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INTRODUCTION

Hydrologists and geomorphologists are often con-
sulted to predict or detect the potential effects of 
forest management activities on watershed pro-
cesses and streamflow. The resulting evaluations are 
frequently used to improve forest practices, and in 
planning-policy adjustments, certification, and risk 
management. Ultimately, the information provided 
helps to ensure the appropriate management of wa-
tershed processes, which in turn directly influences 
key values such as drinking water, timber resources, 
fish, and ecological functioning.  

It is challenging to predict change in watersheds 
that have few or no hydrologic or geomorphic 
data. Even in areas where suitable data exist, it is 
often difficult to transfer results beyond watershed 
boundaries because of scaling issues, the unique 
characteristics of individual watersheds, and the 
complexity of the processes involved. The interac-
tions between disturbance and climate variability 
greatly affect hydrologic response (water quantity 
and quality) and make prediction of end-states dif-
ficult. As a result, a distinct gap can exist between 
the level of certainty of information that hydrologists 

and geomorphologists can provide and the certainty 
of predictions that forest managers seek.

Many approaches are used to detect and predict 
changes in forested watersheds. These approaches 
fall within general categories of change detection 
(i.e., research, monitoring, and modelling) and 
change prediction (i.e., modelling, watershed as-
sessment). Change can be quantified in terms of the 
magnitude of change (relative to a given baseline 
condition) and the direction of change (positive 
or negative relative to a resource value of interest). 
These approaches can be grouped into four distinct 
categories: () research, (2) monitoring, (3) model-
ling, and (4) watershed assessment. 

This chapter provides a basic overview of the four 
overlapping approaches for detecting and predict-
ing changes in forested watersheds. This chapter will 
provide background for the reader and references 
to further information. The objective is to provide 
the reader with sufficient information to allow the 
selection of the most appropriate method(s) to assess 
forest management effects.
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GENERAL ISSUES AND CHALLENGES

The hydrologic and geomorphic effects of forestry 
activities (i.e., timber extraction, site preparation 
causing soil disturbance, stream crossings, road 
construction, and road maintenance) and natural 
disturbances (i.e., insect infestations, landslides, 
windthrow, and wildfire) are frequently the main 
concerns regarding watershed management. To a 
lesser degree (but not necessarily of lesser impor-
tance) is the use of off-road vehicles and recreational 
activities that can affect water quality and directly 
affect fish/aquatic habitat. A key issue is to determine 
when and how these activities are detrimental or 
require further watershed-scale or site-level analyses 
before initiating additional forest development. 

Several issues are common to the four approaches 
outlined in this chapter. In quantifying the poten-
tial effects of forest management activities, different 
approaches are required, depending on the temporal 
and spatial scale of the question, and the resource of 
concern. Variability within and among watersheds 
and watershed response to forest disturbance are 
common challenges. Fundamental to some meth-
ods is the delineation of a reference state, which can 
be difficult, given continual change in factors (e.g., 
climate) that drive hydrologic and geomorphic proc-
esses. Sometimes, answers are needed at temporal 
and spatial scales for which data are unavailable. 
This frequently entails the transfer of results or mod-

els developed at a particular temporal or spatial scale 
to largely different scales (e.g., a different watershed, 
different region). These factors generally preclude the 
creation of generic management “rules of thumb” 
that can be universally applied to watersheds in Brit-
ish Columbia.

Compounding these issues are cumulative 
watershed effects and difficulties separating forest 
management effects on watershed hydrology and 
function from natural disturbance, climate vari-
ability, and other anthropogenic effects of land use 
and development (e.g., recreation, range, agriculture, 
mining). A cumulative watershed effect (CWE) is the 
overall impact on a resource, where either a water-
related resource is affected or a change in watershed 
processes generates the impact (Reid 200). Cumula-
tive effects result from the combined effect of multi-
ple activities over space or time (MacDonald 2000). 
These effects can manifest if existing adverse condi-
tions increase in magnitude, duration, or frequency, 
if the sensitivity of the resource is altered, if a new 
adverse condition is created, or if mechanisms that 
once moderated impact severity become inoperative 
(Reid 200). For CWEs, the evaluation of the cause of 
change can be difficult to determine, as individual 
influences often cascade, resulting in impacts that 
are decoupled in space and time from the event or 
management activity of interest (Reid 200). 

RESEARCH 

Research confirms and builds on our knowledge 
base of watershed processes and, most importantly, 
provides an opportunity to serendipitously acquire 
new knowledge. Research allows for the detection 
of changes in watersheds and provides background 
knowledge necessary to predict the potential occur-
rence and effects of these changes.

In experimental research, the focus is usually on 
quantifying the effects of a given treatment (e.g., 
clearcut harvesting) on a hydrologic process (e.g., 
interception) or quantity of water (e.g., annual water 
yield, peak flows, low flows). This often involves 
quantifying the magnitude, direction, and duration 
of the response. Study designs commonly include a 
comparison of treated and untreated control units 

to facilitate the detection of change (i.e., treatment 
effects). In experimental research, control and treat-
ment units are identical, with the exception of the 
applied treatment; pre-treatment measurements es-
tablish the initial relationship between the treatment 
and control units. Experimental control provides the 
basis to determine whether changes in the treat-
ment units have also been observed in the controls, 
or whether changes are due only to the treatments. 
As the scale of an experiment increases, it becomes 
much more difficult to establish treated and control 
units and to control other factors that can confound 
an experiment (Schindler 998). 

Replication is the use of repeated treatments to as-
sess the variability of a process and treatment effect 
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outside of a single control-treatment pair (Eberhardt 
and Thomas 99). “Replication is used to estimate 
the variation in response to treatment due to differ-
ences in the sites or treatment applications” (Ford 
2000:60) and ensure that confidence intervals can 
be estimated around the treatment response mean 
(Powers and Van Cleve 99). “Replication provides 
an estimate of the experimental error, which is any 
variation that cannot be explained by the experi-
mental factors (i.e., sampling or measurement error, 
and natural variation among the experimental 
units)” (Nemec 998:2). Without replication, one 
cannot characterize the variability within an experi-
mental group, and subsequently cannot conduct any 
statistical analysis of the differences between experi-
mental units. This reduces the research to a simple 
case study. The other important benefit of replication 
is that it allows extrapolation from the sample to the 
other members of the same population. In hydro-
logic research, the ability to replicate is often limited, 
particularly at large spatial and temporal scales, and 
this lack of replication weakens the inferences and 
generalizations that can be drawn from the results of 
an experiment (Ward 97). A common mistake in 
conducting research is that of confusing the con-
trol of events (treatments) with the control of the 
observational process (Eberhardt and Thomas 99). 
“Circumstances in which replication denotes the 
ability to repeat a treatment should be distinguished 
from those in which it means taking repeated obser-
vations” (Eberhardt and Thomas 99:54). This leads 

to the dichotomy between conducting controlled 
experiments and observing uncontrolled events. (See 
Schwarz 998 for further description of studies of 
uncontrolled events including Impact Surveys and 
Before/After Control Impact Design.) 

Researchers frequently need to determine whether 
changes are statistically or hydrologically significant. 
Generally, this line of inquiry employs strategies that 
will allow testing for differences using a null hy-
pothesis approach. Statistical significance, however, 
may not be the most relevant method with which to 
determine the impacts of forestry activities on hy-
drology. The misuse of tests of statistical significance 
can confuse interpretation of research data (Johnson 
999). 

Forest managers are more likely interested in the 
magnitude (how large an effect), direction (increase 
or decrease), and duration (length of time that the 
effect lasts) of system response, rather than test-
ing for difference using a null hypothesis approach 
(Carpenter et al. 998). Recently, the selection and 
application of appropriate statistical methods has 
generated considerable controversy in forest hydrol-
ogy (e.g., Jones and Grant 996, 200; Thomas and 
Megahan 998, 200). This controversy has led some 
researchers to avoid complex parametric statistics, 
in favour of simpler graphical analysis that shows 
mean and standard deviation as indicators of change 
(Jones and Post 2004). Basic statistical methods re-
lating to water resources are well covered by numer-
ous texts. See examples in Table 6..

