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This dissertation is a collection of three manuscripts that serve to fill

the knowledge gaps and advance methods of detecting the effects of con-

temporary forest harvesting in experimental catchment studies. While there

is a preponderance of studies evaluating the environmental effects of forest

harvesting in the western United States, few studies consider local and down-

stream streamflow and sediment changes following contemporary harvesting

practices. Further, many previous and current studies using the paired-

catchment approach were based on relatively few observations using annual,

storm, and more infrequently monthly data, which can increase the likeli-

hood of false/missed detections. The objective of this research was to develop

change detection models using time-series records to detect and quantify the

effects of forest harvesting on streamflow and sediment yield. To fulfill this

objective, it was necessary to characterize streamflow and sediment processes



at a temporal scale capable of describing daily, monthly, and seasonal dy-

namics following forest harvesting; increase sample sizes used to construct

regression-based change detection models; and develop alternative methods

to the paired-catchment approach in order to discern changes in streamflow

and sediment using highly variable time-series data.

The paired-catchment approach was used to detect and quantify relative

changes in streamflow and sediment yield in 5 harvested catchments. Though

not statistically significant in all catchments, relative increases in streamflow

and sediment were observed locally and downstream following harvesting in

headwater catchments. The ability to detect statistically significant changes

at certain time-steps was a function of accounting for all sources of variabil-

ity in change detection models. In this study, we aimed to develop robust

change detection models using time-series data to increase sample size and

decrease false/missed detections of true treatment effects. When mean daily

streamflow was used as a response variable, there was no statistically signif-

icant increase in streamflow (significance level α = 0.05), when the effects

of forest harvesting were detect with monthly streamflow. We hypothesized

that this is due to an increase in unexplained variance and wider prediction

limits. An alternative method to detect change with daily streamflow that

resulted in reduced variance was hydrologic model simulations.
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1. INTRODUCTION

1.1 INTRODUCTION

Eighty-seven years after the first paired-catchment study in Wagon Wheel

Gap, Colorado, forest hydrologists are still working to understand the effects

of forest harvesting on hydrology and water quality. The highly variable

nature of catchment responses makes it difficult to develop a uniform un-

derstanding and significance of hydrologic change. The response of forested

catchments to harvesting is highly variable and dependent on catchment

scale, climate, forest type, geology, and topography as well as variability in

harvest location, harvest type, pre-harvest vegetation cover or measurement

error (Stednick , 1996). The relationship between forest harvesting and peak-

flow, storm-flow, streamflow, and sediment yield is well recognized, albeit,

highly variable, through numerous studies in the Pacific Northwest, USA

and elsewhere (Harr et al., 1979; Bosch and Hewlett , 1982; Brown et al.,

2005; Campbell and Doeg , 1989; Moore and Wondzell , 2005; Whitehead and

Robinson, 1993; Harris , 1973; Stednick , 1996; Megahan et al., 1995; Jones

and Grant , 1996; Swank et al., 2001; Robinson et al., 2003). Studies evaluat-

ing the effects of forest harvesting suggest increases, decreases, or no changes

in water yield, peak flow, and sediment yield (for review, Gomi et al. 2005;

Moore and Wondzell 2005). In forested headwater catchments, increases in

streamflow result from reductions in interception, evaporation and transpira-

tion following forest harvesting (Harr et al., 1979; Bosch and Hewlett , 1982;

Troendle and King , 1985; Harr et al., 1975; Hewlett and Hibbert , 1961) while

increases in sediment yield have been attributed to increases in in-channel

energy resulting from increased runoff (Lewis et al., 2001; Dieterich and An-
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derson, 1998; Sullivan, 1985; Brown and Krygier , 1971; Troendle and Olsen;

Grant and Wolff , 1991; Swank et al., 2001; Karwan et al., 2007; Megahan

et al., 1995).

Regression change detection models from paired-catchment studies are

the primary method to detect and estimate hydrologic changes following for-

est harvesting. However, regression-based change detection models used in

previous studies were developed primarily with annual and storm-based met-

rics (e.g. Harris 1973; Harr et al. 1979, 1975). Regression models developed

with limited observations increase the probability of false or missed detections

(Loftis et al., 2001). Numerous studies have used annual and storm-based

mean and maximum water yield, peak flow, sediment load, and temperature

(Lewis , 2002; Brown et al., 2005; Andréassian, 2004), but few studies have

used monthly or daily streamflow time-series data due to seasonal periodicity

and serial autocorrelation in measurements observed close in time.

Critics of the traditional paired-catchment study design suggest that it

lacks suitable controls on climatic inputs between two spatially explicit catch-

ments, prohibits insight into internal process behavior, and exhibits spa-

tial and temporal variability rendering statistical change detection difficult

(Jones and Grant , 2001; Schnorbus and Alila, 2004; Seibert and McDon-

nell , in review). It has been suggested that traditional field studies be

supplemented with numerical modeling techniques to isolate the effects of

forest disturbances from background variation on hydrology and water qual-

ity (Andréassian et al., 2003; Jayasuriya and O’Shaughnessy , 1988; Jones

and Grant , 2001; Lørup et al., 1998; Schnorbus and Alila, 2004). While hy-

drologic models are widely used to evaluate hydrologic response to land-use

change, few, if any, studies have incorporated hydrologic modeling into the

traditional statistics-based paired-catchment approach.
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The knowledge of the effects of forest harvesting on streamflow and sedi-

ment yield comes from historic studies that do not necessarily reflect current

harvesting practices. There is a preponderance of catchment studies con-

ducted during the 1970’s and 1980’s in the Pacific Northwest that have been

used to describe the environmental effects of forest harvesting on hydrology

and water quality. However, there is a need to fill the knowledge gaps of the

effects of current harvesting practices. Therefore, the primary motivation

of this research is to evaluate local and downstream effects of contemporary

forest harvesting on daily, monthly, seasonal, annual streamflow and sedi-

ment yield in experimental catchments in the Hinkle Creek Paired-watershed

Study. Improved methods are developed to detect changes with greater con-

fidence using the time-series hydrometric records, hydrologic modeling, and

a modified paired-catchment study design to update and fill these knowledge

gaps. Three primary objectives were identified to fulfill this research:

1) Characterize streamflow and sediment processes on a temporal scale

capable of describing daily, monthly, and seasonal dynamics following forest

harvesting.

2) Develop regression-based change detection models using daily and

monthly streamflow and sediment data to increase sample size and decrease

false/missed detections following harvesting.

3) Develop methods capable of discerning the effects of forest harvesting

using highly variable time-series data.

1.2 CHAPTER DESCRIPTIONS

The research described in the following chapters is aimed at providing in-

sight into the effects of contemporary forest harvesting on streamflow and sed-
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iment yield and providing improved methods for detecting change in paired-

catchment studies using hydrologic and statistical models.

Chapter 2 examines the effects of contemporary forest harvesting on lo-

cal and downstream effects of streamflow. Considered in this manuscript are

the limitations of previous and current studies detecting changes where small

sample sizes were used to construct change detection models. Introduced in

this chapter is the first use of daily streamflow records to detect and esti-

mate hydrologic changes following harvesting. Further, hydrologic effects are

characterized using daily, monthly, seasonal, and annual streamflow. Gener-

alized least-squares regression and time-series modeling are used to account

for seasonal periodicity and serial autocorrelation in model residuals.

Chapter 3 discusses the limitations of previous and current studies eval-

uating the effects of forest harvesting on sediment yield. Change detection

using daily time-series sediment data has not previously been considered.

The change detection methods presented in Chapter 2 are extended to eval-

uate the effects of contemporary forest harvesting on daily, monthly, seasonal,

and annual sediment yield. Generalized least-squares regression and time-

series modeling are similarly applied to account for seasonal periodicity and

serial autocorrelation in model residuals. Examined were changes in daily,

monthly, seasonal, and annual sediment yield following harvesting current

harvesting practices used in Hinkle Creek. This manuscript introduces the

use of time-series analysis and generalized least-squares regression models to

evaluate the effects of forest harvesting on daily sediment yield.

Chapter 4 introduces and describes improved methods for detecting hy-

drologic change using the HBV-EC hydrology model that is incorporated

into the traditional paired-catchment study design. The objective of this

study is to develop change detection models capable of discerning changes in
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highly variable daily streamflow data, where traditional paired-catchment ap-

proaches are not capable of detecting change. Considered in this manuscript

are the limitations of detecting change using matched catchments, methods of

addressing hydrologic model uncertainty, and advancement in change detec-

tion using hydrologic model simulations in the paired-catchment paradigm.
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2. LOCAL AND DOWNSTREAM EFFECTS OF CONTEMPORARY

FOREST PRACTICES ON THE HYDROLOGY OF HEADWATER AND

BASIN-SCALE CATCHMENTS

2.1 ABSTRACT

This study examined the effects of contemporary forest harvesting in

headwater catchments and the associated effects downstream of harvest lo-

cations using statistical change detection models. Currently, there are no

studies that have used daily streamflow data in the paired-catchment study

design to evaluate changes in hydrology. Ordinary least-squares and gener-

alized least-squares regression models were constructed to discern changes

using storm-based and time-series data. Statistically significant lags of up to

three days and one month were detected for daily and monthly streamflow.

In relative magnitudes, streamflow increased across all catchments following

forest harvesting. Peakflows increased in headwater and basin-scale catch-

ments by as much as 0.27 m3s−1km−2. Average annual streamflow increases

using time-series models ranged from 246 mm for monthly and 163 mm (se

23 mm) for daily. Average incremental increases in streamflow for each per-

cent of basin harvested were 8 and 5 mm for monthly and daily models,

respectively. Increases in streamflow downstream of headwater catchments

was approximately additive and appeared to be related to spatial proxim-

ity of harvested upstream catchments rather than percent area of catchment

harvested.
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2.2 INTRODUCTION

The effects of forest harvesting on catchment hydrology have been studied

over several decades and are of concern to resource managers. The relation-

ship between forest harvesting and peakflow, storm flow and water yield is

well documented through numerous studies in the Pacific Northwest, USA

and elsewhere (Harr et al., 1979; Bosch and Hewlett , 1982; Brown et al.,

2005; Campbell and Doeg , 1989; Moore and Wondzell , 2005; Whitehead and

Robinson, 1993; Harris , 1973; Stednick , 1996; Megahan et al., 1995; Jones

and Grant , 1996; Swank et al., 2001; Robinson et al., 2003). Studies that

evaluated the effects of forest harvesting on hydrology showed increases in

annual water yield and peak flow. Bosch and Hewlett (1982) noted that

reduction in forest cover increases water yield, afforestation decreases water

yield, and response to forest treatment is highly variable. In forested head-

water catchments, increases in streamflow result primarily from reductions in

interception and transpiration following forest harvesting (Harr et al., 1979;

Bosch and Hewlett , 1982; Troendle and King , 1985; Harr et al., 1975; Hewlett

and Hibbert , 1961).

The response of forested catchments to disturbance is variable and de-

pends on catchment scale, climate, forest type, geology, and topography as

well as variability in harvest location, harvest type, pre-harvest vegetation

cover or measurement error (Stednick , 1996). The largest increases in water

yield and peak flow are observed in the first years following forest harvest

and are related to watershed area harvested. Increases in water yield follow-

ing forest harvesting is dependent on the proportion of the watershed area

harvested and attributed to reductions in evapotranspiration due to reduce

leaf area. In the uplands of Britain and southeastern USA, harvesting of
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deciduous and mature conifer forests increased annual water yield by 10 and

28 percent, following harvesting of 33 and 100 percent catchment area, re-

spectively (Croke et al., 1999; Robinson and Dupeyrat , 2004; Caissie et al.,

2002). In the continental/maritime region of northern Idaho, USA, Hubbart

et al. (2007) reported increases in annual water yield of more that 36 percent

following 50 percent clear-cut harvesting. In rain-dominated catchments of

the Pacific Northwest USA, and British Columbia, clear-cutting and patch

cutting increased water yield by as much as 6 mm for each percentage of basin

harvested (Moore and Wondzell , 2005; Stednick , 1996). Hicks et al. (1991)

reported annual water yield increases following 25 percent patch-cutting and

burning of an experimental catchment in the H.J. Andrews Experimental

Forest in the Oregon Cascade Mountains; in Needle Branch of the Alsea

Study, Harris (1973) reported moderate increases in annual water yield af-

ter harvesting costal mountain catchments. In Coyote Creek in southern

Oregon, Harr et al. (1979) reported significant first year increases in annual

water yield of 39 percent and average increases of 43 percent for the first

five years. Bosch and Hewlett (1982), in their review of 55 paired catchment

studies, suggested a threshold of 20 percent of catchment impacted to ob-

serve significant increases in annual streamflow. In analysis of the Pacific

Coast hydrologic region database of 12 studies, Stednick (1996) identified a

25 percent minimum harvest area threshold to obtain a measurable increase

in annual water yield.

Few studies have assessed the effects of forest harvesting on seasonal,

monthly, and daily streamflow (Brown et al., 2005). Watson et al. (2001),

using autoregressive modeling of monthly streamflow, reported increased

streamflow up to 2 to 3 years following 74 percent harvest of a small Maroon-

dah catchment in southeast Australia, but did not quantify the magnitude
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of treatment effect. In the southeast USA, monthly water yield increased

every month following 100 percent harvesting of watershed 7 in the Coweeta

experimental basins (Swank et al., 2001).

The effects of forest harvesting on peak flows is mixed. In numerous

studies, peak flow increased (Jones and Grant , 1996; Thomas and Megahan,

1998), decreased (Harr and McCorison, 1979), or did not change significantly

(Thomas and Megahan, 1998). Moore and Wondzell (2005), in an overview

of the effects of forest harvesting on hydrology of the Pacific Northwest, USA

reported increased peakflows ranging from 13 to greater than 40 percent, and

Harr et al. (1979) and Jones and Grant (1996) correlated peakflow increases

with the amount of watershed compacted. Peak flow responses to forest har-

vesting vary according to size of basin, size of storm, and season. Increases

in peak flow events for small storms (recurrence < 1-yr) can range from 90

to 300 percent following clear-cutting (Harr et al., 1979; Caissie et al., 2002;

Thomas and Megahan, 1998; Wright et al., 1990; Ziemer , 1998, 1981); peak

flow increases for large events are less detectable (Wright et al., 1990). For

small basins in the H.J. Andrews experimental catchments, average peak

flows for 1-yr recurrence interval events increased less than 16 percent fol-

lowing treatment (Beschta et al., 2000). For the same dataset, Thomas and

Megahan (1998) reported that increases were not detectable for peak flows

with 2-yr recurrence interval or greater. Large peak flow increases of sub-

annual storms are more pronounced during fall seasons when there are large

soil moisture deficits. Ziemer (1998, 1981) reported fall peak increases of

300 percent in Caspar Creek, a coastal northern California basin, and Jones

(2000) reported average increases of 53 to 116 percent in western Oregon

Cascade experimental basins.

Of additional concern to resource managers is the propagation of dis-
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turbance signals off-site to locations downstream of headwater harvesting

units. Off-site propagation of disturbance can be described as additive or

synergistic and assessment of effects are problematic due to uncertainties in

temporal and spatial scales, uncertainty in affected resources, process interac-

tions, and nonlinearity in process responses (Lewis et al., 2001; MacDonald ,

2000; Eads and Lewis , 2002). Studies quantifying downstream or cumula-

tive effects of forest harvesting on catchment behavior have focused primarily

on small catchments quantifying changes in peakflows (Ziemer , 1998), sed-

iment loading (Lewis et al., 2001), nutrient loading (Buttle and Metcalfe,

2000), or stream temperature (Constantz , 1998); few studies have quantified

the downstream effects of harvesting on water yield (Harris and Williams ,

1971).

Paired-catchment studies have been used globally over several decades to

evaluate the effects of forest management on hydrology and water quality (for

review, see Bosch and Hewlett (1982); Andréassian et al. (2003)). Statistical

change detection often used in paired catchment studies represent the most

rigorous method to evaluate change following forest harvesting treatments

(Gomi et al., 2006; Hewlett , 1982). Of concern with many of these studies

is the small sample size used to construct statistics-based change detection

models. In the absence of large sample sizes, the rate at which a null hypothe-

sis is not rejected where there is a difference may increase (Type II error) and

undermine the ability to detect changes in physical behavior (Loftis et al.,

2001). Numerous studies used ordinary least squares regression based on an-

nual and storm-based mean and maximum water yield, peak flow, sediment

load, and temperature (Lewis , 2002; Brown et al., 2005; Andréassian, 2004),

but few studies have used monthly or daily streamflow time-series data due

to seasonal periodicity and serial autocorrelation in measurements observed
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close in time. Hetereoscadastic variance, serial autocorrelation, and season-

ality violate assumptions of least squares regression and can lead to incorrect

estimates of regression coefficients and invalid tests of significance (Rawlings

et al., 1998).

Recent advances that incorporate multiple linear regression and time-

series methods allow the analysis of hydrologic data collected at greater fre-

quencies. Watson et al. (2001) used monthly streamflow data to fit pre-

harvest, ordinary least-squares regression models and adjusted residuals to

account for first-order autocorrelation variance structure. Moore et al. (2005)

and Gomi et al. (2006) further extended time-series change detection methods

by applying time-series modeling of autocorrelated residuals to evaluate the

effects of forest harvesting on the minimum, maximum, and mean stream

temperature in headwater catchments of coastal British Columbia. These

studies included the use of GLS regression to account for heteroscadastic vari-

ance and correlated errors. However, prediction limits used in these studies

were in fact confidence limits that can result in falsely detecting the effects

of forest harvesting (Som, 2009).

Current knowledge of the effects of forest management in the Pacific

Northwest comes from studies of historic practices in initial harvest of nat-

urally grown forests. Such watershed studies as the Alsea (Harris , 1977)

and Coyote Creek (Harr et al., 1979) were conducted up to 4 decades ago;

results of these studies are still used today to describe the effects of con-

temporary harvesting practices. These studies focused on annual or at most

storm-based values of peak flow, storm flow, and sediment load, and change

detection models were developed with few observations (Bosch and Hewlett ,

1982; Brown et al., 2005; Stednick , 1996; Jones , 2000; Lewis et al., 2001).

Research is needed to provide insight into how contemporary forest manage-
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ment practices affect hydrology in headwater and basin-scale catchments in

the Pacific Northwest. The Hinkle Creek Paired Watershed Study was initi-

ated in 2001 to fill gaps in the environmental effects of contemporary forest

management on catchment hydrology.

The objective of this study was to assess the effects of contemporary forest

harvesting practices associated with clear-cut harvesting of headwater and

basin-scale catchments on local and downstream catchment hydrology. Here

we outline the use of storm, monthly, and daily streamflow time-series data

to construct change detection models used to discern and estimate changes

in streamflow using the paired-catchment study design. We assess changes

in hydrology using daily streamflow data at the headwater and basin scale.

This study represents the first effort to employ daily streamflow, time-series

models to discern and quantify local and downstream effects of contemporary

forest harvesting.

2.3 METHODS

2.3.1 Study Site

This study was conducted in the Hinkle Creek Paired Watershed Study

located in the western foothills of the Cascade Mountains in southern Oregon

(Figure 2.1). Hinkle Creek is a 3rd order basin comprised of approximately 19

km2 that is nearly evenly divided into the North and South Fork catchments.

Slopes range from 400 to approximately 1,400 m above sea level. Hinkle

Creek is located in the transitional snow-zone with a climate dominated by

frontal Pacific storms during November to May and high pressure systems

that produce dry, warm conditions during the rest of the year. Mean an-
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nual precipitation, measured at 839 m above sea level is approximately 1,800

mm, with a mean annual air temperature of 8.5 ◦ C. Slopes are vegetated

with harvest regenerated 60-year old Douglas fir (Pseudotsuga menziesii).

Overstory vegetation in the riparian areas of higher order stream networks

is comprised mainly of red alder (Alnus rubra) and under-story vegetation

is huckleberry (Vaccinium parvifolium) and sword fern (Polystichum muni-

tum). The riparian areas of low order headwater catchments are dominated

by Douglas fir. Hinkle Creek is almost entirely owned by Roseburg Forest

Products and managed for timber production. Prior to the start of the Hin-

kle Creek study in 2001, approximately 1.19 km2 of forest in the South Fork

basin (11 percent) was harvested in three clear-cut harvest units.

Roseburg Forest Products used contemporary forest harvesting methods,

in accordance with the Oregon Forest Practices Rules, to harvest timber from

1.62 km2 of forest land in five clear-cut harvest units within the South Fork

catchments (Table 2.1; Figure 2.1). Clear-cut harvesting removed trees from

0.34, 0.25, 0.15, and 0.12 km2 in the BB, Clay, Fenton, and Russell catch-

ments. In specific cases, harvesting units extended beyond experimental

catchments (Figure 2.1). Harvesting duration varied in individual headwa-

ter catchments; July 2005 - January 2006 (Fenton); October 2005 - February

2006 (Russell); January 2006 - April 2006; January 2006 - March 2006 (Clay);

and January 2006 - April 2006 (BB). Felled logs were transported on an ex-

isting road network that had approximately 3.2 km of new road construction

and 6.4 km of road reconstruction built for the 2005 harvest by Roseburg

Forest Products. Site preparation occurred in the fall of 2006 following the

completion of harvest; a broad-spectrum herbicide was applied to the har-

vest units in the fall 2006 to reduce competing vegetation for seedlings. The

harvest units were replanted with Douglas fir seedlings during the winter of
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2007.

