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[1] The science of forests and floods is embroiled in conflict and is in urgent need of
reevaluation in light of changing climates, insect epidemics, logging, and deforestation
worldwide. Here we show how an inappropriate pairing of floods by meteorological input
in analysis of covariance (ANCOVA) and analysis of variance (ANOVA), statistical
tests used extensively for evaluating the effects of forest harvesting on floods smaller and
larger than an average event, leads to incorrect estimates of changes in flood magnitude
because neither the tests nor the pairing account for changes in flood frequency. We also
illustrate how ANCOVA and ANOVA, originally designed for detecting changes in
means, do not account for any forest harvesting induced change in variance and its critical
effects on the frequency and magnitude of larger floods. The outcomes of numerous
studies, which applied ANCOVA and ANOVA inappropriately, are based on logical
fallacies and have contributed to an ever widening disparity between science, public
perception, and often land-management policies for decades. We demonstrate how only an
approach that pairs floods by similar frequency, well established in other disciplines, can
evaluate the effects of forest harvesting on the inextricably linked magnitude and
frequency of floods. We call for a reevaluation of past studies and the century-old,
preconceived, and indefensible paradigm that shaped our scientific perception of the
relation between forests, floods, and the biophysical environment.
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1. Introduction

[2] ‘‘Forest hydrology has a sad history of being
embroiled in controversies that never seem to get resolved’’
[Dunne, 1998, p. 795], a statement particularly true on the
topic of forest harvesting, peak flows, and floods. These
controversies have led to an ever increasing schism between
science, public perception, and often management policies
[Calder, 2002; Kaimowitz, 2004; Calder et al., 2004;
Calder, 2005; Food and Agriculture Organization of the
United Nations/Center for International Forestry Research
(FAO/CIFOR), 2005; Laurance, 2007; Calder et al., 2007;
Bradshaw et al., 2009; van Dijk et al., 2008], which has
prompted repeated calls to educate the public and policy
makers [Calder, 2004; Forsyth, 2005; FAO/CIFOR, 2005;
Jewitt, 2005; Calder and Aylward, 2006]. Calls for ques-
tioning the science, however, have been rare, perhaps in part
due to the political sensitivity of the topic (DeWalle [2003],
echoed by Stednick [2008c]).
[3] Floods are a subset of the peak flow frequency

distribution: A flood has a magnitude that exceeds channel

capacity [Leopold and Maddock, 1954] and a return interval
of 1–10 years or more depending on watershed physio-
graphic and climatic characteristics [Williams, 1978]. Paired
watershed experimental design continues to be the main
reference for scientific studies examining the effects of
forest harvesting on peak flows [Robinson et al., 2003; Best
et al., 2003; Andréassian, 2004; DeFries and Eshleman,
2004; Grant et al., 2008; Bren, 2008]. In these studies,
control and treatment peak flows paired by meteorological
input (referred to in this study as chronological pairing)
have traditionally been evaluated with analysis of covari-
ance (ANCOVA) [Hewlett et al., 1969; Hewlett, 1982].
Only a few studies, however, have remained in accordance
with the principles of ANCOVA [Hewlett and Helvey, 1970;
Harris, 1977; Troendle and King, 1985; Elder et al., 2006].
Over the past 4 decades, many have extended ANCOVA
(regression analysis) to make inferences about treatment
effect on flood events smaller and larger than an average
peak flow [e.g., Rothacher, 1965, 1973; Hornbeck, 1973a;
Harr and McCorison, 1979; Harr et al., 1975; Ziemer,
1981; Harr et al., 1982; Verry et al., 1983; Cheng, 1989;
Riekerk, 1989; Wright et al., 1990; Thomas and Megahan,
1998; Beschta et al., 2000; Lewis et al., 2001; Troendle et
al., 2001; Caissie et al., 2002; Robinson et al., 2003; Moore
and Scott, 2005; Moore and Wondzell, 2005; Guillemette et
al., 2005; Stednick, 2008a, 2008b]. This was accomplished
by either interpreting a prevailing convergence of the
preharvesting and postharvesting regression fits or by ex-
amining whether individual pairs of posttreatment peak
flows fall within or outside the prediction limits of the
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pretreatment regression fit. The results of extended
ANCOVA-based analyses provided apparent evidence in
support of the hypothesis that forest harvesting affects the
magnitude of small and medium peak flows but not neces-
sarily that of the often vaguely defined larger floods.
Apparent discomfort with these results led to the use of
analysis of variance (ANOVA) [Jones and Grant, 1996;
Jones, 2000]. Repeated analyses of the same data sets using
both methods resulted in competing interpretations, often
expressed with equal intensity [Jones and Grant, 1996;
Thomas and Megahan, 1998; Jones et al., 2000; Beschta et
al., 2000; Jones and Grant, 2001; Thomas and Megahan,
2001].
[4] Analytical procedures that compare control and treat-

ment watershed responses corresponding to the same meteo-
rological input (i.e., chronologically paired) have been the
modus operandi of research methods in forest hydrology and
a hallmark of the paired watershed study design. Leopold
[1972] noted, however, that it has been notoriously difficult
to make inferences about hydrological processes from
paired watershed experiments, and similar sentiments con-
tinue to be echoed nearly 4 decades later [Dunne, 1998;
Eisenbies et al., 2007]. Despite the fact that pairing is an
essential experimental design factor [Beschta et al., 2000,
p. 108], Thomas and Megahan [1998] expressed concerns
that matching peak flows chronologically is a difficult and
sometimes impossible task because storms in control and
treatment watersheds do not always coincide in time, dura-
tion, intensity, or spatial extent. This issue is more pro-
nounced in large than in small watersheds, and even more
so in snow-dominated watersheds where events paired chro-
nologically could be occurring 1–2 weeks apart [e.g.,
Troendle and King, 1985]. In addition, characteristics of
soil moisture reservoirs and their effects on subsurface
runoff travel time to streams can create lagged effects in
streamflow response of the order of months in some forested
watersheds [Jones and Post, 2004].
[5] Challenges in matching peak flow events by meteo-

rological input are well recognized. The more critical
problem with such pairing, however, is that it can conceal
the true effects of forest harvesting on both the magnitude
and frequency of peak flows. This flaw has not been
identified previously in the literature. Hewlett and Helvey
[1970, p. 779], in their analysis of peak flow data from
the rain-dominated Coweeta Experimental Forest (North
Carolina), appeared to have been once aware that changes in
flood frequency cannot be addressed by chronological
pairing when they stated that the ‘‘more difficult question
concerns the frequency’’ and how this ‘‘might seriously
affect flooding and flood damage downstream. . ..Complete
answers to old questions, particularly when surrounded by
years of controversy, are slow in coming.’’ While Hewlett
and Helvey [1970] and Leopold [1981] recognized that the
effects of forest harvesting on floods can be evaluated based
on changes in magnitude or frequency, we contend that
these two facets are inextricably linked and require a
method that assesses both simultaneously.
[6] We have shaped our century-old and dominant scien-

tific perception of the forests and floods relation by theo-
retical lines of reasoning and analytical methods that focus
on changes in magnitude without invoking changes in
frequency. As a consequence, we may have masked forest

harvesting and deforestation effects on larger floods. Small
changes in flood magnitude can be difficult or even impos-
sible to detect, and yet they can lead to surprisingly large
changes in flood return period. Our study is underpinned by
the following fundamental construct: ‘‘Even modest
increases in the magnitude of events in the tails of the
distribution can have a very substantial impact on the
expected return times of events of a given magnitude’’
[Allen and Ingram, 2002, p. 230]. We demonstrate how it
is possible that the application of ANOVA and extended
ANCOVA has for decades produced erroneous conclusions.
Three main oversights make these methods inappropriate
for quantifying the relation between forest harvesting and
floods:
[7] 1. By not accounting for changes in frequency, these

methods do not even reveal the correct changes in magnitude.
[8] 2. By decoupling magnitude and frequency, these

methods fail to account for and preserve the all-important
nonlinear and inverse relation between these two attributes.
[9] 3. The extension of these analyses, originally designed

for means, does not account for a potential change in variance
and its effect on the frequency and magnitude of floods.
[10] At the core of the problems associated with the

chronological pairing of ANCOVA and ANOVA analyses
is the fact that the return period of a flood event is defined
by the ranking of peak flows in a control watershed [e.g.,
Jones and Grant, 1996; Thomas and Megahan, 1998;
Beschta et al., 2000; Jones, 2000; Moore and Wondzell,
2005]. Even if postharvest peak flows, indexed to the largest
peak flows of the control watershed, do not increase relative
to their expected preharvest levels under this definition,
harvesting can still increase the frequency of the largest
peak flows in the treatment watershed. This is because forests
and forest practices and their effects on runoff production
mechanisms can amplify some small- to medium-sized
events in the control watershed to become among the largest
peak flows on record following harvest in the treatment
watershed. Chronological pairing fails to account for such
changes in the rank order of events and is therefore not
suitable for examining the two inextricably linked questions
that should guide our investigation: What is the change in
magnitude (frequency) for a peak flow with a frequency
(magnitude) of interest? Such investigation requires a
frequency-paired event analysis, where the watershed’s
hydrologic response of interest is the entire peak flow
frequency distribution, as opposed to an individual peak
flow event or a subsample of peak flows classified by
event size or process-generating mechanism. As illustrated
in Figure 1, to answer such questions we must first address
the following: How do hydrologic processes at the water-
shed scale affect the frequency distribution? Does harvest-
ing shift the mean only, or does it simultaneously affect the
mean and variance? Does it change the form of the peak
flow frequency distribution altogether?
[11] Frequency analysis, which involves fitting a frequency

distribution for the sole purpose of extrapolating beyond an
observed historic record, is a standard technique in the wider
community of hydrological and climatological sciences
[e.g., Katz et al., 2002; Meehl et al., 2000], but it is rarely
used for examining paired watershed peak flows [e.g., Sikka
et al., 2003]. Flow duration curve analyses [Klemeš, 2000],
better known among climatologists as ‘‘empirical ranking’’
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methods [Folland and Anderson, 2002], which involve only
a retrospective assessment of the relation between the
magnitude and frequency using a historic record, has been
widely used in hydrology and climatology [e.g., Booth,
1990; Moscrip and Montgomery, 1997; Bonsal et al.,
2001], and is not a novel concept in forest hydrology either.
Flow duration curve analyses [e.g., Lieberman and Hoover,
1951; McGuinness and Harrold, 1971; van Haveren, 1988;
Burt and Swank, 1992; Swank and Vose, 1994] or flow
interval methods [e.g., Troendle, 1970; Troendle and Olsen,
1994; Troendle et al., 2001] have occasionally been used for
quantifying the effects of forest harvesting on other aspects
of streamflow characteristics but rarely peak or flood flows.
Perhaps many paired watershed studies published earlier did
not have a sufficient record length to apply a frequency-
paired analysis to address peak flow questions. Some of the

more recent studies with a longer record, however, now
provide the opportunity to apply the correct method.
[12] More recently, numerical models have been used for

generating long-term data sets to enable the application of a
frequency-paired analysis to quantify the effects of forest
cover on peak flow regimes [e.g., Schnorbus and Alila,
2004; Cuo et al., 2009]. Interestingly, however, changes in
flood magnitude estimated by the two types of event pairing
have been used, reported, and interpreted as being inter-
changeable not only in forest hydrology literature [e.g.,
Verry et al., 1983; Lewis et al., 2001; Eisenbies et al.,
2007; Tonina et al., 2008] but, to our surprise, even in some
urban [e.g., Hollis, 1975] and the more general hydrology
literatures [e.g., Brath and Montanari, 2000; Brath et al.,
2006]. To our knowledge, there are no studies to date that
compare the chronological and frequency-pairing methods for
evaluating the effects of general land-use changes on flood
flows. This study therefore has two far-reaching objectives.
We first expose a set of intertwined and elusive, yet of the
most fundamental construct, flaws in chronologically paired
event analysis methods and illustrate how their outcomes
may have reinforced a preconceived century-old scientifically
indefensible paradigm of the forests and floods relation. We
then demonstrate for the first time how frequency-paired
event analysis, a scientific method well established in several
other disciplines, can illuminate age-old forest hydrology
controversies.

2. Study Sites

[13] In this study, we use peak flow data sets from two
long-term paired watershed study sites in North America
(one interior continental and one coastal maritime hydro-
climate regime) to illustrate contrasts in the relation between
forest harvesting and floods when derived from frequency-
based versus conventional chronologically based peak flow
analysis. Paired watershed sites in the United States provide
the most complete, reliable, and heavily studied data of the
effects of forestry on streamflow [McCulloch and Robinson,
1993]. Despite all of the other long-recognized limitations
of the before-after control-impact (BACI) paired watershed
design [Underwood, 1991, 1994; Murtaugh, 2000, 2002,
2003; Grant et al., 2008], and although never sufficient in
record length, these data sets can still be used to demon-
strate how the current scientific perception of the relation
between forests and floods has gone awry, as a result of the
inappropriate type of event pairing.

