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A B S T R A C T

Understanding and predicting how forest harvesting alters peakflows is essential for managing downstream risk, 
as changes in forest cover can intensify extreme events, affecting water quality, infrastructure, ecosystems, and 
public safety. In light of this, the drivers of snow-transient peakflows must be better characterized. This study 
presents a probabilistic meta-analysis using nine pairs of control-treatment watersheds in the snow-transient 
environments of the Pacific Northwest to show how harvesting, in some cases, can dramatically increase the 
magnitude and frequency of not only the small (≤ 10-yr) but also large (>10-yr) peakflows. Under certain hydro- 
climate and watershed conditions, the effects on the magnitude and frequency of peakflows increase with 
increasing event size. Subdued landscapes and drier and warmer environments have emerged as effective in
dicators of conditions where the peakflow regime is most sensitive to harvesting practices. This probabilistic 
framework can yield predictive outcomes that differ from long-held deterministic expectations in forest hy
drology, particularly regarding how harvesting affects large peakflows. To draw a comparison with the devel
opment of statistical mechanics in thermodynamics, it appears the introduction of probability in forest 
hydrology, too, could suddenly reverse the prevailing perspective of the old deterministic framework and 
stimulate a paradigm-induced gestalt switch in the physical understanding and prediction of forest harvesting 
effects on peakflows.

1. Introduction

Understanding and predicting how forest harvesting affects floods in 
large watersheds, and peakflows in smaller watersheds, informs forest 
management policy and helps minimize consequences to downstream 
values. Given our ability to influence hydrologic response through forest 
harvesting and/or climate change, the timing, magnitude, and fre
quency of extreme peakflows are impacted, departing from natural 
conditions (Blum et al., 2020). An increased risk of peakflows can 
degrade water quality (Alexander et al., 2007), damage infrastructure 
(Kumar et al., 2021), disrupt fluvial ecosystems (Talbot et al., 2018), 
harm fish in the stream (Naman et al., 2024), heighten drought risk in 
subsequent seasons (Hammond et al., 2025), and endanger human lives 
(Ashley & Ashley, 2008). Rain-on-Snow (ROS) events have led to costly 
flooding disasters such as the 2021 atmospheric river event in south
western British Columbia (Gillett et al., 2022). Forest cover changes 
through harvesting and wildfires may have played an increased role in 
this event (Hancock & Wlodarczyk, 2025), especially with concerns of 

shifting winter precipitation to predominantly rainfall with a changing 
climate. This underscores the need to better understand the physical 
drivers of peakflows and how they are influenced by forest disturbance 
in ROS environments.

1.1. Towards a Contextual and Causal Understanding of Peakflows

Forest harvesting effects on peakflows have been traditionally 
assessed using a deterministic framework, with limited application of a 
probabilistic framework. The deterministic framework quantifies 
changes in peakflow magnitudes through pre- and post-harvest com
parison under equal storm input in the rain environment and equal 
freshet season in the snow environment. However, by design, this 
framework does not account for the frequency with which such events 
occur and therefore leads to a non-causal experimental design (Pham & 
Alila, 2024). By contrast, the probabilistic framework evaluates the ef
fects of forest disturbance on both the magnitude and frequency of 
peakflows simultaneously, enabling an experimental design that is 
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causal in nature (Kaluarachchi & Alila, 2025; Pham & Alila, 2024).
If a probabilistic framework is required to predict forest harvesting 

effects on peakflows and capture its causal relationship, then in
terpretations made through physical understanding should also stem 
from the same framework. The flood frequency curve (FFC) “represents 
one of the most comprehensive and compact descriptions of a catch
ment's storm response” because it captures the dynamic interplay be
tween runoff generation mechanisms and the physical characteristics of 
the watershed and climate (Robinson & Sivapalan, 1997). Although 
relatively new to forest hydrology, a probabilistic approach to under
standing the watershed response is well established in the broader 
literature, where it is referred to as stochastic hydrology (Blöschl & 
Sivapalan, 1997; Merz & Blöschl, 2009) and was pioneered by 
Eagleson (1972), Klemeš (1978), and Yevjevich (1974). Current un
derstanding of the magnitude-frequency relationship is grounded in 