2.3.2 Data Collection

Streamflow was recorded at 10-minute intervals from November 2003 to

present at the outlet of the 6 experimental headwater catchments using Mon-

tana flumes equipped with automated Druck 1830 pressure transducers and

Campbell Scientific 10x dataloggers (Figure 2.1). Streamflow in the North

and South Fork catchments was recorded at 30-minute intervals by the United

States Geological Survey (stations 14319830 and 14319835). Climate data

were measured at a micro-meteorological station located between the North

and South Fork catchments at 839 m above sea level (Figure 2.1). Precip-

itation, air temperature, relative humidity, wind-speed, and photosynthetic

active radiation were recorded at 10-minutes intervals using Campbell Sci-

entific CR 10x dataloggers from December 2003 to present.

2.3.3 Estimating effects of forest harvesting on streamflow

The paired-catchment approach (Hewlett and Pienaar , 1973) was used to

estimate the effect of forest harvesting on streamflow. Time-series data were

scrutinized for errors and aggregated to mean daily and monthly stream-

flow. Approximately two years of pre-harvest streamflow data were collected

from summer 2003 through winter 2005. Because the calibration period was

relatively short and to capture naturally occurring variation, time-series de-

tection methods were used increase sample size. Regression-based change

detection models were constructed to assess the effects of contemporary for-
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est practices at the headwater catchment and basin scales for daily, monthly,

annual, and storm streamflow.

In the absence of serial autocorrelation, ordinary least-squares (OLS) re-

gression techniques were used to fit pre-harvest data. Time-series of pre- and

post-harvest streamflow data were analyzed to identify spatially and tempo-

rally homogeneous storm distributions across all experimental catchments.

Storms were identified as (i) peaks between two catchments occurring within

2 days, and (ii) instantaneous peakflow discharges > 0.013 m3 s−1 km−2 (re-

turn period > 0.4 yrs). Instantaneous maximum peakflow was used to define

the greatest magnitude of storms unique to individual catchments. Storm-

flow and baseflow volumes were separated using the constant separation slope

(0.001 m3 mi−2 hr−1) method (Hewlett and Hibbert , 1967).

GLS regression (Rawlings et al., 1998) was used to account for serial

autocorrelation in model residuals using monthly and daily streamflow time-

series data. This method of change detection follows the approach of Watson

et al. (2001), Gomi et al. (2006), and Moore et al. (2005), but our study

extends the use of GLS change detection to detect streamflow changes at

the daily time-step. The GLS calibration equation for time-series streamflow

data is:

yj = β0 + β1x1j + β2 sin(
2πj

T
) + β3 cos(

2πj

T
) + εj (2.1)

where yj is the measured streamflow response variable in treated catchment

on day (month) j ; x1,j is measured streamflow explanatory variable in ref-

erence catchment on day (month) j ; β’s are coefficients to be estimated by

regression; the sin and cos terms are trigonometric covariates describing sea-

sonality, where j is day (month) and T is the total number of days (months)

per year; and εj is an error term, where εj ∼ N(0,Σ). Let εj =[ε1, ε2, ε3, ...,
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εj, ..., εJ ]′, where J is the total number of time-steps. The j th residual, εj,

is estimated as ε̂j = (yj - ŷj). Autocorrelated residuals were filtered using a

stochastic time-series autoregressive (ARMA) model, leaving estimated inno-

vations, µ̂j (Salas , 1993), the random component of the deviation from day

(month) j, with any component inherited from previous day (month) being

filtered by the autoregressive removal procedure (Watson et al., 2001; Salas ,

1993):

µ̂j = ε̂j − φ̂1ε̂j−1 − φ̂2ε̂j−2 − ...− φ̂j ε̂j−k (2.2)

where µ̂j are estimated innovations; φ̂i is the estimated autocorrelation co-

efficient of error term at lag k ; and εj−k is the residual error term k days

(months) before day (month) j. The autoregressive order k for each set of

GLS model residuals was identified using Akaike Information Criteria (AIC)

(Padmanabhan and Rao, 1982) and partial autocorrelation function plots.

Estimated innovations, µ̂j are distributed as N(0, σ2) and are independent.

Upper and lower prediction intervals at time tj are computed by

0± 1.96
√

ˆV ar(µ̂j) (2.3)

where ˆV ar(µ̂j) is the estimated prediction variance incorporating uncertainty

associated with predicting future values, estimated linear model, and autoco-

variance parameters (Som, 2009). Under the null hypothesis of no difference

in innovations during pre- and post-harvest periods, with selected signifi-

cance level of α = 0.05, approximately 5 percent of estimated innovations

will fall outside of the 95 percent prediction intervals. When more than 5

percent of the innovations exceed prediction intervals, it is concluded that

there is a statistically significant change (+/-) in innovations following forest

harvesting.
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Downstream impacts of forest harvesting in the headwater catchments

were estimated by quantifying changes at the outlet of the South Fork catch-

ment (3rd order basin) using GLS regression change detection as described

above. For this study, it was assumed that changes in water yield in the South

Fork represented increased water yield that resulted from forest harvesting

upstream.

2.4 RESULTS

2.4.1 Overview of study period

Daily streamflow and precipitation for the duration of the study are shown

in Figures 2 and 3. On average, there were 5 storms per year. The majority of

storms resulted in sub-annual peak flows (Table 2.2). Low flows periods (e.g.

summer) were retained in the hydrograph records but were excluded from

change detection analyses because flumes used in the Hinkle Creek study

was not designed to investigate these flows.

Precipitation and runoff varied by year with the largest events occurred

during water year (WY) 2006, the first year following harvesting (Table 2.3).

Annual precipitation ranged from 1,908 (WY 2006) to 1,242 mm (WY 2004).

Average annual runoff during the study was 601 mm (standard error (se)=154

mm) and 868 mm (se = 293 mm), North Fork and South Fork, respectively.

During the pre- and post-harvest periods, annual runoff represented 56 and 71

percent of annual precipitation in the South Fork. Annual runoff represented

45 percent of annual precipitation across the five year study period in the

reference North Fork catchment. Peak flow recurrence intervals for the two

largest events measured in the North Fork were approximately 8- and 3-yr
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(1 and 0.89 m3 s−1 km−2, respectively) (Table 2.2).

2.4.2 Storm-based change detection

In the analysis of storm-based yields, OLS regression calibration models

were developed using 4 to 11 peakflow and quickflow samples (Table 2.4).

Mean squared errors (MSE) were used to select the best fitting calibration

model between harvested and reference catchments. In peakflow and quick-

flow regression models, pairing between harvest catchments and the Myers

catchment consistently explained the greatest variance between catchments

except for the quickflow analyses in the BB catchment, where pairing with

the DeMersseman explained the greatest variance. For the peakflow and

quickflow analyses at the basin-scale, models constructed between the South

Fork and North Fork explained the greatest variability. Estimated effects

of harvesting on peakflow and quickflow were calculated as the difference

between post-harvest observed peakflow and predicted peakflow from OLS

regression models. Ninety-five percent prediction limits were constructed to

statistically detect changes following forest harvesting.

During pre- and post-harvest periods, peakflows ranged from 0.06 to 1.45

m3 s−1 km−2 for all catchments (Table 2.2). On average, peakflow during

the pre-harvest periods were 61, 5, 0, and 2 percent larger than peakflows in

the Myers catchment for BB, Clay, Fenton, and Russell, respectively. During

post-harvest periods, peakflows in harvested catchments were 144, 54, 45, and

25 percent greater than Myers. Peakflows in the South Fork catchment were

on average equal to those in the North Fork during the pre-harvest period

and 68 percent greater following harvesting. Forest harvesting significantly

increased peakflows in the BB, Fenton, and South Fork catchments (Figure
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2.4) with increases ranging from 0.01 to 0.65 m3 s−1 km−2 (Table 2.5). In

the South Fork, the largest increase in peakflow was associated with an 8-yr

recurrence storm; peakflow increases in the BB and Fenton catchments were

associated with sub-annual events.

Quickflow ranged from 0.3 to 240 mm for all catchments during pre-

and post-harvest periods (Table 2.6). On average, quickflow during the pre-

harvest periods were -3, -88, and 0 percent of Myers for Clay, Fenton, and

Russell, respectively; BB had 26 percent greater quickflow than DeMersse-

man. Following harvesting, quickflow in Clay, Fenton, and Russell differed

from Myers by 95, -74, and 61 percent, and for BB, 261 for percent greater

than DeMersseman. Quickflow in the South Fork was 31 percent greater than

the North Fork during pre-harvest and 187 percent greater following harvest-

ing. The largest quickflow volumes for headwater and basin-scale catchments

were associated with storms with 8- and 3-yr recurrence intervals. Though

greater in relative magnitude for all harvested catchments as compared to

pre-harvest populations, statistically significant increases in quickflow were

detected in the BB, Fenton, and Russell catchments (Figure 2.5). Increases

ranged from 3 to > 190 mm following forest harvesting (Table 2.7). Average

increases during the post-harvest periods in the BB, Clay, Fenton, Russell,

and the South Fork catchments were 13, 4, 1, 8 and 34 mm (averages and

s.e. Table 2.7).

A primary assumption of least-squares regression is that observed data

are a representative sample from the expected range of natural variability so

that generalizations can be made (Ziemer , 1981). Of the pre-harvest storm

populations for Fenton and Russell, one was a 2-yr storm and seven were

sub-annual storms (Table 2.2). All of the pre-harvest storms in the South

Fork had recurrence intervals of one year or less. In the Fenton and Russell
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catchments, post-harvest peakflows associated with storms with recurrences

of > 1-yr were not significantly different from zero. Excluding these storms,

maximum peakflow increases in Fenton did not change whereas average peak-

flow decreased from 0.06 to 0.02 m3 s−1 km−2. Similarly, maximum peakflow

increases in Russell did not change but average peakflow increased from -0.04

to 0.02 m3 s−1 km−2.

Excluding the storms from the South Fork analysis, increases in maximum

and average peakflows decreased from 0.65 to 0.27 m3 s−1 km−2 and 0.18 to

0.08 m3 s−1 km−2. Similarly, increases in quickflow decreased from 193 to 43

m3 s−1 km−2 and 34 to 14 m3 s−1 km−2, maximum and average increases,

respectively. The large events were retained in the BB and Clay regression

models because they occurred prior to harvesting within these catchments.

2.4.3 Time-series change detection

AIC and partial autocorrelation function plots were used to select parsi-

monious models for monthly and daily streamflow time-series data. Stream-

flow data for Russell Creek were excluded from time-series change detection

analyses due unresolved issues in non-stationary means and variance.

2.4.3.1 Monthly time-series

Figure 2.6 shows differences between observed and predicted monthly

stream during pre- and post-harvest periods. OLS regression models were

constructed for catchment pairs absent of serial autocorrelation; only model

residuals for Clay Creek exhibited significant correlation of up to one-month
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(

hatphi=0.76, s.e.= 0.1) which required the use of GLS and autoregressive

modeling (Table 2.8). Statistically significant increases in monthly stream-

flow were detected in all headwater and basin-scale catchments and varied

by month and season (Figure 2.7).

Following forest harvesting, average annual streamflow increased by 109

mm (10 percent over predicted), 76 mm (9 percent), 578 mm (103 percent),

and 220 mm (29 percent) in BB, Clay, Fenton, and the South Fork (Table

2.9). In Fenton and the South Fork, streamflow increases were largest in

winter, followed by spring, and then fall. In the BB catchment, increases were

largest in fall, followed by spring and then winter. Increases in streamflow

were largest during winter, then fall, and followed by spring in the Clay

catchment. Average winter increases were 22 mm (BB), 45 mm (Clay), 348

mm (Fenton), and 170 mm (South Fork). Average increases were 37 mm, 4

mm, 126 mm, and 33 mm during spring and 74 mm, 42 mm, 104 mm, and

28 mm in BB, Clay, Fenton, and the South Fork catchments, respectively.

Monthly increases were largest in Fenton and the South Fork during January

and December and November in the BB and Clay catchments.

2.4.3.2 Daily time-series

GLS regression and autoregressive models were used to construct change

detection models using daily time-series data. Significant lags of up to 3

days were detected for experimental catchments in Hinkle Creek using AIC

and PACF (Table 2.10). Statistically significant changes in streamflow were

not discernable using daily time-series data at either spatial scale (Figure
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2.8). Though not statistically significant, daily streamflow increased up to 9

percent over predicted for all post-harvest years and by as much as 14 percent

seasonally (Table 2.11). Estimated changes in streamflow volume following

harvesting varied by day, season, and water year (Figure 2.9).

Post-harvest daily streamflow was summarized by month and aggregated

by WY and season (Table 2.11). Average annual increases in streamflow

derived from daily data were 198 mm (21 percent over predicted) in BB, 169

mm (21 percent) in Clay, 181 mm (12 percent) in Fenton, and 105 mm (12

percent) in the South Fork catchment. Maximum daily increases occurred

in December for all catchments, but varied by day and year (Figure 2.9).

Maximum daily increases for the South Fork and Fenton catchments were 29

and 23 mm, respectively, occurring on 30 December 2005. Maximum daily

streamflow increased 14 mm (14 December 2006) and 10 mm (20 December

2007) in BB and Clay catchments. Average seasonal increases across the

post-harvest period were generally larger during winter, followed by fall, and

then spring. Winter increases were 105 mm, 79 mm, 68 mm, and 88 mm,

in BB, Clay, Fenton and the South Fork, respectively. Spring (fall) increases

in BB, Clay, Fenton and the South Fork were 75 mm (28 mm), 75 mm (21

mm), 40 mm (73 mm), and 12 mm (11 mm).

2.5 DISCUSSION

2.5.1 Change detection and estimated changes in hydrology

In the paired-catchment paradigm, the ability to detect statistically sig-

nificant changes following disturbance is a function of pre- and post-harvest

sample sizes, chosen level of significance to test changes, as well as account-
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ing for inter- and inner-catchment variability of processes and timing between

catchments (Loftis et al., 2001). Variability was attributed to heterogeneities

in spatial and temporal distributions of climatic inputs and synchronization

of internal catchment processes. Ideally, a calibration period should be suf-

ficiently long enough to capture the range of variability, minimize bias in

prediction estimates, and reduce uncertainty.

The small populations of pre-harvest storms, short calibration period,

and the paucity of storms greater than 2-yr recurrences in this study warrant

caution in discerning the effects of forest harvesting within the experimental

catchments. For example, a single peakflow event (of 10 post-harvest events)

fell outside of the 95 percent prediction limits for Fenton Creek. Under the

null hypothesis of difference between pre-and post-harvest peakflows with

a significance level of 0.05, it was expected that 5 percent of post-harvest

residuals would exceed prediction limits due to natural variation. The 19

December 2007 storm that fell outside of the prediction limits represented

a statistically significant change in peakflow, but represented approximately

10 percent of the post-harvest sample population. Based on this sample size,

it was difficult to determine with confidence if the increases in peakflow were

from forest harvesting or due to the expected 5 percent random variation in

residuals. In addition, the two largest storms observed occurred following

forest harvesting. The events, which were 8- and 3-yr storms, were extreme

relative to the size of storms observed during the pre-harvest calibration

period. In this context, it was necessary to extrapolate beyond the range

of measured peakflow, possibly introducing significant errors in detecting

changes and predicting post-harvest streamflows (Hornbeck , 1973).

Considering the significant increases in post-harvest peakflows in the

South Fork, the lack of significant changes in quickflow was surprising. The
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inability to detect changes in the South Fork was attributed to the small num-

ber of observations during the pre-harvest period used to construct change

detection models (Table 2.4). Mean squared errors for quickflow regression

models were large for all catchments, ranging from 0.11 to 0.28 (Table 2.2).

Further, errors from determining the start of runoff initiation using the con-

stant slope method were expected to contribute additional variability in sta-

tistical models.

Recognizing the limitations of small sample sizes used in storm-based

analyses, change detection models were constructed with monthly and daily

streamflow data. However, by decreasing the time-step of the regression

models from monthly to daily, unaccounted-for variation was included in the

construction of prediction limits. Significant changes in streamflow could

not be detected in the harvested catchment using daily streamflow models

whereas significant increases were detected for all catchments using monthly

streamflow. The lack of statistically significant changes in daily streamflow as

compared to significant increases in all catchments based on monthly stream-

flow was attributed to larger variances of daily models, the potentially small

incremental streamflow increases on a daily time-step, and the associated ef-

fect of removing autocorrelation structures through AR modeling to address

serial autocorrelation.

Models constructed with daily streamflow incorporated additional vari-

ability attributed to pairing catchments at a time-step that de-synchronized

catchment processes. Unaccounted-for variability resulted from fitting a lin-

ear model to variable daily data and included predictive uncertainty asso-

ciated with estimating additional coefficients describing seasonality in daily

regression models. In addition, storm duration, defined for storm > 0.4 yr as

the start of initial hydrograph rise to the terminus of falling hydrograph limb,
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ranged from 1.3 to 9 days, and averaged 4 days across all catchments during

the pre-harvest period. Therefore, streamflow aggregation to a daily time-

step fragmented the timing and volume of runoff events between individual

catchments.

Concerning the disparity of detection/no detection of significant increases

in streamflow between monthly and daily models, the incremental difference

between observed and predicted daily streamflow was insufficiently small to

warrant a significant effect when compared to the variability of the residuals

and prediction limits. By using monthly streamflow, the cumulative increase

in streamflow summarized over a monthly time-step may be sufficiently large

to surpass the prediction limits. This was shown by Hicks et al. (1991) for

WS 1 in the H.J. Andrews, where summer low flows were not significantly

different between the post-harvest period of reduced water yield and the

pre-harvest period during July and September alone (p< 0.2) but combined

decreases in water yield were significant (p< 0.03).

When considering the performances of the different regression models, the

monthly time-series models consistently explained the greatest variability be-

tween paired catchments with mean squared errors ranging from 0.06 to 0.12

mm (Table 2.8) as compared to daily model mean squared errors ranging

from 0.12 to 0.15 mm (Table 2.10). Aggregating streamflow from daily to

monthly time-steps appeared to synchronize processes between paired catch-

ments and smoothed daily ranges in hydrologic processes. As shown, there

exists a trade-off between sample frequency, synchronization of processes,

and subsequent variability between two spatially explicit catchments. Often,

long-term data are aggregated to annual or storm-based time-steps (Bosch

and Hewlett , 1982; Ziemer , 1981; Harris , 1977; Lewis , 1998), which reduces

the sample sizes and increases the likelihood of falsely detecting changes
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(Type II error) (Mapstone, 1995). Though not evaluated for the current

study, we expect there to be an optimal time-step between monthly and

daily data (e.g. weekly or bi-weekly) that can be used to construct time-

series change detection models with large sample sizes and small variances.

2.5.2 Effects of forest harvesting on stormflow and streamflow

Forest harvesting increases streamflow by reducing canopy interception

and transpiration thereby modifying soil moisture depletion (Bosch and Hewlett ,

1982; Moore and Wondzell , 2005; Hewlett and Hibbert , 1961; Ziemer , 1981).

During the dormant season, evapotranspiration and storm interval are re-

duced thus smaller relative increases but larger percent increases can be

expected. During the growing season, however, larger relative differences

in streamflow can be expected due to larger soil moisture budgets between

harvested and un-harvested catchments.

Increases in peakflows were associated with sub-annual storms in head-

water catchments and all storms in the South Fork catchment (Table 2.5).

Significant peakflow and quickflow increases excluding extreme storms were

generally largest during fall, with increases from 0.11 to 0.22 m3s−1km−2

(79 and 498 percent) and 2 to 32 mm (670 and 512 percent). The magni-

tudes of stormflow increases were consistent with other studies in Oregon

and northern California. For example, Rothacher (1973) and Harr et al.

(1979) showed that fall storms produced peakflow increases by 200 and 122

percent following forest harvesting in southwest and coastal Oregon catch-

ments and Ziemer (1981) reported fall peakflow increases for fall storms in

the Caspar Creek watershed by up to 300 percent. A significant increase

of 0.27 m3s−1km−2 (198 percent) was detected for a late fall storm in BB
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Creek and 0.22 m3s−1km−2 (131 percent) over predicted in Fenton Creek

during a winter storm following clear-cut harvesting of 31 and 65 percent of

catchment area, BB and Fenton respectively. In the South Fork catchment,

however, all post-harvest storm increases were statistically significant, with

increases above predicted by as much as 116 percent. The largest increases

by volume were associated with 8- and 2-yr storms with peaks increasing over

predicted by 0.65 and 0.48 m3s−1km−2. However, storms of this magnitude

were extreme relative to pre-harvest conditions and skewed change detection

and estimation of harvesting effects (Hornbeck , 1973). The largest storm

on record during pre-harvest conditions was approximately a 1.4-yr storm.