TABLE 6. Selected statistical reference material for further review 

Title Description/Notes Reference 

Monitoring Guidelines to  Statistical considerations in monitoring MacDonald et al. 1991
Evaluate Effects of Forest  water quality and stream channel 
Activities on Streams in the  conditions
Pacific Northwest and Alaska    

Statistical Methods for Adaptive  Many examples in a water resources context Sit and Taylor (editors) 1998
Management Studies including experimental design, studies of
 uncontrolled events, retrospective studies, 
 and selection of appropriate statistical methods  

Biometrics information:  Seven handbooks and 60 pamphlets Various authors; see B.C.
pamphlets and handbooks   Ministry of Forests and Range
  website: www.for.gov.
  bc.ca/hfd/pubs/Bio.htm

Statistical Methods in Water  Statistics textbook for hydrologic data analysis, Helsel and Hirsch 1991
Resources emphasis on non-parametric methods  

http://www.for.gov.bc.ca/hfd/pubs/Bio.htm
http://www.for.gov.bc.ca/hfd/pubs/Bio.htm
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processes. Plot-scale studies are also used to evaluate 
spatial variability of hydrologic processes.

Although replication increases the power of plot-
scale research, it may be impossible to locate accept-
able replicates because of landscape heterogeneity. 
The plot-scale approach for watershed-scale research 
often assumes that results can be scaled up to the 
watershed level. 

Watershed-scale Studies

Watershed-scale studies frequently examine the 
effects of forest management on streamflow, which 
provides an integrated response of watershed hydrol-
ogy to disturbance. Because watersheds provide a 
convenient unit within which multiple, and some-
times conflicting, values are managed, research 
ideally would occur at the same spatial scale as 
management. Watershed-scale studies are generally 
divided into single- or paired-watershed (also called 
single- and paired-basin) approaches. 

In a single-watershed study design, a watershed is 
monitored before and after a treatment to determine 
the effects on watershed function (Whitehead and 
Robinson 993). Although this approach requires the 
monitoring of only a single watershed, the design 
still does not easily account for changes in climate or 
other confounding factors that might influence wa-
tershed function or response over time. For instance, 
if climate changes (e.g., Pacific Decadal Oscillation 
shift) between the pre- and post-treatment monitor-
ing periods, no control is available to help determine 
which effect is a response to the treatment and which 
effect is a response to climate variability (Brechtel 
and Fuhrer 994). In some cases, however, controls 
are developed within the watershed of study (e.g., a 
tributary). An example of a single-watershed study 
with a nested control design is the Carnation Creek 
Watershed Experiment (see Hogan et al. [editors] 
998). 

The paired-watershed approach is often the 
preferred method for assessing watershed-scale re-
sponse to forestry activities (Whitehead and Robin-
son 993). The paired-watershed approach involves 
the use of control and treatment watersheds where 
both basins are monitored during the pre-treatment 
phase and a regression relationship is developed to 
predict a given variable (generally streamflow) in the 
watershed to be treated. The paired-watershed design 
can be planned where the watersheds are specifically 
selected and instrumented for experimental pur-
poses (paired-basin experiment), or existing instru-

Experimental research approaches used in forest 
hydrology can be organized along a spatial hierar-
chy, from smallest research unit to largest (i.e., sam-
ple-, plot-, and watershed-scale studies). The spatial 
scale of the research approach has many implications 
for research design and subsequently the ability 
to generalize and make inferences to the broader 
landscape or conversely to identify key site-level 
processes. In some instances, it may be advantageous 
to employ manipulative experiments that allow 
the examination of system behaviour when pushed 
outside normal boundaries. This approach can help 
to isolate important processes or mechanisms that 
drive system response (Kirchner 2006). Ultimately, 
the research method selected will depend on the 
question being addressed (Pennock 2004). 

Sample-scale Studies

The smallest scale of hydrologic research occurs on 
sample-sized experimental units such as soil cores or 
streambed (benthos) samples. Sample-scale stud-
ies are used to overcome the difficulty in measuring 
processes on larger scales (e.g., evapotranspiration 
losses from forest stands vs. individual leaves or 
branches for short time periods). Sample-scale re-
search can be replicated and is amenable to standard 
statistical analysis. These studies generally provide 
detailed process information, and are frequently 
used for model parameterization. Examples of sam-
ple-scale research may include the analysis of water 
repellency in soil samples subjected to different 
temperatures, or transpiration from small branches 
under different climatic conditions. The major chal-
lenge with the use of sample-scale research results 
is the extrapolation to the plot and (or) watershed 
scales (Kirchner 2006; Sidle 2006).

Plot-scale Studies

A plot- or stand-scale study seeks to investigate 
hydrologic processes at a spatial scale larger than the 
sample, but where control and replication are still 
possible. Examples of plot-scale studies include re-
search on hillslope runoff processes (e.g., Buttle and 
McDonald 2002), where hillslopes are monitored for 
runoff and soil moisture fluxes in response to pre-
cipitation, or the analysis of snow accumulation and 
melt under tree canopies relative to clearcut open-
ings (e.g., Winkler et al. 2005). Sometimes the results 
of sample-scale measurements can be integrated 
into the measurement and modelling of plot-scale 
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mented watersheds can be used if the watersheds 
are similar enough (paired-basin study) (Moore and 
Scott 2005). 

After treatment, the magnitude of the treatment 
effect is assumed to be the difference between the 
predicted streamflow, using the pre-treatment rela-
tionship with the control watershed, and the meas-
ured streamflow (Ward 97). The Upper Penticton 
Creek Watershed experiment (see Winkler et al. 
2003) is an example of a paired-basin experimental 
approach.

Significant challenges are inherent in the paired-
watershed approach. Large watersheds can be more 
difficult to pair than smaller ones because of the 
inherent spatial variability in watershed morphol-
ogy and climate gradients. The differences introduce 
scatter around the pre-treatment regression line 
and thus reduce the statistical power of the analysis 
compared with smaller paired-watershed experi-
ments. An important question for these studies is 
how long should the watersheds undergo monitoring 
in the pre-treatment phase. If the period is too short, 
the experiment can lack satisfactory precision and 
may not be able to demonstrate a treatment effect 
(Wilm 949). If the period is too long, the proposed 
pre- and post-treatment sampling can make these 
experiments unnecessarily expensive. Most tradi-
tional paired-watershed studies have used annual 
response variables (e.g., water yield, peak flows) to 
avoid problems with autocorrelation within the data. 
The use of annual data, however, reduces the sample 
size, resulting in a loss of information at the shorter 
time scales. Its use also necessitates longer pre- and 
post-treatment measurement periods, which may not 
answer management questions in a timely manner. 
Several researchers, such as Troendle et al. (200), 
Watson et al. (200), and Gomi et al. (2006), have 
therefore explored many strategies to use shorter 
time step (i.e., sub-annual quantities) data. 

Because of the scale of the experiment and the 
difficulty in isolating the effects of two simultane-
ous impacts (e.g., harvesting vs. climate cycles), the 
paired-watershed approach is limited to examining 
the cumulative effects of change of a single per-
turbation (Moore and Scott 2005). The traditional 
paired-watershed approach can be a “black box” 
unless plot- and sample-scale studies are included 
to understand treatment effects on hydrologic proc-
esses (Sidle 2006). Other research designs (discussed 
in this chapter) are therefore generally more appro-
priate for larger watersheds.

Conducting research at the watershed scale can 
be challenging. One of the greatest concerns is the 
inability to replicate, which can inhibit the ability 
to transfer results beyond the research watershed 
(Alila and Beckers 200). Additionally, the size of a 
watershed may also influence the research results, 
as smaller watersheds generally have greater vari-
ability in streamflow characteristics and show a 
relatively larger impact of land use change than 
larger watersheds (Pilgrim et al. 982). Because 
conducting research at this spatial scale can also be 
costly, watershed-scale experiments are not rou-
tinely initiated in British Columbia. Nevertheless, 
data from watershed-scale experiments can provide 
hydrologists and managers with vital information 
about watershed-scale hydrologic response to forest 
management practices (Moore 2005; Moore and 
Scott 2005). Research at this scale is also important 
for other approaches (e.g., modelling) and to gener-
ate data for verifying scaled-up results from sample- 
and plot-scale studies. In some cases, meta-analyses 
of multiple paired-watershed experiments (see Bosch 
and Hewlett 982; Jones and Grant 996; Stednick 
996; Jones 2000; Jones and Post 2004) can be very 
helpful to extrapolate to other conditions and evalu-
ate the variability in response. 