2.1. Fool Creek of the Fraser Experimental Forest,
Rocky Mountains of Colorado

[14] Fool Creek is a 289-ha treatment drainage in a paired
watershed experiment at the Fraser Experimental Forest
(FEF), located about 105 km northwest of Denver, Colorado
[Goodell, 1958]. The watershed is characterized by steep
slopes with predominantly northern aspects, ranging in
elevation from 2896 to 3505 m above sea level (asl). Mean
annual precipitation at the site is around 595 mm, 60–80%
of which occurs as snow. The geology of the watershed is
metamorphic, consisting of schist and gneiss derived from
granite, subjected in the past to extensive glaciation. Soils
are gravelly and low in fertility, except for deep alluvial
soils adjacent to stream courses. Vegetation in the watershed
consists of a dense mature stand (aged 250–350 years) of

Figure 1. Schematic showing the effect on floods when
(a) the mean peak flow increases, (b) the variance increases,
and (c) both the mean and variance increase (the distribution
shape can also change but is not depicted here). A
frequency-paired method and a long enough peak flow
record are absolute prerequisites to defining the threshold
flood level unaffected by forests or forest harvesting.
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lodgepole pine (Pinus contorta), Engelmann spruce (Picea
engelmannii), and subalpine fir (Abies lasiocarpa). The
upper 25% of the watershed consists of alpine terrain above
the timberline. Calibration of the Fool Creek watershed
began in 1943 and ended in 1954. The contiguous East
St. Louis watershed (803 ha) was used as a control. Logging
began in 1954 and was completed in 1956. The harvesting
pattern consisted of alternating cut and leave strips of
varying width (one, two, three, and six chains, where a
chain equals 20.12 m) running normal to contours, with
40% of the watershed harvested (50% of the timbered area)
and the forest left to regenerate naturally. Spur roads
(14.2 km) built along contours were decommissioned after
logging; culverts were removed on alternate roads, and all
roads were grass seeded. The main haul road (5.3 km),
however, is still open and subject to regular maintenance
[Alexander and Watkins, 1977]. For more details, the reader
is referred to Goodell [1958], Alexander and Watkins
[1977], and Troendle and King [1985].

2.2. WS1 and WS3 of the H. J. Andrews Experimental
Forest, Western Cascades, Oregon

[15] WS1 and WS3 are tributaries of Lookout Creek in
the H. J. Andrews Experimental Forest (HJA) near Blue
River, in the western Cascades of Oregon. WS1 is a 100-ha
treatment watershed with an elevation range of 460–990 m
asl. The watershed was 100% clear-cut harvested from 1962
to 1966 without the addition of roads. WS3 is a second
neighboring treatment watershed (similar in size and char-
acteristics) that was roaded and 25% patch-cut by 1963. At
the time of harvesting, forests in both drainages mainly
consisted of 100- to 500-year-old Douglas fir (Pseudotsuga
menziesii), western hemlock (Tsuga heterophylla), and
western red cedar (Thuja plicata) in closed-canopy stands.
The contiguous WS2 watershed (60 ha) was used as a
control for WS1 and WS3. Calibration of WS1 (WS3)
started in 1955 and ended in 1961 (1958).
[16] Mean annual precipitation ranges from 2300 to more

than 2500 mm at higher elevations, with over 80% falling
between November and April. The three watersheds lie in
the transient snow zone where precipitation tends to alter-
nate between rain and snow. The watersheds are underlain
by Tertiary and Quaternary volcanic rocks, primarily ande-
sites and basalts, with some glacial deposits [Sherrod and
Smith, 1989]. Soils are weakly developed with thick organic
litter horizons, deeply weathered parent materials, and high
stone content. Soil moisture storage and transfer is charac-
terized by high porosity, infiltration rates, and percolation
rates [Dyrness, 1969]. For more details, the reader is
referred to Jones and Grant [1996], Thomas and Megahan
[1998], and Beschta et al. [2000].

3. Methods

3.1. Overview

[17] The effect of forest harvesting on peak flow regimes
was assessed by comparing a peak flow sample observed
from a watershed following harvest (posttreatment sample)
with a sample of peak flows expected to occur from the
same watershed during the same period in the absence of
harvesting (expected posttreatment sample). Chronological
pairing assesses treatment effects on the magnitude of peak
flows by comparing events derived from the same rainstorm

(for pluvial regimes) or from the same annual snowmelt
freshet (for nival regimes). Frequency-based pairing, on the
other hand, assesses treatment effects on the magnitude of
peak flows by comparing events that have the same historic
probability of occurrence. As the expected peak flows are
not observed, they must be modeled in some fashion.
Expected posttreatment peak flows in both approaches are
predicted using the pretreatment calibration regression
established from each individual study (treatment peak flow
regressed on paired-control peak flow). Confidence inter-
vals for the chronologically paired assessment were derived
directly from the predictive uncertainty of the calibration
equation. Confidence intervals for the frequency-paired
assessment are a combination of this predictive uncertainty
and quantile sampling uncertainty, both estimated via Monte
Carlo simulation.
[18] Observed posttreatment peak flows were adjusted

to remove the effects of forest regrowth by including a
recovery trend with time to a regression fit applied to
chronologically paired observed and expected posttreatment
discharges. We illustrate the difference in outcome between
chronological and frequency-based pairing using recovery-
adjusted peak flows in part to eliminate, though not always
completely, the confounding factor of forest regrowth. For
instance, if a watershed returns to preharvest conditions in
20 years, paired watershed data cannot reveal the effects of
harvesting on a 50-year event with or without the removal
of forest regrowth effects from the time series of peak flows.
The purpose of adjusting peak flows to offset recovery is
also to allow the effects of harvesting during the most
critical period prior to any substantial forest regrowth to
be evaluated, as well as the effects of other longer-lasting
forest land-use changes such as deforestation. A brief account
of the analysis and discussion of recovery unadjusted data
sets is then presented in section 4.4.

3.2. Estimation of Predicted Discharge

[19] Peak flow magnitudes expected in the absence of
forest harvesting (hereinafter referred to as ‘‘expected dis-
charge’’) were predicted from simple linear regression
relations between chronologically matched peak discharges
in treatment and control watersheds. Regressions were
constructed based on observed data at both watersheds
during the pretreatment period, where the expected dis-
charge from the treatment watershed, Ŷ i, was estimated by

Ŷ i ¼ b0 þ b1Xi; ð1Þ

where Xi is the matched discharge from the control
watershed. We assume that any climatic changes have not
affected equation (1); however, this is unknown. Fool Creek
analyses evaluate annual maximum posttreatment peak flow
data sets for 1957–1985 [Troendle and King, 1985] and
1957–2004 [Elder et al., 2006], where the pretreatment
period spans 9 years (1943–1952). HJA analyses utilize
peak flow data sets used by Jones and Grant [1996] and
Thomas and Megahan [1998], where peak flow matching
was based on matching storm events (resulting in multiple
matched peaks per year). The pretreatment period spans
1955–1962 (77 events) and 1955–1959 (47 events) for
WS1 and WS3, respectively, with the posttreatment period
spanning 1966–1988 (93 events) and 1964–1988 (91 events)
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for WS1 and WS3, respectively. For some control basin
discharge, X0, measured after treatment, the predicted
value of the individual observation Ŷ 0 has confidence limits
that are determined analytically [Draper and Smith, 1998].
For HJA estimates, variables and statistics based on
discharge transformed by the natural logarithm were used,
and confidence limits were then back-transformed. For Fool
Creek estimates, however, variables and statistics based on
the actual untransformed discharge were used. The calibra-
tion regression equation (1) may not capture well the
relation between control and treatment watersheds during
the most extreme flood events because of short preharvest
time period. The effects of this on our estimated harvesting-
induced changes in magnitude and frequency of floods, if
any, remain unknown.

3.3. Flow Duration Curve Analysis

[20] Flow duration curve analysis assesses the change in
magnitude for a given probability, or conversely, the change
in probability for a given magnitude. Given the peak
discharge random variable Y, the pth quantile yp is the peak
discharge magnitude with cumulative probability p:

FY yp
� �

¼ p; ð2Þ

where FY is the cumulative distribution function (cdf) of Y.
Given a sample of observed discharge values Yi of sample
size n (i.e., chronological events for i = 1, 2, . . ., n), values
can be ranked such that Y( j) is the jth largest value in the
sample, where Y(1) > Y(2) > . . . > Y(n) (i.e., ranked events for
j = 1, 2, . . ., n). An estimate of the exceedance probability,
1�p, for ranked event Y( j) is obtained by

1� FY Y jð Þ
� �

¼ j� 0:40

nþ 0:2
; ð3Þ

where the right-hand side of (3) is the approximately
quantile-unbiased Cunnane plotting position [Stedinger et
al., 1993]. With p estimated from (3), the discharge event of
rank j, Y( j), is an empirical estimate of the pth quantile yp.
Fool Creek analyses are based on the annual maximum
series (AMS) while the analyses of HJA watersheds are
based on partial-duration peak flow series (PDS). All
frequencies and return periods estimated in this study are
historic values and do not represent the future. We estimate
how moderate to extreme events are changing as a result of
forest harvesting via flow duration curves to avoid the
more challenging assumptions associated with the use of a
frequency distribution. Such empirical ranking methods
have a long tradition in the climate and hydrology fields
[Folland and Anderson, 2002, and references therein]. As
we discuss later, however, ranking methods can still
introduce uncertainties caused by sampling variability.
[21] Confidence limits of the ranked expected discharge

sample were estimated by considering both the predictive
uncertainty of the regression estimate of an individual ob-
servation and the sampling uncertainty of the quantile
estimator. Although the predictive uncertainty of linear
regression may be calculated analytically, the additional
step of ranking the estimates precludes direct application.
Instead, Monte Carlo simulation was used to determine the

variance of the ranked estimate, Ŷ ( j), and was structured as
follows: (1) Random errors, ei, were introduced for each
estimate of Ŷ i for a given i by randomly sampling from a t
distribution with n�2 degrees of freedom; (2) updated
discharge estimates were calculated as ~Y i = Ŷ i + ei; (3) the
updated estimates, ~Y i, were ranked and back-transformed in
the case of WS1 and WS3, producing ranked estimates ~Y ( j);
(4) steps 1–3 were repeated for m(= 10,000) iterations;
(5) the variance, Var[~Y ( j)], and mean, �~Y ( j), for each rank, j,
was estimated from the m random samples. If we consider
the independent control discharge to be a series of mono-
tonically decreasing values, thenX( j) =Xj and, from (1), Ŷ ( j) =
Ŷ j; however, after accounting for random error, it is often the
case that ~Y (j) 6¼ ~Y j. Consequently, after repeated Monte Carlo
sampling we find that Ŷ ( j) is not necessarily equal to �~Y ( j)

for each rank j, such that calculation of Ŷ ( j) strictly from
(1) introduces a slight downward (upward) bias for large
(small) return periods (as further discussed in section 4.2
regarding Figure 4). Therefore �~Y ( j) was used to provide an
unbiased estimate of the peak discharge quantile cor-
responding to the event of rank j. Monte Carlo analysis also
suggested that ~Y ( j) is approximately normally distributed for
all but the largest and smallest j, and for illustrative purposes,
we assume that ~Y ( j) is normally distributed with mean �~Y ( j)

and variance Var1[~Y ( j)] for all j.
[22] Monte Carlo simulation was used to assess the

additional uncertainty imposed by sampling variability upon
the quantile estimates at each rank, j. To facilitate sampling
of empirical quantile values at the sample extremes, we fit
parametric frequency distributions to the �~Y ( j) series. The
generalized extreme value (GEV) distribution was used for
the Fool Creek AMS, whereas the general Poisson-Pareto
(GP) distribution was used for WS1 and WS3 PDS. Steps
were as follows: (1) Fit chosen distribution to expected
discharge sample, �~Y ( j), of size n; (2) randomly sample a
discharge series of size n from the distribution using param-
eters specified by step 1; (3) reestimate distribution param-
eters; (4) using exceedance probabilities from equations (2)
and (3), reestimate quantile values for each rank j; (5) repeat
steps 1–4 for m(= 10,000) iterations; (6) estimate variance
for each quantile directly from m random samples for each
rank, j. This second Monte Carlo analysis indicated that
quantile estimates are normally distributed [Stedinger et al.,
1993] for this particular sample size, with mean �~Y ( j) and
variance Var2[~Y ( j)]. Considering both sources of uncertainty,
the expected series quantile estimate at rank j was therefore
assumed to be normally distributed as ~Y ( j) � N{�~Y ( j),
Var1[~Y ( j)] + Var2[~Y ( j)]}, with a/2 two-sided confidence
limits given by