Retaining the extreme events, total estimated peakflow in the South Fork

increased by as much as 2.69 m3s−1km−2 (68 percent increase) as compared

to increases of 0.99 m3s−1km−2 (20 percent over predicted) when excluded.

Excluding events outside of pre-harvest calibration storm distributions, in-

creases in peakflow across all catchments ranged from 0.01 to 0.27 m3s−1km−2

and averaged 0.05 m3s−1km−2 following harvesting.

Percent increases in quickflow relative to predicted in this study were

largest for sub-annual storms occurring in fall (Table 2.7). On average, quick-

flow increases over all post-harvest storms and catchments averaged 12 and 8

mm, including and excluding extreme storms, respectively. In the southeast

USA, Hewlett and Helvey (1970) reported significant increases in quickflow

by 6 mm (11 percent) following clear-cut harvesting in a mature hardwood

forest. Few studies in the western USA, however, have reported the effects

of forest harvesting on quickflow. For example, Wright et al. (1990) showed

significant increases in quickflow for small storms (< 0.56 m3s−1) by 170 per-

cent in the South Fork Caspar relative to the North Fork Caspar Creek but

did not report volumetric changes. Ziemer (1998) reported total stormflow
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increases by 60 percent or 113 mm, but did not partition quickflow from

storm hydrographs.

Catchment studies in the Pacific Northwest have reported average incre-

mental streamflow increases in rain-dominated catchments of up to 6 mm

following clear-cut and patchcut harvesting (Moore and Wondzell , 2005).

In Hinkle Creek, proportional streamflow increases averaged 8 and 5 mm,

respectively monthly and daily models. Streamflow response of the Hinkle

Creek catchments varied according to the time-step of change detection mod-

els, water year, season, month, and day. Generally, increases in streamflow

were largest during the first year following harvesting which was also had

the highest precipitation during the 5 year study. Of exception was Clay

Creek where the largest total increase in streamflow for monthly and daily

models occurred during the third year after harvesting (WY 2008). Delays

in streamflow responses in Clay Creek following harvesting were attributed

to heterogeneities in precipitation distribution and timing of site preparation

and competition control.

Following forest harvesting, average streamflow increases ranged from 76

to 578 mm (9 to 103 percent above predicted streamflow) based on monthly

streamflow and 105 to 198 mm (12 to 21 percent) based on daily streamflow.

Streamflow increases were consistent with other studies evaluating the effects

of clear-cut harvesting on annual water yield in the Oregon Cascades Moun-

tains. For example, Harr et al. (1979), showed annual streamflow increases

of 360 mm (29 percent over predicted) during the first year and 290 mm (43

percent) during the first five years following 100 percent clear-cut harvesting

of Coyote Creek 3. In the H.J. Andrews, Harr et al. (1982) showed increases

of 420 mm (27 percent) and 380 mm (30 percent) during the first year and

4 years following clear-cut harvesting of watershed 6.
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Streamflow increases were largest for winter, followed by fall, and then

spring. Seasonal variations in Hinkle Creek are consistent with similar studies

that suggest greatest increases in water yield during wet winter and fall

periods. The proportion of total streamflow increases derived from winter

runoff events for all catchments averaged 65 and 70 percent for monthly and

daily models, respectively. This seasonal increase has been shown in other

studies in the Pacific Northwest. For example, Rothacher (1970) showed that

approximately 80 percent of water yield volume increases occurred during wet

October to March following 100 percent harvesting of a 0.96 km2 catchment

in western Oregon.

2.5.3 Downstream effects of forest harvesting

Paired relationships between the North Fork and South Fork catchments

were used to detect and estimate the downstream hydrologic effects follow-

ing forest harvesting in headwater catchments in Hinkle Creek (Figure 2.1).

Statistically significant increases in storm and streamflow were detected for

peakflow and monthly streamflow at the outlet of the South Fork catch-

ment. Detectable increases in streamflow at the basin scale were surprising

as downstream increases in streamflow have not been reported previously

(Reid , 1998). Robinson et al. (1995) and Reid (1998, 1993) suggested that

stormflow responses on larger basins is governed by geomorphology of the

channel network as compared to forest harvesting responses in small catch-

ments where hillslope processes are sensitive to stand and catchment level

disturbances.

While statistically significant changes were not discernable using storm-

based quickflow and daily streamflow models, relative increases in magni-
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tudes showed downstream increases. Excluding the extreme events, quick-

flow increased on average by 14 mm. The inability to statistically detect

changes using these metrics was attributed primarily to small sample sizes

and large variability between catchments and storm hydrograph components.

Peakflow increases were detected for sub-annual events and ranged from 0.03

to 0.27 m3 s−1 km−2. Average monthly streamflow increased by 29 mm in the

South Fork. During January 2006, the wettest month on record during the

study period, monthly streamflow increased by more than 200 mm (Figure

2.6).

We hypothesized that increases in downstream streamflow were related

to streamflow routing efficiency and spatial proximity of experimental catch-

ments and harvested adjacent headwater catchments to monitoring in the

South Fork catchment outlet (Table 2.1) rather than to the size of harvest-

ing unit (Ziemer , 1998; Reid , 1998). Additionally, increased streamflow was

contributed from experimental harvested units as well as adjacent units (Fig-

ure 2.1). However, it was not possible to quantify total contributions of water

yield from adjacent, non-monitored catchments. The pattern in streamflow

increases in the South Fork corresponded to monthly increases in streamflow

in the Fenton Creek catchment (Figure 2.6) but volumetric increases from

all experimental catchments accounted only for approximately 21 percent of

increased streamflow observed in the South Fork. The downstream response

of basin-wide harvesting was approximately additive (MacDonald , 2000); the

increase in streamflow in the South Fork catchment represented a spatially

and temporally integrated signal from all catchment disturbances resulting

from prior and current harvesting activity. The combined effect of harvesting

upstream of the South Fork outlet was greater than the sum of individual

increases in the headwater catchments. The response signal quantified in the
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South Fork outlet included runoff from the experimental harvest catchments

(∼ 1.4 km2) and runoff from harvested catchments not monitored (1.4 km2)

(Figure 2.1).

2.6 CONCLUSIONS

The objective of this research was to quantify local and downstream ef-

fects of forest harvesting on stormflow volume, peakflow, monthly, and daily

streamflow. Regression-based change detection models were constructed to

address serial autocorrelation in time-series change detection models up to

three-day and one-month lags using daily and monthly streamflow. In rel-

ative magnitude, increases in water yield were detected in all headwater

catchments and downstream following harvesting and were largest in the first

year following forest harvesting. Statistically significant increases were de-

tected in headwater catchments for storm peakflow and volume and monthly

streamflow. In the South Fork outlet, significant increases were detected for

peakflow and monthly streamflow. Increases in streamflow in the South Fork

are suggestive of the propagation of disturbance signal downstream from

harvested headwater catchments. The downstream response of harvesting

upstream was approximately additive and was related to spatial proximity of

harvested units upstream rather than percent area of catchment harvested.

Average peakflows increased by 0.05 m3s−1km−2 and ranged from 0.01 to

0.27 m3s−1km−2 when extreme storm events relative to calibration period to

were excluded. Average storm quickflow across all catchments increased by

8 mm. Average annual streamflow increases using time-series models ranged

from 76 to 578 mm for monthly and 105 to 198 mm for daily. Average incre-

mental increases in streamflow for each percent of basin harvested were 11
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and 23 mm for monthly and daily models, respectively.

Irrespective of the specific methods used to construct change detection

models, forest harvesting either has an effect on streamflow or not. Statis-

tical tools are used to assess treatment by differentiating between variance

within treatments from variance between treatment. The inability to de-

tect statistically significant changes at a certain time-step (e.g. daily) while

able at others (e.g. monthly) is a function of accounting for all sources of

variability in change detection models. In this study, we aimed to develop

robust change detection models using daily streamflow data to increase sam-

ple size and decrease false detections of treatment effects. In fact, by using

daily data, we incorporated unexplained variance and increased the width

of prediction limits thereby obfuscating potential effects of forest harvest-

ing. The results of this study suggest that models constructed with monthly

streamflow were most appropriate and sensitive for detecting and estimating

change in the Hinkle Creek catchments. Further research is needed to deter-

mine an optimal time-step for constructing change detection models used in

paired-catchment studies.
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Table. 2.1: Attributes of the experimental catchment in the Hinkle Creek
Paired Watershed Study.

Catchment Scale Area

(km2) (km2) (km) 

BB headwater 1.1 0.34 31 2.6

Clay headwater 0.65 0.25 38 2.5

Fenton headwater 0.23 0.15 65 2.2

Russell headwater 0.96 0.12 13 2.8

South Fork basin 10.8 1.54 14 -

DeMersseman headwater 1.56 - - -

Myers headwater 0.56 - - -

North Fork basin 8.7 - - -

Area 

harvested % harvested

Downstream distance 

to South Fork outlet
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Table. 2.2: Population of observed storm peakflows for pre and post-harvest
periods. Tr is storm recurrence in years measured in the North
Fork Hinkle Creek catchment. Statistical significance is at the
0.05 significance level. Shaded areas represent harvesting periods.

Date Tr-yr BB Clay Fenton Russell South Fork DeMersseman Myers North Fork

12/6/2003 < 1 0.14 0.18 0.08 0.12 - 0.14 0.12 -

12/13/2003 2 0.78 0.47 0.39 0.47 - 0.57 0.40 -

12/29/2003 < 1 0.20 0.25 0.20 0.12 0.21 0.10 0.18 0.24

1/27/2004 < 1 0.26 0.19 0.14 0.17 0.20 0.18 0.14 0.19

6/6/2004 < 1 0.25 0.15 0.09 0.10 0.17 0.15 0.13 0.14

12/9/2004 1 0.58 0.26 0.21 0.36 0.33 0.50 0.24 0.36

3/29/2005 < 1 0.21 0.19 0.32 0.12 - 0.12 0.18 -

5/10/2005 < 1 0.27 0.14 0.15 0.20 0.19 0.37 0.20 0.20

12/1/2005 < 1 0.35 0.16 0.19 0.21 0.22
a

0.19 0.22 0.17

12/30/2005 8 0.91 0.42 0.75 0.71 1.45
a

0.69 0.70 1.03

1/11/2006 2 0.72 0.29 0.52 0.48 0.89a 0.39 0.43 0.50

1/17/2006 3 0.73 0.33 0.74 0.45 1.27
a

0.68 0.81 0.89

1/30/2006 < 1 0.40 0.16 0.30 0.27 0.26
a

0.24 0.24 0.13

11/26/2006 < 1 0.23 0.17 0.23 0.13 0.20
a

0.11 0.10 0.10

12/14/2006 < 1 0.30 0.18 0.14 0.18 0.19
a

0.12 0.08 0.10

12/26/2006 1 0.39 0.26 0.34 0.26 0.57
a

0.38 0.34 0.34

1/3/2007 < 1 0.44 0.22 0.19 0.22 0.28
a

0.27 0.21 0.24

2/16/2007 < 1 - - - - 0.20
a

- - 0.15

3/4/2007 < 1 0.24 0.16 0.15 0.16 0.19
a

0.19 0.14 0.12

10/19/2007 < 1 0.40
a

0.25 0.19 0.15 0.18
a

0.08 0.06 0.07

11/19/2007 < 1 0.27 0.19 0.19 0.15 0.20a 0.09 0.08 0.11

12/19/2007 < 1 - 0.30 0.40
a

- - 0.19 - -

12/24/2007 < 1 0.38 - - 0.21 0.26
a

- 0.17 0.13

1/8/2008 < 1 0.19 0.18 0.20 0.13 0.31
a

0.19 0.18 0.26

   (*) 'a' denotes statistically significant changes at  = 5%

(m
3
 s

-1
 km

-2
) * 
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Table. 2.3: Monthly precipitation, observed, and predicted streamflow for
headwater and basin-scale catchments in Hinkle Creek. Pre-
dicted streamflows predicted from OLS and GLS regression mod-
els. Percent change calculated as percent difference from pre-
dicted streamflow. Shaded areas represent harvesting periods.

Month WY Precip.

obs pred res % obs pred res % obs pred res % obs pred res %

11 2004 208 121 86 35 40 98 78 20 26 32 34 -2 -6 36 35 1 4

12 2004 343 230 229 0 0 236 170 67 39 112 87 24 28 176 146 30 21

1 2004 257 261 292 -31 -11 259 219 40 18 104 126 -22 -17 194 175 19 11

2 2004 136 162 157 5 3 202 149 52 35 88 87 2 2 122 130 -9 -7

3 2004 85 122 130 -8 -6 149 134 15 11 77 80 -3 -4 92 103 -11 -11

4 2004 73 84 74 9 12 87 87 0 0 45 50 -5 -9 55 64 -8 -13

5 2004 99 117 111 6 5 86 104 -19 -18 41 62 -21 -33 85 67 18 27

6 2004 41 98 124 -26 -21 93 100 -7 -7 39 57 -18 -32 72 73 -1 -1

total 1,242 1,194 1,204 -10 -1 1,210 1,041 169 16 539 583 -44 -8 834 793 40 5

10 2005 154 58 57 1 2 41 54 -13 -24 23 22 1 6 28 33 -5 -15

11 2005 91 50 65 -15 -23 42 65 -23 -36 23 27 -4 -15 23 24 -1 -6

12 2005 247 147 181 -35 -19 106 145 -39 -27 76 73 4 5 102 102 0 0

1 2005 45 91 90 1 1 88 99 -11 -11 50 49 1 2 47 52 -4 -9

2 2005 67 38 45 -7 -16 49 64 -15 -23 28 32 -4 -11 19 17 2 11

3 2005 194 84 70 14 21 82 89 -7 -7 72 49 23 46 52 47 5 11

4 2005 175 183 171 11 7 135 152 -17 -11 91 97 -6 -6 96 109 -13 -12

5 2005 244 192 185 7 4 146 147 -1 -1 124 93 31 33 129 143 -14 -10

6 2005 83 88 89 -1 -1 93 80 13 16 72 44 28 63 71 62 9 14

total 1,300 931 954 -23 -2 781 894 -113 -13 560 486 74 15 567 589 -22 -4

10 2006 121 32 34 -3 -8 46 38 8 20 37 15 22 149 12 10 2 18

11 2006 297 152 113 39 35 112 93 19 20 101 42 59 139 70 103 -33 -32

12 2006 367 287 280 7 2 192 194 -2 -1 207 102 105 102 219 156 63 40

1 2006 507 458 398 60 15 265 270 -5 -2 467 160 307 191 474 245 229 93

2 2006 137 152 129 23 18 132 129 3 2 189 74 115 157 141 91 51 56

3 2006 193 181 142 39 28 184 143 41 29 195 86 109 126 161 130 31 24

4 2006 113 170 124 46 37 117 122 -5 -4 136 75 61 82 114 98 16 16

5 2006 138 71 69 2 3 49 76 -27 -35 89 43 47 110 53 47 6 13

6 2006 35 89 77 11 15 47 73 -26 -36 107 39 68 174 54 47 8 17
total 1,908 1,591 1,366 225 16 1,144 1,138 6 1 1,528 636 892 140 1,299 926 373 40

10 2007 67 20 29 -9 -32 22 34 -12 -37 32 13 20 153 8 7 1 22
11 2007 370 216 135 81 60 162 105 57 54 178 49 130 267 159 86 73 85

12 2007 292 237 242 -5 -2 197 176 21 12 194 91 103 112 203 154 49 32

1 2007 120 152 219 -67 -31 156 180 -24 -13 156 100 56 56 158 137 20 15

2 2007 199 136 141 -5 -4 126 137 -12 -8 114 79 35 44 122 122 -1 -1

3 2007 106 236 193 43 22 211 176 35 20 156 110 46 42 179 157 22 14
4 2007 188 131 121 9 8 105 120 -16 -13 85 74 11 16 109 118 -9 -7

5 2007 60 43 60 -17 -29 59 69 -10 -14 46 38 8 21 37 42 -6 -13

6 2007 68 29 44 -15 -33 37 67 -30 -45 34 11 22 196 20 23 -2 -10

total 1,470 1,200 1,184 16 1 1,074 1,065 9 1 996 565 431 76 995 846 148 18

10 2008 142 83 50 32 65 77 62 14 23 56 20 36 178 31 17 14 82

11 2008 182 121 77 43 56 105 80 25 31 77 31 46 147 62 37 26 70

12 2008 121 212 165 46 28 184 129 55 43 165 68 97 144 142 97 44 45

1 2008 162 276 267 9 4 248 175 72 41 272 117 155 133 238 181 57 32

2 2008 1 234 230 4 2 188 164 24 15 189 117 72 61 172 173 -1 -1

3 2008 181 216 223 -7 -3 221 174 47 27 130 123 6 5 - - -

total 789 1,142 1,013 129 13 1,021 784 238 30 888 476 412 87 645 505 140 28

BB Clay Fenton South Fork

(mm) (mm) (mm)(mm)
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Table. 2.4: Attributes of the OLS change detection models for maximum
peakflow and quickflow for headwater and basin-scale catchments
in Hinkle Creek; r2 is the coefficient of determination and MSE
is the estimate of regression model variance
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Table. 2.5: Peakflow changes following forest harvesting in Hinkle Creek
catchments relative to reference catchment. s.e. is the standard
error of the average. Statistical significance is at the 0.05 signifi-
cance level.
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Table. 2.6: Population of observed storm quickflow for pre and post-harvest
periods. Tr is storm recurrence in years measured in the North
Fork Hinkle Creek catchment. Statistical significance is at the
0.05 significance level. Shaded areas represent harvesting periods.

Date Tr-yr BB Clay Fenton Russell South Fork DeMersseman Myers North Fork

12/6/2003 < 1 4 4 0 1 - 8 2 -

12/13/2003 2 51 35 4 45 - 35 29 -
12/29/2003 < 1 7 14 2 5 30 4 16 13

1/27/2004 < 1 15 7 1 15 40 23 15 56

6/6/2004 < 1 23 23 0 9 22 10 10 18

12/9/2004 1 67 24 3 30 24 66 14 19

3/29/2005 < 1 29 18 4 13 - 19 25 -
5/10/2005 < 1 34 8 2 19 22 30 17 20

12/1/2005 < 1 31 11 2 17 24 20 26 47

12/30/2005 8 108 39 12 113 127 110 97 113

1/11/2006 2 75 15 7 51 - 66 63 32

1/17/2006 3 51 15 7 36 240 50 58 16

1/30/2006 < 1 58 19 6 35 70 31 31 44

11/26/2006 < 1 24
a

7 2 6 - 3 9

12/14/2006 < 1 34 18 2 15 31 10 6 16

12/26/2006 1 49 31 6 27 54 55 46 44

1/3/2007 < 1 44 24 3 22 50 37 28 40

2/16/2007 < 1 - - - - 27 - - 30

3/4/2007 < 1 49 24 2 24 36 29 8 23

10/19/2007 < 1 20
a

6 1 5 9 2 1 2

11/19/2007 < 1 38
a

17 2
a

15
a

26 5 3 7

12/19/2007 < 1 48 28 5 20 - 17 13 -

12/24/2007 < 1 - - - - 56 - - 32

1/8/2008 < 1 9 10 2 4 72 11 15 27

    (*) 'a' denotes statistically significant changes at  = 5%

(mm) *
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Table. 2.7: Quickflow changes following forest harvesting in Hinkle Creek
catchments relative to reference catchment. s.e. is the standard
error of the average. Statistical significance is at the 0.05 signifi-
cance level.
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Table. 2.8: Attributes of the OLS and GLS change detection models for
monthly streamflow for headwater and basin-scale catchments
in Hinkle Creek. p is the degree of autocorrelation structure;
φ is the estimated correlation coefficient; and MSE is estimated
variance of regression model.

treated reference pre post AR(p)  1 MSE

(n ) (n )

 BB           DeMersseman 26 19 - - 0.08

Clay        DeMersseman 25 21 1 0.76 0.09

Fenton    DeMersseman 20 27 - - 0.12

SFH        NFH 19 22 - - 0.06

Sample sizeCatchment pairing
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Table. 2.9: Estimated streamflow changes following forest harvesting based
on monthly models summarized by season and water year (WY).
Estimated changes are calculated as the residual (res) difference
between observed and predicted streamflow from regression mod-
els. s.e. is the standard error of the average. Seasons defined by
Fall- October, November; Winter-December, January, February;
Spring-March, April, May, June. Low-flow periods excluded from
analyses

updated 
 

Season WY

obs res (%) obs res (%) obs res (%) obs res (%)

Winter 2006-2008 1,857 66 4 1,495 134 10 1,953 1,045 115 1,868 511 38
average 619 22 498 45 651 348 623 170

s.e. 86 93 168 150

2006 610 83 16 397 -2 -1 863 527 157 834 342 70
2007 525 -77 -13 479 -15 -3 464 194 72 482 69 17
2008 722 60 9 619 151 32 626 324 107 552 100 22

Spring 2006-2008 1,166 112 11 1,030 11 1 978 379 63 729 67 10
average 389 37 343 4 326 126 364 33

s.e. 55 38 143 40

2006 511 99 24 397 -16 -4 527 285 117 383 61 19
2007 439 20 5 412 -20 -5 321 88 38 346 5 2
2008 216 -7 -3 221 47 27 130 6 5 - - -

Fall 2006-2008 439 148 51 365 83 30 481 311 184 342 83 32
average 219 74 182 42 160 104 114 28

s.e. 3 3 39 54

2006 - - - - - - 137 81 141 82 -31 -27
2007 236 72 44 184 44 32 211 149 243 167 75 81
2008 203 76 60 181 39 28 133 82 159 93 40 74

Total 2006 1,121 182 19 794 -18 -2 1,528 892 140 1,299 373 40
2007 1,200 16 1 1,074 9 1 996 431 76 995 148 18
2008 1,142 129 13 1,021 238 30 888 412 87 645 140 28

all yrs 3,463 327 10 2,889 229 9 3,412 1,735 103 2,939 661 29

average all yrs 1,154 109 963 76 1,137 578 980 220
s.e. 85 141 272 132

(mm) (mm) (mm) (mm)

Changes in monthly streamflow following harvesting

BB Clay Fenton South Fork
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Table. 2.10: Attributes of the GLS change detection models for daily stream-
flow for headwater and basin-scale catchments in Hinkle Creek.
p is the degree of autocorrelation structure; φ is the estimated
correlation coefficient; and MSE is estimated variance of regres-
sion model.