over half a century of literature that interprets the environmental con
trols of floods using a probabilistic framework (Pham & Alila, 2024, and 
references therein). Through a probabilistic framework, the location, 
scale, and shape parameters of the peakflow or flood frequency curve 
reflect interactions between watershed physiography and climate, 
resulting in changes to peakflows following forest harvesting. Such pa
rameters are functions of the mean, variability, and skewness of the time 
series of peakflows. Forest-harvesting-induced changes to FFC parame
ters arise from altered runoff mechanisms, which in turn are highly 
dependent on the physical characteristics of the watershed and climate 
(Sivapalan et al., 1987). Depending on whether Water Available for 
Runoff (WAR) has increased, runoff is synchronized (i.e., delivered more 
efficiently to the streams) and/or desynchronized (i.e., efficiency is 
impeded), the mean, variability, and/or skewness can increase, 
decrease, or remain unchanged (Figure 1). Probabilistic forest hydrology 

Figure 1. Conceptual diagram illustrating how forest harvesting alters the mean and variance of the natural peakflow frequency distribution, depending on a 
watershed’s physical characteristics and climate. Top panel: parallel FFCs indicating an increase in mean only with increases in peakflow magnitude and frequency. 
Middle panel: diverging FFCs indicating an increase in mean and variance with larger increases in magnitude and frequency. Bottom panel: converging FFCs 
indicating an increase in mean and a decrease in variance, resulting in smaller increases in magnitude and frequency. Skewness is also influenced, but has been left 
out of this figure for simplicity.
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studies invoking stochastic understanding to explain the causes of FFC 
parameter shifts continue to grow as a body of literature in the rain and 
snow environments (Green & Alila, 2012; Johnson & Alila, 2023; 
Kaluarachchi & Alila, 2026; Pearson-Atkins et al., 2026; Pham et al., 
2025; Pham & Alila, 2024).

1.2. Snow-Transient Environments: Beyond Stand-level

ROS environments express characteristics of both rain- and snow- 
dominated watersheds, yet far more research has addressed stand- 
level snow mass and energy balance than watershed-level ROS dy
namics (Berris & Harr, 1987; Harr et al., 1989; Storck et al., 2002); as 
Jennings and Jones (2015) note, decades of rain-on-snow research have 
yielded limited insight into snowpack dynamics during storms. Forested 
stands accumulate less snow than open sites because of canopy inter
ception, sublimation (Lundberg et al., 1998), and enhanced longwave 
input (the "radiative paradox"; Sicart et al. (2004)), and where winter 
temperatures hover near 0◦C, canopy-intercepted snow, meltwater drip, 
and fog drip add energy that further reduces sub-canopy snow (Beaudry, 
1984; Berris & Harr, 1987). Although fog interception can add 20–30% 
more precipitation beneath the canopy (Harr, 1982; Ingwersen, 1985) 
and up to 72% of intercepted snow can be released as meltwater drip 
(Storck et al., 2002), the direct influence of fog and meltwater drip on 
snowpack energy balance remains largely uninvestigated. During 
events, wind and turbulence are the dominant melt-energy source, with 
advective energy from rain secondary (Harr & Coffin, 1992), and the 
resulting activation time of the snowpack depends most strongly on 
elevation.

Elevation, however, interacts nonlinearly with aspect and vegeta
tion. Working within a probabilistic framework, Brunengo (2012)
showed that, although ROS occurs across a wide elevation range, there is 
a narrow peak-ROS elevation band where water available for runoff 
(WAR) most often exceeds precipitation: below it, thin, patchy snow
packs contribute little to WAR, whereas above it, thick, cold snowpacks 
retain rainfall. An earlier effort to relate basin elevation to peak-ROS 
behaviour (Christner & Harr, 1982) found the largest specific 10-year 
peakflows near a mean elevation of 850 m but, given the scatter, drew 
no inferential conclusions. Consistent with Brunengo, the during-event 
modelling of Garvelmann et al. (2015) showed that, in watersheds 
with large elevation gradients, higher-elevation snowpacks contribute 
to WAR later than lower-elevation ones, so small elevation differences 
strongly affect the lag between rainfall onset and snowpack runoff 
contribution - making a snowpack's watershed-scale role 
elevation-dependent, in a manner analogous to the Variable Source Area 
concept (Hewlett & Hibbert, 1967), an analogy not previously invoked 
in ROS hydrology.