Time-series and Spatial-comparison Approaches

Research approaches can also be categorized by tem-
poral and spatial scales. There are two fundamental-
ly different approaches: () the time series examines 
hydrologic variations for a set of units having differ-
ent management histories, and attempts to use sta-
tistical methods to separate climatic variability from 
a signal associated with changes in forest condition; 
and (2) the spatial comparison uses a space-for-time 
substitution to examine the effects of different forest 
conditions on hydrologic response variables.

Time-series approaches provide a snapshot 
through time of system behaviour (Powers and Van 
Cleve 99) and may be used at the sample, plot, and, 
less frequently, watershed scales. Studies using the 
time-series approach select sites along a temporal 
continuum from the time of (or even before) a given 
perturbation through different phases of system 
response (Powers and Van Cleve 99; Moore 2005). 
The major assumption of this method is that differ-
ences between sites are caused by differences in time 
since disturbance. This assumption is often weak, as 
climatic variability through time (e.g., Pacific Dec-
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spatial pattern of treatments and controls is not ran-
dom. For planned experiments, variability among 
experimental units contributes to “experimental 
error,” and can be dealt with via randomization and 
replication. Randomization controls for the possibil-
ity of bias caused by systematic differences among 
the treatment and control plots, and replication re-
duces the error term. For example, Gomi et al. (200) 
used a spatial-comparison approach to examine the 
effect of disturbance on woody debris and sediment 
in headwater streams in Alaska, and used statistical 
methods appropriate for designed experiments with 
treatments randomly assigned. However, the spatial 
clustering of treatments (see Figure  in Gomi et al. 
200) means that the effects of disturbance history 
could be confounded with inherent gradients in 
catchment morphology, forest and soil characteris-
tics, and climatic conditions across the study region.

Research Approach Summary

The design and analysis of forest hydrology research 
requires clearly defined goals and objectives for the 
research project. To this end, clearly defined hypoth-
eses or questions are key to developing an efficient 
measurement and analysis strategy (Pennock 2004). 
Predicting a watershed disturbance effect depends 
on process knowledge (Kirchner 2006; Sidle 2006). 
Transferring process knowledge (understanding) be-
tween spatial or temporal scales is a major challenge 
for research. This difficulty should be recognized 
at the outset of a research project, as the available 
measurement techniques will, in part, determine 
the ability to move data between scales of interest 
(Kirchner 2006; Sidle 2006).

adal Oscillation shift) can mask the signal associated 
with management (treatment). As well, changes in 
management practices generally occur through time 
(Powers and Van Cleve 99). There are, however, 
review articles that outline methods for analyzing 
change in streamflow time series (e.g., Kundzewicz 
and Robson 2005 and references therein). 

The benefit of time-scale approaches over long-
term continuous monitoring of watersheds is the 
ability to replicate treatments across the landscape 
in a short period of time; however, this benefit comes 
at the cost of well-designed controls and pre-treat-
ment sampling. As a result, time-scale approaches 
are not widely used in forest hydrology studies. 
Nevertheless, time-scale approaches are useful 
for broader-scale assessments and can be used in 
developing regionalization and scaling schemes to 
transfer data from smaller experimental watersheds 
to larger landscapes. Although these studies have 
been criticized for weaknesses in design, time-scale 
approaches try to understand forest management 
effects at larger spatial scales not addressed by small 
watershed experiments, and do so in a time frame 
that supports adaptive management.

Spatial-comparison approaches select treatment 
units and associated (often adjacent) untreated 
control sites to examine potential treatment effects. 
In spatial-comparison studies, careful site selection 
is essential for controlling as many properties as pos-
sible (Swanson and Hillman 977; Powers and Van 
Cleve 99). The assumption is that the treatment 
and control sites were initially very similar, and that 
treatment effects caused the differences between 
them. As no pre-treatment information is available 
for the treated unit, this assumption may be tenuous 
(Powers and Van Cleve 99). In forest hydrology, the 

MONITORING 

Monitoring is the second approach commonly 
used to detect changes in watersheds. This section 
introduces the concept of monitoring and refers the 
reader to additional sources of information on the 
subject (see Table 6.2). The development of indica-
tors and measures to gauge forest management ef-
fects on watershed function are beyond the scope of 
this short discussion. Methods specifically related to 
riparian areas are covered in Chapter 5 (“Riparian 
Management and Effects on Function”) and water-

shed measurement methods and data limitations are 
covered in Chapter 7 (“Watershed Measurement 
Methods and Data Limitations”).

Monitoring usually means “to describe a vari-
able or variables and track changes over a period of 
time” (MacDonald et al. 99). Generally, monitor-
ing is differentiated from research by the lack of 
controls that research approaches use to distinguish 
cause and effect. The distinction between the two 
approaches, however, can be fuzzy, as each involves 
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sequential measurements. At first glance, the con-
cept of monitoring is easy to understand, yet can be 
difficult to implement if ill-planned and delivered. 
Defining clear project objectives, selecting appropri-
ate variables and sampling scheme to achieve stated 
objectives, and establishing a baseline or reference 
state for the variables of interest are essential for suc-
cessful monitoring.

Monitoring is typically designed to: () inform 
when the system is departing from the desired state; 
(2) evaluate the success of management activities; 
and (3) detect the effects of system disturbances 
(Legg and Nagy 2006). Although many variables 
and a broad spectrum of instruments are available to 
collect quantitative data, monitoring is also based on 
qualitative measurements (e.g., descriptive assess-
ments or use of repeat photographs). 

When statistical analyses will be used to quantify 
detectable changes, it is important to consider sam-
ple size (and the associated statistical power) at the 
outset of monitoring study design (Loftis et al. 200). 
Monitoring projects can be divided into the follow-
ing categories (adapted from MacDonald et al. 99):

. Trend: Measurements at regular intervals to 
determine the long-term trend in a particular 
variable.

2. Baseline: Description of conditions to establish 
baseline data for planning or future comparisons.

3. Implementation: Assessment of activities to 
determine whether they were carried out accord-
ing to plans. Generally this entails few, if any, 
measurements. An example would be determin-
ing whether riparian-zone widths comply with 
regulations.

4. Effectiveness: Evaluation of the degree to which a 
specified prescription had the desired effect. For 
example, determining whether a riparian zone 
maintained water temperatures during mid-sum-
mer.

5. Project: Assessment of the impact of a particular 
project on a given variable. For example, the im-
pact of road construction and (or) harvesting of 
a cutblock on water quality, involving upstream/
downstream data collection.

6. Validation: Quantitative evaluation of a model 
designed to predict a particular variable. The 

Table 6.2 Monitoring reference resources

Title Description/Notes Reference

Monitoring Guidelines to Evaluate  Design considerations and monitoring MacDonald et al. 1991
Effects of Forest Activities on  techniques
Streams in the Pacific Northwest 
and Alaska    

Guide to Effective Monitoring of  Parts II and III of this document contain the Kershner et al. 2004
Aquatic and Riparian Resources protocols for measuring specific aquatic and  
 riparian attributes that describe habitat 
 conditions

Testing Common Stream Sampling  Evaluation of variability in stream habitat Archer et al. 2004
Methods for Broad-scale, Long-term  sampling methods used by the U.S. Department
Monitoring of Agriculture Forest Service and the Bureau of 
 Land Management monitoring program for the 
 upper Columbia River Basin  

The British Columbia Watershed  Synthesis of recommendations for experimental Keeley and Walters 1994
Restoration Program: Summary   design, monitoring, and restoration techniques
of the Experimental Design, 
Monitoring, and Restoration 
Techniques Workshop   

A Review of Protocols for Monitoring  Reviews existing and proposed protocols used to Stolnack et al. 2005
Streams and Juvenile Fish in Forested  monitor stream ecosystem conditions and 
Regions of the Pacific Northwest responses to land management activities in the 
 Pacific Northwest
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monitoring data would be used to test the model.
7. Compliance: Determination of the extent to 

which specified variables are within appropriate 
limits, usually in relation to government regula-
tions; for example, fecal coliform numbers in 
community drinking water supplies. 

Regardless of monitoring category (or other 
methods for determining changes in watersheds for 
that matter), a monitoring project should address the 
following important steps: 

. define clear objectives; 
2. develop a plan that includes a strategy for data 

collection and management;
3. define personnel and budgetary constraints;
4. initiate pilot monitoring and documentation;
5. ensure full and consistent implementation of 

monitoring project; and 
6. analyze, interpret, and report on information to 

ensure implementation of results.