Catchment pre post AR(p)  1  2  3 MSE
(n ) (n )

BB 607 441 2 0.92 -0.12 - 0.13

Clay 592 439 3 0.99 -0.02 0.14 0.12

Fenton 501 545 2 0.99 -0.18 - 0.15

South Fork 571 702 2 0.98 -0.16 - 0.12
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Table. 2.11: Estimated daily streamflow changes following forest harvesting
based summarized by month for season and water year (WY).
Estimated changes are calculated as the residual (res) differ-
ence between observed and predicted streamflow from regression
models. s.e. is the standard error of the average. Seasons de-
fined by Fall- October, November; Winter-December, January,
February; Spring-March, April, May, June. Low-flow periods
excluded from analyses

updated 
 
 

Season WY

obs res (%) obs res (%) obs res (%) obs res (%)

Winter 2006-2008 1,857 314 20 1,495 237 19 1,953 203 12 1,868 260 16
average 619 105 498 79 651 68 623 87

s.e. 66 25 20 34

2006 610 180 42 397 100 34 863 90 12 834 114 16
2007 525 75 17 479 52 12 464 52 13 482 49 11
2008 722 59 9 619 85 16 626 61 11 552 97 21

Spring 2006-2008 1,166 226 24 1,030 226 28 978 120 14 729 23 3
average 389 75 343 75 326 40 365 12

s.e. 89 96 55 9

2006 511 24 5 397 14 4 527 7 1 383 5 1
2007 439 24 6 412 26 7 321 9 3 346 18 6
2008 216 178 461 221 186 545 130 104 407 - - -

Fall 2006-2008 439 55 14 365 42 13 481 220 9 342 31 10
average 220 28 183 21 160 73 114 11

s.e. 33 3 107 7

2006 - - - - - - 137 2 1 82 4 5
2007 236 4 2 184 19 12 211 196 7 167 10 6
2008 203 51 33 181 23 14 133 22 19 93 18 24

Total 2006 1,121 204 22 794 114 17 1,528 99 7 1,299 122 10
2007 1,200 103 9 1,074 98 10 996 257 8 995 77 8
2008 1,142 287 34 1,021 294 40 888 187 27 645 115 22

all yrs 3,463 594 21 2,889 506 21 3,412 543 18 2,939 314 12

average all yrs 1,154 198 963 169 1,137 181 980 105
s.e. 92 109 79 24

Changes in daily streamflow following harvesting summarized by month

BB Clay Fenton South Fork

(mm) (mm) (mm) (mm)
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Figure. 2.1: Location of the Hinkle Creek Paired Watershed Study, Oregon,
USA.
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Figure. 2.2: Hinkle Creek daily precipitation during the 5-year study period.



49

Figure. 2.3: Daily streamflow for reference and harvested catchments in Hin-
kle Creek. Shaded areas represent harvesting periods.
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Figure. 2.4: Regression change detection models for peakflow in experimental
catchments.
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Figure. 2.5: Regression change detection models for quickflow in experimen-
tal catchments.
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Figure. 2.6: Monthly observed (striped) and predicted (solid) streamflow fol-
lowing forest harvesting in headwater catchments.
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Figure. 2.7: Model residuals (mm) and innovations (mm) for monthly
streamflow OLS and GLS regression change detection models
for experimental catchments in Hinkle Creek. Serial autocor-
relation was detected up to one-month for Clay Creek. Filled
circles are pre-harvest monthly streamflow; open circles repre-
sent post-harvest streamflow.



54

Figure. 2.8: Model innovations (mm) for daily streamflow GLS regression
change detection models for experimental catchments in Hinkle
Creek. Serial autocorrelation was detected up to three-days for
daily streamflow time-series.
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Figure. 2.9: Post-harvesting observed and predicted mean daily streamflow
in experimental catchments following clear-cut harvesting in
headwater catchment. Estimated treatment effects are calcu-
lated as the residual difference between observe and predicted
streamflow.
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3. LOCAL AND DOWNSTREAM EFFECTS OF CONTEMPORARY

FOREST PRACTICES ON THE SEDIMENT YIELD IN HEADWATER

AND BASIN-SCALE CATCHMENTS

3.1 ABSTRACT

This study examined the effects of contemporary forest harvesting on sed-

iment yield in headwater catchments and the associated effects downstream

of harvest locations using statistical change detection models. This study

is the first study focused on detecting sediment yield changes using daily

time-series records. The goal of constructing time-series change detection

models was to reduce model uncertainty. By using time-series data of paired

catchments, it was possible to increase model sample size, capture temporal

and spatial variability, increase precision of model estimates, and increase

confidence in discerning changes when changes occurred. Generalized least-

squares regression models were developed with time-series sediment yield

records to quantify changes in daily, monthly, seasonal, and annual sediment

yield. Statistically significant increases in sediment yield were detected at

the headwater and basin scales which suggested off-site, downstream effects.

Increases in annual suspended sediment yield following forest harvesting av-

eraged 20,403 kg km−2 across all catchments and scales; increases at the

headwater catchment scale ranged from 1,484 (23 percent over predicted) to

8,954 kg km−2 (42 percent). At the basin-scale, average annual sediment

yield increased by 64,696 kg km−2 (275 percent). Models developed with

daily records consistently out-performed monthly models based on compari-

son of model variances.
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3.2 INTRODUCTION

The effects of forest harvesting on catchment sediment yield is of great

concern to resource managers. Increased sediment yield can adversely affect

stream fauna by clogging gills, filling interstitial voids, reducing hyporheic

flux, and decreasing dissolved oxygen resulting in deleterious effects to ben-

thic communities (Rehg et al., 2005; Schnackenberg and MacDonald , 1998;

Murphy and Hall , 1981). In addition, forest harvesting can alter hydrologic

regimes resulting in bank erosion and changes in channel morphology and

water quality (Grant and Wolff , 1991).

Sediment availability in headwater catchments is a function of precipi-

tation amount and intensity, and the connectedness of hillslope and stream

channels. Sediment supply is dependent on site factors such as texture and

depth of soil, steepness of slope, type and density of vegetation, and inten-

sity and spatial proximity of harvesting locations (Schnackenberg and Mac-

Donald , 1998; Gomi et al., 2005; May , 2007). Delivery and transport of

sediment through the stream network is dependent on the interactions of

flow generation processes and flow magnitude as well as sediment availability

from external and internal sources (Gomi et al., 2005). External sources of

sediment originate primarily from roads, mass wastage, slope failures, and

surface erosion on hillslopes. Roads contribute more sediment per unit area

than hillslope sources (Wemple et al., 2001; Troendle and King , 1985). In

Oregon and interior British Columbia, roads were identified as the primary

source of elevated sediment yield following road construction and clear-cut

forest harvesting (Beschta, 1978; Macdonald et al., 2003). Internal sediment

sources include sediment stored in the channel that can be redistributed

during high flows. In forested catchments, sediment can accumulate and
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be stored between large particles, woody debris, and boulders (Lewis et al.,

2001; Dieterich and Anderson, 1998; Lisle and Hilton, 1992). Sediment is

routed downstream in pulses during storms (Nistor and Church, 2004; Swank

et al., 2001). Bonniwell et al. (1999), using fallout radionuclides, determined

that suspended particles move downstream in a series of depositional and

re-suspension cycles, requiring multiple events to transport large volumes

through a stream system.

Increases in suspended sediment following forest harvesting are attributed

to increases in runoff. In an analysis of harvesting effects on stormflow and

sediment yield in Caspar Creek, California, Lewis et al. (2001) concluded

that streamflow volume was the most important explanatory variable in sed-

iment models. It was hypothesized that increased streamflow provided addi-

tional energy to transport available sediment, recruit sediment from channel

sources, and generate additional sediment from channel and bank erosion.

However, Nistor and Church (2004) concluded that a consistent relationship

between runoff and sediment yield was not apparent in a Vancouver Island

catchment.

The effects of forest harvesting on sediment yield are highly variable. In

numerous studies, sediment yield increased (Grant and Wolff , 1991; Swank

et al., 2001; Karwan et al., 2007; Megahan et al., 1995) or did not change

significantly after harvesting (Dieterich and Anderson, 1998; Sullivan, 1985;

Brown and Krygier , 1971; Troendle and Olsen). For example, Harris (1977)

reported a 10-fold increase in sediment for the first year with gradual declines

over seven years following 100 percent clear-cut harvesting and burning of

a coastal Oregon catchment. In the North Fork Caspar Creek, Lewis et al.

(2001) reported annual sediment increases ranging from 123 to 269 percent

following harvesting of 30 to 98 percent catchment areas. In the South Fork,
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estimated sediment loads increased by 212 percent over six years following

harvesting (Lewis , 1998). Troendle and King (1987) were not able to detect

changes in sediment yield following clear-cut harvesting of 36 and 10 percents

of the North Fork and mainstem of Deadhorse Creek in Colorado.

Of great concern to resource managers is the propagation of sediment

transport off-site to locations downstream of headwater harvesting units.

Off-site transport of sediment yield has been described as additive suggesting

the combined effect of multiple disturbances in space and time is related to

the sum of effects of individual disturbances (Lewis et al., 2001; MacDonald ,

2000; Eads and Lewis , 2002; Reid , 1993). Lewis et al. (2001) did not detect

local effects of harvesting in headwater catchments in the North Fork Caspar

Creek but found increased sediment load during small storms downstream

in mainstem reaches. In the southeast USA, Swank et al. (2001) observed

persistent cumulative increases in sediment yield downstream following forest

harvesting and roading in a mixed hardwood catchment.

Paired-catchment studies have been used globally to evaluate the effects

of forest management on hydrology and water quality (Bosch and Hewlett ,

1982; Andréassian et al., 2003). Paired catchment studies represent the most

statistically rigorous method of evaluating changes following forest harvesting

(Gomi et al., 2006; Hewlett , 1982). Numerous studies have used ordinary

least squares regression constructed of annual and storm-based sediment yield

(for review, see (Gomi et al., 2005)), but the relatively small sample sizes used

to construct change detection models offer limited confidence in detecting

actual changes. In the absence of large sample sizes, the rate at which a null

hypothesis is not rejected when an effect is present, may increase (Type II

error) (Cohen, 1992), undermining the ability to detect changes in physical

behavior (Loftis et al., 2001). In addition, detecting change in sediment yield
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is difficult due to high spatial and temporal variability, the episodic nature

of sediment transport, and rapidly changing conditions following disturbance

(Beschta, 1978; Lewis et al., 2001). Regression models constructed with large

sample sizes permit more powerful statistical analyses (Lewis et al., 2001),

but there is a sparsity of studies with more than five years of pretreatment

measurements in reference and treated catchments (Megahan et al., 1995;

Harris , 1977).

Few studies have used monthly data (Beschta, 1978; Swank et al., 2001;

Megahan et al., 1995) and no studies have reported the construction of daily

sediment change detection models because of concerns with seasonal peri-

odicity and serial autocorrelation in measurements observed close in time

(Brown et al., 2005). Recent advances that incorporate multiple linear re-

gression and time-series analysis allow the analysis of water yield and stream

temperature collected at greater frequencies (Gomi et al., 2006; Moore et al.,

2005; Watson et al., 2001), but have not been applied to sediment time-series

data.

Current knowledge of the effects of forest management in the Pacific

Northwest comes from studies of historic practices in initial harvest of nat-

urally grown forests. Watershed studies as the Alsea (Harris , 1977) and

Coyote Creek (Harr et al., 1979) were conducted up to four decades ago;

results of these studies are used today to describe the effects of contem-

porary harvesting practices. These studies focused on annual or at most

storm-based values of peak flow, storm flow, and sediment yield, and change

detection models were developed with few observations (Lewis et al., 2001;

Brown et al., 2005; Bosch and Hewlett , 1982; Harr , 1986; Jones , 2000). Re-

search is needed to provide insight into how contemporary forest management

practices affect sediment yields in headwater and basin-scale catchments in
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the Pacific Northwest. The Hinkle Creek Paired Watershed Study was initi-

ated in 2001 to fill gaps in the environmental effects of contemporary forest

management on catchment hydrology and water quality.

The objective of this study was to assess the effects of contemporary for-

est harvesting practices on catchment sediment yield following clear-cut har-

vesting of headwater and basin-scale catchments and to quantify the effects

downstream of harvested units. Monthly and daily sediment yield time-series

data were used to construct change detection models to discern and estimate

the effects of harvesting on sediment. This study is the first effort to con-

struct daily sediment change detection models to discern and quantify local

and downstream effects of contemporary forest harvesting.

3.3 METHODS

3.3.1 Study Site

This study was conducted in the Hinkle Creek Paired Watershed Study

located in the western foothills of the Cascade Mountains in southern Oregon

(Figure 3.1). Hinkle Creek is a 3rd-order basin comprised of approximately 19

km2 that is nearly evenly divided into the North and South Fork catchments.

Slopes range from 400 to approximately 1,400 m above sea level. Hinkle

Creek is located in the transitional snow-zone with a climate dominated by

frontal Pacific storms during November to May and high pressure systems

that produce dry, warm conditions during the rest of the year. Mean an-

nual precipitation, measured at 839 m above sea level is approximately 1,800

mm, with a mean annual air temperature of ◦ C. Slopes are vegetated with

harvest regenerated 60-year old Douglas fir (Pseudotsuga menziesii). Over-
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story vegetation in the riparian areas of higher order streams is comprised

mainly of red alder (Alnus rubra) and understory vegetation is huckleberry

(Vaccinium parvifolium) and sword fern (Polystichum munitum). The ripar-

ian areas of low order headwater catchments are dominated by Douglas fir.

Hinkle Creek is almost entirely owned by Roseburg Forest Products and man-

aged for timber production. Prior to the start of the Hinkle Creek study in

2001, approximately 1.19 km2 of forest in the South Fork basin (11 percent)

was harvested in three clear-cut harvest units.

Roseburg Forest Products used contemporary forest harvesting methods,

in accordance with the Oregon Forest Practices Rules, to harvest timber

from 1.62 km2 of forest land in five clear-cut harvest units within the South

Fork catchments (Table 3.1; Figure 3.1). Clear-cut harvesting removed trees

from 0.34, 0.25, 0.15, and 0.12 km2 in the BB, Clay, Fenton, and Russell

catchments. In specific cases, harvesting units extended beyond experimental

catchments (Figure 3.1). Harvesting duration varied specific to prescriptions

for individual headwater catchments; July 2005 - January 2006 (Fenton);

October 2005 - February 2006 (Russell); January 2006 - April 2006; January

2006 - March 2006 (Clay); and January 2006 - April 2006 (BB). Felled logs

were transported on an existing road network with approximately 3.2 km of

new road construction and 6.4 km of road reconstruction built for the 2005

harvest by Roseburg Forest Products. Site preparation occurred in the fall

of 2006 following the completion of harvest; a broad-spectrum herbicide was

applied to the harvest units in the fall 2006 to reduce competing vegetation

for seedlings. The harvest units were replanted with Douglas fir seedlings

during the winter of 2007.
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3.3.2 Data Collection

Hydrology and water quality data were recorded in six headwater catch-

ments at 10-minute intervals using pressure transducers and Montana flumes

and at 30-minute intervals using stage/discharge relationships developed

by the United States Geological Survey (stations 14319830 and 14319835)

from November 2003 to present. The Turbidity Threshold Sampling (TTS)

method (Lewis and Eads , 2001; Lewis , 1996) was used to record streamflow

and in situ turbidity and collect synoptic suspended sediment concentration

(SSC) samples. TTS used in Hinkle Creek was comprised of Druck 1830 auto-

matic pressure transducers, OBS-3 turbidimeters, and ISCO 3700 automatic

water samplers. TTS distributes synoptic SSC samples over a range of rising

and falling turbidity, conditioned by streamflow data to sample significant

peaks and rising and falling limbs of the storm hydrograph. Regression rela-

tionships between SSC samples and associated turbidity measurements were

used to estimate near-continuous suspend sediment loads. SSC/turbidity

rating curves were aggregated by catchment during the pre-harvest period.

Climate data were measured at a micro-meteorological station located

between the North and South Fork catchments at 839 m above sea level

(Figure 3.1). Precipitation, air temperature, relative humidity, wind-speed,

and photosynthetic active radiation (PAR) were recorded at 10-minutes in-

tervals using Campbell Scientific CR 10x dataloggers from December 2003

to present.
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3.3.3 Estimating effects of forest harvesting on sediment yield

The paired-catchment approach was used to estimate the effect of forest

harvesting on sediment yield. Approximately two years of pre-harvest sedi-

ment data were collected from summer 2003 through winter 2005. Given time

constraints during the calibration period it was necessary to develop time-

series based detection methods to optimize the observations and increase

sample size to capture natural variability across experimental catchments.

Regression-based change detection models were constructed to assess the ef-

fects of contemporary forest practices at the headwater and basin scales using

daily, monthly, seasonal, and annual sediment yield.

In the absence of serial autocorrelation, OLS regression methods were

used to fit pre-harvest data. Time-series of pre- and post-harvest sediment

data were analyzed to identify spatially and temporally homogeneous storm

distributions across all experimental catchments. GLS regression (Rawlings

et al., 1998) were used to account for serial autocorrelation in residuals from

time-series models. A generalization for the fitted GLS calibration equation

for time-series sediment yield is:

yj = β0 + β1x1j + β2 sin(
2πj

T
) + β3 cos(

2πj

T
) + εj (3.1)

where yj is the measured sediment yield response variable in treated catch-

ment on day (month) j ; x1,j is measured sediment yield explanatory variable

in reference catchment on day (month) j ; β’s are coefficients to be estimated

by regression; the sin and cos terms are trigonometric covariates describ-

ing seasonality, where j is day (month) and T is the total number of days

(months) per year; and εj is an error term, where εj ∼ N(0,Σ). Let εj =[ε1,

ε2, ε3, ..., εj, ..., εJ ]′, where J is the total number of time-steps. The j th
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residual, εj, is estimated as ε̂j = (yj - ŷj). Autocorrelated residuals were

filtered using a stochastic time-series autoregressive (ARMA) model, leav-

ing estimated innovations, µ̂j (Salas , 1993), the random component of the

deviation from day (month) j, with any component inherited from previous

day (month) being filtered by the autoregressive removal procedure (Watson

et al., 2001; Salas , 1993):

µ̂j = ε̂j − φ̂1ε̂j−1 − φ̂2ε̂j−2 − ...− φ̂j ε̂j−k (3.2)

where µ̂j are estimated innovations; φ̂i is the estimated autocorrelation co-

efficient of error term at lag k ; and εj−k is the residual error term k days

(months) before day (month) j. The autoregressive order k for each set of

GLS model residuals was identified using Akaike Information Criteria (AIC)

(Padmanabhan and Rao, 1982) and partial autocorrelation function plots.

Estimated innovations, µ̂j are normally distributed N(0, σ2) and are inde-

pendent. Upper and lower prediction intervals at time tj are computed by

0± 1.96
√

ˆV ar(µ̂j) (3.3)

where ˆV ar(µ̂j) is the estimated prediction variance incorporating uncertainty

associated with predicting future values, estimated linear model, and autoco-

variance parameters (Som, 2009). Under the null hypothesis of no difference

in innovations during pre- and post-harvest periods, with selected signifi-

cance level of α = 0.05, approximately 5 percent of estimated innovations

will fall outside of the 95 percent prediction intervals. When more than 5

percent of the innovations exceed prediction intervals, it is concluded that

there is a statistically significant change (+/-) in innovations following forest

harvesting.