Forest roads extend the natural drainage network and raise drainage 
efficiency by adding impervious area, intercepting surface and subsur
face flow, and re-routing runoff through ditches connected to streams 
and gullies, so that, on routing efficiency alone, roads can increase 
synchronization and peak discharge at the outlet (Jones, 2000; Jones & 
Grant, 1996). These controls interact stochastically with aspect, slope, 
watershed shape, drainage-network geometry, storage, and catchment 
size to promote synchronization or desynchronization of runoff delivery 
to the channel (Figure 1); a probabilistic framework, supported by sto
chastic understanding, is therefore needed to interpret their combined 
effect on the peakflow magnitude-frequency relation. To our knowledge, 
no previous study has applied stochastic understanding and prediction 
to the ROS environment of the Pacific Northwest, underscoring the need 
for watershed-level probabilistic analyses.

1.3. Objectives and Hypotheses

This study applies a probabilistic framework to nine pairs of control- 
treatment watersheds, using long-term datasets from the snow-transient 
environment (where winter air temperatures hover near 0◦C and rain- 

on-snow events are central to peakflow generation) in Oregon (USA) 
to evaluate the effects of varied forest harvesting practices. The large 
observed flow dataset enables a detailed examination of harvesting 
impacts across a range of watershed conditions. Furthermore, the use of 
a meta-analysis approach is necessary in understanding and dis
tinguishing the multiple, chancy drivers affecting the causal relationship 
between forest harvesting and peakflows.

The primary objective of this study is to advance the stochastic un
derstanding of forest hydrology in ROS environments. Outside forest 
hydrology, it is a long-recognized principle that extremes are highly 
sensitive to even small changes in the mean and/or variability, resulting 
in surprisingly large changes in the frequency of extreme events (Katz, 
1993; Katz & Brown, 1992). Accordingly, and as imposed by the sta
tistics of extremes, this study aims to understand and predict how forest 
harvesting-induced changes in the mean and variability of peakflows 
influence the magnitude and frequency of extreme peakflows at the 
upper tail of the FFC. The second objective of this study is to investigate 
how forest harvesting-induced changes in WAR and in the efficiency of 
runoff delivery to the channels (i.e., synchronization/desynchroniza
tion), influence the mean and variability of peakflows in the ROS 
environment, as previously demonstrated by Green and Alila (2012) and 
Schnorbus and Alila (2013, 2004) in snowmelt-dominated environments 
and by Pham et al. (2025) in rain environments. The third objective of 
this study is to assess how watershed-scale physiography and climate 
govern peakflow sensitivity to forest harvesting in snow-transient 
environments.

We aim at testing the following hypotheses: 

H1. Watershed elevation range controls the extent of synchroniza
tion of runoff generation through snow mass and energy balance; 
higher synchronization effects lead to a larger increase in the mean 
and variability of the peakflows following harvesting.
H2. Road network increases the routing efficiency of the watershed 
and the resulting increased runoff, reduced response timing, and 
enhanced synchronization lead to higher means and higher vari
ability of peakflows.
H3. Tree removal suppresses fog interception in certain humid en
vironments, which in turn increases the mean and variability of the 
peakflows as a consequence of an increase in baseflow and an 
intensification of the ROS phenomenon; making the peakflow regime 
of such humid environments with the presence of fog interception 
one of the most sensitive to forest harvesting.
H4. In the Snow-Transient Zone (STZ) of the Pacific Northwest (STZ 
is roughly defined as elevation 450 ~ 1100 m above sea level), where 
snow is more important in peakflow generation, peakflows in wa
tersheds with drier climates are more sensitive to tree removal as 
manifested by larger increases in the mean and variability of 
peakflows.
H5. The magnitude of infrequent peakflows (defined as events with a 
return period larger than 10 years) can be substantially affected by 
tree removal and road building, as a direct consequence of the in
crease in the mean and/or variability of peakflows articulated in 
hypotheses 1 through 4 above.
H6. Within the range of observed post-harvest peakflows (17 to 50 
years), tree removal and forest road effects on the magnitude and 
frequency of peakflows can increase unchecked with event size, i.e. 
with no apparent ‘no-effect’ threshold for the influence of forest 
harvesting on peakflow response. This again is a direct consequence 
of such an increase in the mean and/or variability of peakflows ar
ticulated in hypotheses 1 through 4 above.