As mentioned, the most important step is the 
definition of monitoring objectives and a plan (de-
termination of variables, required sample size, etc.) 
before monitoring begins. Pilot monitoring is critical 
before the initiation of large-scale monitoring, as any 
changes needed to the monitoring site or methodol-
ogy may preclude comparisons with earlier collected 
data (MacDonald et al. 99). Once monitoring 
begins, regular reports are needed to clearly articu-
late methods, rationales, and decisions made in the 
monitoring program. Such information is critical 
in the event of staff turnover and (or) re-analysis of 
data/problem-solving. Documentation of whether 
and how a baseline was established and why certain 
variables were selected for monitoring is important 
for those interpreting results who were not part of 
the monitoring program.

Establishing a Baseline

Depending on the objectives of a monitoring project 
(i.e., type of monitoring noted above), the delinea-
tion of a baseline or reference state from which 
change can be quantified can be an important 
element of monitoring. In many cases, a baseline 
is not a single value, but rather a range of natural 
(background) variability. For example, a common 
misperception is that undeveloped watersheds never 

have turbid water; however, such streams can convey 
periodic high loads of fine sediment. To understand 
watershed variability and establish a baseline that 
will provide valuable insight into natural function 
may take many years of observation. During this 
data collection, most monitoring programs collect 
data under a reasonable amount of climatic varia-
tion, including some extremes. Hence, the baseline 
collection period need not be long if it contains 
informative data. Designing baseline monitoring 
projects needs to recognize the variability across the 
landscape. For example, some watersheds may have 
significant natural sediment sources, wider valley 
flats, and other features that make them regionally 
unique. Using these watersheds as baseline informa-
tion sources, or extrapolating baseline data to them, 
is often inappropriate.

Many monitoring projects do not have the luxury 
of a long-term determination of baseline conditions. 
In some projects, this may not be critical, depending 
on the spatial and temporal scale of study and where 
estimates of baseline conditions can be derived from 
other variables or reasonably assumed (e.g., esti-
mates of surface erosion from roads). If knowledge 
of the baseline condition is critical to a monitoring 
study, absence of such knowledge can result in the 
subjective interpretation of post-treatment respons-
es, thereby limiting the confidence of the monitoring 
results in detecting change. Critically important are 
the selection of appropriate informative variables.

Selection of Variables 

Because watershed processes are interconnected, 
those who make management interpretations based 
on monitoring results must avoid treating a process 
in isolation or making assumptions about link-
ages. For example, natural sediment production in 
a watershed is generally related to precipitation and 
snowmelt events. So although forestry practices may 
increase sediment production, precipitation will still 
be a key factor. As an example, Beak International 
and Aquafor Beech examined sediment accumula-
tion in several lakes in west-central British Columbia 
and determined that sediment production in the wa-
tersheds was higher in the pre-logging period than 
during or after logging.1 Based solely on the monitor-
ing results, one could have concluded that log-
ging reduced sediment production; however, these 
counterintuitive findings were determined to be the 

 Beak International Inc. and Aquafor Beech Ltd. 2000. Skeena Lakes operational inventory and development of sediment loading 
sensitivity models. B.C. Min. Environ., Lands and Parks, Smithers, B.C. Unpubl. report.
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result of drier conditions during and after logging 
and than before logging. It is therefore essential to 
analyze monitoring results in the context of factors 
such as the amount and intensity of precipitation, 
timing of snowmelt, snow-water equivalent, and 
water yield. 

Before defining and selecting monitoring vari-
ables, several questions should be considered.

• What will the variable be compared with / mea-
sured against? For example, does a standard cur-
rently exist for that variable?

• Is the variable likely to change as a result of for-
estry activities? 

• Is there a scientific/process basis for this expecta-
tion? 

• Will the change be solely associated with the dis-
turbance, or is the expected change dependent on 
other factors (e.g., sediment production as related 
to annual precipitation)?

• How similar is the watershed in question to wa-
tersheds reported in the literature?

• What degree of sampling will be required to 
detect a change (e.g., sample size, sample location, 
and sampling frequency)?

• How and where will the variable be measured and 
what are the limitations to the sampling tech-
nique?

• Does the variable being measured depend on 
other factors and how will these factors be mea-
sured?

• How will the data (monitoring results) be used?
• Do you understand the limitations of the moni-

toring results?

Characteristically, monitoring is done over 
months to years and generally requires continued 
management support for resourcing. If this support 
is lacking, the monitoring project should be rede-
signed or never started (Wilford 2003).

General Limitations of Monitoring

Many challenges can be encountered when designing 
and implementing a monitoring program. MacDon-
ald et al. (99) identified the following challenges:

• a lack of information at the onset of monitoring 
that has implications for project design; 

• difficulty in distinguishing between natural dis-
turbance and management activities;

• difficulty in distinguishing between multiple 
management activities in a watershed;

• the possible time lag between an action and its 
effect; and

• the random nature of climatic events.

Monitoring results often depend on scale and can 
be altered depending on where sampling is con-
ducted in a watershed. For example, as sampling is 
conducted farther away from the site of disturbance 
(downstream), the effects of a single disturbance will 
be diluted (by dilution, attenuation, and storage) and 
likely confounded by cumulative watershed effects. 
If, however, the objective is to evaluate cumulative 
effects, then locating sampling sites at the smallest 
scale may limit observations to the effect of a single 
activity (see Figure 4 in MacDonald 2000). Thus, the 
selection of sampling sites can also strongly influ-
ence the ability of a monitoring program to detect 
change in a watershed. 

The ability to detect changes is also determined 
by the size of the effect (i.e., what are the limits of 
acceptable change), the variability in the data, the 
sample size, and the statistical test applied (Legg 
and Nagy 2006). Failure to consider these factors 
can limit the ability of the monitoring program to 
provide a conclusive answer to the question of inter-
est. The reader is referred to Loftis et al. (200) for 
further discussion on the use of statistical power in 
detecting changes, with and without pairing (i.e., use 
of an explanatory variable), and MacDonald (2000) 
for more information on managing and evaluating 
cumulative effects. 
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MODELLING

Mathematical modelling is the third method that 
can be used to help with both detection and predic-
tion of change in watersheds. The purpose of many 
hydrologic models is to represent or simulate water-
shed processes (e.g., evaporation, and snow accumu-
lation and melt, streamflow, water yield,) to predict 
(e.g., flood forecasting) or generate scenarios (e.g., 
impact analysis). In research, modelling provides the 
ability to study hydrologic response to disturbances 
on time scales that far exceed traditional field-based 
measurement approaches (e.g., climate change 
modelling). Mathematical (hydrologic) models can 
generate various scenarios to assess the hydrologic 
impacts of many different treatments before those 
activities are initiated. Application of hydrologic 
models to assist forest managers in making water-
shed-level decisions has been the focus of many 
research initiatives (e.g., Alila and Beckers 200). 
Changes in water quantity, and less frequently in wa-
ter quality, can also be explored. Often, results and 
methods can be integrated with other models (e.g., 
climate change models) or geographic information 
systems. Models can be used to investigate complex 
watershed management problems. Although the 
discussion in this section focusses on hydrologic 
models typically used for flow prediction, the same 
principles are valid for models examining other 
response variables (e.g., sediment, water chemistry, 
aquatic ecology). 

Structure of Hydrologic Models

Hydrologic models represent simplifications of real-
ity and are based on our understanding of the hydro-
logic processes they represent. Hydrologic models 
simulate the movement and storage of water within 
a watershed. Hydrologic models generally comprise 
both theoretical and empirical mathematical equa-
tions and, therefore, almost always contain param-
eters and variables. A variable is a characteristic of 
a hydrologic system that varies in space and time. 
Examples of variables include temperature, precipi-
tation, and streamflow (Singh 988). In contrast, a 
parameter is a value characterizing a watershed, or 
portion thereof, that usually remains constant over 
time (Singh 988). Examples of parameters include 
soil and vegetation characteristics. To produce 
satisfactory results, model parameters must be cali-
brated for the watershed to which they are applied. 

