system
was used (16%) or where both cable and tractor systems were used (22%)
(Table 3.4). There was no significant difference between the percent area cut
in basins that were yarded using tractors or rubber-tired skidders and basins
that were yarded using cable (p = 0.764) or mixed systems (p = 0.564). As cable
systems are less intrusive and thus less disturbing to fo:est soils than tractors
or skidders (Young and Giese, 1990), these results suggest that more site
disturbance and compaction will tend to result in greater percent changes in
peak flows.

The mean percent change in peak flow for the tractor and rubber-tired
skidder category was not significantly different from the mean change for the
no yarding category. This lack of significance is probably due to the small
number of cases (4) where yarding was not carried out. No significant
differences were found between any of the three other yarding categories
listed in Table 3.4.

The results of all statistical tests can be found in Appendix IV. Plots of
each basin characteristic and management activity versus reported change in

peak flow are in Appendix V.

3.1.2. EFFECTS OF LOGGING ON LOW FLOWS

Twenty-eight studies evaluated the change in low flows due to forest
harvest. Unlike peak flows, only general post-treatment trends are presented
for low flows because the diversity of low flow definitions (Appendix I)
prevented any meaningful grouping of results in a manner similar to the
published peak flow results (Table 3.1). In 16 cases there was an increase in

low flows, in 10 cases there was no significant change, and in only 2 cases was
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Table 3.4. Percent change in peak flow by yarding category. Overall p = 0.028.
Given that o = 0.10 overall, significance for individual comparisons equals 0./6
or 0.017. P-values are for two-tailed two-sample t-tests.
Mean change P-values for each comparison
in peak flow with tractors and rubber-tired

Category N (%) skidders
Tractor and rubber- 17 49
tired skidders
Cable systems 12 16 0.007
Mixed tractor and 5 22 0.012
cable
None (i.e., trees left on 4 21 : 0.022
site)

there a decrease in low flows. These results indicate that, just like peak flows,
low flows: 1) will typically increase after logging; 2) are hard to statistically
analyze due to their highly variable nature; and 3) will, on rare occasions,
decrease.

Low flows typically occur when evapotranspiration (ET) demands are
the greatest. When the trees are removed from a basin, more water is
available for streamflow and thus, low flows are likely to show a similar
response to timber harvest as the small peak flows of the growing season and
recharge periods (Section 3.1.1.2). This similarity of response means that low
flows should have large percent increases after logging. In fact, intermittent
or ephemeral streams that became perennial after harvest would have
infinitely large percent increases in low flow.

The diversity of low flow definitions likely grew out of the large
relative increases in flow observed after logging. To avoid reporting
problems, many authors simply reported a change in the number of days per
year with mean daily flows below some arbitrary discharge. While this
approach solved one problem--especially in areas with periods of no flow--it

created two others. First, this type of result precludes direct comparisons



between studies because the low flow thresholds are site-specific. Second, the
reported changes can be confusing as a decrease in low flow days actually
means an increase in low flows.

The two cases where low flows decreased were from the same site in
northwestern Oregon. Harr (1980) surmised that fog drip in this area played
an important role in maintaining summer flows. As the fog passed through
the forest, moisture condensed on the trees and dripped to the ground. Without
the trees, this unexpectedly large source of water was loét and low flows
decreased.

Another interesting result was how the low flows changed over time.
After initially finding an increase in low flows for two basins in western
Oregon, Hicks et al. (1991) reported that one basin had no significant change
by the 15th year after logging while the other decreased significantly by the
eighth year post-treatment. They suggested that this reduction in low flows
may have been due to a change in riparian vegetation from conifers to
hardwood species that used more water. Keppeler and Ziemer (1990) saw a
similar decrease in total summer volume 10 years after logging. They
suggested that reduced competition for light and nutrients may have increased
growth and water use by the remaining trees in the partially harvested basin
that they studied. Both of these studies indicate that low flows are very

sensitive to changes in ET rates.

3.1.3. EFFECTS OF AFFORESTATION ON PEAK AND LOW FLOWS

Most of the 22 afforestation studies were conducted in New Zealand and
South Africa where native grasslands and brushlands were converted to exotic
timber species. Only four basins were investigated in the United States

(Appendix II).
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Definitions for changes in peak flow associated with afforestation were
more diverse and obscure than for the timber harvest studies. Nevertheless,
11 of the 15 peak flow studies reported decreases in peak flows after
afforestation. Two studies were inconclusive while a third found no change
after afforestation. Reported decreases in peak flows ranged from 11 to 73%.

Twelve of the 14 low flow studies reported decreases after afforestation.
Reported decreases ranged from 26 to 100%, with eight of the nine reported
changes being decreases of 50% or more. Low flow definitions were more
consistent for afforestation studies than for timber harvest studies.

The reported results indicate that less water was available for
streamflow after afforestation since both peak and low flows typically
decreased as the trees approached maturity. The observed declines in flow are
probably due to increased evapotranspiration and interception, as sites
severely impacted by planting and erosion control activities had decreases in
both peak and low flows once the trees were at or near maturity (e.g., TVA,
1961 and 1962). This suggests that the rate and magnitude of changes in
evapotranspiration and interception will play a major role in determining

what changes will occur when vegetation is manipulated.

3.2. FLOW DURATION CURVE DATA
3.2.1. VALIDATION OF ADJUSTMENT METHODOLOGY

The adjustment procedure for the FDC analysis was tested by comparing
the changes in flow generated from a split set of calibration data (Section
2.4.2). As the "post-treatment” data set was generated from calibration period
data, any differences between periods were due to the inherent variability in

the data and any bias in the methodology.



Table 3.5. Summary statistics for absolute changes in flow calculated using
pre-treatment data. P-values are from non-parametric sign tests of the
significance of each median value from zero. Values are in L s hal.

Percentile N Mean Median Std.dev. Min. Max. p-value
1.0 16 0.0020 0.00080 0.0059 -0.0080 0.020 0.302
2.5 16 -0.0012 -0.00085 0011 -0.034 0.023 0.455
50 17 -0.0024 -0.000018 0.014 -0.048 0.023 1.000

100 19 0.000017 -0.000041 0.0085 -0.016 0.028 1.000
250 20 0.00030 0.00013  0.015 -0.037 0.047 0.824
500 21 -0.0048 -0.0011 0.021 -0.070 0.034 0.383
750 23 -0.013 -0.0055 0.033 -0.10 0.029 0.678
90.0 23 -0.014 -0.013 0.053 -0.13 0.12 0.405
95.0 23 0.016 0.024 0.077 -0.19 0.14 0.093
97.5 23 0.041 0014 0.11 -0.13 044 0.093
99.0 23 -0.017 0.028 0.28 -0.60 0.51 0.405

None of the differences were significant and only two percentiles had
p-values less than 0.3 (Table 3.5). Both the 95th and 97.5 percentiles had
p-values of 0.093 because each had more than twice as many positive than
negative changes in flow. Nevertheléss, these results indicate that the
adjustment methodology does not generate significant (o = 0.05) changes in
absolute flows.

As might be expected, the absolute changes were very close to zero for
the median and smaller flows, while the larger flows showed a greater range
of changes (Figure 3.5, Table 3.5). The greatest median difference from zero
was 0.028 L s ha! for the data from the 99th percentile.

A comparison of the means and medians for each percentile showed that
the distribution of absolute change in flow for 10 of the 11 percentiles were at
least slightly skewed (Table 3.5). Since four means were greater and six means
were less than their respective medians, the adjustment procedure did not

result in a systematic bias towards either higher or lower values.
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Though the non-parametric sign test is not sensitive to outliers, an
outlier analysis was conducted to determine the potential sources of
variability. This analysis showed that only the data from the 90th, 95th, and
99th percentiles did not have outliers. Though it was not clear why, the
greatest absolute change in flow for each of the seven percentiles that had
outliers was recorded at either Fox Creek 1 in Oregon or Coweeta 6 in North
Carolina. Removing these outliers greatly reduced the variability for each
percentile.

The adjustment methodology was also tested for its validity in
determining relative changes in flow (Figure 3.6). As with the absolute
values, none of the differences were significant (« = 0.05). Only one
percentile (2.5) had a median change greater than + 5% (Table 3.6).

The variation in percent change was much greater for low flows than
for high flows (Figure 3.6). This is due to the fact that a small absolute change
in low flows can be a very large change in percent terms. The median for the
95th percentile was the only median larger than its respective mean,
suggesting that all other percentiles were skewed toward higher flows. This
skew was most evident for flows less than the 50th percentile and is probably
due to the inherent bias in calculating percent change, as the smallest
possible decrease is -100%, while there is no limit on the percent increase.

As with the absolute values, an outlier analysis was conducted to
determine the potential sources of variability. Only the data for the 1st and 2.5
percentiles did not have outliers. The greatest percent change in flow for
seven of the nine percentiles with outliers was from Thomas Creek in Arizona
and S4S in Marcell, Minnesota. Removing outliers greatly reduced the

variability in each case.
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calculated using pre-treatment data.

Table 3.6. Summary statistics for percent changes in flow calculated using
pre-treatment data. P-values are from non-parametric sign tests of the
significance of each median value from zero.

Percentile N Mean Median Std.dev. Min. Max. p-value
10 16 13.7 4.3 454 -66.5 107.0 0455
25 16 40 -8.4 38.7 -56.2 69.5 0455
50 17 14.5 -0.1 56.8 -39.5 2111 1.000

100 19 13.2 -2.3 42.7 -26.8 1625 1.000
250 20 9.8 0.7 38.5 -38.4 139.3 0.824
50.0 21 4.6 -2.4 34.2 -22.7 146.2 0.383
75.0 23 -1.7 -2.4 16.2 -20.5 59.9 0.678
90.0 23 -0.3 -3.3 8.4 -11.8 23.2 0.405
95.0 23 40 43 134 -18.8 47.3 0.093
97.5 23 3.5 2.2 103 -20.0 35.1 0.093
99.0 23 4.8 1.7 19.6 -21.4 73.0 0.405




The lack of significant differences between “calibration” and “post-
treatment” data for o = 0.05 indicates that the adjustment methodology is valid
for determining both absolute and relative changes in flows associated with

timber harvest (Tables 3.5 and 3.6).

3.2.2. DAILY VS. HOURLY FLOWS

There were no systematic differences between mean daily and mean
hourly absolute changes in flow calculated using three years of post-
treatment data from H. J. Andrews watershed 1 (Table 3.7). The greatest
absolute difference between daily and hourly flows was 0.059 L s* ha™ for the
99th percentile, while the smallest difference was 0.00016 L s* ha® for the 10th
percentile.

The ratios of daily to hourly flows showed that the absolute changes for
median and smaller flows were most similar, ranging from 0.97 to 1.03. The
ratios were somewhat less consistent for larger flows, ranging from 0.86 to
1.09. The greater variability at the high end of the FDC may be due to the
greater sensitivity of higher resolution data to storm flows in these small
basins. The divergence from a ratio of 1.0 was typically less than * 0.1 and
there were no systematic biases for high flows. Thus, it is difficult to interpret
or determine the importance of the observed differences between absolute
changes in flow for the mean daily and mean hourly flows at the high end of
the FDC. At least for this pair of basins, it seems that absolute changes in
median and lower percentile flows may be reliably determined using mean
daily flows, whereas higher resolution data may determine the absolute
changes in higher flows more accurately.

There were no consistent patterns in the differences between daily and

hourly relative changes in flow (Table 3.8). For 10 of 11 percentiles, the

31



Table 3.7. Difference between mean daily and mean hourly
absolute changes in flow (L s* ha') for each percentile at H. J.
Andrews watershed 1.

Percentile Daily Hourly Difference Ratio
1.0 0.01235 0.01265 -0.00030 0.98
2.5 0.01002 0.01029 -0.00028 0.97
50 0.01053 0.01028 0.00025 1.02

10.0 0.01688 0.01672 0.00016 1.01
25.0 0.04120 0.04185 -0.00065 0.98
50.0 0.0798 0.0772 0.0026 1.03
750 0.1775 0.1682 0.0093 1.06
90.0 0.363 0.395 -0.033 0.92
95.0 0.260 0.302 -0.042 0.86
97.5 0.601 0.572 0.029 1.05
99.0 0.683 0.625 0.059 1.09

Table 3.8. Difference between mean daily and mean hourly
percent changes in flow for each percentile at H. J. Andrews
watershed 1.°

Percentile Daily Hourly Difference Ratio
10 3474 4339 -86.5 0.80
2.5 109.1 115.7 -6.5 0.94
5.0 103.3 100.1 3.2 1.03

10.0 131.1 1319 -0.8 0.99
250 1449 150.6 -5.7 0.96
50.0 63.0 61.6 14 1.02
750 50.0 48.2 1.8 1.04
90.0 43.3 48.1 -4.8 0.90
95.0 17.8 209 -3.0 0.85
97.5 30.5 284 2.1 1.07
99.0 224 19.3 3.1 1.16

differences in calculated percent change were within + 6.5%. The large
percent difference observed for the first percentile is almost certainly due to
the fact that a small difference in a small number can yield a very large

relative difference.
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Overall, the ratios for percent change did show a greater divergence
from 1.0 than the ratios for the absolute changes. The variation from one was
greatest at the two extremes of the flow duration curve. For the two lowest
percentiles, the ratio of daily to hourly percent change was less than one (i.e.,
daily flows underestimated the treatment effect relative to the hourly flows),
while the reverse was true for the two highest percentiles. This indicates that
the use of daily flows may slightly overestimate the calculated percent
changes in peak flows presented in this study. However, even for these
relatively small basins, there does not appear to be any consistent bias in

using daily rather than hourly flow data.

3.2.3. ANALYSIS OF FLOW DURATION CURVE PERCENTILES
3.2.3.1. TIMBER HARVEST
3.2.3.1.1. CHANGES IN FLOW

The comparison of pre-treatment and adjusted post-treatment FDCs
showed that flows increased significantly (o = 0.05) after timber harvest for
each of the 11 percentiles investigated (Table 3.9). There was a consistent
increase for the median absolute change in flow from the 2.5 percentile
(0.0041 Ls* ha') through the 99th percentile (0.21 L s* ha') (Table 3.9). The
much larger absolute increases in the higher flows mean that most of the
increased water yield associated with timber harvest occurs at the upper end
of the FDC.