�~Y jð Þ � z1�a=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var1 ~Y jð Þ

� �
þ Var2 ~Y jð Þ

� �q
to

�~Y jð Þ þ z1�a=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var1 ~Yj

� �
þ Var2 ~Y jð Þ

� �q
: ð4Þ

3.4. Statistical Versus Hydrological and Practical
Significance

[23] The general science literature has been said to have
become so smitten with statistical hypothesis testing that
science without statistics has become almost inconceivable
and unparalleled [e.g., Johnson, 1999; Anderson et al.,
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2000; Guthery et al., 2001]. Therefore we plotted a-level
confidence intervals around prelogging peak flow frequency
relations and tabulated p values associated with differences
between prelogging and postlogging sample peak flow
frequency distributions. However, we also decided to report,
interpret, and discuss all evidence (or lack thereof) provided
by our data sets, i.e., effects of forest harvesting on peak
flows regardless of their ‘‘statistical significance.’’ Instead,
we point out when appropriate how a particular physical
interpretation of an effect may be hampered by sampling
variability. We argue that failure to find an effect via null-
hypothesis testing does not imply that there is none, but
may be a result of low statistical power; this is especially
true with ANOVA and ANCOVA when used with data that
are not temporally independent [Wilcox, 1995]. Significance
testing suffers from severe deficiencies at the statistical
and philosophical levels [Elliott and Brook, 2007]. First,
the tradition of assigning an arbitrary threshold probability
(p < 0.05) above which one concludes absence of an effect
and below which there is suddenly a scientifically rigorous
conclusion of a difference has come under a crescendo of
criticisms from many quarters [e.g., Cohen, 1994; Guthery
et al., 2001; Burnham and Anderson, 2002]. Second, the
consequences of dismissing an effect based on statistical
significance with no consideration for either physical or
practical significance can be far reaching, an argument
continuously emphasized across disciplines [e.g., Klemeš,
1974; Kirk, 1996; Johnson, 1999]. The third argument
against the overreliance on statistical significance testing,
and perhaps most critically pertinent to our study, is the fact
that small effects (e.g., changes in flood magnitude)
detected in a first step of an evaluation can translate into
large effects (e.g., changes in return period) in a subsequent
step of the same evaluation [Yoccoz, 1991, p. 107]. The
overreliance on the null-hypothesis testing in experimental
and observational studies has led to conflicting and inter-
nally contradicting research results, has a debilitating effect
on the progress of science, and impairs the usefulness of
research as a means of solving practical problems [Schmidt,
1996]. Null-hypothesis testing is falling out of favor in the
general sciences [Elliott and Brook, 2007, and references
therein]. Nonetheless, we still report the results of our tests
but without touting our findings as important solely on the
basis of their p or a values, as it is often the case in the
forest hydrology literature [e.g., Thomas and Megahan,
1998; Beschta et al., 2000]. Science is a search for themes
that have the potential to collapse the chaos of nature into a
set of simple, explanatory models [Cohen and Stewart,
1994]. ‘‘The search may be aided by the statistical hypoth-
esis, but it starts and ends with the research hypothesis’’
[Guthery et al., 2001, p. 382].

3.5. Adjusting for Hydrologic Recovery

[24] The nonparametric Spearman rank correlation and
Mann-Whitney split-sample tests of ‘‘raw’’ observed peak
discharge series suggest that each of these can be considered
stationary. Both tests fail to detect a trend or location
difference at a significance level of 0.05 for all unadjusted
for recovery time series. However, we also tested for
recovery trends in the observed data assuming linearity
[Thomas and Megahan, 1998] and found the time trend
coefficient to be statistically significant (p < 0.05) for all

data sets. Consistent with our stand on the interpretation of
null-hypothesis testing outcomes, we decided to adjust the
observed discharges to remove the recovery trends by

Y 0
i ¼ Yi þ b2ti ð5aÞ

loge Y
0
i ¼ loge Yi þ b2ti; ð5bÞ

where equations (5a) and (5b) apply to FEF and HJA
treatment watersheds, respectively, and recovery-adjusted
analyses compare Y0(j) to

�~Y (j). Our detrending uses a simple
linear model and is still based on chronological event
pairing. We assume that this has not unduly affected our
estimated changes in magnitude and frequency, especially
for hydroclimate regimes with slow recovery of forest
harvesting effects as in the case of FEF (Fool Creek) and
HJA (WS3). However, this can only be ascertained through
a more sophisticated hydrologic recovery model as we
further illustrate in section 4.4.

4. Results

4.1. Frequency and Chronological Pairing Can Lead to
Contrasting Outcomes

[25] Trees grow slowly at Fool Creek due to the dry, cold,
and high-elevation environment. Hence hydrologic recovery
is slow, creating an opportunity to evaluate treatment effect
on events larger than the mean annual flood with 48 years of
posttreatment data (1957–2004). Previous analyses at Fool
Creek estimated that full hydrologic recovery of the flow
regime should occur within 60–80 years after logging
[Troendle and King, 1985; Elder et al., 2006]. To illustrate
the value of a longer observation period, our analysis of
Fool Creek was first conducted with the initial 27 years
[Troendle and King, 1985], and subsequently with the entire
48 years [Elder et al., 2006] of average daily posttreatment
peak flow data.
[26] Using the frequency-paired analysis, treatment

appears to have caused a change in the overall character-
istics of the frequency distribution (Table 1). This results
from a 30% (30%) upward shift in mean and a 30% (23%)
reduction in variance for the 27-year (48-year) data set. A
cross comparison of observed and expected probability
density functions (pdf) for both the 27- and 48-year analyses
clearly illustrates how the frequency of events larger than
the mean has increased (Figure 2). The cdf for the first
27 years of record (Figure 2a) indicates that with the
exception of the largest observation, treatment has shifted
all peak flows upward. As discussed further in section 4.2,
the lack of treatment effect on the largest flood on record
cannot be interpreted in terms of physically meaningful
effects without considering several sources of sampling
uncertainty. This includes the empirical return period esti-
mate of the largest few flood observations [Stedinger et al.,
1993], a case in point that is reinforced with the addition of
21 years of posttreatment data.
[27] The cdf for the entire 48 years of record (Figure 2b)

indicates that treatment has again shifted all peak flows
upward with the exception of the same largest observation
on record. A comparison of Figures 2a and 2b indicates how
sensitive the frequency of the largest events is to sample
size. The top two events are the same in Figures 2a and 2b,

6 of 24

W08416 ALILA ET AL.: FORESTS AND FLOODS—A NEW PARADIGM W08416



yet the flood event at which the postharvest cdf falls below
the preharvest level has a return period in the range of 17 to
45 years (30 to 80 years) for the 27-year (48-year) time

series analyses. These empirical results imply that if an
additional 20 years of data were available, the maintained
treatment effect could again be extended for events with
return periods larger than 30 years, but only if the hydrology
of the watershed has not fully or substantially recovered.
Extending the observation period beyond full recovery will
obviously not add new information in regard to the effects
of treatment on larger events. Changes in the characteristics
of the frequency distribution at Fool Creek have resulted in
increasing the magnitude across the entire range of historic
peak flow frequencies.
[28] Increases in the magnitude and frequency of floods

across a wide range of return periods in the Fool Creek
analysis could be attributable to the following (some
explanations, however, are conjectural and need to be tested
in future work). First, Troendle and King [1985] found that
the difference in peak snow water equivalent is on average
9% higher in the treatment (Fool Creek) than in the control
watershed (East St. Louis Creek). The authors also concluded
that peak flows were positively correlated with 1 April snow
water equivalent. We found this to be a moderate correlation
(r2 � 0.5), however, which suggests that there are more
dominant processes at work than just snow accumulation,
such as the energy involved in snowmelt. Canopy snow
interception and soil storage capacities, therefore, may not
be used as the only rationale to support claims such as,
‘‘during the largest rain or snowmelt events the soils and
vegetative canopy will have little additional storage capac-
ity, and under these conditions much of the rainfall or
snowmelt will be converted to runoff regardless of the
amount or type of vegetative cover’’ [MacDonald and
Stednick, 2003, p. 13]. Second, an upper limit of the energy
causing melt at Fool Creek may not have been reached
within the first 50 posttreatment years. In the dry and cold
climate of Fool Creek, there is a low chance that the upper
limit of energy would be reached prior to the disappearance
of snow. Third, empirical cdfs in snow-dominated water-
sheds have a relatively mild slope, which may result in
larger events being more easily affected by even modest
increases in energy. Fourth, higher posttreatment energy
levels from all sources collectively produce higher melt
rates and therefore higher runoff in stream channels, partic-
ularly when these energy increases are more synchronized
from various elevation bands and aspects within the same
drainage. Last but not least, although 72% of roads at Fool
were decommissioned immediately after logging, the

Figure 2. Flow duration curve analysis for observed
and mean expected recovery adjusted daily peak flows at
Fool Creek (a) 27 years posttreatment (1957–1983), and
(b) 48 years posttreatment (1957–2004). Ninety-five
percent confidence limits are estimated from the combined
predictive uncertainty of the pretreatment calibration
regression and sampling variability of the plotting position
estimate; inset charts illustrate treatment-induced shifts in
probability density functions (pdf’s).

Table 1. Relative Change in Sample Statistics and Statistical Testing for Recovery-Adjusted Peak Flowsa

Watershed

WS1
(1966–1988)

WS3
(1964–1988)

Fool Creek
(1957–1983)

Fool Creek
(1957–2004)

Statistic
Mean (%) 34% 28% 30% 30%
Variance (%) �4% 33% �30% �23%
Sample size (n) 93 91 27 48

Test
Two sample K-S (D) 0.4194b 0.3407b 0.3333 0.3125c

Wilcoxon signed-rank (Z) 8.3644b 8.2819b 4.5047b 5.9847b

aRelative to mean expected samples. H0: observed sample derives from the same population as the mean expected sample.
bSignificant at p < 0.05.
cSignificant at p < 0.01.
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remaining roads and other disturbances associated with
forest harvesting may intercept runoff, which results in
altering natural flow pathways to the stream network. As
will be illustrated in the subsequent analysis of two data sets
from HJA, roads, for instance, may have the potential to
consistently increase the magnitude of peak flows over a
wider range of return periods. This pattern of peak flow
increases across the full range of event frequencies at Fool
Creek has also been reproduced with numerical modeling of
tree removal with no roads and explained by alteration of

snow accumulation, snowmelt energetics, and runoff syn-
chronization [Schnorbus and Alila, 2004].
[29] Figure 3 shows the difference between forest har-

vesting and flood relations when derived from chronolog-
ically paired versus frequency-paired event analyses. The
extension of ANCOVA to events smaller and larger than
an average reaffirms the perception of a rapidly vanishing
treatment effect with event size, as represented by the
convergence of the two regressions derived from the Fool
Creek data set (Figure 3a). Such a perception was theorized
using regression analysis by Swindel and Douglass [1984]