Calibration involves adjusting model parameters 
so that the difference between the observed values 
and predicted values (model output) is minimized. 
Once calibrated, the model is then “validated” by 
evaluating its performance on a portion of data that 
was not used in the calibration process. The calibra-
tion and validation processes applied depend on the 
available data and the goals of the modelling exercise 
(Klemes 986).The amount and quality of data re-
quired for calibration and validation vary with each 
model application. Generally, the quality of data is 
more important than the absolute quantity (record 
length). Specifically, data sets with more hydrologic 
variability (i.e., wet, normal, and dry years) contain 
more information and lead to better calibrations and 
predictions irrespective of record length. The selec-
tion of an appropriate model can be difficult, given 
the wide range in available models and the option of 
developing a specific model for a given watershed or 
question (Barnes and Bonell 2005).

Types of Models 

Simulation models range from simple, regression 
equations to highly complex computer models 
that simulate the movement of water through the 
landscape. Models can be implemented at a range 
of spatial (e.g., flow dynamics through a soil col-
umn to linked global hydrology-climate models) 
and temporal scales (hourly vs. daily vs. annual) 
(Barnes and Bonell 2005). The range of available 
models can be organized according to two main 
characteristics: () physico-mathematical basis for 
hydrologic process representation, and (2) spatial 
discretization (see Figure 6.). In British Columbia, 
several watershed-scale hydrologic models have been 
applied: the Distributed Hydrology Soils Vegetation 
Model (DHSVM), the University of British Columbia 
Watershed Model (UBCWM), and the HBV-EC. See 
Pike (2003) and Beckers et al. (2009) for reviews of 
watershed-scale hydrologic models suitable for ap-
plication in British Columbia. 

For watershed-level hydrologic models, a popu-
lar distinction is whether the model is lumped or 
distributed. Lumped models typically use average 
values to represent various processes over an entire 
watershed (lumped) to obtain an overall output 
at the basin outlet (Rosso 992). A lumped model 
does not account for the spatial variability of model 
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parameters, variables, hydrologic processes, or 
physical characteristics within a watershed (Singh 
[editor] 995). Distributed models account for the 
spatial variation of model parameters, variables, 
hydrologic processes, and geometric characteristics 
over the modelled watershed (Rosso 992; Singh [edi-
tor] 995). Distributed models typically require more 
information and usually contain more parameters 
than lumped models (Singh [editor] 995). Distribut-
ed models usually divide a drainage basin into units 
or pixels of a defined size. For each of these units, a 
unique set of variables and parameters is assigned 
and maintained throughout the simulation. Data 
limitations, however, often prevent the realization 
of fully distributed models because certain system 
characteristics may have to be lumped within many 
of these models. As with the selection of appropriate 
research and monitoring strategies, the selection of 
any hydrologic model depends on objectives and the 
availability of data to drive the model (Barnes and 
Bonell 2005; Beckers et al. 2009).

Hydrologic Modelling Limitations

With the advances in computer technology, hydro-
logic modelling has become a popular approach to 
determining watershed changes. Nevertheless, more 
advanced models have not necessarily improved 
predictions of the effects of forest management 
on hydrologic processes or watershed response to 
disturbance (Beven 200). Numerous summaries of 
physically based models and (or) their usefulness in 
predicting the potential impacts of proposed forest 
development have been completed (Singh [editor] 
995; Brooks et al. 997; Pike 998; Beckers et al. 
2009). To date, few physically based models have 
been used in practice (forest operations) in British 
Columbia and are primarily research based, taking 
advantage of extensive data sets compiled from ex-
perimental watersheds. In addition, the models have 
not been tested for their ability to accurately predict 
the effects of forest management. (See the excellent 
discussion by Klemes 986 on how models should be 
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FIGURE 6.  Classification of common watershed models based on level of 
process representation and spatial discretization. DHSVM =  
Distributed Hydrology Soil Vegetation Model; UBCWM = University 
of British Columbia Watershed Model; IHACRES = Identification  
of Unit Hydrographs and Component Flows from Rainfall,  
Evaporation, and Streamflow Data; TAC D = Tracer Aided Catch-
ment model – distributed; InHM = Integrated Hydrology Model.
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tested for operational application.) The most rigor-
ous approach would be to evaluate whether a model 
can reproduce the treatment effect estimated from a 
paired-catchment experiment. Waichler et al. (2005) 
is one of the few examples of this approach; they 
compared DHSVM predictions of logging effects at 
the H.J. Andrews Forest in the Oregon Cascades to 
those estimated by pre-harvest regression.

Traditionally, hydrologic simulation models have 
not been widely used in forest management for 
reasons that include model complexity, lack of suit-
able data, user unfriendliness, and considerable time 
consumption and (or) cost. This lack of use (or trust) 
may partly stem from a misunderstanding of the dif-
ference between models that predict and models that 
generate scenarios, and the important difference in 
confidence in the information these models provide. 

Making inferences from models can depend on 
the calibration and validation process used (Beven 
200). Model calibration can present a significant 
barrier to operational model applications when few 
or no watershed-specific data are available. An im-
portant limitation to some model applications is the 
sparse network of climate and hydrometric stations 
in British Columbia, particularly at high elevations. 
Klemes (986) provides a series of protocols for mod-
el calibration and validation that are a function of 
the desired model application. Unfortunately, most 
models are calibrated using only precipitation and 
streamflow data. Although good fits between meas-
ured and predicted streamflow are possible, the need 
to adjust model parameters to obtain these results 
may produce parameter values that do not represent 
physical reality (Beven 200; Seibert and McDonnell 
2002). Complex models with many parameters can 
reach the same result with different combinations of 
parameter values, leading to the problem of equi-
finality, where a number of paths lead to the same 
result (Beven 200).

Regardless of these limitations, hydrologic models 
are valuable in assisting our ability to transfer data 
between basins and predict the potential effects of 
disturbance on forest watershed function (Newson 
and Calder 989; Alila and Beckers 200; Dunne 
200); however, current models will continue to 
require a steady supply of high-quality field data 
(Beven 200). Recent initiatives, such as PUB (Predic-

tions in Ungauged Basins), are attempting to shift 
the prediction of streamflow, sediment, and water-
quality variables from calibration-based to new, un-
derstanding-based methods (Sivapalan et al. 2003). 
This international initiative has two goals: () to 
improve the predictive ability of hydrologic models 
in ungauged basins through appropriate measures 
of predictive uncertainty; and (2) to develop new 
models and approaches that capture the space–time 
variability of hydrologic processes for making pre-
dictions in ungauged basins, with a major reduction 
in predictive uncertainty. 

Until such models are developed, problems 
inherent in the common approach of calibrating a 
model solely on streamflow outputs from a basin 
will remain a significant barrier to improved predic-
tion ability (Seibert and McDonnell 2002; Kirchner 
2006). Depending on the parameterization and cali-
bration process, the model may give a good fit to the 
calibration data with parameters that do not make 
physical sense (Beven 200; Seibert and McDon-
nell 2002). This makes it difficult to apply the model 
outside the calibrated watershed or under changing 
conditions such as harvesting disturbance. Newer 
techniques espoused by Seibert and McDonnell 
(2002) provide a method of using data and experi-
ence to develop multi-criteria calibrations beyond 
simply streamflow. This approach may lead to model 
fits that are potentially poorer than single-criteria 
calibrations, but with more physical meaning and an 
improved ability to be used between basins (Seibert 
and McDonnell 2002). In many hydrologic model-
ling applications, data and process understanding 
should drive model structures—to get the right 
answers for the right reasons (Kirchner 2006). 

The improved ability of models to predict the 
effects of forest management on watershed func-
tion lies in the ability of conceptualizations ap-
plied across the landscape to accurately represent 
key processes, and that spatially distributed data 
(especially precipitation and soil moisture) will 
be available to parameterize and calibrate models 
(Beven 200). Ultimately, the objectives of the study 
or research question should drive the selection of an 
appropriate hydrologic model for a given application 
(Jakeman et al. 2006).
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WATERSHED ASSESSMENT APPROACHES

A key role of forest hydrologists and geomorpholo-
gists in British Columbia is to conduct watershed 
assessments identifying the total effect of past land 
use and natural disturbance events (e.g., mass move-
ments, windthrow, fire, insects, disease) and project-
ing the potential effects of future forest development 
and natural disturbance. At the watershed level, rate 
of harvest, percent roaded area, number of stream 
crossings, and proportion of a watershed previously 
harvested can define important thresholds to indi-
cate where further analysis may be needed before 
additional forest development proceeds. Watershed 
assessment is the evaluation of a watershed’s (or wa-
tershed components’) current functioning condition 
and likely future state. 