Downstream impacts of forest harvesting in the headwater catchments
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were estimated by quantifying changes at the outlet of the South Fork catch-

ment (3rd order basin) using GLS regression change detection as described

above. For this study, it was assumed that changes in sediment in the South

Fork represent increased sediment yield that resulted from forest harvesting

upstream. Therefore, we fail to reject the null hypothesis that sediment yield

prior to and following forest harvesting in headwater catchments is not sig-

nificantly different from zero in the South Fork outlet (e.g < 5 percent of

model residuals exceed prediction limits).

3.4 RESULTS

3.4.1 Overview of study period

Daily precipitation, streamflow, and sediment yield for the experimental

catchments varied by season and year (Figures 3.2 and 3.3). Annual precip-

itation during the study period ranged from 1,908 (WY 2006) to 1,242 mm

(WY 2004)(Table 2.3). Average annual runoff during the study was 601 mm

and 868 mm, North Fork and South Fork, respectively. Low flow time-series

data for each catchment were retained in the hydrograph records but were

excluded from change detection analyses because the study design in Hinkle

Creek was not designed to investigate these flows. Average annual runoff ex-

cluding low flow periods ranged from 438 (DeMersseman Creek, WY 2008)

to 1,976 mm (Myers Creek, WY 2006). On average, there were 5 storms per

year during the study period. The majority of storms resulted in sub-annual

peak flows (Table 2.2).

Annual sediment yield during the 5-year study averaged 29,826 kg km−2

in 1st-order catchments and 89, 758 kg km−2 in the 3rd-order catchments
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(Table 2). The largest average sediment yields for all catchments occurred

during WY 2006 and ranged from 1,988 (BB) to 60,912 kg km−2 (North

Fork). Average annual sediment yields were consistently larger during the

post-harvest period than prior to harvest. For example, average sediment

yield increased by 67,593 kg km−2 (4,216 percent), 16,248 kg km−2 (162

percent), and 118,195 kg km−2 (3,010 percent) for the reference catchments,

Myers, DeMersseman, and the North Fork, respectively and 2,095 kg km−2

(54 percent), 6,285 kg km−2 (88 percent), 16,522 kg km−2 (1,062 percent),

and 49,888 kg km−2 (1,825 percent) for the BB, Clay, Fenton, and South

Fork catchments.

3.4.2 Time-series change detection

Mean-squared error (MSE), AIC, and partial autocorrelation function

plots were used to select parsimonious models for monthly and daily sediment

yield data. Sediment yield data for Russell Creek were excluded from time-

series change detection analyses due to unresolved issues in non-stationarity.

3.4.2.1 Monthly time-series

OLS regression models were constructed using total monthly sediment

yield for catchment pairs absent of serial autocorrelation (Table 3). Changes

in sediment yield following forest harvesting based on monthly models varied

by season, month, and water year (WY) (Table 4). Statistically significant

increases in sediment yield in headwater catchments were detected only in the

Fenton catchment (Figure 3.4), where post-harvest average annual sediment
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yield increased by 11,176 kg km−2 (185 percent over predicted). Though

not statistically significant in the Clay and South Fork catchments, average

annual sediment yield increased by 5,148 (10 percent) and 42,869 kg km−2

(49 percent). In BB Creek, however, statistically significant decreases were

detected. Average annual sediment yield decreased by 4,330 kg km−2 or 35

percent.

Suspended sediment yield increases were not evenly distributed and varied

across season, year, and catchment (Figure 3.5). Increases in total monthly

sediment yield occurred during December, January and February and ranged

from 80 to 78,885 kg km−2. In BB Creek, however, largest total monthly yield

occurred during spring. Average seasonal sediment increases were largest

during winter in the Fenton (5,495 kg km−2), Clay (4,855 kg km−2), and

South Fork (43,644 kg km−2 ) catchments. Sediment increases during spring

followed in the South Fork and Fenton catchments, with increases of 18 and

4,892 kg km−2. During fall, sediment yield in Fenton Creek increased by 788

kg km−2, while in the South Fork sediment yield decreased by 787 kg km−2.

In Clay Creek, average sediment yield increased during fall by 590 kg km−2

and decreased in spring by -101 kg km−2. Seasonal changes in BB Creek

were largest during fall (373 kg km−2), followed by spring (17 kg km−2) and

then winter -4,595 kg km−2.

Increases in total sediment yield varied considerably by water year (WY)

(Table 4). In Fenton Creek, the largest increases occurred during WY 2008

(23,143 kg km−2; 707 percent), followed by 2006 (8,672 kg km−2; 83 percent),

then 2007 (1,712 kg km−2; 39 percent). Similarly, increases in Clay Creek

were largest during WY 2008 (10,981 kg km−2; 12 percent), followed by

WY 2006 (7,823 kg km−2; 43 percent). However, sediment yield decreased

by 3,359 kg km−2 (-32 percent) during WY 2007. Reductions in sediment
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yield in BB Creek were discerned during all post-harvest years (Table 4).

Largest reductions occurred during WY 2007 (-6,772 kg km−2; -47 percent),

followed by 2006 (-6,194 kg km−2; -34 percent), and then 2008 (-23 kg km−2;

-1 percent). In the South Fork catchment, the largest increases in sediment

yield occurred during WY 2006 (140,743 kg km−2; 141 percent), followed by

reductions by 12,109 kg km−2 (-62 percent) and -17 kg km−2 (-1 percent), in

WY 2007 and 2008, respectively.

3.4.2.2 Daily time-series

GLS regression and autoregressive modeling were used to construct change

detection models using daily time-series data. Significant lags of 2 days were

detected for experimental catchments in Hinkle Creek using AIC and PACF

(Table 5). Estimated changes in daily sediment yield following harvesting

varied by day, season, and water year (Figure 3.6). Statistically significant

changes in sediment were detected in the Fenton and South Fork catchments

(Figure 3.7). Average annual sediment yield in the Fenton and South Fork

catchments increased by 8,954 (42 percent) and 64, 696 kg km−2 (275 percent)

across all post-harvest years (Table 6). Though not statistically significant in

BB and Clay Creeks, average annual sediment yields increased by 23 percent

(1,484 kg km−2) and 60 percent (6,478 kg km−2) greater than predicted from

pre-harvest models.

Seasonal patterns in daily sediment yields were generally similar to monthly

models; the largest increases in sediment yield occurred in winter (Table 6).

Average sediment yields during winter increased by 1,876 (56 percent), 7,181

(132 percent), 6,365 (42 percent) and 63, 959 (288 percent), BB, Clay, Fen-
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ton, and the South Fork, respectively. Increases in the average sediment yield

in the fall in BB, Clay, and the South Fork were 482 kg km−2 (36 percent),

453 kg km−2 (20 percent), and 455 kg km−2 (51 percent), while spring sed-

iment yields increased in the South Fork by 423 kg km−2 (62 percent) and

decreased in the BB and Clay Creek catchments by 713 kg km−2 (-31 per-

cent) and 957 kg km−2 (-26 percent). Spring and fall seasonal patterns were

different in Fenton Creek where average fall sediment increases were 2,213

kg km−2 (55 percent) and spring increases were 377 kg km−2 (19 percent).

3.5 DISCUSSION

3.5.1 Model variability and change detection

In paired-catchment studies, the ability to confidently detect statistically

significant changes is a function of pre- and post-harvest sample sizes, chosen

level of significance, and accounting for inter- and inner-catchment variabil-

ity of processes and timing between catchments (Loftis et al., 2001). Results

from previous studies evaluating the effects of harvesting on sediment yield

have relied on statistical change detection models constructed using small

samples size (e.g. annual, storm) (Harris , 1977; Lewis , 1998; Bosch and

Hewlett , 1982; Ziemer , 1981). The objective of this study was to evalu-

ate the effects of contemporary forest harvesting on sediment yield using

monthly and daily sediment yield. Time-series change detection models were

constructed to increase model sample size, capture variability, increase pre-

cision of model estimates, and increase confidence in discerning change when

change occurs. Variability associated with time-series regression relationships

reflected errors and uncertainties in observed turbidity, suspended sediment
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concentration (SSC), and streamflow data; estimated SSC based on empiri-

cal turbidity/SSC relationships; capturing synchronized catchment behavior

and associated spatial and temporal variability between paired catchments;

and the stability of change detection models over a wide range of observa-

tions. Previous studies have concluded that the primary source of errors in

modeled SSC is derived from applying the turbidity/SSC relationship to tur-

bidity data; errors are expected due to variations in sediment particle size

distributions (Nistor and Church, 2004; Hudson, 2001).

Forest harvesting in Hinkle Creek increased local and downstream sedi-

ment yields, but detection of statistically significant increases was not con-

sistent across catchments and time-series models (Figures 3.4 and 3.7). For

example, statistically significant increases were detected in the Fenton and

South Fork catchments using daily models, but only for Fenton based on

monthly models. The discrepancy between varying levels of statistical detec-

tion was attributed to the variability associated with individual change detec-

tion models. In contrast to streamflow results (Chapter 2), model variances

were consistently smaller using daily sediment models instead of monthly

models. Mean squared errors for daily models ranged from 0.16 to 0.28 (Ta-

ble 5) as compared to the MSE of monthly models that ranged from 0.26 to

0.42 (Table 3). This was unexpected because the results from the streamflow

analysis suggested that monthly statistical relationships were less variable.

The smaller variances of daily models were attributed to observing sedi-

ment fluxes on a time-step that captured fluxes in sediment concentrations

with respect to storm duration and energy. By using near-continuous sed-

iment fluxes from the TTS, it was possible to measure the episodic na-

ture of sediment transport, thereby capturing sediment transport variability

throughout different storm components. Nistor and Church (2004) observed
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that fine sediment transport occurred in discrete pulses during storms, with

the vast majority of sediment yield transported within 5 to 15 percent of total

storm duration. Storm hydrograph durations across all catchments in Hinkle

Creek ranged from 1.3 to 9 days (average 4 days). Applying the results of

Nistor and Church (2004) to this study, it was estimated that the majority of

sediment transport occurred, on average, during 15 hours of storm initiation.

By aggregating 10-minute sediment yield data to daily values, it was possible

to capture catchment responses to stormflow. However, further experiments

are needed to isolate the mechanisms that resulted in smaller variances.

3.5.2 Annual sediment yield

Annual sediment yield during the 5-year study in Hinkle Creek averaged

46,902 kg km−2; however, individual average annual yields varied. Annual

sediment yields in the 3rd-order basin-scale catchments averaged 89,758 kg

km−2 while headwater catchments averaged 29, 826 kg km−2. The increase in

downstream sediment yield in Hinkle Creek was consistent with other studies

that show suspended sediment transport per unit catchment area tended to

increase downstream (Lewis et al., 2001). The different annual yields across

the Hinkle Creek basin reflected the highly variable nature of suspended

sediment transport in steep mountain stream channels. Average annual yield

patterns in the Hinkle Creek catchments were similar but consistently smaller

than previous studies in the Pacific Northwest (Table 2). For example, in

the western Oregon Cascades Mountains, annual sediment yield ranged from

140,292 to > 1,000,000 kg km−2 Larson and Sidle (1980) in the Coyote

Creek catchments. In the Oregon Coast Range, Beschta (1978) and Brown

and Krygier (1971) reported average annual sediment yields from 98,000 to
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> 115,000 kg km−2 in the Alsea catchments, and in the northern California

Caspar Creek catchments, Lewis et al. (2001) reported annual suspended

sediment yields greater than 1,100,000 kg km−2.

Pre-harvest annual sediment yields in Hinkle Creek were similarly smaller

than previously reported. For example, pre-harvest average sediment yield

in the Coyote Creek catchments was 58,923 kg km−2 compared to 7,356 kg

km−2 in the Hinkle catchments. The smaller pre-harvest annual yields in

Hinkle Creek were surprising due to the similar geology and close proximity

( 50 km) of the two basins.

Average annual sediment yields were consistently greater during the post-

harvest periods in all catchments irrespective of scale or harvesting activity.

During the 5-yr study, average sediment yield in the headwater catchments

ranged from 9,939 kg km−2 in the harvested BB Creek to > 115,000 kg km−2

in the un-harvested Myers Creek. Similarly, average annual sediment yield

in the un-harvested North Fork catchment was 203,537 kg km−2 during the

post-harvest period compared to 6,545 kg km−2 during the calibration pe-

riod (3,010 percent greater). Total annual sediment yield followed trends

in annual precipitation (Figure 3.9). The largest annual sediment yield in

all catchments except Myers occurred during WY 2006, coinciding with the

largest annual precipitation. In the Myers catchment, the largest sediment

yield occurred during WY 2008. Winter precipitation in the headwater catch-

ments during WY 2008 fell in large part as snowfall, dampening the winter

hydrograph signal. In the Myers catchment, however, the hydrograph showed

a larger streamflow response suggesting that a greater proportion of precipita-

tion fell as rainfall rather than snowfall that contributed directly to increased

streamflow. The outlet of the Myers catchment is at a lower elevation (544

m); therefore, it was reasonable to expect rainfall rather than snowfall.
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3.5.3 Relative changes in suspended sediment following forest harvesting

Daily sediment yield models consistently out-performed monthly mod-

els in terms of model variance (Tables 3 and 5). Therefore, the effects of

forest harvesting were detected and estimated based on the daily time-step.

Changes in sediment yield estimated from daily models varied across catch-

ments by day, month, season, and year. Increases in annual suspended sedi-

ment yield following forest harvesting averaged 20,403 kg km−2. Sediment in-

creases in headwater catchments ranged from 1,484 (23 percent) in BB Creek

to 8,954 kg km−2 (42 percent) in Fenton Creek (Table 6). Average annual

sediment yield increased by 64,696 kg km−2 (275 percent) in the South Fork

catchment. Percent increase over predicted sediment yield in Hinkle Creek

were generally smaller in headwater catchments than previously reported for

similar studies in the Pacific Northwest (Gomi et al., 2005). Brown and Kry-

gier (1971) and Beschta (1978) showed increases in suspended sediment by

1,000 percent following 82 percent clear-cut harvesting and severe broadcast

burning in Needle Branch. Lewis et al. (2001) reported 123 and 203 percent

increases in sediment after clear-cut harvesting 95 and 96 percent in two

headwater catchments in Caspar Creek. The smaller increases in the Hinkle

headwater catchments were attributed to the small percent of catchment ar-

eas harvested and the paucity of new road construction and existing roads

in the experimental catchments (Table 3.1; Figure 3.1).

The link between increased sediment yield and streamflow has been re-

ported in other studies in the western United States. Increased streamflow

resulting from forest harvesting increases shear stress within the stream chan-

nel, subsequently providing additional energy to transport and redistribute

stored sediment and erode the stream channel (Lewis et al., 2001; Karwan
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et al., 2007).

The largest sediment yield increases following forest harvesting occurred

during the first year (WY 2006) following forest harvesting in all catchments

which corresponded to the greatest annual precipitation (Figure 3.9). During

WY 2006, total annual sediment yield increased by 2,020 (20 percent), 16,760

(102 percent), 22,124 (45 percent), and 182,495 kg km−2 (291 percent) in BB,

Clay, Fenton, and the South Fork, respectively. The post-harvest changes in

sediment were explained by concurrent increases in streamflow. For example,

annual and winter streamflow was 140 percent over predicted (892 mm) and

115 percent (1,045 mm) following harvesting during the first post-harvest

year (Table 2.8). Similarly, streamflow increased by 373 mm (40 percent) in

the first year after harvest and 511 mm (38 percent) during the first winter

in the South Fork.

Seasonal streamflow variations following forest harvesting in Hinkle Creek

were similar to previous studies that reported largest increases in water yield

during wet winter and fall periods and smaller increases during spring and

summer seasons (Harr , 1983; Keppeler and Ziemer , 1990). Sediment yield

increases in Hinkle Creek exhibited a distinct seasonal pattern corroborat-

ing increased sediment and streamflow. Differing seasonal sediment yields in

Hinkle Creek were explained by seasonal trends in precipitation and stream-

flow (Figures 3.2 and 3.3). During summer and fall, high pressure weather

systems produce extended dry periods, with little or no precipitation. During

low-flow conditions, the energy required for channel erosion, sediment redis-

tribution, and transport reduces, resulting in sediment deposition and stor-

age in interstitial voids, behind wood, and boulders (Grant and Wolff , 1991;

Gomi et al., 2005; Lewis et al., 2001; Dieterich and Anderson, 1998; Lisle

and Hilton, 1992). Hence, availability of sediment for transport increases.
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Climate during late fall and winter are dominated by frontal Pacific storms

resulting in increased precipitation and subsequent streamflow response. In-

creased streamflow provides additional energy required for bank and channel

erosion as well as for redistributing the accumulated sediment pools. Fol-

lowing seasons of high hydrologic activity (e.g. winter), the availability of

sediment for transport during spring streamflow decreases, resulting in less

material transported. This seasonal trend was reflected in all catchments,

with large sediment transport deficits during spring in BB and Clay Creeks

(Table 6).

In the Fenton and South Fork catchments, maximum daily sediment in-

creases corresponded storms with 8- and 3-year recurrences. The 30 Decem-

ber 2005 and 17 January 2006 events were extreme relative to the size of

storms measured during the pre-harvest calibration period. In the South

Fork, total daily sediment increased by as much as 25 percent (60,990 kg

km−2) over predicted on 30 December 2005, which represented approximately

23 percent of total post-harvest sediment yield (Figure 3.6). In Fenton Creek,

daily sediment yield increased by 9 percent or 8,085 kg km−2 over predicted

yield. In the context of regression modeling, retaining extreme events in

post-harvest analyses required extrapolation beyond the range of measured

covariates which violated assumptions of linear regression and may have in-

troduced significant errors in discerning significant changes (Hornbeck , 1973).

However, removing the outliers did not overtly influence the outcome of sta-

tistical analyses; statistically significant increases persisted after excluding

extreme events from the change detection models.
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3.5.4 Downstream effects of forest harvesting

Paired relationships between the North and South Fork catchments were

used to detect and estimate downstream changes in sediment yield following

forest harvesting in headwater catchments (Figure 3.1). Statistically signifi-

cant increases in sediment yield were detected at the outlet of the South Fork

catchment using daily sediment yield models (Figure 3.7).

Average annual sediment yield was increased by 64,696 kg km−2 or 275

percent but average annual yields varied from 741 kg km−2 (13 percent) to

10,851 kg km−2 or 501 percent (Table 3.6). Downstream increases in sus-

pended sediment were largest during the first year and largely the first win-

ter following harvesting. Approximately 94 percent of the total post-harvest

sediment increase was derived during WY 2006; during this year, 93 per-

cent of the increased sediment yield was transported during the first winter

after harvest. The associated increases in sediment yield corroborated with

increased streamflow (Figure 3.3). Following forest harvesting upstream,

largest increases in sediment and streamflow (Chapter 2) occurred during

winter, followed by fall, and then spring. This pattern was similar in head-

water catchments. In the South Fork, average annual sediment/streamflow

increases were 63,959 kg km−2 / 511 mm, 455 kg km−2 / 83 mm, and 423

kg km−2 / 67 mm, respectively, winter, fall, and spring (Table 6 and Table

8, Chapter 2). This was consistent with the results of Beschta (1978) who

showed that following harvesting, monthly sediment yield increases were sig-

nificant only during fall and winter seasons prior to peak discharge. Sea-

sonal downstream sediment increases in the South Fork were attributed to

increased streamflow following forest harvesting in headwater catchments.

It is well established that forest harvesting increases streamflow by reduc-
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ing canopy interception, transpiration, and evaporation Andréassian 2004;

Hewlett and Hibbert 1961; Moore and Wondzell 2005. Lewis et al. (2001)

corroborated this by showing increased streamflow volumes following forest

harvesting in Caspar Creek were the most important explanatory variable in

statistical sediment models.

Lewis et al. (2001) reported that suspended sediment increases down-

stream of harvested catchments in Caspar Creek were approximately pro-

portional to area harvested. In Hinkle Creek, increased sediment yield from

monitored headwater catchments totaled 50,750 kg km−2, which represented

approximately 26 percent of the increased yield estimated in the South Fork

outlet. Increases proportional to area harvested in the headwater BB, Clay,

and Fenton catchments were 22,859 kg km−2. Proportional increase in sedi-

ment yield per area harvest in the South Fork, was 42,010 kg km−2. However,

by including an additional 1.4 km−2 from non-monitored harvest areas out-

side of experimental catchments and catchment areas harvested during the

2001 entry (Figure 3.1), sediment increases in the South Fork were approxi-

mately proportional (22,005 kg km−2).

The increased sediment signal in the South Fork also included sediment

contributions from the forest road network within the Hinkle basin. Below

the harvested headwater catchments in the South Fork, roads intersected the

stream at 11 locations. Approximately 3.2 km of new roads were constructed

and 6.4 km of roads were reconstructed for the harvest treatments. Though

it was not possible to partition the effects that roads had on the overall

sediment increase in the South Fork, several studies in the western United

States have concluded that roads contributed more sediment per area than

hillslope sources (Wemple et al., 2001; Troendle and King , 1985; Karwan

et al., 2007). Therefore, it was assumed that the increased sediment signal
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in the South Fork represented an integrated effect of previous and current

management activities that included forest harvesting and road construction.