Figure 3. Contrasts between chronology-paired and frequency-paired recovery adjusted peak flow
analyses illustrating (a) convergence of regression lines in traditional analysis of covariance (ANCOVA),
versus (b) an overall shift in the frequency of events (pdf), (c) similar trends in plot of DQp versus return
period, (d) changes in event frequency, and (e) statistical power of frequency-paired analysis.
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and supported by an overwhelming number of empirical
studies (summarized by Beschta et al. [2000]; Eaton and
Church [2001]; Lewis et al. [2001]; Scherer and Pike
[2003]; MacDonald and Stednick [2003]; Calder [2005];
Moore and Wondzell [2005]; Guillemette et al. [2005];
Eisenbies et al. [2007]; Grant et al. [2008]). The frequency-
paired approach, however, provides a much different per-
spective; namely, all peak flows save the largest event were
shifted upward and the largest peak flows on the observed
record became more frequent (Figure 3b).
[30] Lull and Reinhart [1972, p. 84] stated, ‘‘Changing

rates of snow melt by manipulating forest cover may either
increase or decrease snow-melt peaks, depending on water-
shed conditions, including land-use diversification, and
weather sequences.’’ This is a commonly cited line of
interpretation on treatment response to harvesting [e.g., Verry
et al., 1983; Harr, 1986; Storck et al., 1998; Andréassian,
2004; Moore and Wondzell, 2005; Chang, 2006; R. D. Harr,
Effects of timber harvest on streamflow in the rain-dominated
portion of the Pacific Southwest, paper presented at the
Timber Harvest Workshop, Forest Service, U.S. Department
of Agriculture, Portland, Oreg., 1979]. While this interpreta-
tion is physically defensible if peak flow response to treat-
ment is defined using chronological pairing (Figures 3a
and 3c), it becomes irrelevant and possibly misleading to
the research question at hand when peak flows are paired by
equal frequency (Figures 3d and 3e). In addition, even in
cases when both methods of pairing may lead to similar
decreasing trends in treatment effect versus event size
(Figures 3c and 3e), only the frequency-paired analysis
reveals that even smaller changes in magnitude with high
type I error probabilities (commonly concluded and dis-
missed as lacking statistical significance) can translate into
surprising changes in return period (Figure 3d). The upward
shift in mean with no increase in variance appears to have
caused a 3-year event to become a 2-year, a 6-year to become
a 3-year, a 13-year to become a 6-year, a 19-year to become a
9-year, and a 30-year to become a 14-year event (Figure 3d).
While such an intriguing pattern substantiates the hypothesis
that all observed peak flows roughly doubled in expected
frequency regardless of event magnitude, it also translates
into an increasing change in return period with increasing
magnitude. Surprisingly, this trend reveals a perception
opposite to that projected by a decreasing change in peak
flow magnitude with increasing return period. This new
insight stems from our evaluation of the effects of forest
harvesting on floods and cannot be revealed by ANOVA or
ANCOVA.
[31] We may have identified here the most unfortunate

drawback of chronologically paired event analyses. Extended
ANCOVA conceals the true forests and floods relation.
What extended ANCOVA does not reveal about the effects
of forests on floods (that is, the change in frequency) is
more relevant than what we believed it actually revealed
(that is, the change in magnitude albeit the wrong one) in
many studies spanning several decades. This is a direct
consequence of the inverse and highly nonlinear relation
between magnitude and frequency that cannot be accom-
modated by a regression fit. Such a relation forces this trend
to continue or until the vertical difference between the
frequency relations of Figure 3d vanishes completely. Larger
samples of pretreatment and postharvest simulated peak

flows in snow-dominated catchments showed how such a
‘‘no-effect’’ threshold is not reached even at the 50- and
100-year flood events for a wide range of peak flow metrics
(hourly, daily, or weekly average annual maxima) [Schnorbus
and Alila, 2004, Figure 9; Brooks et al., 2003, Figure 6.2].
Thus a possible ‘‘no-effect’’ threshold return period at
Fool Creek can only be ascertained by a longer record of
peak flows during an unrecovered flow regime (as discussed
further in section 4.2). Although they differ in governing
physical processes, our findings are analogous to the statis-
tical paradigm that helped shape the scientific perception of
the effects of climate change on weather [Katz, 1993]. There
is a strong nonlinear relation between changes in mean and
changes in the probability of extremes [Mearns et al., 1984;
Wigley, 1985], where small changes in mean or in events
larger than the mean can translate to large changes in return
period [Allen and Ingram, 2002; Schaeffer et al., 2005].

4.2. Uncertainties Around the Upper Tails of Sample
Frequency Distributions

[32] In the absence of convincing statistical evidence,
some strongly argue for decision making based on the most
hydrologically plausible view point, even if the hydrologic
information is only of a qualitative nature [e.g., Klemeš,
1974]. Nevertheless, the vertical difference between the
upper tails of the preharvest and postharvest sample cdfs
or the lack of treatment effect for the largest observation on
record (e.g., Figures 2 and 3) cannot be interpreted in terms
of physically meaningful effects without considering several
sources of uncertainty.
[33] First, for any sample size there are uncertainties

associated with the estimation of return periods for the
few largest observations [Stedinger et al., 1993] but espe-
cially the largest observation [Folland and Anderson, 2002].
Our analysis of 27 and 48 years of observed record at Fool
Creek is consistent with the analysis of 100 years of simu-
lated peak flows in a similar snow-dominated watershed by
Schnorbus and Alila [2004]. Both show how the largest
observation is also the only one that fell to or below the
preharvest flood frequency curve. The exact return period of
the largest flood event in a sample of any size cannot be
determined by an empirical plotting position equation. As
such, the plotting position equation could cause a premature
convergence of the two preharvest and postharvest cdfs. We
contend that a negative change in the magnitude of the
largest few events could be real but could also be an artifact
of (1) a mismatch in event return periods (i.e., estimate of
return period at outer tails is uncertain) and/or (2) uncer-
tainties in estimated expected discharges by a regression
model developed based on a short sample of peak flows.
[34] Second, the relatively brief posttreatment observa-

tion period may preclude the occurrence of larger return
period events, which would have better defined the upper
tail of the observed and expected pdf’s. In such case, the
quick convergence of the two cdfs could be an artifact of
sample size. Conclusions on the effect on a 50-year flood at
Fool Creek, for instance, cannot be drawn without extending
the observation period before substantial peak flow regime
recovery, despite the apparent lack of evidence of treatment
effect beyond the 30-year threshold flood (Figure 3d).
[35] Third, even if preharvest and postharvest cdfs con-

verge or intersect around a certain range of small to medium
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return periods, they may start to move farther apart at a higher
range of return periods (as manifested by our Figure 5b of
WS3 and Figure 9 of Schnorbus and Alila [2004]). Breaks
in the slopes of empirical flood frequency curves are
common and have long been attributed to possible threshold
response processes, i.e., mixtures in the flood generation
mechanism [Potter, 1958; Archer, 1989; Alila and Mtiraoui,
2002]. The simple linear regression model used to predict
expected peak flow magnitudes may not be sophisticated
enough to capture such dynamics. This model could intro-
duce errors in predicting larger events, particularly if they
extend beyond the range of the pretreatment calibration data
[Hornbeck, 1973b], as is the case for the largest events
observed at Fool Creek and WS3. In this case, the conver-
gence (or lack thereof) of the observed and expected cdfs
may be an artifact of the pretreatment calibration model.
[36] Fourth, the cdf of the expected peak flows may have

been affected by a loss of variability associated with the use
of the pretreatment calibration equation. This loss of vari-
ability inflates treatment effects more strongly for the few

observations in the upper tail. In our study, we corrected for
the loss of variability created by the use of the calibration
equation to predict the ‘‘raw’’ expected posttreatment peak
flows. At Fool Creek, for instance, our correction shifted the
expected cdf to bring the two cdfs closer to each other but to
a large extent only beyond a return period of 10 (20) years
for the 27-year (48-year) data sets (Figure 4). Correction for
the loss of variability has revealed the obvious: The outer
tails of a frequency distribution are sensitive to even small
changes in variance. This observation underscores the
importance of the relation between forest harvesting and
the variability of peak flows and its effects on the magnitude
and frequency of flood flows, which has been overlooked
by the use of chronologically paired event analyses over the
last several decades (as we further elaborate in section 5).
Despite uncertainties around the upper tails of sample
frequency distributions, we feel that for the same sample
size our Fool Creek results illustrate how frequency-paired
analysis is more revealing about the effect of forest harvest-
ing on larger floods than chronologically paired analysis
methods.

4.3. Harvesting Can Affect Large Floods More So
Than Small and Medium Floods

[37] Data sets of the H. J. Andrews Experimental Forest,
Oregon, provide a unique opportunity to shed light on the
relative effects of roads. This is because WS1 was 100%
clear-cut harvested without the addition of roads while WS3
was roaded and patch-cut to only 25% harvest level. Using a
frequency-paired analysis, treatment appears to have caused
a change in the overall characteristics of the instantaneous
peak flow distribution (Table 1) for the 23 (25) posttreat-
ment years at WS1 (WS3). This is a result of a 34% (27%)
upward shift in mean and a 4% reduction (34% increase) in
variance of the WS1 (WS3) data set. A qualitative cross
comparison of observed and expected pdf’s in Figure 5
illustrates how the frequency of events larger than the mean
has increased. Treatment has shifted all peak flows upward
at both watersheds, except the largest observation on record
at WS1. The combined change in mean and variance at
WS1 and WS3 appears to have roughly doubled the
expected frequency of 3- to 5-year and 5- to 40-year events,
respectively. Results at WS1 (harvesting without roads)
support the hypothesis that the suppression of evapotrans-
piration and changes in snow accumulation and melt fol-
lowing the removal of deep-rooted conifers led to increasing
deep subsurface moisture storage [Adams et al., 1991; Harr,
1977]. Our results do not unconditionally support the
contention that forest removal without roads has no effect
on floods beyond a 15-year return period, despite the
apparent lack of evidence of treatment effect on the largest
flood observation on record (Figure 5a). As discussed
earlier, this could be an artifact of the uncertainty induced
by the plotting position equation [Stedinger et al., 1993] in
combination with the confounding effects of a small sample
size. In fact, while the largest storms on record occurred at
WS3 in 1964 and 1965 immediately after logging (Figure 5b),
WS1 was still being logged at that time (logging occurred
between 1962 and 1966) and thus peak flows from those
years were not included in the WS1 time series. This
omission affects the whole time series and the effect of
treatment at WS1 on the largest floods therefore remains
somewhat inconclusive.

Figure 4. Flow duration curve analysis for observed,
expected (raw), and mean expected recovery adjusted daily
peak flows at Fool Creek (a) 27 years posttreatment (1957–
1983) and (b) 48 years posttreatment (1957–2004). Ninety-
five percent confidence limits are estimated from the
combined predictive uncertainty of the pretreatment cali-
bration regression and sampling variability of the plotting
position estimate.
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[38] The addition of roads to partial clear-cutting in WS3
appears to have produced a different peak flow response (a
pronounced increase in variance) from clear-cutting alone in
WS1. Roads at WS3 have increased the stream network
density by 21–50%, possibly speeding the watershed re-
sponse by converting subsurface flow pathways to surface
flow pathways [Wemple et al., 1996]. In addition, large
road-related debris flows in 1964 may have enhanced road
and cutting effects in WS3 due to possible channel scouring
to bedrock [Jones and Grant, 1996]. The results of our
analysis at WS3 support these physical lines of reasoning,
which may explain why roads either directly (rerouting
subsurface flows to the stream network) and/or indirectly
(scouring of streams by debris flows) have contributed to
increasing peak flow variability.
[39] Treatment effect fluctuates with increasing return

period for WS1 and WS3 (Figure 5), which could be an
indication of treatment affecting peak flows in various ways
through diverse physical processes (driven by rain, rain on
snow, or snowmelt and occurring in the winter, summer, or

fall). As discussed earlier, irregularities in the slopes of
empirical cdfs have previously been attributed in part to
a mixture of frequency distributions describing different
hydroclimate flood-generation mechanisms [e.g., Potter,
1958; Alila and Mtiraoui, 2002]. Posttreatment processes
at WS3 may have contributed to sustained increases in the
largest peak flows on record as illustrated by the divergent
preharvest and postharvest cdfs in Figure 5b. Notwithstand-
ing the sampling uncertainty in the upper tails of frequency
distributions discussed in section 4.2, this is an incidence
where physical justifiability may play a significant role
[Klemeš, 1974]. The sensitivity of the upper tail of a
frequency distribution to a combined increase in mean
(27%) and variance (34%) may have created the opportunity
to observe such an intriguing trend. This divergent trend is a
new insight that stems out of our evaluation of the effects of
forest harvesting and cannot be revealed by ANOVA or
ANCOVA. This further substantiates how larger events can
be more sensitive to a simultaneous increase in mean and
variance (WS3) than in mean alone (WS1) [Katz and Brown,
1992].