Over the last 20 years, numerous assessment 
procedures have been developed. Key issues that 
have driven the development of these procedures 
include changes in the frequency and magnitude of 
peak flows, changes in erosion and sediment yield, 
changes in channel morphology and aquatic ecosys-
tems, existing and potential cumulative watershed 
effects, environmental impact assessments, and 
the requirement for scientific input in evaluating 
proposed forest development. The intent of many 
assessment methods is to use an integrated approach 
that puts the individual pieces together to under-
stand the overall interactions between “…forest 
practices, landscapes, natural disturbance regimes 
and resultant effects” (Reiter and Beschta 995:60). 
Several authors have summarized cumulative effects 
approaches used in the United States (e.g., Reid 993; 
Reiter and Beschta 995; Berg et al. 996) and in 
British Columbia (e.g., Chatwin 200). The follow-
ing section summarizes some watershed assessment 
approaches used in the Pacific Northwest. The fol-
lowing descriptions are neither comprehensive nor 
exhaustive, but serve as background and highlight 
references where further information can be sought. 

Although watershed assessment approaches 
vary greatly, many have the following similar steps 
(Montgomery et al. 995; MacDonald 2000; Ice and 
Reiter 2003): 

. Scoping: determine the issues, define the water-
shed area and sub-units, identify the stakeholders 
and beneficial uses, identify available data.

2. Watershed assessment: apply technical modules. 
This will usually involve GIS analysis, fieldwork, 
and professional judgement.

3. Synthesis: summarize and integrate the key find-
ings from the modules.

4. Management solutions: recommend alternative 
and mitigation strategies that natural-resource 
managers can apply. 

5. Adaptive management: a continuous process of 
monitoring watershed conditions, evaluating the 
performance of the plan, and advising natural- 
resource managers.

Watershed Assessment in British Columbia

Before the mid-970s in British Columbia, no pub-
lished watershed assessment methodology was avail-
able to hydrologists. Typically, hydrologists would 
discuss watershed issues with their clients, examine 
maps and aerial photographs, drive as many roads as 
possible, and explain the state of the “health of a wa-
tershed” in a brief report. The issues that prompted 
the assessment would vary by watershed, but typical-
ly would include effects of forest harvesting on water 
quality, peak flows (floods), stability of inhabited 
alluvial fans, and fish habitat. Within any watershed, 
the assessment would document sediment sources, 
landslides, channel alterations by logging equipment, 
extent of past and proposed harvesting, status of re-
generation on logged areas, channel diversions, and 
the effects of streamside logging. These effects might 
be further projected to downstream areas of interest. 
Over the years, watershed assessment procedures 
applied in British Columbia evolved from threshold 
methods, to expert systems, to indicators, to pro-
fessional judgement approaches (Chatwin 200). 
This evolution follows the increase in the number 
of professionals available to undertake watershed 
assessments, the increased development and use of 
terrain stability mapping throughout the province, 
the increased use of GIS technology, and the further 
development of assessment procedures.

Threshold methods
A threshold approach to watershed assessment is 
based on the notion that watershed function will 
be affected if management activities such as forest 
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harvesting exceed a prescribed threshold (usually 
expressed as a percentage of the watershed’s total 
area) over a specified time period. In the threshold 
approach, the risk of affecting watershed function 
(through initiating adverse cumulative watershed 
effects) greatly increases as the threshold is ap-
proached or exceeded (see Cobourn 989). If a 
watershed is close to its threshold, the potential for 
initiating adverse cumulative watershed effects can 
be reduced by limiting the size, shape, and location 
of land-disturbing activities and limiting manage-
ment activities on sensitive areas (Cobourn 989). 
An early example of a threshold approach used in 
British Columbia was to establish a harvest threshold 
of 33% within 25 years (see Toews and Wilford 978). 
This method was presented as a planning guide that 
could be increased or decreased based on the specific 
features in a watershed. 

Over a decade later, the critical threshold ap-
proach was refined with the introduction of the 
Equivalent Clearcut Area (ECA) concept in British 
Columbia. This concept was originally developed in 
the United States to predict the effects of roads and 
forest harvesting on water yield (U.S. Department of 
Agriculture Forest Service 974). The ECA concept, as 
applied in British Columbia, established a percent-
age of the amount of harvesting that could occur in 
a watershed over a defined period of time, but gave 
credit for re-growth/regeneration occurring in the 
watershed. Although ECA was desirable to many 
managers because of its simplicity, many hydrolo-
gists expressed concern that the threshold approach-
es did not adequately recognize the variability in 
watershed response to forest harvesting. Also, the 
primary focus seemed to be on effecting changes in 
peak flows instead of examining the potential for 
riparian, fish/aquatic habitat, sediment/landslide, 
and channel stability impacts (Chatwin 200).

Expert systems
Expert systems are designed to mimic the way spe-
cialists arrive at decisions, and can be considered a 
branch of artificial intelligence that can function as 
“experts” to make decisions (Hushon 990). Charac-
teristically, answers to questions lead users through 
a decision tree. The result is more than the simple 
addition of answer scores, because certain questions 
can be given greater weight and other questions 
(parts of the decision tree) can be minimized or even 
discounted. The Watershed Workbook: Forest Hydrol-
ogy Sensitivity Analysis for Coastal British Columbia 

Watersheds (Wilford 987) is an example of an expert 
system designed for use by forest practitioners to 
identify watersheds requiring further professional 
assessment. In the workbook, ECA thresholds are 
part of the basic assessment procedure, but the 
potential for cumulative effects is based on a broader 
assessment that also includes landslides, roads, and 
proposed harvesting.

CWAP and IWAP—995 indicator approaches 
The Forest Practices Code of British Columbia Act 
in 995 required watershed assessments in commu-
nity watersheds, watersheds with high/sensitive fish 
values, and other watersheds as directed by the local 
District Manager of the B.C. Ministry of Forests. 

Two Forest Practices Code guidebooks provide 
guidance for watershed assessment (B.C. Ministry 
of Forests and B.C. Ministry of Environment 995a, 
995b) and detail the watershed assessment pro-
cedure for the Coast (CWAP) and Interior (IWAP) 
of British Columbia. The first versions of these 
procedures (995) were examples “of an indicator 
approach, which used point scores of measured 
watershed characteristics or land-use patterns to 
score the overall health or impacts of harvesting on 
watersheds” (Chatwin 200:20). The selected indica-
tors were meant to be proxies for watershed health. 
The 995 procedures outlined three successive levels 
of analysis. 

. Level : A GIS-based screening procedure based 
on indicators of watershed impact (health).

2. Level 2: A channel stability assessment, triggered 
by a moderate or high level- score. 

3. Level 3: A detailed field assessment of mass wast-
ing, erosion, riparian condition, and stream chan-
nel stability, triggered by a moderate or high score 
in level 2. 

The completion of a level  assessment produced 
scores for categories related to: () peak flow, (2) 
sediment, (3) landslides, and (4) riparian condition. 
A level-2 field assessment would be triggered if the 
scores for the level- analysis exceeded a threshold. 
Similarly, the level-3 assessment would be triggered 
by moderate to high scores in the level 2 analysis.

The indicator approach provides a consistent 
method for screening and identifying watersheds 
with and without potential forest management is-
sues. The use of an office-based, GIS procedure in 
level  facilitated the analysis of many more water-
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sheds than if these were investigated in the field and 
allowed for the focussed use of professional resour-
ces on problem watersheds (Chatwin 200). 

The approach was criticized for taking too long to 
complete and for misuse by those applying the pro-
cedure (i.e., interpreting indicators as goals vs. flags 
for further investigation, or not initiating level-2 
analysis and basing management recommendations 
only on level- results) (Chatwin 200). As a result of 
these issues and research summarized in Toews and 
Chatwin (editors, 200), the procedure was revised 
in 999 and shifted to a professional judgement ap-
proach.

CWAP and IWAP—999 professional assessment 
approaches
In 999, the British Columbia watershed assessment 
procedure was redefined as “…an analytical proce-
dure to help forest managers understand the type 
and extent of current water-related problems that 
may exist in a watershed, and to recognize the pos-
sible hydrologic implications of proposed forestry- 
related development or restoration in that water-
shed” (B.C. Ministry of Forests 200). 