With the assumption that increases in sediment yield from upstream

catchments represented a proportional increase in the South Fork, it was

concluded that the downstream effects were additive (MacDonald , 2000;

Reid , 1998). However, it was not possible to fully quantify total contri-

butions of sediment yield from previously harvested catchments, adjacent,

non-monitored catchments, and sediment delivery from roads.

3.6 CONCLUSIONS

Current knowledge of the effects of forest harvesting on sediment yield

in the Pacific Northwest comes from studies conducted up to four decades

ago. Many of these studies were based on few observations which result in

low confidence in detecting change. There is a critical need to fill the knowl-

edge gaps of the effects of current forest harvesting practices on hydrology

and water quality. The objective of this research was to fill the knowledge

gap of the effects of contemporary harvesting practices local to harvested

catchments and the downstream effects at the daily, monthly, seasonal, and

annual sediment scales.

The paired-catchment study design was used to detect sediment yield

changes following forest harvesting in 4 headwater and one basin-scale catch-

ment. Regression change detection models were constructed using monthly

and daily sediment yield, which increased sample size and permitted more

powerful statistical analyses. GLS regression and autoregressive modeling

were used to account for serial autocorrelation of two days in daily sediment

yield records. Model performance was consistently better using daily rather
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than monthly sediment yield models. The smaller variances of daily models

were attributed to observing sediment fluxes on a time-step that captured

fluxes in sediment concentrations with respect to storm duration and en-

ergy. Therefore, it is suggested that the daily sediment models were more

appropriate to detect changes at the a storm-duration scale.

In relative magnitudes, sediment yield increased across all harvested catch-

ments and downstream in the South Fork. Sediment yield increases in the

South Fork, relative to the proportion of catchment area harvested were ap-

proximately additive suggesting a downstream increase from harvested head-

water catchments and roads. Following forest harvesting, average annual

sediment yield increased by as much as 5,639 kg km−2 in the headwaters and

20,403 kg km−2 across the Hinkle basin. The largest increases in sediment

yield occurred during winter seasons where there was sufficient increased

shear energy to mobilize stored sediment and erode stream banks and chan-

nels. The patterns of sediment yield increases were similar to the patterns

of increased streamflow.
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Table. 3.1: Attributes of the experimental catchment in the Hinkle Creek
Paired Watershed Study.

 
 
 
 
 

Catchment Scale Area

(km2) (km2) (km) 

BB headwater 1.1 0.34 31 2.6
Clay headwater 0.65 0.25 38 2.5

Fenton headwater 0.23 0.15 65 2.2
Russell headwater 0.96 0.12 13 2.8

South Fork basin 10.8 1.54 14 -

DeMersseman headwater 1.56 - - -
Myers headwater 0.56 - - -

North Fork basin 8.7 - - -

Area 
harvested % harvested

Downstream distance 
to South Fork outlet
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Table. 3.2: Observed, predicted and residual (harvest catchments only) sed-
iment yield summarized by month and watery year (WY). Sed-
iment yields were based on total daily sediment yields. Shaded
areas represent harvesting periods.
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Table. 3.3: Regression change detection model attributes for monthly sed-
iment yield in Hinkle Creek experimental catchments. β’s esti-
mated from OLS regression; r2 is coefficient of determination; and
MSE is estimate variance of regression model

 
 
 
 
 
 
 
 
 

treated reference pre post β 0 β 1 β 2 β 3 MSE r2

(n ) (n )
 BB           Myers 19 20 0.99 0.65 0.07 0.16 0.29 0.74
Clay        Myers 20 20 1.52 0.6 0.1 -0.08 0.35 0.58
Fenton    Myers 17 23 -0.48 0.98 0.001 0.19 0.26 0.75

South Fork NFH 16 23 0.74 0.73 -0.03 -0.001 0.42 0.67

Sample sizeCatchment pairing Model parameters
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Table. 3.4: Estimated changes in sediment yield following forest harvesting
based on monthly models summarized by season and water year
(WY). Estimated changes are calculated as the residual (res) dif-
ference between observed and predicted sediment yield from re-
gression models. s.e. is the standard error of the average. Seasons
defined by Fall- October, November; Winter-December, January,
February; Spring-March, April, May, June. Low-flow periods ex-
cluded from analyses

 
Updated 

 
 
 

Season WY

obs res (%) obs res (%) obs res (%) obs res (%)

Winter 2006-2008 15,717 -13,786 -47 37,869 14,567 27 64,536 16,486 171 258,497 130,933 115
average 5,239 -4,595 12,623 4,855 21,512 5,495 86,166 43,644

(s.e.) 3,957 5,544 12,762 85,839

2006 9,974 -6,094 -38 29,492 9,516 64 53,715 -4,267 -73 242,089 142,566 150
2007 2,629 -7,584 -72 4,032 -1,275 -36 3,685 817 68 5,061 -11,225 -69
2008 3,114 -107 -4 4,345 6,325 18 7,136 19,936 764 11,347 -408 -20

Spring 2006-2008 4,851 50 1 8,431 -302 -1 18,765 14,677 424 2,219 37 2
average 1,617 17 2,297 -101 6,255 4,892 1,109 18

(s.e.) 592 2,399 7,445 683

2006 2,339 -100 -4 3,669 -1,693 -1 16,087 13,487 590 1,610 501 46
2007 2,211 658 42 2,179 -1,267 -50 2,404 767 80 609 -465 -43
2008 301 -508 -63 1,042 2,658 -33 275 423 192 - - -

Fall 2006-2008 3,665 746 24 5,518 1,180 26 7,087 2,364 47 4,048 -2,362 -37
average 1,833 373 2,759 590 2,362 788 1,349 -787

(s.e.) 310 1,990 1,762 1,399

2006 - - - - - - 1,805 -548 -24 1,444 -2,333 -62
2007 2,279 154 7 2,179 -817 -25 1,993 128 6 935 -420 -18
2008 1,386 592 75 3,339 1,997 147 3,290 2,785 628 1,668 391 169

Total 2006 12,313 -6,194 -34 33,161 7,823 43 71,607 8,672 82 245,143 140,734 141
2007 7,119 -6,772 -47 9,931 -3,359 -32 8,081 1,712 39 6,605 -12,109 -62
2008 4,801 -23 -1 8,726 10,980 12 10,701 23,144 707 13,015 -17 -1

all yrs 24,233 -12,989 -35 51,818 15,444 13 90,389 33,528 185 264,763 128,608 49

average all yrs 8,078 -4,330 -35 17,273 5,148 13 30,130 11,176 185 88,254 42,869 49
se 3,741 7,534 10,933 84,969

Post-harvest changes in monthly sediment yield summarized by season and water year

(kg km-2) (kg km-2) (kg km-2) (kg km-2)

BB Clay Fenton South Fork
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Table. 3.5: Regression change detection model attributes for sediment yield
in Hinkle Creek experimental catchments. β’s estimated from
GLS regression; φ is the estimated autocorrelation coefficient;
p is the degree of autocorrelation structure; MSE is estimated
variance of regression model.

 
 
 
 
 
 
 
 
 
 

treated reference pre post β 0 β 1 β 2 β 3 AR(p) Φ 1 Φ 2 MSE
(n ) (n )

BB Myers 519 592 0.0001 0.64 0.002 0.002 2 0.74 -0.23 0.19
Clay Myers 523 583 0.004 0.59 -0.01 -0.01 2 0.54 -0.02 0.28

Fenton Myers 414 695 0.01 0.69 -0.02 -0.02 2 0.66 -0.01 0.16
South Fork North Fork 376 689 0.004 0.76 -0.01 -0.01 2 0.69 -0.01 0.24

Catchment pairing Sample size Model parameters
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Table. 3.6: Estimated changes in sediment yield following forest harvesting
based on daily models summarized by season and water year
(WY). Estimated changes are calculated as the residual (res) dif-
ference between observed and predicted sediment yield from re-
gression models. s.e. is the standard error of the average. Seasons
defined by Fall- October, November; Winter-December, January,
February; Spring-March, April, May, June. Low-flow periods ex-
cluded from analyses

New Table 6 
 

Updated 
 

Season WY

obs res (%) obs res (%) obs res (%) obs res (%)

Winter 2006-2008 15,717 5,627 56 37,869 21,543 132 64,536 19,094 42 258,497 191,876 288
average 5,239 1,876 12,623 7,181 21,512 6,365 86,166 63,959

se 2,110 11,171 8,062 101,534

2006 9,974 4,312 76 29,492 20,079 213 53,715 15,556 41 242,089 181,107 306
2007 2,629 613 97 4,032 612 50 3,685 491 47 5,061 1,324 183
2008 3,114 702 40 4,345 852 25 7,136 3,047 107 11,347 9,445 135

Spring 2006-2008 4,851 -2,138 -31 8,431 -3,014 -26 18,765 6,638 55 2,219 847 62
average 1,617 -713 2,297 -957 6,255 2,213 1,109 423

se 1,370 2,060 3,812 513

2006 2,339 -2,292 -50 3,669 -3,319 -47 16,087 6,614 70 1,610 786 95
2007 2,211 160 8 2,179 466 27 2,404 42 2 609 61 11
2008 301 -6 -2 1,042 -17 -2 275 -19 -6 - - -

Fall 2006-2008 3,665 964 36 5,518 906 20 7,087 1,130 19 4,048 1,364 51
average 1,833 482 2,759 453 2,362 377 1,349 455

se 477 18 455 1,033

2006 - - - - - - 1,805 -46 -2 1,444 602 71
2007 2,279 819 56 2,179 466 27 1,993 317 19 935 -644 -41
2008 1,386 145 30 3,339 440 36 3,290 858 68 1,668 1,406 1,188

Total 2006 12,313 2,020 20 33,161 16,760 102 71,607 22,124 45 245,143 182,495 291
2007 7,119 1,592 29 9,931 1,400 16 8,081 851 12 6,605 741 13
2008 4,801 841 21 8,726 1,275 17 10,701 3,887 57 13,015 10,851 501

all yrs 24,233 4,453 23 51,818 19,435 60 90,389 26,862 42 264,763 194,087 275

average all yrs 8,078 1,484 23 17,273 6,478 60 30,130 8,954 42 88,254 64,696 275
se 597 8,904 11,506 102,143

Post-harvest changes in daily sediment yield summarized by season and water year

(kg km-2) (kg km-2) (kg km-2) (kg km-2)

BB Clay Fenton South Fork
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Figure. 3.1: Location of the Hinkle Creek Paired Watershed Study, Oregon,
USA.
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Figure. 3.2: Daily precipitation, streamflow and sediment yield in reference
catchments in Hinkle Creek.
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Figure. 3.3: Daily streamflow and sediment yield in harvest catchments in
Hinkle Creek. Shaded areas represent harvesting periods.
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Figure. 3.4: Model residuals (kg km−2) for monthly sediment yield OLS re-
gression change detection models in experimental catchments in
Hinkle Creek. Filled circles are pre-harvest monthly streamflow;
open circles represent post-harvest streamflow.
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Figure. 3.5: Monthly sediment yield differences relative to predicted for ex-
perimental catchments in pre- and post-harvest periods. Striped
bars represent post-harvest periods.
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Figure. 3.6: Post-harvesting observed and predicted daily sediment yield in
experimental catchments following clear-cut harvesting in head-
water catchment. Estimated treatment effects were calculated as
the residual difference between observed and predicted sediment
yield.
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Figure. 3.7: Model innovations (kg km−2) for daily sediment yield GLS re-
gression change detection models for experimental catchments
in Hinkle Creek. Serial autocorrelation was detected up to two-
days for daily streamflow time-series models.
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Figure. 3.8: Daily sediment yield differences relative to predicted summa-
rized by month for experimental catchments in pre- and post-
harvest periods. Shaded areas represent harvesting periods.
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Figure. 3.9: Total annual sediment yield and precipitation for headwater and
basin-scale experimental catchments in Hinkle Creek.
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4. IMPROVED METHODS FOR DETECTING CHANGE USING

HYDROLOGY AND STATISTICAL MODELS IN

PAIRED-CATCHMENT STUDIES

4.1 ABSTRACT

In this study, we integrate hydrologic model uncertainty using general-

ized uncertainty estimation (GLUE) and daily streamflow simulations using

HBV-EC rainfall-runoff model into a traditional paired-catchment study de-

sign to evaluate change following forest harvesting. By considering processes

within a single experimental catchment rather than the two spatially explicit

catchments used in traditional paired experiments, we were able to reduce

unexplained spatial and temporal variation. Compared to traditional paired-

catchment studies using matched catchments, our method resulted in more

than two orders of magnitude reduction in model variance, increasing the

likelihood of correctly detecting treatment effects following forest harvesting.

Significant increases in daily streamflow were detected following clear-cut

harvesting of 65 percent of the Fenton Creek catchment. Unique to this

study is the application of the proposed change detection model to a refer-

ence catchment to evaluate the stability of the change detection model and

catchment behavior over time. By applying the change detection model to

reference catchments, we were able to eliminate unexpected variation as the

cause for changes in observed hydrology and attribute increases in stream-

flow detected to forest management with greater certainty. We show the

importance and necessity of coupling hydrology modeling studies with ac-

tual reference catchments to evaluate model performance and to reduce false

detections. The proposed method appears to be a useful alternative to change
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detection using highly variable daily streamflow.

4.2 INTRODUCTION

It is important to understand the effects of forest management on the

hydrology of forested catchments to maintain healthy aquatic and terrestrial

ecosystems. The relationship between forest harvesting and hydrologic re-

sponse has been the focus of forest hydrologists for decades in the Pacific

Northwest, USA and elsewhere. Paired-catchment experiments are used to

evaluate the effects of forest management on hydrology and water quality, but

debate remains on the most satisfactory means to detect change (Andréassian

et al., 2003; Schnorbus and Alila, 2004).

Knowledge of the effects of forest management on hydrology and wa-

ter quality comes from paired-catchment studies conducted across the globe

(Andréassian et al., 2003; Bosch and Hewlett , 1982; Brown et al., 2005;

Hewlett and Hibbert , 1961). The paired-catchment design establishes statis-

tical relationships of hydrologic behavior (e.g. runoff) between two matched

catchments during a calibration period. Following calibration, land-use ”treat-

ments” are applied to one catchment, while the other catchment remains

unchanged (reference). Post-treatment predictions based on regression rela-

tionships from the calibration period are used to predict behavior of treated

catchment absent of change. Treatment effect is discerned as the difference

between observed and predicted behavior.

Variability between catchments is attributed primarily to climatic hetero-

geneity (e.g. rainfall distribution) and unique internal catchment behavior

(e.g. residence time, leaf area index). The ability to confidently detect sta-

tistically significant changes following disturbance in the paired-catchment
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design is a function of discerning the degree of inter- and intra-catchment

variability of processes and timing between two matched catchments. There

exists an intricate trade-off between sample frequency and inherent variabil-

ity between two spatially explicit catchments. Decreasing the time-step at

which regression models are developed can increase the natural variability

of climatic heterogeneity and catchment behavior, making change detection

using time-series data difficult (Chapter 2).

Critics of the traditional paired-catchment study design suggest that it

lacks suitable controls on climatic inputs between two spatially explicit catch-

ments, prohibits insight into internal process behavior, and exhibits spa-

tial and temporal variability rendering statistical change detection difficult

(Jones and Grant , 2001; Schnorbus and Alila, 2004; Seibert and McDon-

nell , in review). It has been suggested that traditional field studies be

supplemented with hydrologic modeling to isolate the effects of forest dis-

turbance (harvest types, road construction, insect and disease) on hydrology

(Andréassian et al., 2003; Jayasuriya and O’Shaughnessy , 1988; Jones and

Grant , 2001; Lørup et al., 1998; Schnorbus and Alila, 2004). While hydro-

logic models have been widely used to evaluate hydrologic response to land-

use change, few, if any, studies have incorporated hydrologic modeling into

the traditional statistics-based paired-catchment approach. In this context,

hydrologic models can be used to construct virtual reference catchments that

can be used in the paired-catchment design. These virtual catchments can be

used to reconstruct streamflow under conditions absent of forest disturbance.

Nevertheless, results from modeling studies will be highly dependent on the

hydrologic model structure, parameter uncertainty and identifiability.

Hydrologic models can be used to represent catchments in virtual ex-

periments to evaluate the effects of climate change, disturbance, and regime
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shifts on catchment behavior (Andréassian et al., 2003; Weiler and McDon-

nell , 2004). By generating streamflow through model simulation, a single

catchment functions as reference and treatment catchment, thus reducing

spatial and temporal variation exhibited between two catchments. In prac-

tice, the model is calibrated to simulate streamflow prior to disturbance

using pre-treatment climatic and hydrologic data and to reconstruct stream-

flow under ambient conditions. In this context, the simulated streamflow

time-series functions as the reference catchment for the duration of the ex-

periment. The experimental framework of using streamflow from simulated

and actual catchments is similar to that of an actual paired-catchment design

in that a catchment calibration phase is used to relate catchment behavior

between two catchments.

The benefits of using hydrologic models to detect change has been shown

to discern the effects of land management on hydrology under various cli-

matic and physiographic conditions and spatial scales (Ashagrie et al., 2006;

Brandt et al., 1988; De Roo et al., 2001; Jayasuriya and O’Shaughnessy , 1988;

Kuczera et al., 1993; Kuczera, 1987). Variable success has been achieved us-

ing complex process-based spatially explicit hydrology models because of

non-linearity, scaling of model parameters, ordering complexity, uniqueness,

and equifinality (Beven, 2002a; Pilkey and Pilkey-Jarvis , 2007). Conversely,

many more studies have found the simple structure of conceptual rainfall-

runoff modeling desirable to evaluate change, but few studies consider or

incorporate model uncertainty and equifinality into model prediction (Kucz-

era, 1987; Brandt et al., 1988; Jayasuriya and O’Shaughnessy , 1988; Lavabre

et al., 1993; Bowling et al., 2000; De Roo et al., 2001; Hundecha and Bárdossy ,

2004; Waichler et al., 2005). Parkin et al. (1996) formally recognized model

uncertainty in distributed modeling by using a range of parameter values for
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the SHETRAN model reflecting the modeler’s estimates of parameter un-

certainty and defining the range of simulated variability by maximum and

minimum values plus 5 percent. More recently McMichael et al. (2006) used

GLUE (Beven and Binley , 1992) to characterize model error and uncertainty

in MIKE SHE model predictions to assess hydrology changes in a semi-arid

California shrub-land catchment.

Statistical methods for hydrologic modeling have focused primarily on

model evaluation and not change detection. Few studies combine the use

of traditional statistical change detection with simulations from hydrologic

models to evaluate shifts in hydrologic behavior. Where present, studies

combining hydrology models and statistics for change detection have focused

mostly on the use of non-parametric approaches that are robust to outliers

and non-normal distributions (Lørup et al., 1998; Bowling et al., 2000; Schrei-

der et al., 2002; Seibert and McDonnell , in review). The general evolution

of change detection with statistical analyses of hydrologic models follows.

Lørup et al. (1998) examined the effects of land-use change on hydrology

in Zimbabwe using the NAM conceptual rainfall-runoff model, and Bowling

et al. (2000) evaluated the effects of logging in western Washington, USA,

using the Distributed Hydrology Soils Vegetation Model DHSVM. In these

studies, trend and change detection analyses were performed on model residu-

als, calculated as the difference between model simulations based on a single

optimized parameter set and observed runoff, were tested using Wilcoxon

Rank Sum and Mann-Kendall tests. Schreider et al. (2002) incorporated

uncertainty into IHACRES model simulations using several parameter sets

calibrated in different agricultural catchments to provide estimates of model

variability to evaluate the effects of farm dam development on streamflow re-

sponse in Australia. Residual errors were calculated as the difference between
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simulated mean daily flow, vis-á-vis model uncertainty and observed runoff.

Both parametric and non-parametric methods were used to evaluate trend in

model residuals. Seibert and McDonnell (in review) use the HBV hydrology

model in a reevaluation of the Jones and Grant (1996) forest-harvest related

peakflows study. Model uncertainty was addressed using several thousand

model parameters sets sampled using Monte-Carlo simulations to generate

behavioral models used for prediction. Three methods were used to evaluate

changes in catchment behavior; (i) reconstruction of streamflow series absent

of land-cover change, (ii) comparison of calibrated parameter values for peri-

ods prior to and following land-cover changes; and (iii) comparison of runoff

predicted with parameter sets calibrated for periods prior to and following

land-cover change. The Wilcoxon-rank sum test was used to evaluate the

difference between median simulated peakflow from Monte-Carlo simulations

and observed daily peakflow for each of the three methods. There remains

a critical need for a change detection method that is robust to change and

uses the entirety of data to discern changes in hydrologic behavior; the non-

parametric methods employed in past studies offer limited information about

changes in behavior as they test for differences in pre- and post-disturbance

distributions and variances (e.g. Mann-Kendall and Kolgorov-Smirnov tests),

or test if two related groups show differences in central tendency (Wilcoxon

rank sum test) (Helsel and Hirsch, 1992; McCuen, 2003). Of exception, how-

ever is Schreider et al. (2002), who incorporated a GLS parametric approach

to address serial correlation in model residuals.