4.4. How Long Do Changes in Frequency Persist After
Harvesting?

[40] Whether peak flow time series are adjusted or
unadjusted for recovery, one must use a frequency-paired
approach. Flow duration curve analysis of a single historic
time series of peak flows, changing in time because of forest
regrowth, however, cannot be used to properly assess
hydrologic recovery. Many should be skeptical about com-
parisons of probability statements based on flow duration
curves since the probabilistic interpretation of time series
unadjusted for recovery is compromised in proportion to the
departure of the underlying data from stationarity. As
mentioned previously, nonparametric statistical tests of
‘‘raw’’ observed peak discharge series suggest that each of
these can be considered stationary, but forest regrowth, slow
as it might be, must have an effect on the peak flow regime.
For illustrative purposes only, we show our flow duration
curve analysis of the recovery-unadjusted peak flow data
sets without making any claims about its scientific defen-
sibility. Treatment continues to cause a change in the overall
characteristics of the frequency distribution of unadjusted
peak flows for the 23 (25) years of posttreatment data at WS1
(WS3) (Table 2). Treatment also shifts peak flow observa-
tions upwards for all return periods at WS3 (Figure 6b), but
only up to the 5-year return period event at WS1 (Figure 6a).
Treatment also continues to cause a change in the overall
characteristics of the frequency distribution of unadjusted
peak flows at Fool Creek (Table 2) and shifts peak flows
upward for all return periods apart from the largest two
observations (Figure 7).
[41] These results are still revealing despite being tainted

by peak flow time series that are not perfectly stationary. This
is especially the case when the largest observations on the
postharvest cdf are evenly spread throughout the postlogging
period. At Fool Creek, for instance, the fourth largest event
on the postharvest cdf occurs in 1958 in the 27-year, but in
1997 in the 48-year time series analyses (Figures 7a and 7b)
with a small yet similar change in magnitude, suggesting a
lack of recovery even 41 years after treatment. Differences
between Figures 4 and 7 support the hypothesis that forest

Figure 5. Flow duration curve analysis for observed and
mean expected instantaneous recovery adjusted peak flows
at (a) WS1 23 years posttreatment (1966–1988), and (b) WS3
25 years posttreatment (1964–1988). Ninety-five percent
confidence limits are estimated from the combined pre-
dictive uncertainty of the pretreatment calibration regression
and sampling variability of the plotting position estimate;
inset charts illustrate treatment-induced shifts in pdf’s.
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regrowth at Fool Creek has mitigated some of the changes in
flood magnitude but that the high elevation, cold and dry
climate, and snow environment may have caused changes in
flood frequency to persist 50 years after logging. Roughly, a
10-year has still become a 5-year and a 30-year has become a
20-year event (Figure 7). Similarly, some regrowth of
vegetation at WS1 [Halpern, 1989] appears to have miti-
gated the effects on the magnitude of peak flows (Figures 5a
and 6a). At WS3, a 2-year has still become a 1-year and a
40-year has become a 15-year (Figures 5b and 6b). The lack
of recovery of road effects at WS3 [Gucinski and Furniss,
2000] would be expected to cause the changes in historic
return periods to persist for decades after logging or until the
roads are decommissioned. Such contentions, however, may
only be ascertained with a longer record that captures floods
in the frequency range of the 1964 and 1965 events at WS1
and WS3. The state of flow regime recovery at any point in
time after logging or the complete return of a watershed to
preharvest conditions can only be fully investigated using
multiple time series of peak flows, each representing a

different but static stage of forest growth in a watershed
driven by the same long-term climate input. Such an
experiment is feasible only through a numerical modeling
exercise.

5. Discussion

5.1. Decades of Science Misguided by the Irrelevant
Research Hypotheses

[42] The few earlier studies that complied with the strict
rules of ANCOVA, directly or indirectly, cautioned not to
extend the method to events larger than a mean [Hewlett
and Helvey, 1970; Troendle and King, 1985; Harris, 1977].
Harris [1977], for instance, categorically noted that it is
invalid to use ANCOVA for anything other than quantifying
the effect of forest harvesting on an average response. The
extension of ANCOVA, however, was later indoctrinated
on the grounds that (1) analysis of the mean of a naturally
variable watershed response masks the importance of indi-
vidual events, and (2) postharvest peak flow time series are
nonstationary [Beschta, 1978, p. 1015]. Ironically, the same

Figure 6. Flow duration curve analysis for observed and
expected recovery unadjusted peak flows at (a)WS1 23 years
posttreatment (1966–1988), and (b) WS3 25 years posttreat-
ment (1964–1988). Ninety-five percent confidence limits are
estimated from the combined predictive uncertainty of
pretreatment calibration regression and sampling variability
of the plotting position estimate; inset charts illustrate
treatment-induced shifts in pdf’s.

Figure 7. Flow duration curve analysis for observed and
mean expected unadjusted daily peak flows at Fool Creek
(a) 27 years posttreatment (1957–1983), and (b) 48 years
posttreatment (1957–2004). Ninety-five percent confidence
limits are estimated from the combined predictive un-
certainty of the pretreatment calibration regression and
sampling variability of the plotting position estimate.
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rationale can be used against the extension of an analysis
meant only for the comparison of means: (1) Watershed
response is mainly stochastic, but the evaluation of individ-
ual events, as in, for example, the extended ANCOVA of
Beschta et al. [2000] and Moore and Scott [2005], treats this
response in part as a deterministic process. ‘‘If we are
interested in identifying extremes in a collection of param-
eters, the focus of statistical analysis must shift from
individual values to the group as a whole’’ [Link and Sauer,
1996, p. 1633]. (2) If there is no intention of extrapolating
beyond the observed record, an evaluation of historic
frequencies affected by harvesting using empirical ranking
methods of recovery-adjusted peak flows is well established
in several disciplines, and has been reported to be suitable
for providing ‘‘initial, reasonably self-consistent estimates
of percentiles or return periods’’ [Folland and Anderson,
2002, p. 2955]. If extrapolation is necessary, however, there
are frequency analysis techniques to accommodate non-
stationarity caused by forest regrowth [e.g., Katz et al.,
2002; El Adlouni et al., 2007].
[43] It is arguably obvious that forest harvesting alters

processes generating peak flows in ways that change not
only event magnitude but also its rank order. It is neither
obvious nor possible, however, to quantify and physically
explain a forest-harvest-induced change in the magnitude
and frequency of a specific flood event, or identify the
‘‘no-effect’’ threshold flood, outside the framework of a
frequency distribution due to the highly nonlinear linkage
between magnitude and frequency. The prevailing reduc-
tionist and deterministic approach to our research continues
to shape the way we define, attempt to understand, and
communicate hydrology and how it is affected by forest
harvesting and deforestation through reasoning around
individual processes [e.g., Gilmour et al., 1987; van Dijk
et al., 2008] and the examination of single peak flow events
[e.g., Beschta et al., 2000; Moore and Scott, 2005] one at a
time. Eaton and Church [2001, p. 33], for instance, state,
‘‘Certainly, to identify the physical processes responsible for
particular hydrological behaviour, it is necessary to analyze
individual events in detail.’’ We caution that the physical
cause behind a difference in magnitude for a chronologi-
cally paired peak flow event can be misleading because the
frequency (magnitude) of a specific flood event depends not
only on its own magnitude (frequency) but also on the
magnitude (frequency) of all other flood events in the entire
observed record. Contrary to the dominant yet irrelevant

research hypothesis conventionally tested by chronological
pairing, our purely stochastic forests and floods research
hypothesis, evaluated via frequency-paired event analysis,
constrains us to compare two events of equal frequency that
do not necessarily belong to the same category of meteoro-
logical events from a physical standpoint. On an earlier draft
of this manuscript, one anonymous referee made the com-
ment that this does not sound like an advantage from the
viewpoint of understanding the effects of deforestation on
runoff processes. We argue that research hypotheses are not
meant to be adopted just for convenience.
[44] Hewlett and Helvey [1970] once recognized that the

combination of hydrometeorological processes producing
peak flow responses (similar by return period) at the outlet
of each watershed is of importance in physically explaining
treatment effect on the flood response of a watershed. Paired
preharvest and postharvest floods may be derived from
completely dissimilar antecedent hydrometeorological con-
ditions. In snow and transient snow regimes, a difference in
the frequency of such floods may be caused by altered
antecedent snowpack conditions and snow surface energetics.
In rain regimes, a difference in the frequency of such floods
may be caused by changes in antecedent soil moisture
storage and storm input. A frequency-paired event analysis
may therefore lead to new ways of perceiving forest and
flood relations not only in snow and transient snow hydro-
climates but even in the least expected case of forest cover
removal or changes with and without roads in some pure
rain-dominated regimes.
[45] Hewlett and Helvey [1970], for instance, never ruled

out a strong connection between tree felling without roads
and floods in the Coweeta paired watershed experiment of
the southern Appalachian Mountains of western North
Carolina (a rain-dominated study site with no pronounced
annual wet and dry periods, where large floods can occur
any time of the year [Eisenbies et al., 2007], and where
forests cause persistent year-round soil moisture deficits
[Hornbeck, 1973a]). Hewlett and Helvey [1970, p. 779]
acknowledged that chronological pairing addresses ‘‘only
part of the complex role of land use on floods.’’ They left the
more complex part of the question open because they were
once convinced that the only way to answer it is by invoking
changes to the frequency of floods, when they stated

The second and more difficult question concerns the frequency with
which a combination of hydrologic depth factors, antecedent water
storage, precipitation intensity, and forest removalmight seriously affect

Table 2. Relative Change in Sample Statistics and Statistical Testing for Raw (Recovery-Unadjusted) Peak Flowsa

Watershed

WS1
(1966–1988)

WS3
(1964–1988)

Fool Creek
(1957–1983)

Fool Creek
(1957–2004)

Statistic
Mean (%) 25% 19% 19% 17%
Variance (%) �15% 28% �29% �18%
Sample size (n) 93 91 27 48

Test
Two sample K-S (D) 0.3763b 0.2527c 0.2593 0.2292
Wilcoxon signed-rank (Z) 8.1728b 8.278b 4.1924b 5.6257b

aRelative to mean expected samples. H0: observed sample derives from the same population as the mean expected sample. Significant at p < 0.05.
bSignificant at p < 0.01.
cSignificant at p < 0.001.
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flooding and flood damage downstream. . .. It appears that even under
the humid climate of the southern Appalachians moisture deficits on
forested slopes have a persistent year-round effect on quick flow, if not
on storm peaks. . .. Therefore forest vegetation plays a definite role as a
practical factor in downstream flooding even where cutting does not
disturb the soil’s infiltration capacity.

[46] Ironically, Hewlett and Helvey [1970] continues to
be dubiously cited as one of the benchmark studies in
support of the current scientific perception as best illustrated
by this quote: ‘‘Studies in America [Hewlett and Helvey,
1970], and south Africa [Hewlett and Bosch, 1984] were
amongst some of the first to question the importance of the
link between forest conversion and flooding’’ [FAO-CIFOR,
2005, p. 5]. Flow duration curve analysis using some
25 years of data revealed how the conversion of two mixed
oak and hickory-covered watersheds to white pine stands, also
at the rain-dominated Coweeta, decreased peak flows across
the full range of historic frequencies up to and approximately
the 25-year event (Swank and Vose [1994]; also cited byRiedel
et al. [2005]). To use the terminology of Kuhn [1970], such a
rare frequency-based ‘‘anomaly’’ in decades of published
‘‘normal’’ science (misguided by the wrong type of research
hypotheses as a result of chronological pairing) begs the
question, Could this pattern extend to larger return periods if
we have a longer simulated or observed record that captures
the effect of forests on larger floods?

5.2. The Lost Dimension of Frequency in the Science of
Forests and Floods

[47] ANCOVA and ANOVA have fueled the scientific
debate on a topic historically recognized as being a ‘‘high-
level political arena’’ in the United States [Hirt, 1994] and
globally [Ives, 2006, p. 187]. ANOVA [e.g., Jones and
Grant, 1996] and extended ANCOVA [e.g., Thomas and
Megahan, 1998; Beschta et al., 2000; Moore and Wondzell,
2005; Moore and Scott, 2005] type analyses are both based
on the same inappropriate chronological pairing. Neither
method was designed to reveal changes in flood frequency
or leads to correct changes in flood magnitude (because
magnitude and frequency are decoupled). Published paired
watershed studies rarely invoke changes in frequency, and
since reported changes in magnitude are based on chrono-
logical pairing, frequency changes cannot be inferred indi-
rectly. Frequencies invoked in a few studies [Thomas and
Megahan, 1998; Beschta et al., 2000; Lewis et al., 2001;
Moore and Wondzell, 2005] had used inappropriate surro-
gates of event size since return period estimates were based
on the ranking of control watershed peak flows.
[48] Our results show how changes in frequency are an

essential, yet long-ignored dimension in the analysis of the
relation between forest harvesting and floods. Of equal
importance, our study illustrates conceptually and empiri-
cally how a change in flood magnitude, estimated by the
chronologically paired analyses of ANOVA and extended
ANCOVA, is incorrect and can be misleading. Our frequency-
paired event analyses at Fool Creek and WS3 project a
scientific perception that is inconsistent with the outcomes
of most previous studies utilizing extended ANCOVA
(summarized in several reviews such as Troendle et al.
[2001], MacDonald and Stednick [2003], Eaton and Church
[2001], Scherer and Pike [2003],Moore andWondzell [2005],
Troendle et al. [2006], and Grant et al. [2008]). Our analysis
has demonstrated for the first time that a snow-dominated