A comparison of mean and median increases shows that the data for
nine of the percentiles were at least slightly skewed toward larger flows (Table
3.9, Figure 3.7). The data for the 25th and 50th percentiles were slightly
skewed toward smaller flows. An outlier analysis showed that only the data for

the 2.5 percentile did not have an outlier and that the data for each of the 5th
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Table 3.9. Summary statistics for the absolute changes in selected flow

percentiles following timber harvest. Values are in L s ha'. P-values are
from non-parametric sign tests of the significance (o = 0.05) of each median
value from zero.

Percentile N Mean Median Std.dev. Min. Max. p-value
10 17 0.0066  0.0057 0.010 -0.015 0.028 0.021
25 18 00065 0.0041 0.012 -0.021 0.028 0.001
5.0 19 0.010 0.0058 0.017 -0.021 0.061 0.001

100 20 0.014 0.010 0.018 -0.018 0071 0.000
250 22 0.010 0.016 0.038 -0.12 0.073 0.001
50.0 23 0.022 0.026 0.045 -0.14 0.080 0.000
75.0 25 0.053 0.036 0.068 -0.06 0.21 0.004
90.0 20 0.099 0.061 0.14 -0.11 0.52 0.001
95.0 26 0.15 0.098 0.16 -0.15 0.53 0.000
97.5 26 0.20 0.15 0.22 -0.08 1.0 0.000
99.0 26 0.29 0.21 0.46 -0.66 1.6 0.009

to 99th percentiles had at least one outlier greater than three standard

deviations from the mean. These outliers and skew did not influence the

significance of the increases, however, because the non-parametric sign test

is not sensitive to outliers or skew.

The largest absolute increases for the 90th to 99th percentiles occurred

on the Needle Branch basin at Alsea, Oregon. The largest increase was 1.6 L s?

ha for the 99th percentile. These increases were 20 to 80% larger than the

next largest increase in flow for these percentiles. Several of the treatments

on the Needle Branch basin were associated with larger increases in high

flows in the variable analysis (Section 3.2.3.1.2), possibly explaining the large

increases observed on this basin.

Decreases in flow were not uncommon as each percentile had at least

two and as many as six decreases in flow for the three-year period after

logging. Eleven of the 26 basins analyzed had absolute decreases in at least

one percentile. However, the greatest decreases in flow all occurred in
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Oregon, where the two Fox Creek basins accounted for more than half of the 34
cases where decreases occurred. The minimum values for the two largest
percentiles occurred on H. J. Andrews watershed 10 (HJA-10), with the
greatest decrease in flow of -0.66 L s ha? occurring at the 99th percentile
(Table 3.9). The calculated decreases in low flows at Fox Creek and high flows
at HJA-10 are consistent with the published results for each of these basins
(Harr, 1980; Harr and McCorison, 1979).

The percent increases in flow were also significéntly different from
zero for each of the 11 percentiles analyzed (Table 3.10). The greatest median
increases were for the 1st to 25th percentiles, with the largest increase of 59%
occurring at the 1st percentile. In contrast, the median increases in flow for
the 90th to 99th percentiles were only 12 to 14%. This trend is consistent with
the published data, where the smaller peak flows typically had the largest
relative increases (Section 3.1.1.2).

Both an examination of the plotted data (Figure 3.8) and a comparison of
means and medians (Table 3.10) indicate that the data in each percentile was at
least slightly skewed towards large increases. This is probably due to the
inherent bias in calculating percent change that was noted earlier (Section
3.2.1). The skew was most notable for the data from the 5th percentile, where
the maximum increase of 30,200% drove the mean change in flows up to 1680%
as compared to a median change of 39%.

The data for each percentile had at least one outlier. These outliers were
greater than 4 standard deviations from the mean for the 5th through the 75th
percentiles, illustrating the extreme relative changes that are possible for low
to moderate flows.

The most extreme percent changes were for low flows on basins where

very small pre-treatment flows were increased by small to moderate absolute
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Table 3.10. Summary statistics for the percent changes in selected flow
percentiles following timber harvest. P-values are from non-parametric sign
tests of the significance (o = 0.05) of each median value from zero.

Percentile N Mean Median Std.dev. Min. Max. p-value
1.0 17 186 59 340 -36 1330 0.021
25 18 224 51 463 -40 1820 0.001
5.0 19 1680 39 6900 -35 30200 0.001

10.0 20 427 53 1390 -20 6270 0.000
250 22 100 57 187 -38 886 0.001
50.0 23 52 22 88 -20 416 0.000
75.0 25 27 20 31 -5 139 0.002
90.0 26 16 14 16 -5 43 0.001
95.0 26 17 12 17 -9 60 0.000
97.5 26 15 13 12 -3 40 0.000
99.0 26 14 12 17 -14 52 0.009

amounts. For example, on watershed 2 at Hubbard Brook (HB-2), the adjusted
pre-treatment flow of 0.0002 L s* ha® for the 5th percentile increased by more
than 30,000% to 0.061 L s* hal. Also, for the 2.5 to 75th percentiles, the
maximum percent changes all occurred on basins that had no flow for part of
the year. In each case, the maximum percent change was for the smallest
percentile with flow prior to logging (e.g., HB-2). These extreme increases are
a result of the relative change approaching infinity as pre-treatment flows
approach zero. For this reason, the percent increase may not be very
meaningful for small to moderate flows in basins with intermittent or
ephemeral streams. In such cases, the absolute change in flow will generally

be a more useful indicator of the effects of timber harvest.

Six continuous basin characteristics were significantly related to the
absolute changes in flow for at least one percentile (Table 3.11). However,

there was little consistency between percentiles and most significant results
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Table 3.11. Continuous basin characteristics significantly related to absolute
and relative changes for at least one percentile. R? values are provided when

the relationship is significant. The symbols “ns” and “--” represent
relationships that were non-significant (o = 0.10) and not tested, respectivelv.
Basin Percentile

characteristic 10 25 50 100 250 500 75.0 900 950 97.5 99.0

Absolute changes in flow (L s* ha?)
Mean basin slope 083 074 0.63 058 037 023 038 045 ns ns ns

Drainage density 083 08 ns -- -- ns =-- =-- =-- -- 1S
Latitude 018 06 ns -- -- ns =-- -- -- -- NS
Area ns -- =-- =-- -- mns -- -- ns ns 0I8
Mean elevation ns -- -~ - .= ns -- -- ns ns o021
Percent changes in flow

Drainage density 091 072 ns -- --  ns -- - ——— e ns

proved to be questionable when the scatter plots were examined. Only one
continuous basin characteristic was significantly related to relative changes
in flow. Details of all the statistical analyses are provided in Appendix VI.

Mean basin slope was the only continuous basin characteristic that was
consistently and significantly (a = 0.10) related to absolute changes in flow.
The relationship was always positive, with mean basin slope explaining 23 to
83% of the variability in the data for the 1st through 90th percentiles. The
higher R? values associated with the smaller percentiles suggests that a higher
gradient may be more important for lower flows. In contrast, mean basin
slope was not significantly associated with the calculated changes in flow for
the larger percentiles.

The lowest values in each of the mean basin slope scatter plots (e.g.,
Figure 3.9) were decreases in flow from the Fox Creek study in Oregon. These
decreases in low flows were attributed to a loss of fog drip in the original study
(Section 3.1.2). Thus, the changes in flow on the Fox Creek basins may not

have been associated with their respective mean basin slopes. However, while
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these observations helped support the positive trends that were observed,
Figure 3.9 shows that they were not the sole cause of these trends.

Drainage density had a strong positive relationship with both absolute
and relative increases in flow for the 1st and 2.5 percentiles. In each
case, however, there were only five observations and drainage density was not
significantly related to the changes in flow for any other percentile. Scatter
plots showed that the observed trends were not driven by influential
observations and that the regression line fit the data webll (e.g., Figure 3.10).
This suggests that higher drainage densities may contribute to higher low
flows after logging. The greater opportunity for soil water to drain from the
hillslopes into the streams at higher drainage densities may explain this
association.

Latitude was only significantly related with the absolute change in flow
for the 1st and 2.5 percentiles (Table 3.11). However, without the largest
increase in flow, fhe p-value changed from 0.086 to 0.495 for the first
percentile and from 0.099 to 0.548 for the 2.5 percentile. It is unclear whether
a greater range of latitudes would affect the significance of this relationship
as the variability for latitudes greater than 42 degrees is very high (Figure
3.11 (a)).

The relationship between absolute change in flow and basin area was
only significant for the 99th percentile. This negative relationship was
driven by a 0.35 L s* ha decrease in flow on Caspar Creek South, the largest
basin analyzed (Figure 3.11 (b)). Without this observation, the relationship
was not significant (p = 0.273).

Mean elevation had a significant relationship with absolute changes in
flow only for the 99th percentile (Table 3.11, Figure 3.11 (c)). Higher mean

elevations were associated with smaller increases in flow. The three highest
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elevation basins were separated from the rest of the data by about 1500 m.
Each of these high-elevation basins had only small increases in flow after
logging. Even though they appeared to be driving this relationship, the
relationship was still significant (p = 0.018) without the three high-elevation
observations.

The observed trend of decreasing changes in flow with increasing
mean elevation may be due in part to changes in both precipitation and ET as
elevation increases. Precipitation generally increases with increasing
elevation. As larger flows are generally associated with higher precipitation
levels, the high elevation flows would probably be less affected by forest
management (Section 3.1.1.2). At the same time, proportionately smaller ET
losses at higher elevations would contribute to smaller differences between
pre- and post-treatment soil moisture levels during the high flow periods. If
soil moisture differences are small, less “extra” water would be available for
runoff and thus the changes due to harvest would be small.

Hydrologic regime and vegetation type were the only basin
characteristics with significant differences between categories. For
hydrologic regime, it was only possible to compare rain with mixed results for
the 10th through 75th percentiles, as only two snowmelt-dominated basins had
pre- and post-treatment flows in these percentiles. Data from a third
snowmelt-dominated basin allowed a comparison of all three categories for the
highest flows. For the 25th and 50th percentiles, the mixed snow-and-rain
basins had significantly higher mean relative increases in flow than the
rain-dominated basins (Table 3.12). In each case, the mean for the mixed
regime more than doubled the mean increase for the rainfall regime.

For the larger flow percentiles, there were no significant differences

between the different hydrologic regimes. This was unexpected, as each snow
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Table 3.12. Mean percent changes in flow for the
percentiles where hydrologic regime was a significant
variable. Sample sizes are provided in parentheses.

Hydrologic regime

Percentile Rain (N) vs. Mixed (N) p-value
25.0 35 (6) 78 (14) 0.087
50.0 19 (6) 44 (15) 0.053

dominated basin was also a high-elevation basin and there was a significant
negative relationship between elevation and the absolute change in 99th
percentile flows (Table 3.11, Figure 3.11 (c)). This lack of a significant
difference may be due to the limited number of results from snow-dominated
basins.

Vegetation type was the other categorical basin characteristic with a
significant difference between classes. The mean increase at the 99th
percentile for conifer and mostly conifer basins was 9.7%, as compared to
22.5% for hardwood and mostly hardwood sites (p = 0.097). It was not clear why
this difference was observed.

Three continuous management variables were significantly related to
the calculated changes in flow for at least one percentile each (Table 3.13).
Two of these variables were associated with both absolute and relative
changes. As with the basin characteristics, however, there was little
consistency between percentiles and scatter plots showed that some results
were questionable.

Percent area cut was positively and significantly related to absolute
changes for eight percentiles (Table 3.13), explaining 15 to 45% of the
variability in the observed changes (e.g., Figure 3.12 (a)). Percent area cut
was also positively related (p = 0.078) to the percent changes in flow for the
first percentile (Figure 3.12 (b)), although it was not significant (p = 0.398)

when two outliers were included.



Table 3.13. Continuous management variables significantly related to absolute
and relative changes for at least one percentile. R? values are provided when
the relationship is significant. The symbols “ns” and “--” represent
relationships that were non-significant (o = 0.10) and not tested, respectively.
Continuous Percentile
variable 10 25 50 100 250 500 750 90.0 950 97.5 990

Absolute changes in flow (L s* ha')
Percent area cut 038 032 038 045 ns 020 017 015 ns ns 017

Road density ns -- --  -- -- ns 037 046 061 053 037
Percent area ns -- -- -- --  ns -- -- ns ns 035
compacted

Percent changes in flow

Percent area cut 026 ns ns -- -- ns -- --  --  -- ns
Percent area ns -- -~ == _-- . ns -- -- ns ns 020
compacted

The relationship between percent area cut and the changes in flow
were stronger for the lower percentiles (R? = 0.32 to 0.45) than the median and
higher percentiles (R?=0.15 to 0.20). This difference in R? values may be due
in part to the smaller sample sizes associated with the lower percentiles.
However, the difference in R? values may also be due to the fact that higher
flows are less sensitive to timber management (Section 3.1.1.2) and lower flows
are more sensitive to the reduction in ET and interception associated with
greater percent area cut (Section 3.1.2).

The consistent relationship between percent area cut and absolute
changes in flow for the 1st to 90th percentiles was influenced by the large
decreases in flow on basins that had only a small percent area cut (Figure
3.12). Without these decreases, none of the relationships between absolute
change in flow and percent area cut were significant. These decreases were
probably not as influential for the relative changes in flow because of the bias
towards increases inherent when calculating relative changes (Section 3.2.1).
In contrast, there is no bias in calculating the absolute changes in flow.

Though this bias in the relative data will not always be important, the results
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associated with this analysis of percent area cut illustrate the problems of
using only relative changes to characterize the hydrologic effects of logging.
Because there was no consistent relationship between percent area cut and the
observed changes in flow, the flow data were not normalized to 100% area cut
in order to further analyze the role of specific basin characteristics or
management activities.

Road density explained 40 to 60% of the variability in absolute flow
changes for the five highest percentiles (Table 3.13). However, scatter plots
revealed that each relationship was driven by one influential observation
(e.g., Figure 3.13). The largest road density of 14.6 km km? occurred on the
Needle Branch basin in Oregon. This road density was more than five times
greater than any other basin. Though hydrologic principles suggest that a
greater area in roads can lead to higher peak flows as the strength of this
relationship suggests (Table 3.13), these road density results have to be
regarded as inconclusive. More observations are necessary to fill the gap
between road densities of 3 and 14 km km (Figure 3.13) and more studies need
to be conducted on the hydrologic effects of roads without the confounding
influence of other forest management activities.

The percent area compacted was significantly related to both absolute
and percent changes in flow at the 99th percentile (Table 3.13). However, the
relationship was opposite to what was expected, as basins with greater
compacted area were associated with lower increases in peak flows (e.g.,
Figure 3.14). Scatter plots of the data showed that there was high variability
for basins with little compaction and only four observations for basins with
more than six percent compacted area.