The 999 version of the watershed assessment 
procedure differed from its predecessor in many 
ways. The iterative 995 assessment procedure was 
replaced with a single field assessment conducted 
by a qualified professional with experience in forest 
hydrology, geomorphology, terrain stability, and 
forest management. The professional was required to 
complete a watershed report card, which paralleled 
the data inputs in the previous (995) level- analysis 
(Chatwin 200). Also different, watershed advisory 
committees were established to provide specific wa-
tershed information and develop recommendations 
for proposed forest development based on the profes-
sional’s report. Committee representatives typically 
included forest licensees, government agencies, and 
the water licensee (if applicable). Additional mem-
bers were added if warranted (i.e., local government 
and other non-government representatives). 

The information collected under the 999 pro-
cedure was viewed as more reliable because it was 
gathered and analyzed by a professional and it spe-
cifically pertained to the watershed under analysis 
(Chatwin 200). The one-stage process was also 

viewed as an improvement over the iterative indica-
tor approach; however, because of fewer controls 
and the considerable latitude given to professionals, 
a potential for bias existed in the analysis. In addi-
tion, the newer procedure was more costly than the 
former level- analysis, particularly in watersheds 
with no problems (Chatwin 200).

Since 2004, the legislation requiring watershed 
assessments has been superseded by the Forest and 
Range Practices Act, where the decision to conduct 
watershed assessments is left to the discretion of the 
forest licensee. In most cases, watershed assessments 
conducted under the new legislation continue to use 
the 999 procedure as a general guide, modified to 
suit local conditions.

United States Watershed Assessment Approaches

Several approaches to watershed assessment and 
analysis have been developed and applied in the 
United States.2 Watershed assessments were original-
ly developed to estimate cumulative effects and were 
widely applied to forest watersheds in the northern 
Rocky Mountains and northwestern United States. 
These assessment methods were created for a wide 
range of land uses and stakeholders, yet most have 
similar steps including issue scoping, watershed 
condition analysis, and synthesis of information. 
Although the steps are often similar, how the as-
sessments are used varies. For example, assessment 
information was used to develop specific manage-
ment practices as well as provide a broad screening 
tool to prioritize restoration projects and develop 
monitoring plans.

A complete description of these different ap-
proaches is beyond the scope of this chapter. Table 
6.3 and the following discussions briefly summa-
rize the methods and provide references for further 
reading. Methods discussed include Washington 
Watershed Analysis, Oregon Watershed Assess-
ment Manual, Idaho Cumulative Watershed Effects 
Procedure, Forest Ecosystem Management Assess-
ment Team (FEMAT) Watershed Analysis, Equivalent 
Clearcut or Road Area Models, WATSED, and North 
Coast Watershed Assessment Program Method. Ad-
ditional details on many of these can be found in Ice 
and Reiter (2003).

2 A comprehensive list can be found at: http://cwam.ucdavis.edu/manuals_approaches.htm.

http://cwam.ucdavis.edu/manuals_approaches.htm
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Washington Watershed Analysis
The Washington Watershed Analysis (WWA), 
adopted in 992, was the first watershed assess-
ment method in the Pacific Northwest region of the 
United States. Based on biological and physical in-
ventories of watershed conditions (Washington For-
est Practices Board 997), it is a collaborative process 
involving resource scientists and managers. Through 
field surveys, aerial photographs, data collection, 
and analysis, the effects of past management activi-
ties are used to predict watershed responses to future 
changes in wood, water, and sediment delivery.

The WWA method is designed to provide wa-
tershed-specific forest practice rules to protect 
beneficial uses of water. Key elements include: an 
extensive technical manual; training and credential 
requirements for analysts; the use of situation syntax 
to route impacts to specific resources of concern; 
development of solutions by managers; and rewards 
for conducting an analysis (e.g., faster approval for 
forest practice applications). The strengths of the 
method include a fairly repeatable and objective 
assessment process and spatially explicit watershed 
information. The main limitation of the procedure is 
the lengthy prescription-writing process, which pro-
duces prescriptions similar to standard rules (Col-
lins and Pess 997). In addition, landowners became 
reluctant to invest in this analysis method when 
federal agencies were unwilling to accept results 

for Total Maximum Daily Load (TMDL; see below) 
assessments or endangered species plans. The use of 
this method has greatly diminished in Washington 
State since the development of the Forest and Fish 
Agreement in 999, which incorporated many of the 
management prescriptions into the rules.

Oregon Watershed Assessment Process
In contrast to the Washington method, which relied 
on experts, the Oregon Watershed Assessment Pro-
cess (OWAP) was designed to be conducted by Wa-
tershed Council volunteers with limited help from 
technical experts. The OWAP provides a broad-scale 
assessment of watershed condition including all land 
uses. This assessment is used to prioritize restoration 
activities and to develop monitoring plans. Steps in-
clude: start-up and identification of watershed issues; 
determination of historic conditions; classification 
of channel habitat; assessments of hydrology, water 
use, riparian/wetland condition, sediment sources, 
channel modifications, water quality, fish, and fish 
habitat; and an assessment of overall watershed 
condition. Critical questions in each of the water-
shed assessment modules help the user identify how 
natural processes and various human activities affect 
fish habitat and water quality. This method offers a 
useful screening tool for watershed condition, but its 
general nature does not allow it to specifically link 
land use conditions to aquatic impacts.

TABLE 6.3 Watershed assessment approaches in the United States

Watershed assessment method Type of assessment Reference(s)

Washington Watershed Analysis Inventory and assessment leading to  Washington Forest Practices
 watershed-specific rules Board 1997

Oregon Watershed Assessment  Screening tool to help prioritize Watershed Professionals Network 
Manual  restoration activities 1999

Idaho Cumulative Watershed  Quick but limited version of the Washington Idaho Department of Lands 2000
Effects Procedure Watershed Analysis method 

FEMAT Watershed Analysis  Broad assessment tool for federal forest lands Federal Ecosystem Management
Approach  Assessment Team 1994; Regional 
  Ecosystem Office 1995

Equivalent Clearcut Area,  One-dimensional, easy to apply using Reid 1993; Ager and Clifton 2005
Equivalent Roaded Area, R-1  thresholds of concern 

North Coast Watershed  Broad assessment tool focussed on  Bleier et al. 2003
Assessment Program  anadromous fish habitat 

WATSED Erosion and sediment delivery model U.S. Department of Agriculture 
  Forest Service 1990
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Idaho Cumulative Watershed Effects Procedure
The Idaho Cumulative Watershed Effects Procedure 
(ICWEP) is intended to detect the presence of adverse 
watershed or stream conditions, to identify the 
causes of those conditions, and to identify actions 
that will correct and prevent existing and poten-
tial future problems. The procedure was designed 
to be a streamlined version of the WWA to allow 
more assessments throughout the state. Modules 
are provided for erosion and mass wasting, canopy 
closure/stream temperature, hydrology, sediment 
delivery, channel stability, beneficial use assessment, 
nutrients, and adverse condition assessment. A mod-
ule to determine when more detailed assessments 
are required is also included. Although it looks at 
several watershed parameters, this procedure is 
most informative for sediment and temperature. The 
process also includes a re-assessment every 5 years to 
allow for state-wide monitoring. Because the ICWEP 
includes findings from a state-wide beneficial use as-
sessment,3 forestry is tied into other land use activi-
ties and their impacts. If data indicate that beneficial 
uses are not supported in the streams of an assessed 
watershed, then other human activities in the water-
shed will require evaluation. The ICWEP specifically 
mentions mining, grazing, overfishing, fish migra-
tion barriers, and even natural conditions.

Federal Watershed Analysis
The Federal Watershed Analysis (FWA) approach was 
developed for the Forest Ecosystem Management As-
sessment Team (FEMAT) for use on federal lands to 
address issues related to the Northwest Forest Plan 
and to design management recommendations to ad-
dress those issues. The FWA is similar to the OWAP in 
that it was designed to “…provide a systematic way 
to understand and organize ecosystem information” 
but not to develop specific management prescrip-
tions (although these should follow logically from 
the analysis). Like the WWA, experts focus on the 
core issues of hydrology, erosion, vegetation, stream 
channels, water quality, species and habitat (both 
terrestrial and aquatic), and human uses. Key steps 
include: characterization of the watershed, identifi-
cation of key questions, description of current condi-
tions, description of reference conditions, synthesis 
and interpretation of information, and development 
of recommendations. 