paired watershed study revealed a substantial change in
frequency to events as large as 13-year (becoming a 6-year),
19-year (becoming a 9-year) and 30-year (becoming a
14-year) floods. Although our analysis at Fool, with only
48 years of record, introduces some sampling uncertainty,
larger samples of preharvest and postharvest (with no roads)
simulated peak flows in snow-dominated catchments
showed how this changing pattern of event return period
may not actually end at the 30-year but can extend to the
50-year and 100-year events [Schnorbus and Alila, 2004,
Figure 9; Brooks et al., 2003, Figure 6.2]. Forest harvesting
at Fool Creek shifted all peak flows upward even though only
the mean of the frequency distribution increased, while
variance decreased. If harvesting increased the variance at
Fool Creek, the changes to larger floods could have been
more substantive (as we illustrated for WS3). It is possible
that changes to the frequency distribution of peak flows at
Fool Creek are predominantly caused by timber removal
because, as mentioned earlier, all spur roads (72% of the
entire road network) were decommissioned immediately after
logging [Alexander and Watkins, 1977].
[49] The data sets of WS1 and WS3 have been analyzed

by three different research groups without consensus on
treatment effect for ‘‘larger’’ events [Jones and Grant,
1996; Thomas and Megahan, 1998; Beschta et al., 2000;
Jones, 2000; Jones and Grant, 2001; Thomas and Megahan,
2001]. Jones and Grant [1996] analyzed the same data sets
using ANOVA and concluded the following: (1) ‘‘forest
harvesting has increased peak discharges by as much as
50% in small basins’’ (p. 959), (2) ‘‘the major mechanism
responsible for these changes is the increased drainage
efficiency of basins attributable to the integration of the
road/patch clear-cut network with the pre-existing stream
channel network’’ (p. 972), and (3) ‘‘the statistical analysis
strongly suggests that the entire population of peak dis-
charges is shifted upward by clear-cutting and roads; we
see no reason to expect the biggest storms to behave differ-
ently from the rest of the population’’ (p. 972). Thomas and
Megahan [1998] reanalyzed the same data sets with extended
ANCOVA and reacted: (1) ‘‘Jones and Grant (1996) con-
clusions were not supported by their study results’’ [Thomas
and Megahan, 2001, p. 181], and (2) ‘‘Our re-analysis of
small basin responses showed a rapid drop in relative peak
flow increases for increasing peak flows with no statistically
significant increases detectable above less than bankfull
levels (2-year return interval) on either study watershed
[Thomas and Megahan, 1998, Figures 3a and 3b]’’ [Thomas
and Megahan, 2001, p. 182]. Beschta et al. [2000] also
reanalyzed the same data sets with an extension of ANCOVA
and concluded, ‘‘results also indicate that peak flow increases
are not evident for events greater than a 5-yr return interval
for watersheds WS1 and WS3’’ (p. 117).
[50] Our frequency-paired analysis presented in Figure 5b

reveals that the entire sample of peak discharges was indeed
shifted upward by clear-cutting and roads and that the
biggest floods (events with approximate return intervals of
10–40 years) can even be more affected than the small and
medium floods (1-year to 5-year events). Verry et al. [1983]
used frequency analysis of a shorter paired watershed data
set and revealed how rain-induced 10-year peak flows were
affected more than the 2-year peak flows after the removal
of aspen from a 23.2-ha watershed at the Marcell Experi-
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mental Forest, Minnesota. La Marche and Lettenmaier
[2001] also came to similar conclusions using a frequency
analysis of model-simulated preharvest and postharvest
(with roads) peak flows in a 149-km2 dominantly transient
snow subcatchment of the Deschutes River, Washington.
For a 25-km2 snow-dominated catchment in British Columbia,
Canada, Schnorbus and Alila [2004] revealed through a
longer record of simulated peak flows how preharvest and
postharvest (with no roads) frequency curves diverge and
how the presumed ‘‘no-effect’’ threshold flood is not
reached even at the 50- and 100-year return periods. We
emphasize, however, that the same contention cannot be
supported by the ANOVA analysis of Jones and Grant
[1996] for the same argument used by Thomas and Meghan
[2001, p. 182], namely, ‘‘J&G provided plots of treatment
effect by event sizes and highlighted the 10 highest events
for each small watershed [Jones and Grant, 1996, Figures 5
and 6]. There is no indication of treatment effects on these
plots for the large events.’’ This clearly illustrates how the
large preharvest events that were either unaffected or
reduced by harvesting were used under chronological pair-
ing to support the claim that logging does not affect the
observed flood flows on record. Under frequency-pairing,
those same large preharvest events, by competing for rank in
the treated watershed with preharvest medium-sized events
that were amplified by logging to a similar magnitude, now
contribute to the support of our opposite assertion, namely,
forest harvesting can affect the observed flood flows on
record (even if we disagreed on their exact return periods).
[51] Our analysis of recovery-adjusted peak flows in

WS3, which are representative of the period immediately
following treatment, shows that logging and roads roughly
change a 2-year event into a 1-year event, but could also be
changing a 40-year event into a 15-year event (Figure 5b).
This trend calls for further scrutiny since it could continue
for larger events if more data were collected without altering
the current state of roads. Roads cause more permanent
physical changes to watersheds, and the effects are not
expected to recover at the same rate as forest stands [Gucinski
and Furniss, 2000]. Our flow duration curve analysis of the
borderline stationary time series of recovery-unadjusted peak
flows points to the possibility that ‘‘hydrologic recovery’’ at
WS3 and Fool may have mitigated some of the effect on the
magnitude of floods, but the effect on event frequencies
may persist for decades after harvest. Thomas and Megahan
[1998], for instance, predicted with extended ANCOVA that
statistically, WS3 had recovered within the first 10 years
following treatment. It appears as if ‘‘statistical insignifi-
cance,’’ often used as a reason for dismissing the impact on
floods, is not as scientifically or practically relevant in an
evaluation that focuses only on a change in magnitude, as in
ANOVA and extended ANCOVA. This underscores the
importance of changes in frequency in the investigation of
the relation between forest harvesting and floods. It also
clearly illustrates how profound the implications of over-
looking changes in frequency can be as small changes in
flood magnitude can translate into large changes in their return
periods and the larger the flood event the more substantial is
the change in event return period (e.g., Figures 3d and 5b).
Our study points to the urgent need for more research due to
the possible profound implications on larger watersheds
either as a result of conventional forest harvesting and

deforestation practices or as a consequence of the current
massive and unprecedented forest epidemics that have rav-
aged the landscape in North America from New Mexico to
British Columbia [Struck, 2006; Robbins, 2008].

5.3. The Prevailing Scientific Perception Is Not Right:
It Is Not Even Wrong

[52] The convergence of flood frequency models appears
to have been confused with the convergence of two regres-
sions in extended ANCOVA. The use of the latter has
resulted in forest hydrologists always maintaining that forest
harvesting does not affect large events [e.g., Troendle and
Stednick, 1999; Troendle et al., 2001; Calder, 2005, Figure
2.6; MacDonald and Stednick, 2003; Troendle et al., 2006].
A common line of reasoning used in the literature in support
of such a contention is provided by Troendle et al. [2006, p.
12], which incidentally refers to our Fool Creek: ‘‘. . .In the
case of Fool Creek, peak flow increased an average of 20
percent (see Figure 4). However, the 3 largest peaks of the
posttreatment period from 1967–1998 were not significant-
ly increased.’’ In such a line of reasoning, a ‘‘large’’ event is
again defined based on the ranking of peak flows from a
control watershed. This is analogous to a flood-control
engineer notifying a community living in the floodplain of
a treatment watershed to evacuate only as a result of a large
event in a neighboring control watershed; however, a
medium-sized event in the control could correspond to
one of the largest events in the treatment, and unexpectedly
flood the community because harvesting has changed the
frequency of larger floods. We contend that the convergence
of two conceptual regression lines imposed by chronolog-
ical pairing is a nontestable hypothesis; and while it may be
physically meaningful, it does not necessarily translate into
the presupposed convergence of two flood frequency rela-
tions, and is therefore misleading. Shermer [2006] states,
‘‘In science, if an idea is not falsifiable, it is not that it is
wrong, it is that we can not determine if it is wrong, and
thus it is not even wrong.’’ Our case against the flawed
concept of chronological pairing and associated extended
ANCOVA and ANOVA methods is a reminder of Pauli’s
proverb: ‘‘This isn’t right. It’s not even wrong.’’
[53] Harr [1986, p. 1096] raised serious concerns about

interpreting the convergence of two regression fits to mean
that forest harvesting does not affect larger floods, emphat-
ically categorizing this type of interpretation as ‘‘irrelevant.’’
Convergence nevertheless continues to be used in support of
the contention that the often ambiguously defined larger
floods are not affected, while forest harvesting may increase
small- and medium-sized peak flows [e.g., Thomas and
Megahan, 2001; Troendle et al., 2001; MacDonald and
Stednick, 2003; Calder, 2005; Eisenbies et al., 2007;
Stednick, 2008a, 2008b]. The incorrect interpretation of
convergence has forced a ‘‘no-effect’’ return period thresh-
old to be as small as a 2-year [Thomas and Megahan, 2001,
p. 182; MacDonald and Stednick, 2003, p. 13], 5-year
[Beschta et al., 2000, p. 117], and 10-year [Calder, 2005,
Figure 2.6] event. The convergence of two regression lines
has emerged as a universal and seemingly irrefutable
phenomenon since only a few studies have led to divergent
fits [e.g., Harr et al., 1979; King, 1989], some of which
were questioned on various counts [e.g., Harr et al., 1979;
Wright et al., 1990] or considered ‘‘suspect’’ [e.g., Grant et
al., 2008, p. 14]. The results of frequency analyses in our
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study illustrate how such convergence is indeed irrelevant:
Even when the postharvest events chronologically paired
with the largest preharvest events in the control watershed
are not increased, or are reduced, forest harvesting can still
increase the frequency and magnitude of peak flows that
have become some of the largest on record in the treatment
watershed (contrast our Figures 3a with 3b, and Figures 3c
with 3d for Fool Creek, and our Figures 5b and 6b with
Figures 2 and 3b of Thomas and Megahan [1998], and
Figure 6 of Jones and Grant [1996] for WS3).
[54] Harr’s [1986] diagnosis of a problem with the

extended ANCOVA is correct but the author’s remedy of
applying a chronologically paired event analysis to only the
largest events on record, which are dominated by a rain-on-
snow regime, is inappropriate. In fact, a separate evaluation
of any subsample of peak flows classified by size or
generation mechanism outside the framework of the fre-
quency distribution may be viewed as leading to the logical
fallacy of composition [e.g., Harr, 1986; Jones and Grant,
1996; Jones, 2000]. The same could be said of any
preconceived conceptual line of reasoning around an indi-
vidual peak flow event [e.g., Meyer, 1928; Zinke, 1965;
Jeffrey, 1970] or an actual analysis of individual chrono-
logically paired events [e.g., Swanson and Hillman, 1977;
Storck et al., 1998; Whitaker et al., 2002; Ranzi et al., 2002]
outside the framework of a frequency distribution. We agree
with Harr’s diagnosis, but would like to raise the ante: The
inappropriate type of pairing of peak flows in ANOVA and
extended ANCOVA studies may have led to a paradigm
best described as being systematically misdirected by log-
ical fallacies.

5.4. Chronological Pairing: A Paradigm for Low
Power and Misleading Measures of Effect Variability

[55] Historically, a seemingly increased ‘‘variability’’ of
peak flows with a ‘‘negligible’’ change in mean, detected
under chronological pairing, has been interpreted to imply
that the effect of logging is simply ‘‘unpredictable’’ (e.g., R.
D. Harr (presented paper, 1979); also quoted by Hewlett
[1982, p. 557]). Conceptually, however, a change (or lack
thereof) in the mean of a frequency distribution is not the
only proxy of changes in the magnitude and frequency of
larger events [Schaeffer et al., 2005]. This fact has been
overlooked because we have always reasoned around chro-
nological pairing and as such placed exclusive focus on
changes in flood magnitude and not frequency.
[56] Studies from contrasting hydroclimate regimes in the

United States and Japan had concluded, albeit using chro-
nological pairing, that forest harvesting increased the vari-
ability of peak flows [e.g., Hewlett and Helvey, 1970;
Nakano, 1971; Hornbeck, 1973a; Hewlett, 1982; R. D.
Harr, presented paper, 1979]. The high variability of water-
shed response to harvesting under the conceptual frame-
work of chronological pairing has puzzled forest
hydrologists for decades [e.g., Hewlett and Helvey, 1970;
Swindel and Douglass, 1984; Troendle and King, 1985;
Harr, 1986; Andréassian, 2004; Eisenbies et al., 2007].
Eisenbies et al. [2007, p. 81], for instance, report on Hewlett
and Helvey [1970]:

Hewlett and Helvey [1970] observed a 22% increase in stormflow
volume at Coweeta during two separate events that approached the
7-day, 100-year return period for rainfall, seemingly to imply that
forestry affects larger events; however, they did not draw this conclu-

sion. They were less certain about the effects of forest clearing on peak
flow, except that the variability of larger peakflows increased. The
residuals from the two events represented the largest positive and
negative deviations from the regression line.