In order to move beyond the perceived limitations in change detection

using the paired-catchment and mechanistic model approaches, model un-

certainty needs to be incorporated into hydrologic simulations. An improved

method considers hydrologic modeling and uncertainty analysis within the
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realm of statistical methods that can be used to discern changes in individ-

ual hydrologic events, rather than simply detecting changes in population

statistics.

Here we present methods that use reconstructed streamflow as a reference

explanatory variable in a regression-based, paired-catchment study design to

reduce the variability associated with paired catchments. To clarify ambi-

guity, confusion, and sometimes misuse of statistical and hydrologic model-

ing terminology, in this study we defined the following: model uncertainty

- differences in model predictions resulting from different parameters sets

(non-uniqueness and equifinality) and inadequate knowledge and represen-

tation of catchment hydrologic processes; statistical uncertainty - variation

among different models constructed of different samples from similar pop-

ulations; residuals - difference between observations and predictions. We

use the HBV-EC hydrology model to generate virtual reference catchments

that reflect uncertainty associated with hydrologic modeling and incorporate

variability associated with complex, natural systems. Generalized likelihood

uncertainty estimation (GLUE) (Beven and Binley , 1992; Beven and Freer ,

2001) is used to describe model uncertainty and error associated with sim-

ulations of the HBV-EC hydrology model. Streamflow was simulated using

the 2.5, 50, and 97.5th percentiles from model uncertainty analysis to con-

struct generalized least squares regression change detection models used to

discern changes in hydrologic behavior. Outlined is an alternative method

of change detection for daily time-series data that uses the paired-catchment

study design that integrates hydrologic modeling into statistical change de-

tection methods used to discern the effects of contemporary forest manage-

ment on the hydrology of a western Oregon Cascades headwater catchment.

Specifically, the research objectives of this study are to consider and incorpo-
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rate uncertainty into hydrologic model streamflow simulations using GLUE

(Beven and Binley , 1992) and to develop change detection methods using

generalized least squares regression.

4.3 METHODS

4.3.1 Study area and hydrometric data

Fenton and DeMersseman Creeks are nested headwater catchments of

the Hinkle Creek Paired Watershed Study located on the foothills of the

west slope of the southern Oregon Cascades Mountains, USA (Figure 4.1).

The Fenton Creek catchment is 0.23 km2, elevations range from 615 to 815 m

and slopes range from 12 to 30 percent. The DeMersseman Creek catchment

is 1.56 km2, elevations range from 650 to 1,260 m and slopes range from 14

to 54 percent. Hinkle Creek is located in the rain-snow transitional zone

with a climate dominated by frontal Pacific storms from November to May

and dry, warm conditions during the remainder of the year. Mean annual

precipitation at 839 meters, is approximately 1,800 mm, with a mean annual

temperature of 8.5 ◦ C. Slopes are forested by a 60-year old, harvest regener-

ated stands of Douglas fir (Pseudotsuga menziesii). Riparian vegetation in

higher order stream networks is comprised mainly of overstory species such

as red alder (Alnus rubra) and understory species such as huckleberry (Vac-

cinium parvifolium) and sword fern (Polystichum munitum) while low order

headwater catchments are dominated by Douglas fir.

Contemporary methods of forest harvesting, as prescribed by the Oregon

Forest Practice Rules, were used to harvest trees in the Fenton Creek catch-

ment. Roseburg Forest Products used aerial skyline logging systems to yard
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the timber from the 65 percent (0.15 km2)clear-cut Fenton Creek. Timber

harvesting started in mid-July 2005 and continued through January 2006.

Streamflow was recorded at 10-minute intervals from November 2003 to

present in the outlet of the Fenton and DeMersseman Creek catchments using

Montana flumes equipped with automated Druck 1830 pressure transducers

and Campbell Scientific CR 10x dataloggers. Climate data were measured

at a micrometeorological station located between the North Fork and South

Fork experimental basins (Figure 4.1). Air temperature, relative humidity,

precipitation, windspeed, and photosynthetic active radiation were recorded

at 10-minute intervals from December 2003 to the present. Long-term climate

data from a nearby meteorological station (Idleyld Park COOP ID 354126)

was used to supplement climatic data prior to monitoring in the experimental

basins.

4.3.2 HBV Model description

We used the well known HBV-EC model(Hamilton et al., 2000) to simu-

late streamflow from virtual reference catchments that are used as explana-

tory variables in GLS regression change detection models. The structure of

conceptual models represents the integration and averaging of state variables

(e.g. storage components) and fluxes (e.g. interactions) at the catchment

scale (Wagener et al., 2003). The framework of the HBV model was consid-

ered most appropriate to represent hydrologic processes and address model

uncertainty in this study. The successful applications of the HBV model un-

der different climatological and physiographic conditions shows the efficacy

of using this simple conceptual model to simulate streamflow (Bergström,

1995; Lindström et al., 1997). HBV-EC is a partially distributed conceptual



116

model that simulates streamflow using daily precipitation, air temperature,

and long-term monthly potential evaporation (Bergström, 1995; Hamilton

et al., 2000; Lindström et al., 1997). The HBV-EC model is distributed in

the sense that basins are divided into sub-catchments and conceptual pro-

cesses are distributed by elevation and vegetation zones. We ran the HBV-EC

model within the integrated EnSim Hydrologic package, a GIS-based hydrol-

ogy package developed by the Canadian Hydraulics Centre (CHC , 2006).

HBV-EC consists of three components: a snow routine for snow accumu-

lation and melt based on the degree-day method; a soil routine which controls

the proportion of rainwater and snow melt which generates excess water after

considering soil moisture and evaporation requirements; and a runoff gener-

ation routine that consists of an upper, nonlinear reservoir that represents

fast discharge and a lower linear reservoir that represents slow discharge or

baseflow (Table 4.1). HBV-EC differs from the traditional HBV described

by Bergström (1995) in several ways; (i) climate zones are used to better

represent lateral climatic gradients that may occur across the basin, (ii) the

snow melt factor varies as a function of aspect and slope, and (iii) instead

of using a transformation to release fast and slow reservoir components to

streamflow, the HBV-EC model totals output from each reservoir to predict

discharge for the given model time-step. Thorough descriptions of the HBV

hydrology model are found in (Bergström, 1991, 1995; Lindström et al., 1997;

Seibert , 1997; Zhang and Lindström, 1997; Hamilton et al., 2000; Hundecha

and Bárdossy , 2004; Gotzinger and Bardossy , 2005; Ashagrie et al., 2006;

Seibert and McDonnell , in review).



117

4.3.3 GLUE uncertainty analysis

We used GLUE to characterize errors and uncertainty associated with

HBV-EC model simulations. GLUE has been reviewed by Beven (2002b)

and is well accepted in the hydrologic modeling literature (Freer et al., 1996;

Beven and Freer , 2001; Beven, 2006; McMichael et al., 2006). GLUE uses

prior knowledge of the system under consideration to construct probability

distributions of model parameters that reflect current knowledge of processes

and behavior internal to the system under investigation (Beven and Binley ,

1992). Monte-Carlo simulations are used to randomly and independently

generate large numbers of parameter sets (models) sampled from distribu-

tions. The performance of each model is evaluated on the basis of a likelihood

measure (e.g.single, multi, or fuzzy objective function) calculated by com-

paring model simulations to observed data (McMichael et al., 2006). Model

parameters were classified retained as behavioral models if the correspond-

ing likelihood value is equal to or greater than a specified likelihood value;

parameter sets that do not meet the criteria are rejected as non-behavioral

(Beven and Binley , 1992).

4.3.4 Development of model-based change detection

HBV-EC was used to simulate streamflow in the Fenton and DeMersse-

man catchments. Each catchment was divided into five elevation zones, with

approximately 40 m elevation and land-cover typology distributed appropri-

ately. Fenton Creek is entirely forested while DeMersseman Creek is mostly

forested, with approximately 3 percent of catchment area in roads. A record

of climate data for 1,618 days for each catchment was distributed into three
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periods; a warm-up period (123 days), a model calibration period (533 days)

and a post-harvest period (962 days). Observed time-series data of mean

daily streamflow for each catchment were used for model calibration and

evaluation.

4.3.4.1 Model parametrization, calibration and uncertainty analysis

The experimental catchments were delineated in EnSim Hydrologic (CHC ,

2006) based on the Hinkle Creek, OR USGS 10-m quadrangle. GIS-delineated

catchments were compared to field surveys of catchment boundaries to ensure

quality control in the modeling process.

Realistic ranges for the initial input parameter were discretized from stan-

dard probable ranges (CHC , 2006). The actual number of free model input

parameters used in the HBV-EC model is specific to the system under con-

sideration. Free parameters can be adjusted to better represent the system

when compared to data during the model calibration. Prior information re-

garding the selection of free parameters for the HBV model was obtained

from the Seibert (1999) and Hundecha and Bárdossy (2004) and was mod-

ified to reflect processes in the Hinkle Creek experimental catchments (e.g.

field capacity). Fifteen free parameters were used for model calibration and

uncertainty analysis (Table 4.1).

Values of free parameters were sampled randomly from uniform distri-

butions and used to construct 50,000 Monte-Carlo simulations each for the

Fenton and DeMersseman catchments. The Monte-Carlo Analysis Toolbox

(MCAT) (Wagner et al., 2004) was used to implement GLUE and character-

ize parameter sensitivity and model uncertainty. Model performance, with
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regards to timing and volume of simulated streamflow, was evaluated during

calibration using the Nash and Sutcliffe (1970) efficiency measure Reff :

Reff = 1−
∑

(Qobs −Qsim)2∑(
Qobs −Qobs

)2 (4.1)

where Qobs is observed streamflow, Qobs is the mean observed streamflow, and

Qsim is the simulated streamflow from HBV-EC. Reff = 1 when simulated

streamflow equals observed with respect to time-step; Reff = 0 when sim-

ulations estimate the mean observed streamflow. A coefficient of efficiency

threshold of Reff > 0.5 was used to define behavioral models. The selection

of the coefficient of efficiency threshold is arbitrary and is related to the vari-

ability of the input data. Studies that use monthly or annual simulations are

expected to have lower variability and higher efficiency values (McMichael

et al., 2006), whereas studies that have used daily data or finer would expect

to have lower efficiency values (Seibert and McDonnell , in review). More

important, however, is the assembly of a large enough sample of behavioral

models to capture the variability inherent to daily time-series data.

Streamflow simulations made from the behavioral models that were re-

tained were used to construct 95th percentile bounds that captured uncer-

tainty in model simulations associated with uncertainty in model parametriza-

tion [McMichael et al. (2006)]. Observed mean daily streamflow was com-

pared to the upper, median, and lower uncertainty bounds (97.5, 50, and 2.5th

percentiles, respectively) for the calibration period. Recognizing the limita-

tions of model validation (Oreskes et al., 1994) , we relied on characterizing

model uncertainty using GLUE and GLS. Results from the uncertainty anal-

ysis based on GLUE are used to describe the stability, appropriateness, and

performance of the model.
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4.3.4.2 Detecting the effects of harvesting using integrated change detection models

The paired-catchment approach was used to estimate the effect of for-

est harvesting on streamflow. The virtual catchments were used as reference

catchments that represent hydrologic behavior of individual catchments with-

out disturbance. Individual pre-harvest regression relationships were devel-

oped with the upper, lower, and median streamflow simulations and observed

streamflow for the Fenton and DeMersseman catchments. Generalized least-

squares (GLS) regression (Rawlings et al., 1998) was used to account for

serial autocorrelation in model residuals:

yj = β0 + β1x1j + εj (4.2)

where yj is the measured streamflow response variable on day j ; x1,j is mea-

sured streamflow explanatory variable on day j ; β’s are coefficients to be

estimated by regression; and εj is an error term, where εj ∼ N(0,Σ). Let εj

=[ε1, ε2, ε3, ..., εj, ..., εJ ]′, where J is the total number of time-steps. The

j th residual, εj, is estimated as ε̂j = (yj - ŷj). Autocorrelated residuals were

filtered using a stochastic time-series autoregressive (ARMA) model, leav-

ing estimated innovations, µ̂j (Salas , 1993), the random component of the

deviation from day (month) j, with any component inherited from previous

day (month) being filtered by the autoregressive removal procedure (Watson

et al., 2001; Salas , 1993):

µ̂j = ε̂j − φ̂1ε̂j−1 − φ̂2ε̂j−2 − ...− φ̂j ε̂j−k (4.3)

where µ̂j are estimated innovations; φ̂i is the estimated autocorrelation co-

efficient of error term at lag k ; and εj−k is the residual error term k days

(months) before day (month) j where µ̂j are estimated innovations; φi is



121

the estimated autocorrelation coefficient of error term at lag k ; and εj−k is

the residual error term k days (months) before day (month) j. The autore-

gressive order k for each set of GLS model residuals was identified using

Akaike Information Criteria (AIC) (Padmanabhan and Rao, 1982) and par-

tial autocorrelation function plots. Estimated innovations, µ̂j ∼ N(0, σ2) and

independent. Upper and lower prediction intervals at time tj are computed

by

0± 1.96
√
V ar(µ̂j) (4.4)

where V ar(µ̂j) is the prediction variance incorporating uncertainty associ-

ated with predicting future values, estimated linear model, and autocovari-

ance parameters (Som, 2009). Under the null hypothesis of no difference in

innovations during pre- and post-harvest periods, with selected significance

level of α = 0.05, approximately 5 percent of estimated innovations will fall

outside of the 95 percent prediction intervals. More than 5 percent of the

innovations exceed prediction intervals, it is concluded that there is a statis-

tically significant change (+/-) in innovations following forest harvesting.

We made several assumptions in the development of our change detection

method. We assumed that model parameters of HBV-EC represented the

integration of hydrologic processes across time and space for the experimental

catchments. We assumed that HBV-EC model parameters were consistent

and stationary throughout the warm-up, model calibration, and treatment

periods. We assumed that estimates of regression parameters were stable

during calibration of the pre-harvest GLS model and during the post-harvest

periods. Finally, we assumed a similar structure for autocorrelation variance

of model residuals for pre- and post-harvest periods.
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4.3.5 Evaluation of proposed change detection method

A hypothetical treatment period was imposed on the DeMersseman Creek

catchment to evaluate the performance of our change detection method. The

evaluation served to (1) evaluate overall model performance; (2) reduce false

detections of significant treatment effects; and (3) validate assumption that

catchment behavior was similar during different time periods. This last ob-

jective has been absent from studies that rely solely on hydrologic modeling

and is crucial to ensure confidence in change detection results. The treat-

ment period, which matched the harvest period in Fenton Creek, partitioned

the streamflow record into two testable populations that represented pre-

and post-harvest conditions. As DeMersseman Creek is a reference headwa-

ter catchment in the headwaters of Hinkle Creek, we expected no difference

between pre- and post-harvest periods. The detection of statistically signifi-

cant changes in DeMersseman Creek innovations would indicate instability of

the model, errors in model structure and parameter sets, and an inability to

capture variations of expected runoff events. Reference catchments are often

absent from studies that use hydrologic models to detect change; therefore

the assumption must be accepted that catchment behavior during periods

absent of disturbance is similar to catchment behavior following disturbance.

The evaluation exercise used in this study is a critical step to validate this

assumption.

4.4 RESULTS

Streamflow and precipitation for the study period are shown in Figure

4.2. The most precipitation and highest peak discharge during the two year
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study occurred during the 2006 water year (October 1 - September 31), which

was the first year following harvesting in Fenton Creek. The two largest

peakflow measured in the North Fork Hinkle Creek gauge, had recurrence

periods of approximately 8- and 3-years (8 and 7 m3s−1, respectively. Most

of the storms had sub-annual recurrence periods. Summer low flows for each

catchment were retained in the hydrograph records but were excluded from

analysis of model uncertainty, performance evaluation, and models for change

detection. Periods of low flow were excluded from analysis.

4.4.1 Model calibration, evaluation, and uncertainty analysis

Monte-Carlo simulations using 50,000 unique sets of model parameters

were used to simulate daily streamflow in the Fenton and DeMersseman

catchments from 1 October 2003 to 5 March 2008. Of the 50,000 streamflow

simulations, 1,536 and 658 models were retained as behavioral models based

on the criteria of Reff > 0.5 for Fenton and DeMersseman catchments. The

proportion of behavioral models that were retained using the Nash-Sutcliffe

measure of efficiency likelihood was comparable to other studies that used

GLUE-based uncertainty analyses (Beven and Freer , 2001; McMichael et al.,

2006). Posterior parameter distributions derived from uncertainty analyses of

each catchment were retained and used to simulate (reconstruct) streamflow

absent of disturbance (Table 4.1).

For each catchment, simulations from the model warm-up (1 October

2003 - 31 January 2004) and model calibration (1 February 2004 - 17 July

2005) periods were used to calibrate the HBV-EC model. The calibration

period was the same as the pre-treatment period used for GLS model calibra-

tion. Uncertainty bounds for central 95 percent of the distribution of simu-
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lated streamflows were calculated with the lower (2.5th percentile) and upper

(97.5th percentile) simulated streamflow values per day. Observed stream-

flow in the Fenton (DeMersseman) catchments were within the uncertainty

bounds 83 (68) percent of the time during the calibration period (Figure 4.3).

The range of model uncertainty was quantified as the area between observed

streamflow that fell outside of the 95th uncertainty bounds represented by the

upper and lower simulated streamflow. Average simulated streamflow errors

associated with observed events falling outside of the uncertainty bounds for

Fenton (DeMersseman catchments) constituted approximately 27 mm (81

mm) or 4(5) percent of total streamflow by volume, respectively. Stream-

flow observations falling outside of the upper (lower) bounds were indicative

model under (over) prediction. Over prediction of streamflow volume was

greatest for Fenton Creek during December 2004 and under prediction was

greatest during March 2005. Less than 1 percent or 1 mm of streamflow was

over predicted and 2 percent of 16 mm of streamflow was under predicted.

In the DeMersseman catchment, over and under prediction occurred during

March 2004/2005 and June 2004/2005 and represents less than 1 percent by

volume or 20 mm of streamflow over predicted and 4 percent of 60 mm of

streamflow under predicted.

4.4.2 Effects of forest harvesting on streamflow

Based on the upper, lower, and median streamflow simulations and ob-

served streamflow from the pre-treatment periods in the Fenton and De-

Mersseman catchments, six GLS regression change detection models were

developed. Only the results for Fenton Creek are discussed here because no

harvest actually occurred in the DeMersseman catchment; the results from
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the DeMersseman analysis are discussed in the next section on the evaluation

of models for change detection.

AIC (Padmanabhan and Rao, 1982) and partial autocorrelation func-

tions were used to find parsimonious time-series models. The time-series of

residuals for both catchments and all models exhibited a second order au-

toregressive (AR 2) variance structure. Results of the GLS analyses and

autoregressive modeling are summarized in Table 4.2. Significant changes

in daily streamflow were detected for each GLS model based on the lower,

median, and upper simulated streamflows.

For the Fenton Creek catchment, one-hundred nineteen (17 percent), 105

(15 percent), and 85 (12 percent) of the post-treatment innovations for mod-

els constructed using the lower 2.5, 50, and upper 97.5th percentile simula-

tions exceeded the prediction interval values (Figure 4.4). Estimated changes

in streamflow following forest harvesting were calculated as the residual dif-

ference between observed and predicted streamflow. Deviations between ob-

served and predicted daily streamflow following forest harvesting varied by

day, storm, and season (Figure 4.5). Maximum daily streamflow in Fenton

Creek increased by as much as 27 mm (2.5th percentile model), 22 mm and

19 mm using the median and upper 97.5th percentile simulations models,

respectively (Figure 4.6). The greatest median increase in streamflow from

the three models across all water years occurred during winter (873 mm),

followed by spring (304 mm) and fall (166 mm) (Table 4.3). Increases in

streamflow during winter by water year (WY) were 438 mm for WY 2008,

311 mm and 118 mm during 2007 and 2006, respectively. Increases in spring

streamflow were greatest immediately following forest clear-cut harvesting in

2006 (207 mm), followed by WY 2007 and 2008, with streamflow increases

of 80 and 17 mm, respectively. Changes in streamflow were smallest for fall;
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increases in streamflow of 94, 40, and 32 mm were estimated for the 2007,

2008, and 2006 water years.

4.4.3 Change detection evaluation

A hypothetical treatment period based on the treatment duration in Fen-

ton Creek was imposed on the GLS regression analysis of DeMersseman Creek

in order to evaluate the stability of the proposed change detection method.