H. J. Andrews watershed 10 (HJA-10) had the largest percent area

compacted and the greatest decrease in flow for the 99th percentile. Since the
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original authors attributed this decrease to a desynchronization of peak flows
instead of compaction (Section 3.1.1.3), this point was removed. Regression
analysis showed that removal of the HJA-10 observation eliminated the
significant relationships between percent area compacted and both absolute
and relative changes in flow at the 99th percentile (p = 0.159 and 0.305,
respectively).

Interactions between continuous variables were considered significant
if the absolute value of the correlation was greater than or equal to 0.5. Using
this criteria, each significant basin characteristic was correlated with at least
one other significant basin characteristic or management activity. Percent’
area cut was the only significant management activity correlated with the
significant basin characteristics. However, these interactions were either
driven by influential observations or based on limited data, as missing
information resulted in small sample sizes for some correlations. Interactions
for characteristics or activities typically associated with changes in flow (e.g.,
annual precipitation and percent area cut) were also due to influential
observations or limited data. For example, mean elevation and annual
precipitation were correlated (r = -0.529) only because the three high
elevation observations were all located in dry climates (Figure 3.15). Also, the
high absolute correlations (0.524 to 0.994) between drainage density and seven
other basin characteristics and management activities may be spurious
because only six studies reported drainage density.

Significant differences between classes were found for three
categorical management activities. These were type of silvicultural method,
use of buffer strips, and season of harvest activities.

Basins subject to clearcutting had significantly larger mean absolute

changes in flow for the 1st through 10th percentiles than basins that had
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been selection cut (Table 3.14). The absolute changes for clearcut sites were
significantly higher than the combined results for selection and patch cut
sites for the 1st through 25th and the 99th percentiles.

For mean relative changes, the only significant differences between
silvicultural methods occurred at the 99th percentile. The mean change in
flow for clearcut basins (18%) was greater than the changes for both the
selection cut basins (2%) and the combined results from selection and patch
cut basins (5%). There were no significant differences for the mean change
in flow between the patch cut basins and the basins subject to selection cuts.

The observed effect of silvicultural method is difficult to interpret
because it is confounded by the percent area cut. On average, 95% of the

vegetation was removed from basins that were clearcut. In contrast, only 35%
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Table 3.14. Mean absolute changes in flow (L s* ha') for the percentiles where
silvicultural method was a significant variable. Sample sizes are in
parentheses. The symbol “ns” means that any difference between categories
was not significant.

Tvpe of silvicultural method used

Selection Selection and
Percentile Clearcut (N) vs. cut (N) Clearcut (N) vs. patch cuts (N)
1.0 0.012 (9) 0.0015 (3) 0.012 (9) 0.00056 (8)
2.5 0.012 (10) 0.0017 (3) 0.012 (10) -0.00036 (8)
50 0.018 (11) 0.0019 (3) 0.018 (11) 0.000017 (8)
10.0 0.023 (11) 0.0041 (3) 0.023 (11) 0.00086 (8)
25.0 0.025 (12) 0.0069 (4) 0.025 (12) -0.012 (9)
99.0 ns 0.41 (15) 0.072 (10)

of the vegetation was removed on average for basins that were patch or
selection cut. Also, at least 72% of the vegetation was removed in the clearcut
basins, while none of the basins subject to selection or patch cuts had more
than 60% of the forest cover removed. This correlation between percent area
cut and silvicultural method suggests that percent area cut may play an
important role in determining the expected changes in flow after logging,
even though the scatter plots did not show 'a clear and consistent relationship
between percent area cut and the observed changes in flow (e.g., Figure 3.12).

Most of the significant differences between silvicultural methods were
associated with low flows. Given the association between silvicultural method
and percent area cut, these differences are probably due to the higher
reduction in interception and ET in the clearcut basins, as this would explain
why more water was available during the drier parts of the year.

The significant differences observed between silvicultural methods for
the data from the 99th percentile were due to the decreases in flow associated
with several of the selection and patch cut basins. The data show that 4 of the
10 basins that were selection or patch cut had a decrease in flow at the 99th

percentile, while the same basins had only one or two decreases in flow for the
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90th through 97.5 percentiles. Since flow decreases were more common at the
99th percentile for the selection and patch cut basins, the silvicultural method
vielded significant differences at this percentile. However, it is not clear why
more decreases in flow occurred for the 99th percentile than for other
percentiles.

The observed changes in flow were generally less in basins where
buffer strips were used. Basins with buffer strips around all waterways (fully
buffered) had significantly lower mean absolute changes in flow than basins
without buffers for the 1st, 10th, and 25th percentiles (Table 3.15). Similarly,
for the 50th to 95th percentiles, basins with buffers around only some of the
waterways (mixed buffer use) had lower absolute changes in flow than basins
without buffers (Table 3.15). Fully buffered basins also had smaller relative
changes in flow at the 97.5 and 99th percentiles than basins with mixed buffer
use (Table 3.16). Note that the comparisons between mixed and other buffer
use categories were limited to the 50th through 99th percentiles, as only two
basins with mixed buffer use had streamflow below the 50th percentile.

These results suggest that the area immediately adjacent to the stream
channel plays an important role in moderating the changes in stream flow
associated with forest management activities. In the case of low flows, this
makes sense, as the trees left in the undisturbed areas adjacent to the stream
may minimize low flow increases by utilizing some of the additional water
generated in upslope areas. A

The smaller changes in high flows associated with buffered sites may be
explained by two processes. The variable source area concept suggests that the
area immediately adjacent to the stream provides most of the water for runoff
(Hewlett and Hibbert, 1966). As more water is required to saturate these areas

when trees are present, a smaller proportion of the precipitation becomes
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Table 3.15. Mean absolute changes in flow (L s ha?') for the percentiles where
the use of buffer strips was a significant variable. Sample sizes are in
parentheses. The symbol “ns” means that any difference between categories
was not significant. Note that the mean decreases were not significantly
different from zero.

Use of buffers
Percentile Fully (N) vs. Without (N) Mixed (N) vs. Without (N) p-value

1.0 -0.0027 (4) 0.013 (9) insufficient data 0.039
10.0 -0.00084 (4) 0.023 (10) insufficient data 0.044
250 -0.025 (6) 0.030 (10) insufficient data 0.052
50.0 ns 0.012 (3) 0.047 (10) 0.003
75.0 ns 0.027 (5) 0.098 (10) 0.020
90.0 ns 0.037 (5) 0.19 (10) 0.022
95.0 ns 0.074 (5) 0.20 (10) 0.058

Table 3.16. Mean percent change in flow for percentiles
where the use of buffer strips was a significant variable.
Sample sizes are in parentheses.
Use of buffers
Percentile Fully (N) vs. Mixed (N) p-value
97.5 9 (6) 23 (5) 0.036
99.0 5 (6) 32 (5) 0.024

runoff. Thus, peak flow increases are reduced when streamside areas are
buffered. Buffers may also minimize the increase in high flows by providing
an undisturbed zone through which overland flow would have to pass before it
reaches the stream. Since undisturbed forest soils typically are very
permeable, any overland flow from upslope harvested areas may infiltrate
back into the ground upon reaching the streamside buffer. In basins without
buffers, this upslope runoff may be able to reach the channel because harvest
activities can reduce the permeability (Huang et al., 1996).

Sites that were harvested during just the growing season had
significantly smaller absolute changes in flow for the 99th percentile than
sites where harvesting occurred during both growing and dormant seasons

(mean =-0.019 and 0.42 L s ha’, respectively). As this relationship was not
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significant for any other percentiles or for relative changes in flow, it is

difficult to draw any clear conclusions from this result.

3.2.3.1.3. RECOVERY OF STREAMFLOW

Recovery of streamflow after logging was determined for the same flow
percentiles that were used to evaluate the absolute and relative changes in
flow (Section 3.2.3.1.1). However, the statistical significance of changes in
flow for each time period were only evaluated for the 1st, 50th, and 99th
percentiles (Section 2.5.2). The absolute and relative changes in streamflow
after logging by two-year interval for each study can be found in Appendix
VII along with summary statistics for each percentile.

In general, the absolute increases in flow after logging dropped off
rapidly except at the higher flow percentiles (Figure 3.16). Similar trends
were evident for the relative changes in flow (Figure 3.17), although the data
were not quite as consistent for the lowest percentiles because of the bias and
greater variability associated with calculating percent changes in flow.

Mean and median changes in flow for the first percentile decreased
steadily towards zero over the first three post-treatment intervals (Figure
3.18). Over this time period, the median change decreased from 0.0049 to
-0.0001 Ls* ha' and from 78 to -1%. Statistical analysis indicates that recovery
occurred by the second post-treatment interval (Table 3.17, Figure 3.18). By
the last post-treatment period, there is some evidence of a decrease in flow at
the first percentile, but the values were not statistically different from zero.

The data from the 2.5 and 5th percentiles also showed a marked decrease
in the change in flow over the first two post-treatment intervals (Figure 3.17).
However, the median changes in flow then appeared to stabilize around 0.0008

L s? ha! and 25% for each of these percentiles.
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Table 3.17. Mean and median values for absolute and relative changes in first
percentile flows by two-year time periods. P-values are from non-parametric
sign tests of the significance (o = 0.05) of each median value from zero.

Time 1st (L s* ha') 1st (%)
period N Mean Median p-value Mean Median p-value
1st 18 0.0055 0.0049 0.013 2100 78.2 0.031
2nd 17 0.0029 0.0021 0.332 729 17.7 0.332
3rd 14 -0.0034 -0.000087  1.000 21.5 -0.8 1.000
4th 12 -0.0031 0.00047 0.774 23.1 294 0.774
S5th 8 -0.0029 -0.0010 0.727 17.8 -9.8 0.727

The median flow increases associated with the 10th and 25th percentiles
declined sharply over the first three post-treatment periods, but then declined
only slightly between the third and fourth periods (Figure 3.17). However, the
median change for both of these percentiles was larger for the fifth interval
than for the fourth. The 10th percentile appeared to be stabilizing around
median changes of about 0.0016 L s* ha'’ and 28% during the last three
intervals. For the last two intervals, the median change for the 25th
percentile was higher than the median change for the 10th percentile in
absolute terms (0.0026 L s ha') and lower in relative terms (17%).

The relatively rapid recovery rates for the 1st to 25th percentile flows
suggest that low flows are controlled by processes that recover quickly after
logging. Most of the authors that reported regrowth considered it to be rapid
(e.g., Hsia, 1987; Langford et al., 1982; Miller, 1984). Rapid regrowth would
suggest a rapid increase in interception and transpiration. The increase in
transpiration is probably the major cause of the rapid recovery, as the lowest
flows typically occur during periods when transpiration rates are high and
precipitation inputs--and thus interception rates--are low. Since younger

stands tend to transpire at higher rates than older, mature stands (Bosch,
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1979), the increasing transpiration may also account for the decreases in flow
observed at the first percentile during the fifth time period (Figure 3.17).

Median absolute and relative changes associated with the 50th
percentile decreased each time period after logging (Figures 3.16 and 3.17). By
the fifth interval, the increases in flow had returned nearly to pre-treatment
levels. Absolute changes decreased by a factor of seven (from 0.027 to 0.0038
L s ha') and relative increases dropped from 29 to 3% over the post-treatment
period (Table 3.18).

Though the 50th percentile flows decreased consistently after logging
(Figure 3.19), statistical analysis of the timing of flow recovery produced
mixed results (Table 3.18). Using a 0.05 level of significance, the change in
flow was not significantly different from zero for the third two-year interval
(p = 0.064), but was just significant for the fourth interval (p = 0.049). The
absolute and relative changes in flow for the fifth interval were not
significantly different from zero (p = 0.774).

The extreme skew evident for the relative changes in flow during the
first two post-treatment periods (Figure 3.19 (b)) was caused by the basins with
near zero pre-treatment flow at the 50th percentile. As noted before (Section
3.2.1), these extreme values are caused by relative increases in flow
approaching infinity when pre-treatment flows approach zero. This skew did
not influence the significance, however, as the data were tested using the
non-parametric sign test.

In general, the median increases in flow over time for the 75th and 90th
percentiles behaved similarly to the 50th percentile. The median increases for
the 75th and 90th percentile flows varied over the first four intervals, but
then showed a marked decline in the fifth post-logging period (Figures 3.16

and 3.17). The changes in flow for each percentile dropped from a high of

79



Table 3.18. Mean and median values for absolute and relative changes in 50th
percentile flows by two-year time periods. P-values are from non-parametric
sign tests of the significance (o = 0.05) of each median value from zero.

Time 50th (L s ha') 50th (%)

period N Mean Median p-value Mean Median p-value
1st 27 0.025 0.027 0.000 84.9 29.1 0.000
2nd 23 0.017 0.016 0.003 83.8 279 0.003
3rd 19 -0.0083 0.0078 0.064 16.1 12.8 0.064
4th 17 0.0078 0.0066 0.049 204 12.5 0.049
5th 12 -0.0030 0.0038 0.774 10.1 3.3 0.774

18% during the first or second interval to lows of one or two percent over the
post-treatment period. During the same time period, the absolute changes for
the 75th and 90th percentiles dropped from 0.047 to 0.0050 L s* ha® and from
0.075 10 0.0015 Ls* ha, respectively (Appendix VII). As the median changes
were nearly zero by the fifth two-year interval (Figures 3.16 and 3.17), the
75th and 90th percentiles recovered more rapidly than the higher flow
percentiles.

The data from the 95th and 97.5 percentiles indicated less rapid recovery
than the percentiles lower on the FDC. However, during the fifth post-
treatment interval, the changes in flow for the 95th and 97.5 percentiles
dropped markedly (Figures 3.16 and 3.17). Median changes during the final
period were 0.048 L s ha! and 4% for the 95th percentile and 0.072 L s ha’
and 5% for the 97.5 percentile.

The median change in flow for the 99th percentile was more persistent
than for the other high flow percentiles (Figure 3.20). Absolute increases for
the 99th percentile were consistently between 0.1 and 0.2 L s ha?! during the
first five two-year intervals (Table 3.19). At the same time, median relative
increases associated with the 99th percentile were reduced by nearly half,

from 10 to 6% over the post-treatment time period. The relative increases are
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Table 3.19. Mean and median values for absolute and relative changes in 99th
percentile flows by two-year time periods. P-values are from non-parametric
sign tests of the significance (o = 0.05) of each median value from zero.