[57] Andréassian [2004, p. 12] reports on Troendle and
King [1985] and incidentally on forest harvesting effects at
Fool Creek: ‘‘. . .while the hydrological impact of treatment
remains constantly positive for the annual flow over the
30 years, it becomes negative in some years for the flood
flow and especially for the flood peak (i.e. in these years,
the effect of cutting the forest was to decrease the flood
intensity!).’’ We emphasize that a decrease in magnitude
under the chronological pairing framework while physically
meaningful is not necessarily equivalent to a decrease in
magnitude under the frequency pairing domain.
[58] In many studies, the variability of chronologically

paired peak flow response to harvesting was viewed as a
nuisance and was suppressed by logarithmic transformation
of the data from the outset [e.g., Thomas, 1990; Wright et
al., 1990; Jones and Grant, 1996; Thomas and Megahan,
1998; Beschta et al., 2000; Jones, 2000; Lewis et al., 2001;
Guillemette et al., 2005]. This was often required to obtain a
tighter posttreatment relation between the expected and
observed peak flows in extended ANCOVA, and to satisfy
the basic assumptions of normality and homogeneity of
variance in both ANOVA and ANCOVA analyses.
[59] Our frequency-paired event analyses illustrate how

the difference in preharvest and postharvest variability of
peak flows at WS3 appears to be a critical, if not the most
essential, aspect of the investigation and may be a keystone
to any physical understanding and prediction of the effects
of forest harvesting on larger floods. It is vital to point out,
however, that chronological pairing must not be used to
quantify a change in the variance of the frequency distri-
bution of peak flows. A chronologically paired difference in
peak flow magnitude between control and treatment water-
sheds will always be more variable after harvest, because
the rank order of a peak flow event changes even if
treatment increased only the mean of the frequency distri-
bution. In this case, such an increase in variability is simply
an artifact of the inappropriate type of pairing and is not
equivalent to a forest-harvest-induced increase in variance
of the frequency distribution of peak flows. For instance,
although chronological pairing revealed that forest harvest-
ing at Fool Creek caused a substantial increase in the
variability of the difference in magnitude between control
and treatment peak flow responses (Figure 3a), only the mean
of the frequency distribution of peak flows had increased,
while the variance had actually decreased (Table 1). In
addition, Figure 3c of Fool Creek illustrates how the relation
between return period and the relative change in peak flow
shows substantially less scatter in the frequency-paired
domain. The frequency-paired analysis exhibits a stronger
relation than the chronologically paired analysis (Figure 3c),
which makes the former statistically more powerful in
detecting peak flow changes. This is further corroborated
by the differences in the width of the two confidence bands
and in the number of points lying within and outside these
limits (Figure 3e). Since chronologically paired analysis
has dominated research methods in forest hydrology, it
may explain why hydrologic responses of forested water-
sheds to silvicultural practices have been, and continue to
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be, characterized as ‘‘highly variable, and for the most part
unpredictable’’ (Hibbert [1967, p. 535], echoed by Eisenbies
et al. [2007]; R. D. Harr (presented paper, 1979), echoed by
Hewlett [1982, p. 557]; Leopold [1972], echoed by Jones
[2000]). Thomas and Megahan [1998] dismissed their rela-
tions between forest harvesting and peak flows in larger
watersheds, and those of Jones and Grant [1996], in part
because of a lack of statistical significance and predictive
capability. Both studies, however, overlooked the fact that
chronological pairing introduces an artificial level of effects
variability which results in reducing statistical power. The
time has come to end the unprecedented state of confusion
in the science of forests and floods caused by the inappro-
priate type of event pairing.

5.5. Floods in a Changing Land Use: Variability Is
More Important Than Averages

[60] Ecologists have recognized that a change in variance
caused by an environmental disturbance cannot be detected
by a BACI design [Underwood, 1991, 1994]. Nevertheless,
they have realized the importance of flow variability to the
integrity of stream aquatic ecosystems in science [Poff et al.,
1997] and management [Landres et al., 1999]. The climate
change community was also long ago introduced to a new
statistical paradigm that helped shape the current perception
of the relation between climate change and weather
extremes, which is underpinned by the tenet ‘‘variability
is more important than averages’’ [Katz, 1993; Katz and
Brown, 1992]. In forest hydrology, on the other hand, little
attention has been paid to possible changes in the variability
of peak flows, and most important, no attention has been
paid to its implications on the magnitude and frequency of
larger floods. This lack of attention is evident in most
experimental paired watershed and some numerical model-
ing studies [e.g., Storck et al., 1998; Whitaker et al., 2002;
Waichler et al., 2005; Tonina et al., 2008] and is, at least in
part, a consequence of our deep-rooted focus on regression
rather than probability distribution models and on changes
in magnitude rather than frequency. Hewlett [1982, p. 553],
for instance, summarizes a landmark paired watershed study
in Japan:

Some excellent data was collected in Japan in an effort to relate
stormflow volumes and peaks to clearcutting [Nakano, 1971]. . ..The
net result seems to be a large increase in the variance of peaks and
volumes. . .. These data would be worth reanalyzing by more advanced
regression techniques, for they appear to have been collected carefully
over many years.

[61] Archer [2007, p. 5] documented in novel ways how
an increase in flow variability in the rain-dominated
Plynlimon paired watershed experiment in mid-Wales is
related to forest land use and to our knowledge, for the first
time in forest hydrology literature, points out, albeit in
qualitative ways, what most would consider in hindsight
an obvious but critical linkage:

Whilst flow variability (or flashiness) is related to the frequency and
magnitude of flood flow, it is an important property in its own right
with respect to influence on sediment transport. . .channel morpho-
logy. . .and river ecology.

It is clear that knowledge about how forest land use can
affect the overall characteristics of flood frequency
distributions (not just mean and variance) is critical to any

assessment of the societal and environmental impacts of
forestry and deforestation.
[62] Despite the drawbacks, paired watershed studies

could be a good source of data for quantifying treatment
effect on variance, but may only continue to be useful if
observation periods are extended to collect more extremes
with concurrent suppression of posttreatment vegetative
growth. The latter option, to our knowledge, has rarely
been considered in such experimental designs for either
regulatory or environmental reasons. Potential threshold
processes or nonlinearity in the response of a watershed
[Eisenbies et al., 2007] underscores the need for longer
pretreatment observation period. This would allow for a
better characterization of the nature of the relation between
peak flow responses in control and treatment watersheds. A
longer posttreatment observation period during which treat-
ment has a sustained effect is also necessary [Hornbeck,
1973b]. If treatment increases variability, then the observed
posttreatment cdf may shift upward at the upper tail. This
makes it possible for the observed and expected cdfs to
diverge or move farther apart at higher return periods, as
appeared to be revealed by our analysis of WS3.

5.6. Convenience of Chronological Pairing Stifled the
Progress of Science

[63] Hewlett [1982, p. 557] reviewed the state of science
using small paired watershed studies of the day and despite
disparate scale mismatch, widely extrapolated their out-
comes to larger river basins. Hewlett [1982], nonetheless,
had been for decades, and continues to be, a commonly
cited manifesto for advocating worldwide policies that are
based on a ‘‘no evidence’’ of a relation between forests and
floods in large basins [e.g., Hamilton, 1985, 1987, 1988,
1992, 2008]. Hamilton [2008, p. 6], for instance, states,

Hewlett [1982] reviewed the evidence from watershed research world-
wide and reported that no cause and effect was demonstrated between
forest cutting in the headwaters and floods in the lower basin. No
conflicting information has been published since,more than 20 years later.

This is, however, a consequence of the preponderance of
chronological pairing outcomes in the literature, which
continues to create a sense of complacency and derail the
progress of science on this topic in small and large basins,
as evidenced by the following [Thomas and Megahan,
2001, p. 182]:

. . . Given the clear trends that are shown, we maintain that large
sample sizes of extreme events are not needed to make inferences
about their relative effects

and [Beschta et al., 2000, p. 118]

. . . it does not appear that the hypothesis of large increases in flood-
size peak flows as a result of past and current forest land management
practices should rank high on the list of future research questions.

[64] It is clear how chronological pairing has impaired our
ability to extrapolate the outcomes of small paired watershed
studies to the more relevant larger multiple land-use water-
sheds. This has led to commonly repeated dogmatic state-
ments such as the following [Calder et al., 2007, p. 945]:

Now forest hydrologists generally agree that, although forests mitigate
floods at the local scale and for small to medium-size flood events,
there is no evidence of significant benefit at larger scales and for larger
events.
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Such a dominant perception, however, has been shaped by
evaluation methods and conceptual lines of reasoning that
focus solely on a change in magnitude with no considera-
tion for any changes in flood frequency. Forest cover has no
effect on the frequency of a flood only when a watershed
starts responding as a parking lot in accordance with the
rational method. For decades, Hewlett has challenged the
underlying assumptions behind such ‘‘engineering hydro-
logic orthodoxy’’ [Jackson et al., 2005, p. 2095] for forested
watersheds, yet it appears that over 4 decades of ANOVA
and extended ANCOVA applications in forest hydrology
research are based on some of the same assumptions.
[65] Hewlett and Helvey [1970] once warned that down-

stream flooding might be caused by an increase not in peak
flows, but in runoff volume due to logging headwaters;
therefore the combination of increased stormflow volumes
and increased amounts of sediment deposited in channels
can increase the frequency with which streamflow exceeds
channel capacity. Some 40 years later, an increase in
lowland flood risk caused by possible geomorphological
consequences of upland forest land use turned into what
could be interpreted as ‘‘just a semantic’’ argument [e.g.,
van Dijk et al., 2008, p. 3]. In addition, peak flow magni-
tude attenuation via desynchronization and hydraulic rout-
ing is more often the only mechanism invoked in relation to
the cumulative downstream flooding effects of forest land-
use change in headwaters [Hewlett, 1982; Calder, 2005;
MacDonald and Coe, 2007; Grant et al., 2008] (see also
http://www.worldagroforestry.org/water/downloads/bca_
bruijnzeel.pdf). As a direct consequence of reasoning from
chronological pairing, however, mechanisms such as flow
and sediment routing and the consequential downstream
geomorphic changes, while physically relevant, do not
invoke the critically linked changes in flood frequency
and therefore could be misleading. In most hydroclimate
regimes, the slopes of the cdfs of larger streams are milder
than those of their headwater tributaries [Archer, 1989;
Blöschl and Sivapalan, 1997]. This may cause a small
increase in the magnitude of the former to translate into a
large decrease (increase) in the return period (frequency)
of floods. Larger watersheds with mildly sloped peak flow
frequency curves may be susceptible to even larger changes
in return period as the magnitude of peak flow increases.
The relevance of such hypotheses can only be brought to
light and tested using the right analytical framework: a
frequency-paired approach.
[66] Chronological pairing has also formed, and continues

to form, the basis of evaluating the effects of forest harvesting
on physical, chemical, and biological watershed response
variables [e.g., Beschta, 1978; Hicks et al., 1991; Beschta et
al., 2000; Martin et al., 2000; Swank et al., 2001; Dhakal
and Sidle, 2004, 2008]. It is also frequently used to
investigate ‘‘hydrologic recovery,’’ i.e., the return of a
watershed to pretreatment conditions [e.g., Thomas, 1990;
Thomas and Megahan, 1998]. This inappropriate type of
pairing may therefore have clouded our view of the more
general relation between forest land use and the biophysical
environment. Dhakal and Sidle [2008], Johnson et al.
[2007], and Johnson and Edwards [2008], for instance,
disagreed on how forest harvesting affects landslides but
appear to have overlooked the most inconspicuous vice of

pairing event by storm input. Their arguments and counter-
arguments on the effect of forest harvesting on landslides
are still based on methods that do not reveal changes in
event frequency and, equally important, do not guarantee
correct changes in event magnitude. This recent exchange
between Dhakal and Sidle [2008], Johnson et al. [2007],
and Johnson and Edwards [2008] on forest harvesting and
landslide relations is reminiscent of many other, often
intense, exchanges on forest harvesting and peak flows
(Jones and Grant [1996] versus Thomas and Megahan
[1998]; Beschta et al. [2000]; Harris [1977] versus Beschta
[1978]; Harr [1986] versus Hess [1984]; Rothacher [1973];
Harr and McCorison [1979]; Harr et al. [1975, 1979]
versus Wright et al. [1990]). It is indeed ‘‘nice to know
why and how highly competent scientists can repeatedly
come up with completely contradictory results [and inter-
pretations]’’ [Quesenberry et al., 2005, p. 1121]. Although
in a completely different field, we found a striking analogy
between the essence of our article and that of Quesenberry
et al. [2005]. Relentless disagreements between scientists
have motivated their work in the field of stem cell research.
As it turned out, a certain aspect of stem cell research was
based on the logical fallacy of an irrelevant conclusion.
The persistent disagreement between forest hydrologists,
centered around chronologically paired event analysis
methods, is a compelling testimony of how forest hydrology
has been in a state of growing crisis and is now ripe for a
change in paradigm (as defined by Kuhn [1970]). What has
been turned into an enigmatic topic (as labeled by Eisenbies
et al. [2007]) must now be addressed with appropriate
scientific methods.