The main strength of this approach is its coverage 
of terrestrial and socio-economic issues not gener-
ally addressed by other assessments (Oregon Depart-
ment of Forestry 2004). One criticism of the FWA 
approach was that although designed to fine-tune 
regional watershed management prescriptions, this 
has not occurred regularly. The approach can also 
be expensive, and harvest levels on federal lands are 
low. Reeves et al. (2006), citing Baker et al. (2006), 
reported that the FWA has been applied to about 
500 watersheds, though the quality and effectiveness 
of these assessments varied widely. They found that 
“the watershed analysis process should be re-ex-
amined so that it is conducted more efficiently and 
considers the appropriate spatial scales, including 
the watershed of interest, and its context within the 
larger basin.”

Equivalent Clearcut Area and Equivalent Roaded 
Area methods
Several methods developed by the U.S. Department 
of Agriculture Forest Service are designed to assess 
how different forest conditions can be equated to 
either a clearcut (ECA) (King 989) or a road (ERA) 
(Menning et al. 997). MacDonald (2000) noted 
that “the idea is that all management activities can 
be converted to the amount of disturbance repre-
sented by a unit clearcut or unit road area…”. To 
guide management, both methods use a threshold of 
concern beyond which impacts are considered unac-
ceptable. Recovery from disturbance occurs with 
time. These methods are relatively simple to apply 
and have even been computerized (Ager and Clifton 
2005); however, ECA and ERA tend to be one-dimen-
sional, primarily addressing changes in flow or sedi-
ment, although it is usually not clear which specific 
water quality or resource issues are being addressed. 
The methods may not be capable of addressing site-
specific conditions (such as position of harvest or 
road) or the best management practices and miti-
gation measures that could reduce impacts. This 
is especially true when the water quality concerns 
involve temperature, sediment, nutrients, or other 
water quality or aquatic habitat issues rather than 
flow. Although widely used in interior western and 
California national forests, these methods are highly 
lumped and empirical in treatment of impacts and 
are generally not considered validated. See MacDon-

3 Beneficial Use Reconnaissance Project; www.deq.idaho.gov/water/data_reports/surface_water/monitoring/overview.cfmbeneficial

http://www.deq.state.id.us/water/data_reports/surface_water/monitoring/overview.cfm#beneficial
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ald (2000) for a detailed discussion of the ECA and 
ERA methods and a list of further references.

North Coast Watershed Assessment Program method
The North Coast Watershed Assessment Program 
(NCWAP) method was designed to develop baseline 
information about watershed conditions, guide 
watershed restoration programs and other incentive 
programs, and improve implementation of laws re-
quiring watershed assessments such as the California 
Forest Practices Act and the federal Clean Water Act. 
It provided an inventory of watershed conditions and 
assessments of current and historic condition of the 
stream and watershed, with a focus on anadromous 
fish habitat. Stream condition was assessed using 
mostly professional judgements about essential habi-
tat requirements. Road and upland conditions were 
assessed relative to the hazards created for watershed 
impacts.

The NCWAP4 process included a range of methods 
to collect and analyze information. Advantages of 
this method included the flexibility of the approach 
as well as its framework for peer review; however, the 
method included numerous theoretical relationships 
whose usefulness and predictive capabilities were 
not field tested. This comprehensive watershed con-
dition assessment procedure has been abandoned, 
probably because it could not clearly link the numer-
ous component parts into a cogent conclusion. 

WATSED
The U.S. Department of Agriculture Forest Service 
Region  and Region 4 sediment yield prediction 
model (WATSED) is commonly applied to water-
shed assessments in those regions (Ryan and Elliot 
2005). WATSED is based on locally derived empirical 
streamflow and sediment yield data, and uses stand 
properties and landscape units defined by landform, 
lithology, and soil characteristics. Onsite surface and 
mass erosion estimates are adjusted for slope deliv-
ery based on topographic conditions; downstream 
sediment delivery is adjusted on the basis of a water-
shed sediment delivery ratio. The model is sensitive 
to alternative forest cutting and soil disturbance 
activities, including silvicultural practices, alterna-
tive road construction practices, and wildfire. This 
basic model has been modified for local applications 

(e.g., NEZSED and BOISED) using consensus findings 
from agency experts (Elliot et al. 998). The WATSED 
is also a basis for surface erosion procedures in the 
WWA (Ryan and Elliot 2005). Although this family 
of models is well calibrated for the national forests 
where it has been applied, its reliance on local empir-
ical results restricts transferability to other regions 
without careful treatment (Ryan and Elliot 2005).

Total Maximum Daily Loads
In the United States, the federal Clean Water Act is 
driving many more focussed watershed assessment 
methods. Under this Act, streams identified as not 
achieving appropriate beneficial uses and meeting 
water quality standards are subject to Total Maxi-
mum Daily Load (TMDL)5 assessments. 

These assessments are designed to identify the 
pollution loads in a watershed for a specific water 
quality parameter so that load allocations and other 
controls can be developed to achieve beneficial uses. 
For forest lands, this has included assessments of 
water quality issues such as stream temperature 
(Oregon Department of Environmental Quality 
2002), nutrient loads (Degenhardt and Ice 996), and 
sediment. Since nearly 35 000 waterbodies are im-
paired in the United States, significant developments 
in modelling are required, as well as research, to 
better understand which water quality standards are 
achievable and biologically relevant (Ice et al. 2004). 

The U.S. Environmental Protection Agency (EPA) 
has promoted Better Assessment Science Integrat-
ing Point and Non-point Sources (BASINS)6 to assist 
in TMDL assessments. This tool is “a multi-purpose 
environmental analysis system that integrates a 
geographical information system, national watershed 
data, and state-of-the-art environmental assessment 
and modelling tools into one convenient package.” 
BASINs offers some very useful assessment com-
ponents, but has limitations when applied to forest 
conditions. Another information source is the EPA 
Handbook for Developing Watershed Plans to Restore 
and Protect Our Waters (U.S. Environmental Protec-
tion Agency 2008). Additional guidance for con-
ducting TMDL assessments for specific water quality 
issues is provided by the EPA7 for sediment, nutri-
ents, and pathogens, as well as pollution trading8 and 
other considerations.

4 See www.ncwap.ca.gov/
5 See www.epa.gov/owow/tmdl/
6 See www.epa.gov/OST/BASINS/
7 See www.epa.gov/owow/tmdl/techsupp.html
8 Controlling water pollution from one source to offset impacts from another source in a manner that achieves equal or greater water 

quality improvements in a less costly manner.

http://www.ncwap.ca.gov/
http://www.epa.gov/owow/tmdl/
http://www.epa.gov/OST/BASINS/
http://www.epa.gov/owow/tmdl/techsupp.html


545

Challenges of Watershed Assessment

In all jurisdictions where watershed assessments 
have been used, a common challenge is to strike a 
balance between addressing complex processes and 
conducting assessments in a timely and cost-effec-
tive manner. This challenge is particularly relevant 
in British Columbia, since two-thirds of the prov-
ince is publicly owned forest (i.e., 60 million ha). 
The varied assessment methods developed over the 
past 20–30 years indicate that no approaches can 

be easily applied to assess or predict the cumulative 
effects of forest management (MacDonald 2000). 
Many of these approaches apply a rule-of-thumb or 
thresholds to evaluate the risk of forest management 
activities. Most assessments rely heavily on empirical 
relationships and (or) professional judgements. This 
is almost inevitable, given the complexity of forest 
management effects, watershed heterogeneity, the 
difficulty of routing and interacting effects, and the 
general lack of watershed-specific data.

SUMMARY

The ability of hydrologists and geomorphologists 
to make broad inferences and draw conclusions is a 
function of the questions asked and the approaches 
used to find answers. Although understanding 
physical processes and watershed functions in a local 
environment is useful, planning and management 
take place over the landscape. Professionals there-
fore need the ability to extend local data to wider 
spatial and longer temporal scales to answer the 
types of questions that managers ask (Pearce 998). 
Primary constraints on the applicability of current 
data to answer these questions include an inability 
to transfer knowledge between basins and regions 

(Dunne 200) and to translate data between scales 
(Blöschl and Sivapalan 995). Our limitations in 
making inferences are also related to our ability to 
predict the effects of harvesting (Bosch and Hewlett 
982; Swanson 982). If general approximations are 
sufficient, then we may already possess the necessary 
knowledge. Fundamental to detecting and predicting 
changes in watersheds is an understanding of how 
disturbances affect individual watershed processes 
and characteristics over time. A key consideration in 
detecting and predicting changes is the definition of 
questions of interest that will lead to the selection of 
the appropriate method(s) to find the answer.
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