Time 99th (L s! ha') 99th (%)

period N Mean Median p-value Mean Median p-value
1st 30 0.22 0.15 0.001 109 9.5 0.001
2nd 25 027 0.19 0.004 194 7.5 0.004
3rd 22 0.33 0.20 0.004 20.7 89 0.004
4th 19 0.23 0.13 0.064 10.2 7.3 0.064
5th 14 0.24 0.16 0.013 7.6 5.6 0013

slightly less than the median increase of 12% for the three-year post-
treatment analysis (Table 3.10) because slightly different data sets were used
(Section 2.5.2).

Statistical analysis indicated that absolute and relative changes in flow
did not recover at the 99th percentile until the fourth post-treatment period
(Table 3.19). However, the changes in flow were again significantly different
from zero for the fifth interval (p = 0.013). This apparent inconsistency is
because 5 of the 19 basins had decreases in flow during the fourth interval,
while only 2 of the 14 basins showed a decrease in flow during the fifth
interval. This again illustrates how data availability can affect the results,
particularly when there is such variability in the observed flow changes
between study basins.

The greater persistence of the observed changes in high flows suggests
that the hydrologic processes that generate these changes do not recover as
rapidly after logging as the processes that control the lower flows. A review
of the individual studies did not reveal any direct evidence for one specific
factor or process. However, most of the studies that had increases in flow '
throughout the post-treatment period had several characteristics in common

that may explain the persistence of the increases.



Twenty-one basins that were not harvested over multiple time periods
had at least six years of post-treatment data. Twelve of these basins had an
increase in flow at the 99th percentile over the entire post-treatment period,
while the other nine studies fluctuated between increases and decreases. Most
of the 12 studies with persistent increases in flow had several or all of the
following characteristics: 1) greater than 50% of the basin was cut; 2) the
silvicultural method was clearcutting; 3) no buffer strips were used; and 4)
some tractors or rubber-tired skidders were used in the vyarding process (Table
3.20).

Each of the management practices in Table 3.20 was associated with
larger increases in high flows than similar, less disturbing practices (Sections
3.1.1.4 and 3.2.3.1.2). These practices also tend to be associated with a higher
degree of site disturbance. Since greater site disturbance is usually linked
with greater soil exposure and compaction (Rice et al, 1972), the association
between high site disturbance and higher increases in flow may partly
explain why recovery was so slow at the 99th percentile.

The primary source of runoff during precipitation or snowmelt events
in many undisturbed forested environments is subsurface flow (Mosley, 1979;
Troendle, 1987). After logging, infiltration rates of disturbed soils may
decrease and cause overland flow to become more common (Bruijnzeel, 1991).
As water typically travels quicker overland than through subsurface routes, it
is able to concentrate in the streams more readily and possibly increase high
flows.

There are at least two possible causes for a decrease in infiltration rates
after logging. First, removal of the litter exposes soils to raindrop impact
(Heede and King, 1990). The impacts dislodge smaller particles that can clog

pores at the surface, reducing infiltration. For example, peak flow increases
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Table 3.20. Proportion of basin cut and selected management practices in the
12 basins that had an increase in flow at the 99th percentile throughout the
post-treatment period. “NA” indicates that data were not available.

Percent of Silvicultural Use of Yarding
Basin basin cut method buffers method
Needle Branch, OR 82 clearcut none tractor and
cable
Cadwell Creek, MA Rz mixed partial tractor
Coyote Creek 2, OR 30 patch NA tractor and
cable
Coyote Creek 3, OR 100 clearcut NA tractor and
» cable
Fool Creek, CO 40 patch NA NA
H. J. Andrews 1, OR 100 clearcut none fully
suspended
H. J. Andrews 3, OR 33 patch none partially
suspended
H. J. Andrews 6, OR 100 clearcut none tractor and
cable
H. J. Andrews 7, OR 60 selection none tractor and
cable
Hubbard Brook 2, NH 100 clearcut none none
Mai Mai 8§, N. Z. 0 clearcut complete partially
suspended
Wagon Wheel Gap B, CO 100 clearcut partial tractor

on an unlogged basin in Japan were attributed to this process after surface
litter was removed by hand (Tsukamoto, 1975). While this source of reduced
infiltration may increase peak flows, the effects of litter removal are typically
short lived because herbaceous vegetation usually covers a disturbed forest
site quickly (e.g., Adams et al., 1991).

A second cause of decreased infiltration rates is compaction.
Compaction decreases infiltration by reducing the number of macropores
present in a soil (Huang et al., 1996; Bruijnzeel, 1991; Dickerson, 1976).
Compaction also reduces the total amount of water that can infiltrate into the

soil by reducing the soil moisture storage capacity. Compacted soils can take 10
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or more years to return to pre-logging bulk densities and infiltration rates
(Dickerson, 1976; unpublished data by van der Plas and Bruijnzeel referenced
in Bruijnzeel, 1991). Since compacted soils take a long time to recover after
logging and they can contribute to increases in high flows, soil compaction
may play an important role in determining the size and persistence of high
flow increases after logging, even though there was insufficient data to
directly link the observed increases in high percentile flows to percent area
compacted (Section 3.2.3.1.2).

Nine basins showed both positive and negative changes in flow at the
99th percentile over time. Only four of these basins had more than one of the
four characteristics mentioned in Table 3.20. One of these four basins has
already been noted as an exception (HJA-10). Two other basins (S4N and S4S)
were from a site in Minnesota that appeared to have highly variable
precipitation amounts based on large fluctuations in post-treatment flows on
the control basin (S5). Such extreme climatic variability may have affected
the changes observed on the treated basins, even after using the data from the
control basin to adjust for these climatic differences.

It should be noted that the number of studies for each percentile
decreased with each successive two-year interval (Table 3.21). In each case,
the number of studies for the last two-year interval was less than half the
number of studies used for the first interval.

An analysis using only the studies with data for each two-year post-
treatment time interval (i.e., those studies with 10 years of post-treatment data)
was conducted to determine if the results for the last post-treatment interval
were biased by only having data from basins that took longer to recover. This
analysis was designed to address the concern that long-term data existed only

because flow recovery had not yet been detected on these basins.
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Table 3.21. The total number of results used for each percentile by post-
treatment interval.
Number of studies by two-vear post-treatment interval

Percentile 1st 2nd 3rd 4th Sth
10 18 17 14 12 8
2.5 19 18 15 13 9
5.0 20 19 16 14 10
100 22 20 17 15 11
25.0 24 22 19 16 11
50.0 27 23 19 17 12
75.0 29 24 21 18 14
90.0 30 25 22 19 14
95.0 30 25 22 19 14
975 30 25 22 19 14
99.0 30 25 22 19 14

The recovery analysis using only the studies with 10 years of post-
treatment data did not show any significant differences from zero for either
absolute or relative changes in flow at the 1st and 50th percentiles. Only the
first and fifth post-treatment intervals were significantly different from zero
(p = 0.023 in each case) for absolute and relative changes in flow at the 99th
percentile. The reason why these recovery results for the long-term data sets
differ from the results that included all available data (Tables 3.17 to 3.19) is
because a greater percentage of the long-term studies had changes that
fluctuated around zero. If the long-term data were biased towards studies
where recovery had not been detected by 10 years post-treatment, then most of
the results would have been consistently greater than zero instead of
alternating between increases and decreases in flow over time. These results
indicate that the recovery analysis data were not biased and that, once again,

data availability can affect the results.
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3.2.3.2. AFFORESTATION

Three of the four afforested basins had increases in flow for each
percentile during the first three-year period after treatment (Table 3.22),
while the fourth basin (Shackham Brook) had a decrease in flow for each
percentile. The three basins that recorded an initial increase in flow (C8, C13,
and C14) were all located at Moutere Hills in New Zealand. Changes in flow
were not calculated for the smaller percentiles because there were periods
with no flow (Section 2.5.3). All of the afforestation data can be found in
Appendix VIII.

As with the logging results (Section 3.2.3.1.1), the lowest flows exhibited
the greatest relative change while the highest flows showed the greatest
absolute change. The 50th percentile had the largest relative increase of
531%, while the 97.5 percentile had the smallest relative increase of 79%.
Mean absolute changes for all basins ranged from -0.0023 L s* ha? for the 50th
percentile to 0.51 L s? ha? for the 99th percentile (Table 3.22). This absolute
increase for the 99th percentile is more than twice the median increase
following timber harvest (Section 3.2.3.1.1).

The larger increases for C8 and C13 as compared to C14 (Table 3.22) and
the timber harvest studies were probably caused by the more intensive site
disturbance on C8 and C13. During the conversion from dense gorse to pine,
both of these basins were burned (Duncan, 1995). The C8 basin was also line
dozed, while the C13 basin was root-raked and cultivated before planting. This |
high degree of soil disturbance, when combined with the lower ET and
interception losses after removing the dense gorse, may explain the large
relative increases in streamflow immediately after planting.

Mean flows rapidly decreased over time after afforestation (Tables 3.23

and 3.24). By the fifth post-treatment period, flow for the 50th and 75th
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Table 3.22. Absolute and relative changes in selected flow percentiles for each
basin during the first three-year interval following afforestation. “NA”
indicates that data were not available.

Basin
Shackham

Percentile 8 C13 Cl4 Brook Mean
Absolute changes in flow (L s' ha')

50.0 NA 0.0038 0.0014 -0.012 -0.0023

75.0 0.054 0.021 0.0083 -0.0063 0.019

90.0 0.19 0.071 0.017 -0.024 0.062

95.0 0.36 0.16 0.030 -0.046 0.13

97.5 0.60 048 0.031 -0.15 0.24

99.0 1.2 0.95 0.25 -0.32 0.51
Percent changes in flow

50.0 NA 1470 133 -11 531

75.0 370 367 69 -2 201

920.0 303 181 32 -4 128

95.0 227 123 20 -5 91

97.5 145 176 7 -11 79

99.0 179 172 36 -16 93

Table 3.23. Mean absolute change for 50th to 99th percentile flows associated
with three-year post-treatment time intervals. The sample sizes are provided
in the parentheses for the 50th and 75th to 99th percentiles, respectively.
Mean absolute change in flow by post-treatment interval
Percentile 1st (3, 4) 2nd (3, 4) 3rd (3, 4) 4th (3, 4) 5th (2, 3)

50.0 -0.0023 -0.016 -0.014 -0.0090 -0.029
75.0 0.019 -0.016 -0.011 -0.017 -0.042
90.0 0.062 -0.019 -0.039 -0.043 -0.080
950 0.13 -0.029 -0.065 -0.095 -0.10
97.5 0.24 -0.057 -0.16 -0.17 -0.32
99.0 051 0.28 -0.26 -0.12 -0.42

Table 3.24. Mean relative change for 50th to 99th percentile flows associated

with three-year post-treatment time intervals. The sample sizes are provided

in the parentheses for the 50th and 75th to 99th percentiles, respectively.
Mean relative change in flow by post-treatment interval

Percentile  1st(3, 4) 2nd (3, 4) 3rd (3, 4) 4th (3, 4) 5th (2, 3)

50.0 531 -17 -38 1 -66
75.0 201 -13 -49 -26 -64
90.0 128 -1 -48 -38 -49
95.0 91 -7 -46 -43 -46
97.5 79 -5 -50 -41 -45
99.0 93 36 -46 -18 -30




percentiles had dropped by nearly two-thirds relative to the pre-treatment
flows (Table 3.24). At the same time, mean flows for the 90th to 97.5 percentiles
had decreased by nearly 50% from pre-treatment levels, while the 99th
percentile flows had decreased by an average of 30% (Table 3.23).

The decreases in flow after afforestation (Table 3.23) are probably due to
changes in the same processes that control hydrologic recovery after logging
(Section 3.2.3.1.3). The large relative decrease in flow at the 50th percentile
for the New Zealand basins was probably due to increasing interception and
transpiration, as Duncan (1990) reported rapid pine growth on these basins
and almost complete crown closure on the C14 basin after just five years. The
much lower soil moisture levels observed in the planted basins--as compared
to the pasture-covered control basins--were attributed to the greater rooting
depth of pines (Duncan, 1995). This suggests that transpiration is the most
probable cause of the large decreases in 50th percentile flows (Table 3.23).

While the cause of the decreases in higher flows cannot be determined
from the data, increased infiltration and interception may be important
factors. For example, the pasture on the C14 basin was noted to be in poor
condition and heavily grazed prior to planting (Duncan, 1990). Conversion of
the C14 basin to pines resulted in a 57% decrease in the 99th percentile flows
during the fifth three-year interval after planting. This large decrease in
flow on the C14 basin is likely dué in part to increased infiltration after
conversion, as Horton overland flow was observed during intense rainfall
events on pasture-covered areas, but it was considered to be “probably less
important in pine- and gorse-covered catchments” (Duncan, 1995).

Interception may also be contributing to the observed decreases in

higher flows, as interception losses on two New Zealand basins planted with



pines equaled 31% of annual precipitation (Fahey and Watson, 1991). Fahey
and Watson (1991) also cited several other studies that showed interception
rates ranged from 18 to 48% for pine-covered basins throughout New Zealand
and Australia. The potentially large increase in interception and the
difference in runoff pathways after afforestation could easily explain the
observed decreases in higher percentile flows. These factors may also explain
why the mean absolute and relative afforestation changes for the 99th
percentile were larger than the corresponding changes for the forest harvest

studies (Section 3.2.3.1.1).
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4. DISCUSSION

4.1. DIFFICULTIES ENCOUNTERED DURING THIS STUDY

One of the major goals of this study was to assess the relationships
between basin characteristics and management activities and observed
changes in peak or low flows. We did not want to limit the scope of the project
by ruling out potentially important variables before the analysis was
conducted, so we tried to obtain as much information as possible about each
study. Unfortunately, one of the major difficulties with this study was missing
data for both basin characteristics and the specific management activities
conducted on each basin.

By asking for a great deal of information, we inevitably ended up with
numerous gaps in our data. Many authors did not have the time to track down
all of the information we requested. In addition, few studies collected all of the
potentially relevant data (e.g., percent area compacted). In a few cases, we
were not able to obtain any information beyond what was published because
we could not locate anyone associated with the study.

Missing data limited the statistical analysis by limiting the number of
relationships that could be tested, by allowing influential observations to drive
relationships with few observations, and by precluding the use of multivariate
analysis. The missing data also limited the applicability of some results
because the range of observations was relatively narrow.