6. Summary and Conclusion

[67] A resolution of how to quantify the effects of rapidly
reversed deforestation on floods, which are of the kind
represented by the small paired watersheds of this study,
may not be viewed by some as important, for instance, to
the more challenging question of the effects of massive
quasi-permanent deforestation on floods in large tropical
mountain basins. The outcomes of these small paired
watershed studies, however, have been and continue to be
used to advocate policies related to land-use management
over larger basins in hydroclimate regimes worldwide,
including the tropics (e.g., read Lull and Reinhart [1972],
Hewlett [1982], Hamilton and King [1983], Hamilton
[1985, 1990], Bruijnzeel [1990], Eaton and Church
[2001], Food and Agriculture Organization of the United
Nations (FAO) [2003], Kaimowitz [2004], MacDonald and
Stednick [2003], FAO-CIFOR [2005], Calder [2005],
Troendle et al. [2006], Calder et al. [2007], Grant et al.
[2008], Eisenbies et al. [2007], Kochenderfer et al. [2007],
van Dijk et al. [2008], and Hamilton [2008] (see also
http://www.worldagroforestry.org/water/downloads/bca_
bruijnzeel.pdf)). It is important therefore to expose the
caveats of small paired watershed studies, if only to put an
end to (1) using their potentially erroneous outcomes to
influence land-use policy, and (2) their outcomes stifling the
progress of science.
[68] Our study does not directly examine the effects of

forests on the more ‘‘catastrophic’’ floods because of the
challenges involved in inferring a 100-year flood from a
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25-year record. Nevertheless, the long-held belief that
forests or forest harvesting do not affect larger floods may
not be reconcilable with the shift in mean and potential
increase in variability already acknowledged in prior
paired watershed studies, but never linked to the magni-
tude and frequency of larger floods. Perhaps it is not
by coincidence that a correlation between forests, forest
harvesting, deforestation, and floods was found in the few
extraordinary studies that had not applied a chronologically
paired event analysis [Anderson and Hobba, 1959; Swank
and Vose, 1994; Schnorbus and Alila, 2004; La Marche and
Lettenmaier, 2001;Bradshaw et al., 2007, 2009; Lin andWei,
2008].
[69] The repeated application of ANOVA and extended

ANCOVA, which we show here to be inappropriate, has led
researchers to continue to reaffirm erroneous conclusions of
previous work. ANOVA and extended ANCOVA may have
been accepted in past studies because their findings also
reinforce theoretical preconceptions, some even predating
our experimentation with paired watershed studies [e.g.,
Meyer, 1928; Zinke, 1965; Jeffrey, 1970; Swindel and
Douglass, 1984, Figures 1 and 2; MacDonald and Stednick,
2003, p. 13; Calder, 2005, Figure 2.6] that reason exclu-
sively around a change in flood magnitude (albeit the
incorrect one), while overlooking the potentially serious
consequences of small changes in magnitude on flood
frequency. DeWalle [2003, p. 1255] states

We have long believed that forest cover by itself only can play a
limited role in controlling peak flows due to extreme events. That is,
an extreme rain event, spawned perhaps by a hurricane, would produce
the same peak flows with or without forest cover, assuming all other
conditions, especially soil conditions, were maintained. Thus, it came
as no surprise that forest management experiments generally showed
that harvesting of trees with minimum soil disturbance did not appear
to lead to major increases in annual peak flows or floods, although
specific attention was often not given to extreme events.

[70] The classical argument invoked to support the claim
that there is ‘‘no evidence’’ that forests affect larger flood
events, repeatedly echoed in elite journals [e.g., Calder et
al., 2007; van Dijk et al., 2008] and influential United
Nations policy documents [e.g., FAO-CIFOR, 2005;
Hamilton, 2008] is that during larger floods, the pro-
cesses of interception and evaporation by vegetative cover
are overwhelmed by precipitation and therefore the effect of
forests ‘‘would be expected to be most significant for small
storms and least significant for the largest storms’’ [Calder,
2005, p. 47]. This assertion (which appears to use the
unqualified and nonstatistical term ‘‘significant’’) is also
based on chronological pairing and indexes flood size to
storm input, potentially concealing the effects of forest
harvesting and deforestation on the frequency, magnitude,
duration, and volume of floods.
[71] Hewlett [1982, p. 546] states,

[H]ydrologists have understandably been confused by the difficulties
inherent in describing the nature and frequency of floods to laymen,
who are apt to have little patience with probability statements. . ..But
among ourselves we must drop back to rigorous language in order to
discuss and trade information about land-use causes and flood effects.

Ironically, decades of published paired watershed studies
rarely invoked changes in flood frequency. Could genuine
efforts to reach out to a skeptical public have been based on

an irrelevant conclusion, and led to reaffirming the dogma
that forests do not affect large floods? The convergence or
divergence of two peak flow frequency distributions, and
not two regression models, is important, but even more
important is how changes in magnitude translate into
changes in frequency. Frequency is a more relevant
surrogate of flood risk, especially if small changes in
magnitude (within measurement or modeling accuracies)
can lead to large changes in return period. Let there be no
confusion that unless we reinstate the dimensions of
frequency and variability in the science of forest hydrology
and address them head-on, we fail to fully explore the true
relation between forests, floods, and the biophysical
environment.
[72] The reported changes in flood frequency and mag-

nitude for our study watersheds should only be extended to
other basins with care, as it is anticipated that they are
strongly dependent upon sample size, basin physiography,
climate, and forestry practices. It is therefore necessary to
determine the extent to which our reported changes in flood
magnitude and frequency can be generalized to other basins,
by conducting similar studies in different hydroclimate
regimes. Our ritualistic adherence to the moribund concept
of null-hypothesis significance testing on the one side, and
the frequent use of the layman term ‘‘significance’’ on the
other, added fuel and more ambiguity to the so-called
‘‘debate’’ on forests, deforestation, forest harvesting, and
floods. The multiple-working hypotheses approach to statis-
tical inference based on information-theoretic and Bayesian
methods, increasingly used in science literature, offers com-
pelling advantages to the study of forest and flood relations
[Burnham and Anderson, 2002; Stephens et al., 2005;
Lukacs et al., 2007; Bradshaw et al., 2007; Elliott and
Brook, 2007]. Long-term and expensive paired watershed
studies have been, and continue to be, defended as the
approach to research methods in forest hydrology [Hewlett
et al., 1969; Stednick, 2008c]; however, these are plagued
with caveats [Grant et al., 2008; Bren, 2008] and not ideal
for investigating floods, even if one were able to suppress
tree growth effectively for the purpose of collecting longer-
term data of treatment effects. Paired watershed experiments
are essentially black-box studies [Bruijnzeel, 2004]. Our
reductionist and deterministic small-scale process-based
studies carried out in research watersheds still suffer from
a lack of connection to the watershed-scale response
[Dunne, 1998; Sivapalan, 2003]. Ironically, the results of
such studies continue to be used to defend the erroneous
outcomes of paired watershed experiments. This may ex-
plain in part why our extrapolations to the larger and
operationally more relevant spatial and temporal scales are
often left to arm waving [Benda and Miller, 2001]. Kimmins
et al. [2005] eloquently articulated why the reductionist
small-scale ‘‘jigsaw puzzle’’ science in forestry (hydrology
in our case), which in their own words leads to ‘‘jigsaw’’
puzzle policy, sometimes disappoint or even fail us. Chro-
nological pairing has contributed to an entire community
being misdirected by the irrelevant hydrological research
hypotheses, flawed statistical methods, and their misleading
outcomes for over 50 years.
[73] The public still believes unquestioningly that forests

reduce flood risk [Nisbet, 2002; Mortimer and Visser, 2004;
FAO-CIFOR, 2005]. In contrast, a long-standing ‘‘policy-,
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and socioeconomically-oriented generation of forest hydro-
logic ‘myth busters’’’ (as referred to by Bruijnzeel [2005]
and Hamilton [1990]) continues to dispel such a perception
as a ‘‘myth’’ concocted by popular press, environmentalists,
and conservation agencies attempt to hoodwink the public
(as claimed by Hamilton [1985], Kaimowitz [2004], FAO-
CIFOR [2005], and Calder and Aylward [2006]). Some
recently raised questions are now more legitimate than ever:
Is there more truth to the public perception than has been
acknowledged by the scientific community [Bruijnzeel,
2005, p. 14]? Is there more to the forestry and floods issue
than a ‘‘red herring’’ raised by antidevelopment factions
[DeWalle, 2003, p. 1256]?
[74] While it remains possible that forests, deforestation,

or forest harvesting have no effects beyond some case-
specific threshold-flood response, such a hypothesis cannot
be substantiated by ANOVA and ANCOVA, or supported
by a preconceived ‘‘theory’’ that is also based on the
inappropriate type of event pairing. While large floods
may not appear to increase much in magnitude, they may
occur more frequently as a result of forest harvesting or
deforestation. Any method or theoretical line of reasoning
based solely on evaluating changes in flood magnitude,
without invoking changes in frequency, is likely to conceal
the true relation between forests and flood risk. In view of
this mounting evidence against our entrenched and poten-
tially inappropriate forest and flood paradigm, supported by
a set of conceptual and empirical arguments long recog-
nized in the wider hydrology, ecology, and climate change
literatures, we urge the forest hydrology community to
reexamine their conclusions from previous studies. Sample
size and the confounding effects of hydrologic recovery
may continue to pose challenges in evaluating the effects of
forest harvesting and deforestation on floods using paired
watershed studies. Any effort to address such challenges,
however, must be based on the correct methods, particularly
when using hydrologic numerical models in which the same
watershed is used as its own control, and the forested and
harvested land use scenarios are driven by the same long-
term climate input [e.g., Schnorbus and Alila, 2004; Cuo et
al., 2009].
[75] Chronological pairing has dominated research

methods in forest hydrology, and work is also urgently
needed to examine whether this has distorted our perspec-
tive on the effects of forests on the general biophysical
environment. If the past is any indication, the future of
science on this topic may be rife with challenges, in part
because flood frequency analysis also has a persistent
history of being misused in the name of ‘‘scientific rigor’’
[Klemeš, 1974, 1986, 2000]. Although our study used well-
established ranking methods that are not constrained by the
same assumptions implied in fitting a frequency distribution
model, further scrutiny of our claims using ours or other
data sets may prove that we were also not immune to being
misdirected by sampling variability. Sampling uncertainties
notwithstanding, however, two wrongs do not make a right.
Our dominant scientific perception of the forests and floods
relation remains largely indefensible. We maintain that only
a frequency-paired approach may be used to evaluate the
relation between forests and floods. While almost certainly
at the expense of new challenges, the frequency-paired
approach has the potential for illuminating many previous

confusions, misconceptions, uncertainties, and lack of con-
sensus on the science of forests and floods. Our literature is
full of arguments and counterarguments on both sides of
this debate that have served to only distract us further from
the real question at hand. Moving forest hydrology forward
starts with unbinding oneself from erroneous precedents,
not the least of which is advocating land-use policy in the
name of the indefensible science.
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P. K. Kuraś, Northwest Hydraulic Consultants, Ltd., 30 Gostick Place,
North Vancouver, BC V7M 3G3, Canada. (peterkuras@gmail.com)

M. Schnorbus, Pacific Climate Impacts Consortium, University of
Victoria, P.O. Box 1700, Station CSC, Victoria, BC V8W 2Y2, Canada.
(mschnorb@uvic.ca)

24 of 24

W08416 ALILA ET AL.: FORESTS AND FLOODS—A NEW PARADIGM W08416