Specifically, the evaluation served to test how the change detection method

performed with respect to detection (no detection) of false (true) positives,

Type I error and Type II error. It was expected that for DeMersseman Creek

we would fail to reject the null hypothesis that a disproportionate number of

innovations would exceed prediction intervals following the imposed period

of forest treatment.

Post-treatment innovations from GLS models based on the lower, median,

and upper simulations (Figure 4.7) were not significantly different from zero;

therefore we failed to reject the null hypothesis that model innovations were

different following the hypothetical forest harvesting period. For DeMersse-

man Creek, approximately 23 (3 percent), 27 (4 percent) and 42 (6 percent)

of innovations fell beyond prediction intervals for the lower 2.5, median and

upper 97.5th percentile simulations (Figure 4.7).
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4.5 DISCUSSION

4.5.1 Sources of variation

Variations in streamflow simulations were attributed to model structure,

parameterization, uncertainty and measurement error in input data. It is

impossible to completely describe catchment behavior with respect to time

and space using hydrologic models. Uncertainty associated with hydrologic

models is derived from the general lack of knowledge of internal state be-

haviors in processes and function that result from non-uniqueness, ordering

complexity, non-linearity, and model equifinality (Gilovich, 1991; Beven and

Binley , 1992; Pilkey and Pilkey-Jarvis , 2007). In addition, heterogeneity was

introduced in the distribution of elevation bands, precipitation, and catch-

ment attributes such as soil types, vegetation, and topography (Andersen

et al., 2001). Therefore, deviations between observed and simulated stream-

flow were expected. The fact that two-thirds of the observed streamflow was

contained within the uncertainty bounds was similar to model uncertainties

reported in other studies (Andersen et al., 2001; Beven and Freer , 2001;

McMichael et al., 2006). Observed streamflow for Fenton Creek fell within

the uncertainty bounds for 83 percent of days during the calibration period,

with the remainder 17 percent accounting for 27 mm or less than 4 percent of

total streamflow. Streamflow observations fell within the uncertainty bounds

for 68 percent of the days for DeMersseman Creek, with the 32 percent re-

mainder representing approximately 81 mm or 5 percent of total streamflow.

Under-predictions by the model were most pronounced during spring when

runoff generation is influenced by soil antecedent moisture. Hundecha and

Bárdossy (2004) and Seibert (1999) showed positive sensitivity for model

parameters that controlled soil water balance and runoff routing. In their
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application of HBV to model the effects of changes in land use on runoff,

Hundecha and Bárdossy (2004) noted sensitivity for soil field capacity, and

the routing parameters that describe fast and slow reservoir components, and

the fraction of runoff directed to the fast reservoir (Table 4.1). Over- and

under-prediction in the current study reflect parameter and overall model

uncertainty.

The number of behavioral models used to calculate uncertainty bounds

and construct the GLS prediction intervals is specific to the measure of likeli-

hood selected to evaluate the model. The number of behavioral models used

can be increased (decreased) by decreasing (increasing) the likelihood thresh-

old. However, the percentage of observations the fall outside of 95 percent

uncertainty bounds differed slightly between the population of behavioral

model based on measures of higher likelihood (Hope et al., 2004; McMichael

et al., 2006). It is important to recognize that uncertainty bounds constructed

based on GLUE are distinctly different than bounds constructed based on

probabilistic statistics (e.g. prediction or confidence limits). Uncertainty

bounds represent limitations, errors, and uncertainties associated with the

selected behavioral models compared to observed data, whereas probabilistic

bounds are calculated using population variance and errors of associated data

structures. In addition, GLS change detection results in the current study

were insensitive to behavioral models based on higher likelihood thresholds.

Prediction variances, calculated using regression estimates between modeled

and observed streamflow, incorporate hydrologic model uncertainty implic-

itly. This attribute lends support to using time-series regression relationships

in place of traditional model validation methods.

By applying the change detection method to a reference catchment, we

were able to evaluate the performance of the hydrologic model. More im-
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portantly, we were able to account for catchment-specific external sources of

variation associated with heterogeneities in the location, distribution, and

timing of hydrologic processes. This helped reduce variation and isolate the

reasons for changes in hydrology following harvesting. Regression techniques

used in traditional paired-catchment studies assume that hydrologic behavior

between paired catchments are correlated with climate signal; variations due

to shifts in the climate signal in the current study are accounted for in the

regression model. Climatic control is often absent from hydrology modeling

studies. Unexpected changes in climate signal (e.g. precipitation, air tem-

perature, etc.) can result in significant deviations of the model from the real

world, obfuscating the ”true” effects of forest disturbance. If these sources

of variation are unaccounted for, the variability can contribute noise, making

the detection of treatment effect more difficult. Further, excluding all sources

of variation in the construction of change detection models can result in un-

derestimates of prediction variance and false detections. We argue that the

disproportionate number of post-treatment innovations in the treated catch-

ment (i.e. Fenton Creek) is attributed to forest harvesting. The percentage

of post-treatment innovations at DeMersseman Creek fell well within the cal-

culated predictions intervals suggesting that (i) the population of behavioral

and GLS models adequately describe variability between model simulated

and observed streamflow and (ii) this behavior remained constant through

the calibration and post-treatment time periods.

The pairing of simulated and observed streamflow data from the same

catchment significantly reduced model variance, which reduced the width

of the prediction intervals for innovations compared with traditional paired-

catchment analyses. It was hypothesized that by considering hydrologic pro-

cesses within a single experimental catchment, spatial and temporal variation
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was reduced, which in turn produced tighter prediction intervals and increas-

ing the likelihood of detecting change in hydrologic behavior when change

actually occurs. GLS model variance based on this approach was more than

2 orders of magnitude smaller than change detection using daily streamflow

data from DeMersseman and Fenton Creeks in a traditional paired-catchment

approach (Chapter 2). No significant changes in daily streamflow were de-

tected using the traditional approach whereas increases in daily streamflow

occurred up to 17 percent of days following disturbance using this new change

detection method.

4.5.2 Effects of forest harvesting on streamflow

Estimated changes in streamflow following forest harvesting in Fenton

Creek varied by day, season, and water year as well as by the regression

change detection model used. The increases in streamflow that followed

the clear-cutting of 65 percent of the Fenton Creek catchment were consis-

tent with the literature with regards to the effects of forest harvesting on

catchment hydrology (Bosch and Hewlett , 1982; Hewlett and Hibbert , 1961;

Hubbart et al., 2007). Increases in water yield in Fenton Creek are due to

reductions in forest canopy that directly effect interception and transpira-

tion. Estimates of streamflow increases are greatest during winter, followed

by spring, then fall and varied considerably based on the uncertainty model

used. The largest streamflow increases by volume were associated primarily

with storm events from sub-annual to 3-yr recurrences.

Seasonal changes in hydrology are attributed to antecedent soil mois-

ture conditions and effective precipitation. Increases in streamflow in Fenton

Creek ranged from 250 to 2,276 mm (median 1,500 mm) for all years following
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harvest. The wide range of estimated streamflows reflect the uncertainties

associated with the structure and parameterization of HBV-EC as applied to

the experimental catchment. Conversely, this new method results in smaller

variances for estimates of change between treatment and reference catch-

ments. Increases in innovations during the post-treatment periods ranged

from 12 to 17 percent using upper and lower model uncertainty bounds.

In each case, innovations outside of prediction intervals were consistently

greater that the expected 5 percent associated with our hypothesis. By con-

structing GLS regression models based on observed and lower, median, and

upper uncertainty time-series, model uncertainty and natural variability are

incorporated into the change detection model.

4.6 CONCLUSIONS

The objective of this research was to develop and test an alternative

method of change detection that uses a hybrid paired-catchment study de-

sign that integrates hydrologic modeling and statistical change detection to

discern the effects of forest harvesting on daily streamflow. The HBV-EC hy-

drology model was used to reconstruct streamflow absent of forest harvesting

at three levels of model uncertainty and were used as explanatory variables in

GLS regression models. Considering processes within a single experimental

catchment instead of two spatially explicit catchments used in a traditional

paired experiment, it was possible to reduce spatial and temporal variability,

increasing the likelihood of detecting change in hydrologic behavior, when

change actually occurs. Change detection model variance was reduced by

more than two orders of magnitude over traditional pairing of two spatially

explicit catchments, thereby drastically increasing the likelihood of correctly



132

detecting treatment effects following forest harvesting.

Significant increases in daily streamflow were detected following clear-

cutting of 65 percent Fenton Creek. Estimated changes in streamflow varied

with respect to change detection models using the 2.5, 50, and 97.5th per-

centile uncertainty time-series. Increases were not detected in DeMersseman

Creek, where forest management treatments were not applied. We show

the importance and necessity of coupling hydrologic modeling studies with

actual reference catchments to evaluate model performance, to reduce false

detections, and validate assumptions of similar catchment behavior during

different time periods. In addition, by applying change detection models to

reference catchments, we were able to eliminate unexpected variation as the

cause for changes in observed hydrology and attribute increases in stream-

flow detected in treatment catchments to forest management with greater

certainty. The proposed method appears to be a useful alternative to change

detection using highly variable daily hydrology data and stand alone hydro-

logic modeling studies. Though developed and tested evaluating the effects

of forest harvesting on hydrology, the proposed method may be applicable to

studies evaluating and forecasting change in water resources resulting from

fire, insect denudation, urbanization, and directional climate change.
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Figure. 4.1: Location of the Hinkle Creek Paired Watershed Study experi-
mental catchments.
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Figure. 4.2: Daily precipitation and streamflow in Fenton and DeMersseman
Creek in the Hinkle Creek experimental catchments (treatment
period shaded).
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Figure. 4.3: 95th percentile model uncertainty bounds with observed mean
daily streamflow during model calibration periods for (a) Fenton
Creek and (b) DeMersseman Creek.
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Figure. 4.4: Time-series of innovations of residuals from GLS model for Fen-
ton Creek using 2.5, 50, and 97.5th percentile uncertainty pre-
dictions (treatment period shaded).
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Figure. 4.5: Observed and predicted daily streamflow for Fenton Creek using
2.5, 50, and 97.5th percentile uncertainty predictions in GLS re-
gression model. Daily streamflow is predicted using parameters
coefficients from linear regression model using HBV-EC hydrol-
ogy model simulations and observed daily streamflow (treatment
period shaded).
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Figure. 4.6: Estimated treatment effect of mean daily streamflow following
forest harvesting in Fenton Creek. Estimated treatment effect
is calculated as the residual difference between observed and
simulated streamflow considering lower, median, and upper un-
certainty simulations.
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Figure. 4.7: Time-series of innovations of GLS model residuals for DeMersse-
man Creek using 2.5, 50, and 97.5th percentile uncertainty pre-
diction (hypothetical treatment period shaded).
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Table. 4.1: Initial and posterior model parameters and ranges used in stream-
flow simulations and Monte-Carlo calibration procedure.

Parameter Explanation
min max min max unit

Routing routine
KF Fast reservoir component 0 1 0.003 0.96 -
KS Slow reservoir component 0 1 0.05 0.92 -
FRAC Fraction of runoff directed to fast reservoir 0.1 1 0.1 1 -
α Fast reservoir exponent 0 1 0.04 0.92 -

Soil routine
FC Soil field capacity 100 400 110 380 mm
β Controls relationship between soil infiltration and soil water relea 0 2 0.01 1.9 -
LP Soil moisture content threshold where evaporation becomes limit 0 1 0.03 1.0 -

Snow routine
DC Snowmelt facotr for summer solstice 0 4 0.2 3.8 °C  mm -1 d -1

CRFR Controls rate at which liquid refreezes into snowpack 0 4 0.3 3.9 °C  mm -1 d -1

Climate
RFCF Rainfall correction factor 1 2 1 2 -
SFCF Snowfall correction factor 1 1.5 1 1.5 -
PGRADL Fractional increase in precipitation with elevation 0.001 0.01 0.001 0.01 -
TLAPSE Temperature laspe rate 0.006 0.01 0.006 0.01 °C m-1

TT Threshold air temperature -1.5 2.5 -1.2 2.2 °C 
ETF Temperature anomaly correction of potential evapotranspiration 0 1 0.002 0.96 -

Initial  parameter range Posterior parameter range

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table. 4.2: Attributes of GLS regression and ARMA models for Fenton and
DeMersseman Creeks.

Model d.f k s e

Fenton Creek
    upper 422 2 0.64 -0.15 0.0001 0.68 0.003
median 422 2 0.65 -0.17 0.001 0.88 0.003

lower 422 2 0.69 -0.18 0.002 1.35 0.003

DeMersseman Creek
    upper 422 2 0.88 -0.23 0.006 0.58 0.05
median 422 2 0.88 -0.24 0.02 0.72 0.05

lower 422 2 0.92 -0.27 0.03 1.05 0.05

1φ 2φ
∧

0β
1β

∧
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Table. 4.3: Estimated changes in daily streamflow from GLS regression mod-
els using lower, median, and upper uncertainty estimations for
Fenton Creek following forest harvesting.

Season WY average streamflow
(mm) (%) (mm) (%) (mm) (%) (mm)

Winter 2006-2008 943 96 1363 243 314 19 873

2006 331 64 579 182 23 3 311
2007 141 45 272 147 -60 -12 118
2008 421 323 541 715 351 132 438

Spring 2006-2008 366 74 559 186 -14 -2 304

2006 242 87 350 207 30 6 207
2007 107 51 190 150 -57 -15 80
2008 17 195 20 345 13 107 17

Fall 2006-2008 192 68 354 297 -49 -9 166

2006 41 44 96 243 -41 -23 32
2007 102 97 160 337 19 10 94
2008 49 59 98 304 -27 -17 40

2.5 % model 97.5 modelmedian 
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5. CONCLUSIONS

5.1 CONCLUDING REMARKS

This collection of manuscripts serves to update and fill in knowledge gaps

as to the effects of contemporary forest harvesting on streamflow and sedi-

ment yield. The nested paired-catchment approached was used to evaluate

the hydrologic response of catchments at two spatial scales following forest

harvesting. The response of headwater catchments varied by day, month,

season, and year as well as change detection models. In relative terms,

streamflow and sediment yield increased locally and downstream following

harvesting in headwater catchments. The largest increases occurred dur-

ing the first winter following the start of harvesting, which coincided with

the wettest year during the study. Statistical detection of streamflow and

sediment changes varied considerably by time-series model. Models devel-

oped with monthly streamflow data consistently explained more variability

than daily streamflow models whereas daily models consistently accounted

for greater variance in sediment data.

A review of previous and current studies evaluating the hydrologic ef-

fects of forest harvesting and change detection using the paired-catchment

approach were presented in Chapters 2 and 3. The review highlighted re-

sults from previous studies that do not necessarily reflect current harvesting

practices. Further discussed were the limitations associated with few pre-and

post-harvest observations and natural variability. To address these limita-

tions, this study developed regression change detection models that included

covariates describing seasonality and used monthly and daily streamflow and

sediment data to increase sample size and decrease false detections of treat-
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ment effects. The three submitted manuscripts make original contributions

to forest hydrology and forest and water resources management in the fol-

lowing ways:

Chapter 2 demonstrated the use of GLS regression models developed us-

ing monthly and daily streamflow data from paired catchments. Time-series

and multiple regression modeling were previously shown for monthly stream-

flow by Watson et al. (2001) and daily temperature by Moore et al. (2005);

Gomi et al. (2006), but this manuscript presented the first time application

to daily streamflow. The results of this study show that for daily streamflow,

unexplained variance was incorporated into regression change detection mod-

els that increased the width of prediction limits and obfuscated the effects of

forest harvesting. Models constructed with monthly streamflow were most

appropriate and sensitive for detecting and estimating change in the Hin-

kle Creek catchments. Aggregating streamflow data to monthly time-steps

smoothed daily hydrologic processes and timing (e.g. residence time) and in-

corporated entire lengths of storms (e.g. synchronizing storm volumes) thus

reducing variability between two catchments. Results of this study showed

statistically significant increases in streamflow following forest harvesting in

headwater catchments and downstream at the South Fork catchment outlet.

Results from this study should be used to design future studies to identify op-

timal time-steps between monthly and daily data (e.g. weekly or bi-weekly)

that can be used to construct time-series change detection models with large

sample sizes and small variances.

The methods presented in Chapter 2 were further extended in Chapter

3 to evaluate changes in sediment yield. Similarly, this manuscript demon-

strated the first application of time-series and multiple regression modeling

to monthly and daily sediment yield as well as the first use of the turbidity
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threshold sampling (TTS (Lewis and Eads , 2001; Lewis , 1996)) system in

Oregon catchments. In this manuscript, daily sediment models were shown

to be more robust in detecting and estimating changes in sediment yield.

Relative reductions of variances were shown by observing sediment fluxes

on a time-step that captured fluxes in sediment concentrations with respect

to storm duration and energy. By using near-continuous sediment fluxes

from the TTS, it was possible to measure the episodic nature of sediment

transport and capture sediment transport variability throughout different

storm components. Results of this study showed statistically significant in-

creases in sediment yield following forest harvesting in headwater catchments

and downstream at the South Fork catchment outlet. The results of this

manuscript are useful to inform policy makers as to the effects of current

harvesting practices on small, headwater catchments and the propagation of

increased sediment downstream.

In Chapters 2 and 3, the aim was to develop robust change detection mod-

els using daily and monthly time-steps in an effort to increase sample size and

decrease false/missed detections of treatment effects. In Chapter 2, however,

statistical detection was limited due to high variability in daily streamflow

observations and subsequent widening of prediction limits. Additional un-

explained variability was attributed to capturing the de-synchronization of

catchment responses unique to individual catchments. To overcome the dif-

ficulty of detecting changes in daily hydrologic records, a method capable

of discerning changes in highly variable daily hydrologic records was devel-

oped in Chapter 4. This manuscript introduced an alternative method of

change detection based on a hybrid paired-catchment study design that in-

tegrated hydrologic modeling and statistical change detection to discern the

effects of forest harvesting on daily streamflow. By considering processes
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within a single experimental catchment rather than the two spatially explicit

catchments used in traditional paired experiments, unexplained spatial and

temporal appeared to be smaller. Compared to results from the traditional

paired-catchment approach (Chapter 2), the new method resulted in smaller

model variance by two orders of magnitude, increasing the likelihood of de-

tecting harvest effects when changes actually occurred. Unique to this study

was the incorporation of hydrologic model uncertainty into time-series re-

gression models and the testing of the proposed change detection method in

a reference catchment to evaluate change detection model stability over time.

By applying the change detection model to reference catchment, it was pos-

sible to eliminate unexpected variation as the cause for changes in observed

hydrology and attribute the increases in streamflow detected to forest har-

vesting with greater certainty. Further demonstrated was the importance

and necessity of coupling hydrology modeling studies with actual reference

catchments to evaluate model performance and reduce false detections. in

post-harvest periods.

5.2 IMPLICATIONS AND RELATED FUTURE WORK

The studies contained in this collection of manuscripts has several im-

plications for forest and water resources management. First, the results of

this study suggest that contemporary forest harvesting practices influence

the hydrologic processes that control streamflow generation and sediment

transport in the Hinkle Creek experimental catchments. These results show

statistically significant increases in streamflow and sediment yield local to the

harvest units and downstream. Future measurements and analyses should

be used to characterize long-term streamflow and sediment trends overtime.
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Second, the large variability associated with daily, monthly, seasonal, and

annual fluxes as well as different levels of detection using different time-series

models, should be considered in deciding the environmental implications of

such changes. Experimental catchments were considered replicates, in the

sense that the physical processes and state variables were assumed similar.

Therefore, the use of these individual replicated catchments were used to de-

scribe the natural variability of local heterogeneities in processes and function

within the Hinkle Creek basin.

Third, in order to investigate the usefulness of integrated paired-catchment

/ hydrologic modeling approaches presented in Chapters 3 and 4, extensive

testing of hydrologic models over a large number of experimental catchments

is necessary. Current paired-catchment and additional field experimental

studies should focus on the mechanisms of change to fill knowledge gaps in

the environmental effects of forest harvesting.

Fourth, statistically significant increases in streamflow and sediment yield

were detected following forest harvesting using contemporary methods. The

implications of these responses on aquatic ecosystems are unknown. Current

research being conducted in the Hinkle Creek Paired Watershed Study is

aimed at evaluating response of aquatic ecosystem to forest harvesting. In

order to provide more meaningful information to managers and policy maker

as to the effects of current management practices, it is necessary to formally

define a practical or biological significance that considers not simply the inte-

grated physical responses within catchments (e.g. increased streamflow), but

the response of biological communities to physical changes. Understanding

the integrated responses of physical and biological systems will prove more

valuable to managers and policy makers than simply understanding changes

in the individual responses.



152

Finally, in the strictest sense, conclusions drawn at Hinkle Creek are lim-

ited to the effects of forest harvesting on within this specific basin. However,

Bax (2008) showed that Hinkle Creek is representative of the majority of the

total population of forested basins in western Oregon, specifically most sim-

ilar to basins in mid-level elevations. Therefore the results from this study

should be used to inform resource managers and policy makers to the ef-

fects of contemporary forest harvesting practices in the majority of forested

catchments in western Oregon.
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