Another important difficulty in this study is the high variability in the

changes in flow, basin characteristics, and management activities. Since a
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major goal of this project was to limit the variability between studies, two
approaches were used to minimize this variability: grouping the published
data by similar peak and low flow definitions (Section 3.1) and recalculating
changes in flow using a consistent methodology (Section 3.2). By removing
the effect of different methodologies, it was hoped that the causes of flow
changes associated with timber harvest would become more evident. However,
a great deal of variability between sites was still apparent in both the
composited published results (Section 3.1.1.4) and the flow duration curve data
(Sections 3.2.1 and 3.2.3.1.1). This is consistent with the findings of other
authors, as Harr (1976) wrote:

If there is a term that can most appropriately be applied to

the hydrology of small, forested streams, it is “variability”, not

only in streamflow and hydraulic characteristics but also over

time and space. Variability is the rule rather than the exception.

This variability makes it very difficult to find consistent and significant
relationships between changes in flow after logging and either basin
characteristics or management activities.

There were many factors unrelated to flow definitions and flow analysis
techniques that contributed to the variability in results between sites. The
variable analysis showed that at least nine basin characteristics and seven
management activities contributed to the observed variability in flow changes
after logging (Sections 3.1.1.4 and 3.2.3.1.2). Though some of these
relationships had limited statistical validity (e.g., road density), both
hydrologic theory and individual studies indicate that a larger data set might
confirm the significance of most of these relationships.

In addition to the factors studied, there are many other sources of

variability that were not analyzed. For example, factors such as depth to water

93



table, hydraulic conductivity, soil depth, soil texture, and geologic features can
all influence the change in flow after logging or afforestation. Such factors
were not analyzed because they were either too difficult to characterize or too
little information was available. Other sources of variability included factors
such as the length of the pre-treatment record, the strength of the
relationship between paired basins, the accuracy of the measured flow, and
the varying definitions of key characteristics or management activities (e.g.,
compacted area). Another source of variability was the limitations of accuracy
and precision associated with the constraints of time and funds.

There are many more factors that can contribute to the observed
variability that have not been mentioned and still others that have not been
considered. Several recommendations for limiting the variability in future
studies are provided below in Section 4.3 so that we can hopefully have a better
understanding of the characteristics and activities most likely to influence
changes in streamflow after forest management.

An important limitation of this study is a lack of knowledge about the
magnitude and frequency of peak flows evaluated for each study. It was not
always clear if the peak flows that were evaluated were important for sediment
transport or other channel forming processes. Knowing the magnitude and
frequency of the peak flows observed in each study would provide some useful
guidance with respect to the geomorphic significance of the observed
changes. Information about the recurrence intervals may also provide a
better framework for analyzing the published results and possibly reduce the
variability in observed changes between studies. This information was
requested for each study (Section 2.2), but the limited response indicated that
the information was either not available or, more likely, the request was

poorly worded.



The implications of the FDC data were also limited because the
percentiles investigated could not be directly related to sediment transport
rates or geomorphic indicators such as bankfull. Since I did not know the
geomorphic significance of key flows such as the 99th percentile, I could not
predict how the observed changes in flows would affect channel stability, fish
habitat, or sediment transport. Knowing the geomorphic significance of the
high percentile flows would strengthen the interpretation and application of

the FDC results.

4.2. IMPLICATIONS OF FOREST MANAGEMENT EFFECTS ON HIGH AND LOW FLOWS

The results present strong evidence that both high and low flows
increase after logging. Low flow increases tend to be relatively large, but
short-lived. In contrast, the increases in higher flows are relatively small,
but larger in absolute terms and more persistent.

Resource managers need to e;/aluate the applicability of these results to
their particular situation. This requires an understanding of the local
hydrologic processes and available management activities. Resource
managers can then determine which studies are most applicable to their
situation and what changes in flow they can expect after forest management
activities. For example, peak flow increases after logging were smallest in
areas with larger annual precipitation. Thus, if an area scheduled for logging
is located in a dry climate, then the resource manager might expect larger
increases in peak flows and plan stream crossings accordingly.

Many of the studies utilized for this study were conducted when high
impact management activities such as clearcutting and tractor yarding were
more widely applied. Even though these high impact activities are often

limited to smaller areas, they are still used. Thus, the relationships between
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management activities and changes in flow provided in this study can still be
utilized by resource managers when making planning decisions. However,
resource managers must also evaluate the results from more recent studies, as
these may better reflect current practices.

Knowledge of the probable changes in flow may not be sufficient, as
resource managers also need to understand how a given increase in high
flows might affect their resource concerns. For example, changes in channel
morphology have been associated with peak flow increéses after logging. This
is because the increased flows can erode banks and channels, move large
organic debris, and transport more sediment (Harr, 1986; Christner and Harr,
1982). In the Rocky Mountains of Colorado, increases in peak flows were
shown to increase sediment transport (Troendle and Olsen, 1994). The source
of this increased sediment was shown to be from within the channel rather
than from increased sediment inputs associated with upslope site disturbances.
Heede (1991) also found significant changes in channel morphology associated
with increases in annual yields and peak flows after timber harvest. His
results showed a 10% increase in mean cfoss-sectional area, a 285% increase in
knickpoints, and a 46% decrease in natural control structures (e.g., log steps
and gravel bars) for an ephemeral stream in the White Mountains of Arizona.
These changes in channel morphology can have detrimental impacts on water
quality and fish habitat, and should be taken into account when evaluating the
effects of timber harvest on streamflow.

Resource managers also need to consider the potential additive effect of
increased peak flows in higher order channels. Though flows would likely be
reduced downstream on larger streams and rivers by differences in lag times,
spatial and temporal rainfall patterns, and the extent of logging operations

between basins (Bruijnzeel, 1986), increases in flows downstream from
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multiple basins that have been harvested may occur. A spatial model such as
the one developed by Bevers et al. (1996) can help minimize downstream
increases by scheduling forest management activities to desynchronize flows
from different sub-basins.

Another important implication of forest management effects on peak
flow increases relates to public perception. It is generally believed that
logging results in severe flooding. However, the published data indicated that
large peak flows typically increase by 26% (Section 3.1.1.1), while the FDC
analysis showed that the median increase for 99th percentile flows was only
12% (Section 3.2.3.1.1). In addition, these small, localized increases in peak and
99th percentile flows would likely be even smaller in higher order waterways
downstream from the harvested areas (Bruijnzeel, 1986). Thus, in the absence
of large-scale and severe site disturbance, the general perception about
forests and severe flooding is largely unfounded.

The effects of low flow increases on resource concerns should also be
understood by land managers. For example, increases in low flows may
provide important benefits for fisheries and agricultural resources during the
drier seasons. Hicks (1990 M. S. thesis cited in Hicks et al., 1991) found an
inverse relationship between oxygen depletion and streamflow during dry
conditions at H. J. Andrews in Oregon. Increased water flow during dry
seasons would likely benefit cold-water fisheries by increasing dissolved
oxygen, maintaining lower water temperatures, and slightly increasing
habitat. Low flow increases may also benefit agricultural interests by
providing more water when crops and livestock need it the most. However,
unless regrowth is inhibited, the low flow increases should not be expected to

last more than three to four years after logging (Section 3.2.3.1.3).
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4.3. RECOMMENDATIONS FOR FUTURE RESEARCH

My first recommendation is that future studies build on the foundation
laid by this study. The missing information that hindered this study should be
sought out and those who have access to the missing data should work to fill in
the gaps identified here (e.g., Appendices I and II). More information should
also be obtained from tropical studies, as they were poorly represented in this
data set and they could help broaden the range of information regarding basin
characteristics. The extra data from each of these sources would allow others
to perform more rigorous statistical analyses of the relationships investigated
in this study and begin to look at the interactions of multiple variables.
Further analysis using a larger data set will hopefully provide more specific
guidance to land managers and thereby improve resource planning.

Future studies should also look at the geomorphic significance of the
flows investigated. There are several ways that this can be accomplished. The
initial focus should be on obtaining this information from the original
authors or institutions, since they are most likely to know the geomorphic
significance of the flows evaluated for each study. If this information is not
available, then the original flow data should be obtained so that the magnitude
and frequency of the pre- and post-treatment flows could be calculated. Mean
daily flows should be sufficient for determining changes in low flows, but
instantaneous flow data should be used to more accurately characterize the
larger flows. Though instantaneous data are more difficult to work with, an
important benefit is that one could relate the observed flows to bankfull and
sediment transport rates. Knowledge of the geomorphic relationships might
also help to reduce the variability of a meta-analysis by providing a more

accurate means of grouping similar data.
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If the instantaneous data cannot be obtained, it is possible to determine
the recurrence intervals of select percentiles from flow duration curves
developed from mean daily flows. Vogel and Fennessey (1994 and 1995)
suggested that means and confidence intervals could be developed for each
percentile on a FDC by creating FDCs for each year analyzed. This would allow
statistical tests to be performed on pre- and post-treatment data. If there are
enough years of data, this could also allow for the development of recurrence
intervals for any given percentile using the same ranking procedures that
are used to develop flood frequency curves. The recurrence intervals can
then be used to determine the relative magnitude of each percentile, thereby
providing a rough estimate of the geomorphic significance of the high
percentile flows evaluated for each study. No matter how the geomorphic
significance is obtained, it will enhance the results of each study by providing
perspective on the type of events investigated.

There is a strong need to improve how future paired-basin studies are
reported. First, each researcher should provide as much information as
possible about each paired-basin study. If the information cannot be
published due to space linﬁtations, they should at least make sure that the
details of the study are readily available from the internet or the institution
sponsoring the study. This additional information would minimize confusion
by allowing other researchers or land use managers to better assess the
applicability and implications of the main results. The availability of these
data would also facilitate future meta-analyses by reducing the difficulties
associated with collecting additional information and analyzing incomplete
data sets (Section 4.1).

The additional data provided for each study should focus on the basin

characteristics, management activities, and methods used to collect and
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analyze the data. Was the annual precipitation measured on site? Were the
calibration or post-treatment periods drier or wetter than normal? What are
the recurrence intervals for the flow events studied? How was the drainage
density determined? What criteria were used for determining the total area
compacted? In a clearcut, were all trees cut or were smaller trees left
standing? Was the baseflow separated out of stormflows and if so, how? Were
there any missing flow data? Not only will this kind of information enhance a
study, but it will provide a better basis for determining the reliability of the
results.

Authors should report the changes that were observed along with the
significance of the results instead of simply stating that the changes were not
significant. This will serve two important purposes. First, providing p-values
will prevent the confusion encountered in this study when results from
different studies were combined and it was unclear whether or not to consider
non-significant results as zeros (Section 2.3). Second, and more importantly,
providing p-values lets the resource managers decide the relative reliability
and significance of a given result.

The high variability for natural systems evident in the results indicates
that a level of significance of 0.05 or even 0.10 may be unrealistic. For
example, Heede (1991) found no significant change (p = 0.11) in the annual
maximum instantaneous flows after logging. However, there were substantial
changes in stream morphology after treatment. This was not due to logging
activities in the stream because extra care was taken to minimize streamside
disturbances and the stream appeared undisturbed immediately after logging.
Thus, even though Heede (1991) could not show with 90% certainty that
changes in flow occurred, the physical evidence for those changes was

apparent in the stream channels.
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Authors should also report the pre- and post-treatment flow values
along with the percent changes in flow. The absolute values allow the reader
to see the size of events that are being investigated along with the absolute
changes that were observed. For example, the 2.5 percentile flow at Hubbard
Brook Watershed 5 increased 1800% from 0.00018 to 0.0033 L s* ha™ after
logging. By providing the flow values, it is readily apparent to the reader that
this was a near zero flow that increased by a very small amount in absolute
terms. Reporting only the relative change could be misleading without the
context provided by the absolute flow values. Also, when data are grouped
together to perform a meta-analysis, the use of only relative changes results
in greater variability and a bias towards increases in flow due to the basic
mathematics associated with the determination of relative changes (Section
3.2.1).

Another problem with relative changes is that simple differences in
mathematical techniques can lead to large differences in results. For example,
Dietterick and Lynch (1989) reported an average peak flow increase of 419%
during the first growing season after logging for a basin in Pennsylvania.
This value was obtained by calculating the percent increase in peak flow for
each storm during the growing season and then averaging these values.
However, the mean increase would only be 188% if the average of the observed
flows were compared to the average of the predicted flows for this same set of
storms.

[ am not recommending that percent increases be left unreported,
however, because it is useful to understand the relative importance of the
changes observed. This is especially true for higher flows. For example,
without the percent increases, it may not be readily apparent that an increase

of 0.3 L s! ha! represents a relatively small change in the 99th percentile
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flows. If absolute changes are reported, one can calculate the percent change,
but the reverse is not true. Thus, authors should always report the absolute

changes in flow observed after treatment.
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5. CONCLUSIONS

Almost a century has gone by since the first paired-basin studies of the
effects of timber harvest on streamflow. A great deal of data has been
collected and analyzed over the decades. From these data, much has been
learned about the hydrologic influences of forests. This study has focused on
the role that forests play in regulating high and low flows.

The review of published studies showed that peak flows typically
increase by 35% or less after forest harvest, although the range of results is
quite wide. The smaller peak flows, such as those that occur during the
growing season and periods of soil recharge, showed the greatest relative
increases. While larger peak flows did increase significantly, the changes
were relatively small. The smaller increases in the larger peak flows may be
attributed to their occurrence when soil moisture levels are high regardless of
the forest cover.

The published results for the effects of timber harvest on low flows
were consistent for those studies that provided actual changes in flow. Even
though the definitions of flows were quite varied, 16 studies reported an
increase and 2 studies reported a decrease in low flows after timber harvest.
An additional 10 results were reported simply as “not significant”.

Published results for afforestation studies showed that peak flows
decreased in 11 of 15 cases, while low flows decreased 12 of 14 times after
treatment. Reported decreases in peak flows ranged from 11 to 73%. Seven of

the eight decreases in low flows were 50% or more.
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The analysis of flow duration curves from 26 paired-basin studies
showed that much of the increase in flow after forest harvest occurred at the
higher flows. The median increase for the 99th percentile was 0.21 L s ha?,
but this percentile also had the smallest median relative change (12%). The
lowest flows had the most variability and the largest relative increases, but the
smallest absolute increases (< 0.01 Ls® ha'). These results are consistent with
the analysis of the published data and support the premise that low flows are
sensitive to land use changes that reduce interception and evapotranspiration.

Low flows generally recovered within three to four years of logging,
while increases for higher percentile flows persisted for at least 10 years after
harvest. The quick recovery of low flows suggests a high sensitivity of these
flows to transpiration, as regrowth was rapid for most sites. The persistence of
increases at the high end of the flow duration curve suggests that these flows
are controlled by factors that take longer to recover, such as soil disturbance.

The analysis of flow duration curve data from afforestation studies
showed a large reduction in high and low flows as the forest stands matured.
As with the timber harvest studies, the lower flows were more variable and
exhibited the largest relative changes in flow. The establishment of forest
cover had less effect on the largest flows.

The statistical analysis of the relationships between basin
characteristics or management activities and the observed changes in flow
after forest harvest was hindered by missing data and high variability. The
significant relationships that were not driven by influential observations
typically had weak correlations and thus limited predictive power.

With these limitations in mind, nine basin characteristics and seven
management activities were significantly associated with the observed

changes in flow after logging. Though the basin characteristics associated
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with higher flows cannot be changed (e.g., high annual precipitation), these
relationships should be taken into account when making land-use decisions.
The management activities associated with higher increases in flow were
generally those that caused higher site disturbance (e.g., clearcutting or
tractor yarding). If the objective is to minimize the increases in flow due to
forest management, these high-impact practices should be avoided.

While the general trends regarding the hydrological influences of
forests on streamflow are clear, there will always be exceptions and variations.
The best way to estimate the likely changes in flow after forest management is
to understand the physical processes controlling streamflow within the basin
being managed. The data in this study should provide improved guidance for
managing our natural resources, as it is another step towards understanding
“how much, at what seasons, and under what conditions of climate, soil, and

topography” forests influence streamflow (Bates and Henry, 1928).
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APPENDIX III:
GENERAL INFORMATION AND REPORTED RESULTS FOR EACH STUDY BY
PEAK FLOW TYPE
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Table Ll General information and resuits for the instantaneous peak flow type.

Study Peak flow
b Location Basin Peak flow type changes (%) Comments
3|Massachusetts Dickey Brook instantaneous not significant
8| British Columbia 1 instantaneous minus base flow -22
10{Pennsylivania LR2 instantaneous 118
13|Washington Deschutes River |instantaneous minus base flow not significant
17{Oregon FC-1 instantaneous not significant
17|Oregon FC-3 aneous not significant
22 |British Columbia __ |weir B instantaneous minus base flow not significant
22| British Columbia weir H aneous minus base flow 20
28|Victoria, Australia |Blue Jacket instantaneous not significant
28|Victoria, Australia | Picaninny in! aneous 100
32{Oklahoma 1 instantaneous not significant
32|Oklahoma 2 instantaneous not significant
32} Oklahoma 3 instantaneous not significant
33}Arkansas 10 instantaneous not significant
33|Arkansas 12 instantaneous not significant
33|Arkansas 14 instantaneous not significant
33|Arkansas 15 instantaneous not significant
33| Arkansas 17 instantaneous not significant
33|Arkansas 18 instantaneous not significant
42|Western Australia |Hansen instantaneous S0
44|India WS 2 instantaneous 8.6
47|Florida WS 1 instantaneous minus base flow 0|{did not increase
47|Florida WS 2 instantaneous minus base flow 500
62 |Malaysia Cl instantaneous not significant
62[Malaysia @ instantaneous not significant
Table 11I.2. General information and results for the daily peak flow type.
Study Peak flow
number Location Basin Peak flow type changes (%) Comments
2{Colorado B daily 50
7 |British Columbia Camp Creek daily 21
27|Idaho 12 daily 34
27}Idaho 14 daily 50!
27{Idaho 16 daily 74
27|ldaho 18 dailv 87
48| Colorado Fool Creek daily 23

Table III.3. General information and results for the growing season peak flow type.

Study Peak flow
number Location Basin Peak flow type changes (%) Comments
10{Pennsvivania LR2 owing season 419
10|Pennsyivania LR2 season 370
10|Pennsylvania LR2 season 563
15|British Columbia __ | Jamieson Creek |summer flows not significant
16{Arizona South Fork summer flows not significant
36|West Virginia 6 growing season 300
36{West Virginia 7 growing season not significant

Table IlI.4. General i

nformation and results for the dormant season peak flow type.

Study Peak flow
number Location Basin Peak flow type changes (%) Comments
15|British Columbia _ | Jamieson Creek _|winter flows 13.5
16|Arizona South Fork winter flows 59.8
21|Oregon DC-2 fall flows 11
21|Oregon DC-2 winter flows 14
21|Oregon DC3 fall flows 30
21{Oregon DC-3 winter flows 31
21|Oregon DC4 fall flows 51
21|Oregon DC4 winter flows 20
21|Oregon Deer Creek fall flows -11
21|Oregon Deer Creek winter flows 4
21|Oregon Needle Branch __ |fall flows S3
21|Oregon Needle Branch __|winter flows 19
36|West Virginia 6 dormant season not significant
36|West Virginia 7 dormant season not significant
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Table I11.5. General information and results for the annual peak flow type.
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Study Peak flow
number Location Basin Peak flow type changes (%) Comments
16{Arizona South Fork annual 64.7
20|Oregon HJA-10 annual -32
27|1daho 12 annual 15
27|Idaho 14 annual 35
27|Idaho 16 annual 36
27}1daho 18 annual 34
31{Idaho WSD6 annual minus base flow not significant
Table I11.6. General information and results for the mean peak flow type.
Study Peak flow
number Location Basin Peak flow tvpe changes (%) Comments
12 |North Carolina WS 28 mean 30
41[Oregon HJA-1 mean 24
41|Oregon HJA-3 mean 10
45 [North Carolina WS 7 mean 14.6
49|Colorado Deadhorse Creek |mean 0|no change
49{Colorado North Fork mean 49
53| California South Fork mean 10
55 {South Carolina 64 mean 150
55 {South Carolina 66 mean 55
55 |South Carolina 68 mean 55
60|Massachusetts Cadwell Creek 1 _|mean growing season 46
Table II.7. General information and results for the large peak flow type.
Study Peak flow
number Location Basin Peak flow type changes (%) Comments
18|Oregon CC1 nine vear Rl 47
18{Oregon CC-2 nine year RI 10
18|Oregon CC3 nine vear Rl 36
21|Oregon Needle Branch _ |big mean 20
21|Oregon Deer Creek big mean 2
26| Taiwan LHC-4 75th percentile (<) 19.8
27{ldaho 12 fifth percentile (>) 26
27{Idaho 14 fifth percentile (2) 30
27|ldaho 16 fifth percentile () 10
27|Idaho 18 fifth percentile (>) 15
29{Victoria, Australia |Clem big instantaneous 50
37|New Zealand M7 large 30
37{New Zealand M9 large 32
38|New Hampshire 2 big instantaneous 13
40|West Virginia 1 big instantaneous 4
S50{Mississippi C-1I big instantaneous 36
50| Mississippi C-111 big instantaneous 28
57|Georgia Ws 14 instantaneous minus base flow (large) not significant




Table II1.8. General information and results for the all peak flow type.

Study Peak flow
number Location Basin Peak flow tvpe changes (%) Comments

2 {Colorado B daily 50
3{Massachusetts Dickey Brook instantaneous not significant
7 | British Columbia Camp Creek daily 21
8British Columbia 1 instantaneous minus base flow -22

10{Pennsylvania LR2 growing season 419

10{Pennsylvania LR2 growing season 370

10{Pennsvlvania LR2 growing season 563

10|Pennsylvania LR2 instantaneous 118

12|North Carolina Ws 28 mean 30

13|Washington Deschutes River |instantaneous minus base flow not significant

14iOregon 1 ? not significant

14{Oregon 2 ? not significant

14|Oregon 4 ? not significant

15|British Columbia | Jamieson Creek |summer flows not significant

15|British Columbia Jamieson Creek |winter flows 13.5

16|Arizona South Fork annual 64.7

16|Arizona South Fork summer flows not significant

16|Arizona South Fork winter flows 59.8

17]Oregon FC-1 instantaneous not significant

17 |Oregon FC-3 instantaneous not significant

18|Oregon CC-1 nine year Rl 47

18|Oregon CC-2 nine year RI 10

18{Oregon CC-3 nine vear RI 36

19{Oregon HJA-6 one year RI not significant

19|Oregon HJA-7 one vear RI not significant

20|Oregon HJA-10 annual -32

20{Oregon HJA-10 associated with rain 1

20{Oregon HJA-10 associated with snow -36

21}Oregon Needle Branch _ | big mean 20

21|Oregon Deer Creek big mean 2

21|Oregon DC-2 fall flows 11

21|Oregon DC-3 fall flows 50

21{Oregon DC4 fail flows 51

21|Oregon Deer Creek fall flows -11

21|Oregon Needle Branch __|fall flows 53

21|Oregon DC2 winter flows 14

21|Oregon DC3 winter flows 31

21|Oregon DC4 winter flows 20

21|Oregon Deer Creek winter flows 4

21|Oregon Needle Branch __|winter flows 19

22 |British Columbia __|weir B instantaneous minus base flow not significant

22 |British Columbia weir H instantaneous minus base flow 20

23 {North Carolina WS 37 too specific 7

25 |North Carolina WS 1 ? not significant

25 | North Carolina WS 13 ? not significant

25 | North Carolina WS 17 ? not significant

25 |North Carolina WS 22 ? not significant

26{North Carolina WS 13 16th percentile (>) 17

25 |North Carolina WS 17 16th percentile (2) 45

26| Taiwan LHC-4 25th percentile (<) 62

26| Taiwan LHC-4 50th percentile (<) 48

26| Taiwan LHC-4 75th percentile () 19.8

27|Idaho 12 annual 15

27|ldaho 14 annual 35

27 {Idaho 16 annual 36

27{Idaho 18 annual 34

27{1daho 12 daily 34

27|Idaho 14 daily 50

27|Idaho 16 daily 74

27|Idaho 18 daily 87
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Table III.8. (cont.)

Study Peak flow

number Location Basin Peak flow tvpe changes (%) Comments
27{Idaho 12 fifth percentile (=) 26
27}ldaho 14 fifth percentile () 30
27}Idaho 16 fifth percentile (>) 10
27|Idaho 18 fifth percentile () 15
28|Victoria, Australia _|Blue Jacket instantaneous not significant
28|Victoria, Australia _|Picaninny instantaneous 100
29{Victoria, Australia _|Clem big instantaneous 50
31}Ildaho WSDé annual minus base flow not significant
32|Oklahoma 1 instantaneous not significant
32|Oklahoma 2 instantaneous not significant
32|{Oklahoma 3 instantaneous not significant
33|Arkansas 10 instantaneous not significant
33|Arkansas 12 instantaneous not significant
33|Arkansas 14 instantaneous not significant
33|Arkansas 15 instantaneous not significant
33|Arkansas 17 instantaneous not significant
33|Arkansas 18 instantaneous not significant
36{West Virginia 6 growing season 300
36| West Virginia 6 dormant season not significant
36|West Virginia 7 dormant season not significant
36{West Virginia 7 wing season not significant
37|New Zealand M7 large 30
37|New Zealand M7 medium 50
37|New Zealand M7 small 67
37|New Zealand M9 large 32
37|New Zealand M9 medium 41
37|New Zealand M9 small 35
38|New Hampshire 2 big instantaneous dormant season 0
38| New Hampshire 2 big instantaneous 13
38|New Hampshire 2 big instantaneous growing season 118
39{Quebec 6 maximum Snow not significant
40| West Virginia 1 big instantaneous dormant season -4
40|West Virginia 1 big instantaneous 4
40{West Virginia 1 big instantaneous growing season 21
41|Oregon HJA-1 mean 24
41|Oregon HJA-3 mean 10
42|Western Australia |Hansen instantaneous 50
44|India WS 2 instantaneous 8.6
45 |North Carolina WS 7 mean 14.6
47|Florida WS 1 instantaneous minus base flow 0|did not increase
47|Florida WS 2 instantaneous minus base flow 500
48| Colorado Fool Creek daily 23
49|Colorado Deadhorse Creek |mean Ojno change
49|Colorado North Fork mean 49
50| Mississippi C-II big instantaneous 36
50| Mississippi C-III big instantaneous 28
53 |California South Fork mean 10
54|Utah West Branch ? not significant
55 |South Carolina 64 mean 150
55 {South Carolina 66 mean 55
55 |South Carolina 68 mean S5
57|Georgia WS 14 instantaneous minus base flow (small) 100
57 i WS 14 instantaneous minus base flow (large) not significant
60{Massachusetts Cadwell Creek 1 _|mean growing season 46
61|Malaysia A unit hydrograph 119|calculated from absolute changes
62 |Malaysia Cl instantaneous not significant
62 |Malaysia (o] instantaneous not significant
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APPENDIX IV:
DATA AND RESULTS FOR THE STATISTICAL ANALYSES OF REPORTED
CHANGES IN PEAK FLOW AFTER FOREST HARVEST
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Table IV.2. Results for statistical analysis of continuous basin characteristics
and management activities.

Coefficients Standard

Variable N v-int  slope error R? p-value Comments

Basin characteristics

Area (ha) 43 41 -0.076 35 004 0197 one outlier
included

Latitude 44 98 -1.6 32 008 0.060 one

(degrees) influential
observation
removed; two
outliers
included

Basin relief 22 37 -0.018 35 002 0.546

(m)

Mean 30 38 -0.0045 35 001 0534

elevation(m)

Mean basin 22 63 -0.61 39 0.10 0.155

slope (%)

Drainage 12 15 1.5 15 044 0019 one outlier

density removed;

(km km?) driven by one
observation

Annual 44 58 -0.015 34 008 0065 two outliers

precipitation included

(mm)

Annual ET 20 5.2 0.060 39 0.17 0075 one outlier

(mm) included;
driven by one
observation

Management activities

Area cut (%) 45 24 017 35 002 0325 two outliers
included

Duration of 27 53 -19 40 003 0417

cut (months)

Road density 23 25 -0.00021 27 000 1.000 one outlier

(km km?) included

Area 35 21 1.1 31 0.13 0.035 one outlier

compacted (%) included;
driven by one
observation
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Table IV.3. Results for statistical analysis of categorical basin characteristics
and management activities.

Mean N
Variable 1st 2nd 1st 2nd p-value

Basin characteristics
Ecoregion domain 0.697
Vegetation type 0.165
Pre-harvest stand 0.207
age
Soil type 0.960
Hydrologic regime , 0.346
Dominant aspect -

NW-NE vs. SE-SW 37 24 : 14 20 0.200

NE-SE vs. SW-NW 32 34 15 11 0.896
Management activities
Type of silvicultural 0.459
method
Buffer strips 0.583
Type of yarding 0.028

Tractor and rubber- 17 12 49 16 0.007

tired skidders vs.
cable systems

Tractor and rubber- 17 5 49 22 0.012
tired skidders vs.

mixed tractor and

cable

Tractor and rubber- 17 4 49 21 0.021
tired skidders vs.
none

Cable systems vs. 12 5 16 22 0.499
mixed tractor and
cable

Cable systems vs. 12 4 16 21 0.629
none

Mixed tractor and 5 4 22 21 0.896
cable vs. none

Type of site 0.403
preparation

Season of harvest --
activities

growing vs. mixed 0.243
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APPENDIX V:
CORRELATION TABLE AND SCATTER PLOTS FOR THE PUBLISHED DATA USED IN THE
DETAILED ANALYSIS

(See Table 2.2 for the coding of the categorical variables.)
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Mean basin slope vs. percent change in peak Drainage density vs. percent change in peak
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APPENDIX VI:
FLOW DURATION CURVE DATA AND RESULTS FOR THE STATISTICAL ANALYSES OF
BASIN CHARACTERISTICS AND MANAGEMENT ACTIVITIES
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Table VI.2. Results for the statistical analyses of the relationships between
absolute changes in flow (L s* ha') and continuous basin characteristics and
management activities. Results are provided by percentile.

1st percentile (L s* ha?)

Coefficients Std.

Variable N __ v-int X R? error p-value Comments
Basin characteristics
Latitude 17 0062 -0.0013 0.18 0.009 0.086 p=0.058 for
(degrees) intercept
Area (ha) 17 00079 -0.000015 002 0010 0.555
Mean 1 0011 -0.0000021 001 0013 0.729
elevation (m)
Elevation 8 00068 0.000018 0.18 0.009 0291
range (m)
Mean slope 10 -0.012 0.00051 0.83 0.0051 0.000 p=0.008 for
(%) intercept
Drainage 5 000086 0.0020 0.88 0.0023 0017 p=0.711 for
density intercept
(km km?)
Annual 17 00073 -0.00000035 000 0.011 0928
precipitation
(mm)
Annual ET 9 0011 -0.0000058 0.02 0.0098 0.711
(mm)

Management activities
Area cut (%) 15 -0.0071 0.00020 0.38 0009 0015 p=0.212for
intercept

Duration of 10 -0.00075 0.00081 0.04 00097 0.604
cut (months)

Road density 7 0016 -0.00080 0.18 0.0097 0.345
(km km?)

Area 13 00068 0000032 000 0012 0952
compacted
(%)
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Table V1.2. (cont.)

2.5 percentile (L st ha')

Coefficients Std.
Variable N y-int X R? error p-value Comments
Basin characteristics
Latitude 18 0.067 -0.0014 0.16 0011 0099 p=0.071 for
(degrees) intercept
Mean slope 11 -0.014 0.00057 0.74 00073 0001 p=0.011 for
(%) intercept
Drainage 5 -0.0021 0.0023 0.86 0.0030 0.022 p=0.491 for
density intercept
(km km?)
Management activities
Area cut (%) 16 -0.0087 0.00021 032 0010 0021 p=0.187 for
intercept
Table VI.2. (cont.)
Sth percentile (L s! ha')
Coefficients Std.
Variable N  v-int X R? error p-value Comments
Basin characteristics
Latitude 18  0.055 -0.0011 0.10 0011 0.193 one outlier
(degrees) removed;
p = 0.560 with
outlier
Mean slope 11 -0.011 0.00050 0.63 0.0082 0.004 one outlier
(%) removed;
p = 0.131 with
outlier;
p = 0.057 for
intercept
Drainage 6 0023 -0.0016 004 0025 0.703 no outliers, but
density one observation
(km km?) did stand out

Management activities

Area cut (%) 16 -0.0084 0.00022

038 0.0097 0.012

one outlier
removed;

p = 0.020 with
outlier;
p=0.173 for
intercept
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Table VI.2. (cont.)

10th percentile (L s ha?)

Coefficients Std.
Variable N v-int X R? error p-value Comments

Basin characteristics

Mean slope 11 -0.010 0.00055 0.58 0010 0007 one outlier
(%) removed;
p = 0.145 with
outlier;
p = 0.142 for
intercept

Management activities ‘
Area cut (%) 17 -0.0079 0.00027 045 0010 0003 one outlier

removed;
p = 0.007 with
outlier;
p=0.197 for
intercept
Table V1.2. (cont.)
25th percentile (L s ha?)
Coefficients Std.
Variable N y-int X R? error p-value Comments

Basin characteristics

Mean slope 14 -0.044 0.0014 0.37 0038 0021 p-=0.061 for
(%) intercept

Management activities

Area cut (%) 18 0.0065 0.00021 0.13 0018 0.145 two outliers
_removed;
p = 0.016 with
outliers
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Table V1.2. (cont.)

50th percentile (L s ha?)

Coefficients Std.
Variable N  v-int X R? error p-value Comments
Basin characteristics
Latitude 22  -0.046 0.0018 0.06 0.027 0.283 one outlier
(degrees) removed;
p = 0.976 with
outlier
Area (ha) 22 0.033 -0.000039 0.02 0.028 0499 one outlier
removed;
p = 0.840 with
outlier
Mean 15  0.042 -0.000013 0.13 0.029 0.180 one outlier
elevation removed;
(m) p = 0.496 with
outlier
Elevation 10 0.034 0.000026 0.00 0.026 0.951
range (m)
Mean slope 13 -0.0033 0.00076 0.23 0.028 0.095 one outlier
(%) removed;
p = 0.029 with
outlier;
p = 0.859 for
intercept
Drainage 6 0.034 0.0027 006 0034 0.639
density
(km km?)
Annual 22 0013 0.000010 0.07 0.027 0.250 one outlier
precipitation removed;
(mm) v p = 0.618 with
outlier

Annual ET 13 0.0030 0.000037 0.08 0.026 0.354
(mm)
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Table VI.2. (cont.)

50th percentile (L s! ha')

Coefficients Std.
Variable N v-int X R? error p-value Comments

Management activities
Area cut (%) 20 00040 0.00039 0.20 0026 0049 one outlier

removed;
p = 0.022 with
outlier;
p = 0.786 for
intercept
Duration of 14  0.049 -0.0026 0.10 0023 0.265 one outlier
cut removed;
(months) p = 0.715 with
outlier
Road density 8  0.048 0.000065 0.00 0026 0.975
(km km?)
Area 14  0.038 0.00010 000 0031 0937 one outlier
compacted removed;
(%) p = 0.623 with
outlier
Table VI.2. (cont.)
75th percentile (L s* ha')
Coefficients Std.
Variable N y-int X R?2 error p-value Comments

Basin characteristics

Mean slope 14 -0.026 0.0016 0.38 0.047 0.020 one outlier
(%) removed;
p = 0.068 with
outlier;
p =0.322 for
intercept

Management activities

Area cut (%) 23 -0.011 0.00093 0.17 0066 0049 p=0.763 for
intercept

Road density 9  0.051 0.0097 0.37 0.063 0080 p=0.071for

(km km?) intercept; plots
suggest not
trusting
significance
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Table VI.2. (cont.)

90th percentile (L s! ha')

Coefficients Std.
Variable N y-int X R? error p-value Comments

Basin characteristics

Mean slope 14 -0.079 0.0037 045 0090 0008 one outlier
(%) removed;
p = 0.076 with
outlier;
p=0.120 for
intercept

Management activities

Area cut (%) 23 -0.014 0.0014 015 0.11 0.068 one outlier
removed;
p = 0.089 with
outlier;
p = 0.802 for
intercept

Road density 9 0.10 0.026 046 0.14 0044 p=0.100 for

(km km?) intercept; plots
suggest not
trusting
significance

Table V1.2. (cont.)

95th percentile (L s* ha')

Coefficients Std.
Variable N y-int X R? error p-value Comments

Basin characteristics

Area (ha) 26 014 0.000053 000 O0.16 0.864 non-constant
variance

Mean 18 0.11 0000018 001 0.6 0.667
elevation (m)

Mean slope 14 00027 0.0025 020 011 0113 one outlier
(%) removed;
p = 0.223 with
outlier
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Table V1.2. (cont.)

95th percentile (L s* ha?)

Coefficients Std.
Variable N v-int X R? error p-value Comments

Management activities ’

Area cut (%) 24 0.086 0.00093 003 017 0407

Road density 9 011 0.027 061 011 0.013 p=0.034 for

(km km?) intercept; plots
suggest not
trusting
significance

Area 16 0.15 0.0042 002 019 0.581

compacted

(%)

Table VI.2. (cont.)

97.5 percentile (L st ha?)

Coefficients Std.
Variable N v-int X R? _error p-value  Comments

Basin characteristics

Area (ha) 23 0.14 -0.000100 001 0.11 0.620 three outliers
removed; never
close to being
significant

Mean . 17 0.13 0.000023 004 0.12 0.466 one outlier

elevation removed;

(m) p = 0.791 with
outlier

Mean slope 13 0.21 -0.0022 020 0092 0.121 wwo outliers

(%) removed;
p = 0.885 with
outliers

Management activities

Area cut (%) 22 0.17 -0.00057 003 0.11 0445 two outliers
removed;
p = 0.511 with
outliers

Road density 9 0.13 0.053 053 0.25 0.025 p=0.217 for

(km km?) intercept; plots
suggest not
trusting
significance

Area 15 027 -0.012 019 017  0.104 one outlier

compacted removed;

(%) p = 0.252 with
outlier
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Table VI.2. (cont.)

99th percentile (L s! ha')

Coefficients Std.
Variable N  v-int X R? error p-value Comments
Basin characteristics
Latitude 24 -0.29 0.012 001 0.39 0.583 one outlier
(degrees) removed;
p = 0.436 with
outlier
Area (ha) 24 039 -0.0013 0.18 0.32 0.041 two outliers
removed;
p = 0.210 with
outliers;
p = 0.0001 for
intercept
Mean 17  0.54 -0.00016 0.21 0.30 0.062 one outlier
elevation removed;
(m) p = 0.272 with
outlier;
p = 0.0003 for
intercept
Elevation 11 0.10 0.00039 005 041 0.506
range (m)
Mean slope 15 00061 0.010 0.18 048 0.117
(%) :
Drainage 6 0.50 0.029 001 074 0.819
density
(km km?)
Annual 25 024 -0.0000037 0.00 0.39 0.974 one outlier
precipitation removed;
(mm) p = 0.503 with
outlier

Annual ET 16 015 000014 001 030 0715
(mm)
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Table VI.2. (cont.)

99th percentile (L s* ha?)

Coefficients Std.
Variable N  v-int X R? error p-value  Comments
Management activities
Area cut (%) 22 0.020 0.0041 017 031 0.000 two outliers
removed;
p = 0.277 with
outliers;
p = 0.901 for
intercept
Duration of 15  0.60 -0.044 0.14 033 0166 one outlier
cut removed;
(months) p = 0.833 with
outlier
Road density 9  0.17 0.089 0.37 0.59 0.085 p=0.462 for
(km km?) intercept; plots
suggest not
trusting
significance
Area 15 043 -0.040 035 0.38 0.021 one outlier
compacted removed;
(%) p = 0.064 with
outlier;
p = 0.005 for
intercept
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Table VI.3. Results for the statistical analyses of the relationships between
absolute changes in flow (L s* ha') and categorical basin characteristics and
management activities. Results are provided bv percentile.

1st percentile (L s* hal)

Mean N
Variable 1st 2nd 1st 2nd p-value

Basin characteristics
Ecoregion domain --

Vegetation type --

mostly and all 0.0051 0.013 12 4 0.242
conifer vs. mostly
and all hardwood

Pre-harvest stand --
age

>50 years vs. mixed  0.0069 0.0064 12 4 0.906
Hydrologic regime --
rain vs. mixed 0.0102 0.0052 5 11 0410
Soil type --
coarse vs. mixed 0.0078 0.0040 6 8 0.526
Dominant aspect --
NW-NE vs. SE-SW 0.0034 0.0109 9 7 0.179
NE-SE vs. SW-NW 0.0067 0.0070 6 7 0.963
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Table VI1.3. (cont.).

1st percentile (L s* ha')

Mean
Variable 1st 2nd 1st 2nd p-value

Management activities
Type of silvicultural 0.034
method '

clearcut vs. 0.012 -0.000024 9 5 0.092

patch cut

clearcut vs. 0.012 0.0015 9 3 0.015

selection cut

patch cut vs. -0.000024 0.0015 5 3 0.801

selection cut

clearcut vs. both 0.012 0.00056 9 8 0.017
Buffer strips --

with vs. without -0.0027 0.013 4 9 0.039
Type of yarding 0.624
Type of site 0.941
preparation
Season of harvest --
activities

growing vs. mixed 0.0036 0.0065 7 8 0.585
Table VI.3. (cont.)

2.5 percentile (L st ha)
Mean
Variable 1st 2nd 1st 2nd p-value

Management activities
Type of silvicultural --
method

clearcut vs. 0.012 0.0017 10 3 0.006

selection cut

clearcut vs. both 0.012 -0.00036 10 8 0.029
Buffer strips --

with vs. without -0.0030 0.013 4 9 0.135
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Table VI.3. (cont.)

5th percentile (L s ha')

Mean
Variable 1st 2nd 1st 2nd p-value
Management activities
Type of silvicultural -=
method
clearcut vs. 0.018 0.0019 11 3 0.010
selection cut
clearcut vs. both 0.018 0.000017 11 8 0.011
Buffer strips -
with vs. without -0.00067 0.018 4 10 0.108
Table VI.3. (cont.)
10th percentile (L s! ha')
Mean
Variable 1st 2nd 1st 2nd p-value
Management activities
Type of silvicultural --
method
clearcut vs. 0.023 0.0041 11 3 0.007
selection cut
clearcut vs. both 0.023 0.00086 11 8 0.004
Buffer strips --
with vs. without -0.00084 0.023 4 10 0.044
Table VI.3. (cont.)
25th percentile (L s* hal)
Mean
Variable 1st 2nd 1st 2nd p-value
Management activities
Type of silvicultural --
method
clearcut vs. 0.025 0.0069 12 4 0.039
selection cut
clearcut vs. both 0.025 -0.012 12 9 0.052
Buffer strips -
with vs. without -0.025 0.030 6 10 0.052
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Table VI.3. (cont.)

50th percentile (L s ha')

Mean

Variable

1st

2nd

1st

Basin characteristics
Ecoregion domain

Vegetation type

mostly and all
conifer vs. mostly
and all hardwood

Pre-harvest stand
age

>50 years vs. mixed
Hydrologic regime
rain vs. mixed
Soil type
coarse vs. mixed
Dominant aspect
NW-NE vs. SE-SW
NE-SE vs. SW-NW

0.022

0.019

0.031

0.031

0.011
0.023

0.023

0.035

0.021

0.015

0.037
0.010

13

16

10

15

10

10
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Table VI.3. (cont.)

50th percentile (L s! hal)

Mean
Variable 1st 2nd 1st 2nd p-value
Management activities
Type of silvicultural 0.308
method
clearcut vs. both 0.038 0.00069 13 9 0.111
Buffer strips 0.010
with vs. without -0.017 0.047 o 10 0.066
with vs. mixed -0.017 0.012 6 0.358
without vs. mixed 0.047 0.012 10 0.003
Type of yarding 0.047
tractor/skidder vs. 0.0086 0.017 9 6 0.815
cable
tractor/skidder vs. 0.0086 0.037 9 () 0.099
mixed
cable vs. mixed 0.017 0.037 6 ) 0.595
Type of site 0.175
preparation
Season of harvest --
activities
growing vs. mixed 0.00017 0.032 7 13 0.284
Table VI.3. (cont.)
75th percentile (L s! hal)
Mean
Variable 1st 2nd 1st 2nd p-value
Management activities
Buffer strips --
without vs. mixed 0.098 0.027 10 5 0.020
Table VI.3. (cont.)
90th percentile (L s! hal)
Mean
Variable 1st 2nd 1st 2nd p-value
Management activities
Buffer strips --
without vs. mixed 0.19 0.037 10 5 0.022
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Table VI.3. (cont.)

95th percentile (L s* ha?)

Mean
Variable 1st 2nd 1st 2nd p-value

Management activities
Type of silvicultural --
method

clearcut vs. both 0.17 0.12 15 10 0.464
Buffer strips --

without vs. mixed 0.20 - 0.074 10 5 0.058
Season of harvest --
activities

growing vs. mixed 0.19 0.14 8 15 0.590
Table VI.3. (cont.)

97.5 percentile (L s! ha')
Mean
Variable 1st 2nd 1st 2nd p-value

Management activities
Type of silvicultural -
method

clearcut vs. both 0.24 0.15 15 10 0.259
Buffer strips --

without vs. mixed 0.25 0.12 10 5 0.252
Season of harvest --
activities

growing vs. mixed 0.15 0.22 8 15 0.440
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Table VI.3. (cont.)

99th percentile (L s* ha?l)

Variable 1st 2nd 1st 2nd p-value
Basin characteristics
Ecoregion domain --
dry vs. humid 0.13 0.31 3 23 0.157
temperate
Vegetation type --
mostly and all 0.25 0.39 14 9 0.462
conifer vs. mostly
and all hardwood
Pre-harvest stand --
age
>50 years vs. mixed 0.23 048 19 6 0.395
Hydrologic regime 0.823
Soil type --
coarse vs. mixed 0.38 0.35 9 12 0.873
Dominant aspect --
NW-NE vs. SE-SW 0.32 0.37 12 10 0.797
NE-SE vs. SW-NW 0.26 0.19 8 9 0.735
Management activities
Type of silvicultural 0.083
method
clearcut vs. 041 0.14 15 ) 0.172
patch cut
clearcut vs. 041 -0.022 15 4 0.042
selection cut
patch cut vs. 0.14 -0.022 6 4 0425
selection cut
clearcut vs. both 041 0.072 15 10 0.051
Buffer strips 0.599
Type of yarding 0.660
Type of site 0.183
preparation
Season of harvest --
activities
growing vs. mixed -0.019 0.42 8 15 0.022
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Table VI.4. Results for the statistical analyses of the relationships between
relative changes in flow and continuous basin characteristics and
management activities. Results are provided bv percentile.

1st percentile (%)

Coefficients Std.
Variable N vy-int X R?2 error p-value Comments

Basin characteristics

Latitude 15 -137 5.1 0.03 112 0.553 two outliers

(degrees) removed;
p = 0.389 with
outliers

Area (ha) 15 81 -0.016 000 114 0953 two outliers
removed;
p = 0.539 with
outliers

Mean 11 483 -0.22 014 404 0.265

elevation (m)

Elevation 8 315 0.018 0.00 500 0.985

range (m)

Mean slope 10 -43 54 029 191 0.110

(%)

Drainage 5 -134 85 091 8 0011 p=0.185for

density intercept

(km km?)

Annual 15 4] -0.0063 000 114 0.884 two outliers

precipitation : removed;

(mm) p = 0.463 with
outliers

Annual ET 9 160 -0.12 0.09 89 0425

(mm)

Management activities

Area cut (%) 13 -45 1.6 0.26 MY 0.078 two outliers
removed;
p = 0.398 with
outliers;
p=0.479 for
intercept

Duration of 10 119 2.3 000 214 0.946

cut (months)

Road density 7 455 =27 009 498 0.516

(km km?)

Area 13 73 23 018 360 0.151

compacted

(%)
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Table V1.4. (cont.)

2.5 percentile (%)

Coefficients Std.
Variable N y-int X R? error p-value Comments

Basin characteristics

Drainage 5 -109 56 0.72 115 0.070

density

(km km?)

Management activities

Area cut (%) 14 70 -0.049 000 133 0965 two outliers
removed;
p = 0.294 with
outliers

Table VI.4. (cont.)

5th percentile (%)
Coefficients Std.
Variable N y-int X R? error p-value Comments

Basin characteristics

Drainage 6 12500 -1870 0.18 12417 0.398

density

(km km?)

Management activities

Area cut (%) 16 -37 1.9 0.16 153 0.126 one outlier
removed;
p = 0.382 with
outlier

No variables were tested for the 10th and 25th percentiles because no relative

changes for adjacent percentiles were significantly related to site or
management variables.
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Table V1.4. (cont.)

50th percentile (%)

Coefficients Std.
Variable N v-int X R? error p-value Comments
Basin characteristics
Latitude 22 -118 3.0 0.09 37 0.168 one outlier
(degrees) removed; non-
constant
variance;
p = 0.091 with
outlier
Area (ha) 22 39 -0.040 0.02 38 0.584 one outlier
removed; non-
constant
variance;
p = 0.313 with
outlier
Mean 15 33 -0.0089 0.05 28 0.447 one outlier
elevation removed; one
(m) influential
observation left;
p = 0.046 with
outlier
Elevation 10 104 -0.097 0.03 128 0.645 one outlier
range included; -
(m) p = 0.606 without
outlier
Mean slope 13 -0.32 0.54 0.19 25 0.131 one outlier
(%) removed,;
p = 0.747 with
outlier
Drainage 6 35 1.1 0.02 27 0.806
density
(km km?)
Annual 22 o8 -0.019 0.12 30 0.114 one outlier
precipitation removed;
(mm) p = 0.057 with
' outlier
Annual ET 12 29 0.028 0.02 45 0.680 one outlier
(mm) removed;
p = 0.846 with
outlier
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Table V1.4. (cont.)

50th percentile (%)

Coefficients Std.
Variable N  v-int X R? error p-value Comments

Management activities

Area cut (%) 20 16 0.29 0.06 39 0.308 one outlier
removed;
p = 0.433 with
outlier

Duration of 14 14 50 0.12 41 0.219 one outlier

cut removed;

(months) p = 0.241 with
outlier

Road density 8 44 -1.9 0.14 24 0.355

(km km?)

Area 15 29 1.3 0.07 4 0.348

compacted

(%)

No variables were tested for the 75th and 90th percentiles because no relative
changes for adjacent percentiles were significantly related to site or
management variables.

Table VI1.4. (cont.)

95th percentile (%)

Coefficients Std.
Variable N  y-int X R? error p-value Comments
Management activities
Area 15 9.3 042 0.05 13 0427 one outlier
compacted removed,;
(%) p = 0.615 with
outlier
Table VI.4. (cont.)
97.5 percentile (%)
Coefficients Std.
Variable N  vy-int X R?2 error p-value Comments
Management activities
Area 16 16 -0.50 0.06 13 0.352
compacted
(%)
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Table V1.4. (cont.)

99th percentile (%)

Coefficients Std.

Variable N v-int X R? error p-value Comments
Basin characteristics
Latitude 25 4.2 0.23 0.00 17 0.813
(degrees)
Area (ha) 26 16 -0.023 0.02 17 0471
Mean 18 13 0.0025 002 17 0.598
elevation (m)
Elevation 1 12 0.014 0.03 21 0.635
range (m)
Mean slope 15 9.5 0.15 0.04 16 0478
(%)
Drainage 6 36 -2.7 0.16 19 0426
density
(km km?)
Annual 26 25 -0.0066  0.08 16 0.153
precipitation
(mm)
Annual ET 16 25 -0.017 0.06 14 0.382
(mm)
Management activities
Area cut (%) 24 6.4 0.13 0.06 16 0.252
Duration of 16 20 -0.54 0.01 16 0.697
cut (months)
Road density 9 9.3 1.6 0.17 18 0.276
(km km?)
Area 16 20 -1.3 0.20 17 0.085 p=0.004 for
compacted intercept;
(%) p = 0.305 without

influential
observation
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Table VL.5. Results for the statistical analyses of the relationships between

relative changes in flow and categorical basin characteristics and
management activities. Results are provided bv percentile.

1st percentile (%)

Mean N
Variable 1st 2nd 1st 2nd p-value

Basin characteristics
Ecoregion domain --
Vegetation type --

mostly and all 235 85 12 4 0.263

conifer vs. mostly

and all hardwood
Pre-harvest stand --
age

>50 years vs. mixed 229 97 12 4 0.326
Hydrologic regime --

rain vs. mixed 57 259 5 11 0.136
Soil type --

coarse vs. mixed 39 154 6 8 0.220
Dominant aspect --

NW-NE vs. SE-SW 124 276 9 7 0457

NE-SE vs. SW-NW 70 340 6 7 0.205
Management activities
Type of silvicultural 0.188
method

clearcut vs. both 204 98 9 8 0.317
Buffer strips --

with vs. without 51 309 4 9 0.136
Type of yarding 0.638
Type of site 0.904
preparation
Season of harvest --
activities

growing vs. mixed 224 159 7 8 0.755
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No variables were tested for the 2.5 and 5th percentiles because no significant
differences within categories were associated with relative changes for

adjacent percentiles.

Table VI.5. (cont.)

10th percentile (%)

Mean
Variable 1st 2nd 1st 2nd p-value
Basin characteristics
Hydrologic regime -
rain vs. mixed 27 600 () 14 0.215
Table VI.5. (cont.)
25th percentile (%)
Mean
Variable 1st 2nd 1st 2nd p-value
Basin characteristics
Hydrologic regime --
rain vs. mixed 35 78 ) 14 0.087
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Table VI.5. (cont.)

50th percentile (%)

Mean
Variable 1st 2nd 1st 2nd p-value

Basin characteristics
Ecoregion domain --
Vegetation type -~

mostly and all 69 19 13 8 0.141

conifer vs. mostly

and all hardwood
Pre-harvest stand --
age

>50 years vs. mixed 06 22 16 6 0.134
Hydrologic regime --

rain vs. mixed 19 44 6 15 0.053
Soil type --

coarse vs. mixed 38 75 9 10 0.389
Dominant aspect --

NW-NE vs. SE-SW 31 30 10 10 0973

NE-SE vs. SW-NW 31 25 8 8 0.728
Management activities
Type of silvicultural 0444
method

clearcut vs. both 42 69 13 9 0.577
Buffer strips 0.205
Type of yarding 0.662
Type of site 0.508
preparation
Season of harvest --
activities

growing vs. mixed 25 72 7 13 0.174
Table VI.5. (cont.)

75th percentile (%)
Mean
Variable 1st 2nd 1st 2nd p-value

Basin characteristics
Hydrologic regime --

rain vs. mixed 31 24 7 16 0.729
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No variables were tested for the 90th percentile because no significant
differences within categories were associated with relative changes for

adjacent percentiles.

Table VI.5. (cont.)

95th percentile (%)

Mean

Variable

1st 2nd

1st

2nd

p-value

Basin characteristics
Vegetation type

mostly and all
conifer vs. mostly
and all hardwood

Management activities

Type of silvicultural
method

clearcut vs.
selection cut

clearcut vs. both
Buffer strips

with vs. mixed

18 19

18 16

12 25

14

15

15

10

0.173

0.895

0.806

0.184

Table VI.5. (cont.)

97.5 percentile (%)

Mean

Variable

1st 2nd

1st

2nd

p-value

Basin characteristics
Vegetation type

mostly and all
conifer vs. mostly
and all hardwood

Management activities

Type of silvicultural
method

clearcut vs.
selection cut

clearcut vs. both
Buffer strips
with vs. mixed

15 13

17 11

17 12

8.9 23.1

14

15

15

10

0.702

0.445

0.340

0.036
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Table VI.5. (cont.)

99th percentile (%)

Mean
Variable 1st 2nd 1st 2nd p-value
Basin characteristics
Ecoregion domain --
dry vs. humid 24 13 3 23 0.489
temperate
Vegetation type --
mostly and all 9.7 225 14 9 0.097
conifer vs. mostly
and all hardwood
Pre-harvest stand --
age
>50 years vs. mixed 12 15 19 (4] 0.762
Hydrologic regime 0.584
Soil type --
coarse vs. mixed 21 13 9 12 0.352
Dominant aspect --
NW-NE vs. SE-SW 16 16 12 10 0.999
NE-SE vs. SW-NW 15.5 7.1 8 9 0.293
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Table VI.5. (cont.)

99th percentile (%)

Mean N
Variable 1st 2nd 1st 2nd p-value

Management activities
Type of silvicultural 0.058
method

clearcut vs. 18.1 6.9 15 6 0.095

patch cut

clearcut vs. 18.1 1.5 15 4 0.018

selection cut

patch cut vs. 6.9 1.5 6 4 0.420

selection cut

clearcut vs. both 18.2 4.8 15 10 0.016
Buffer strips 0.056

with vs. without 5.2 11.7 6 10 0.334

with vs. mixed 5.2 317 6 5 0.024

without vs. mixed 11.7 31.7 10 5 0.072
Type of yarding 0.676
Type of site 0.631
preparation
Season of harvest --
activities

growing vs. mixed 8.7 16.8 8 15 0.340
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APPENDIX VII:
DATA AND SUMMARY STATISTICS FOR THE CALCULATED CHANGES OVER TIME
AFTER FOREST HARVEST
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