Given these six hypotheses, the Discussion section will incorporate 
the use of stochastic understanding to provide physically based expla
nations for observed changes in FFC parameters induced by forest 
harvesting.
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2. Materials and Methods

2.1. Study Sites

This study uses nine pairs of control-treatment watersheds from 
three study sites: Coyote Creek (CC), Fox Creek (FOX), and H.J. Andrews 
Experimental Forest (HJA). In Coyote Creek, the treatment watersheds 
are CC1, CC2, and CC3; all with CC4 as control. In Fox Creek, FOX1 and 
FOX3 are treated and both use FOX2 as a control. In H.J. Andrews, 
treatment watersheds HJA1 and HJA3 use HJA2 as control, HJA6 uses 
HJA8 as control, and HJA10 uses HJA9 as control. Although all three 

sites are located within the state of Oregon (U.S.A.), and are subject to 
similar larger-scale climate patterns, the local climate and vegetation 
conditions at the three study sites are hydrologically distinctive. Fox 
Creek is at the northern end of Oregon, close to Washington, and Coyote 
Creek is in the southern part of Oregon, closer to California; H.J. 
Andrews is located in the middle, about 130 to 150 km from the other 
two sites (Figure 2). Detailed environmental conditions of the three sites 
are discussed below.

2.1.1. Climate
All three sites are characterized by a distinctive dry, hot summer and 

Figure 2. Locations of the three study sites in the state of Oregon and the configurations of watersheds within each site.
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wet, cool winter. The long-term climate normal statistics (1961-1990) of 
the three sites, with output from ClimateWNA (v.5.3, Wang et al. 2012) 
show that Coyote Creek, being in the southern part of Oregon, is warmer 
and receives significantly less precipitation than the other two sites all 
year round (Figure 3). The average annual precipitation is about 2600 
mm, 2300 mm, and 1100 mm for Fox Creek, H.J. Andrews, and Coyote 
Creek, respectively. Fox Creek and H.J. Andrews receive comparable 
amounts of precipitation in the fall and winter, but Fox Creek receives 
noticeably more precipitation than H.J. Andrews in the spring and 
summer (Figure 3). Also, a stand-level water balance experiment at Fox 
Creek found that the area beneath the forest canopy receives 20~30% 
more water annually due to the fog interception phenomenon as 
compared with the nearby open area (Harr, 1982). In winter (December 
to February), Fox Creek and H.J. Andrews receive comparable monthly 
precipitation (~340 mm) while Coyote Creek receives far less (~144 
mm), and Coyote Creek is roughly 2-5◦C warmer than the other two sites 
year-round (Figure 3). Even with the same precipitation amount, the 
warmer temperature in Coyote Creek likely contributes to the drier 
conditions via stronger evaporation and sublimation. Detailed annual 
water balance calculations have demonstrated that Coyote Creek has a 
lower net moisture input than the other two sites (Jones, 2000).

Precipitation and temperature normally change with elevation. Such 
variation is reasonably controlled by the experimental design of a paired 
watershed study (control and treatment watersheds are adjacent and 
have similar elevation ranges). However, elevation control on precipi
tation and temperature is potentially a confounding factor in inter-pair 
comparisons of the sensitivity of peakflow response to treatment if the 
two pairs are sitting at different elevations. Unlike Fox Creek and Coyote 
Creek where there is only one control watershed, the H.J. Andrews site 
has three control watersheds: HJA2 (outlet at 545 m), HJA8 (outlet at 
962 m), and HJA9 (outlet at 426 m). The pair of HJA6/HJA8 is at a 
higher altitude than the other three pairs of HJA watersheds. Using 
ClimateWNA (v.5.3) normals (1961-1990) for H.J. Andrews, winter 
precipitation rises from ~287 mm at 500 m to ~354 mm at 1000 m 
(~0.13 mm/m), and air temperature falls with elevation at about 2.5- 
6.3◦C/km (Rosentrater, 1997). Since temperature and precipitation are 
affected by factors other than elevation, the actual lapse rates could vary 
significantly from event to event.

Controlled by different combinations of local climate, elevation and 
aspect, snow accumulation and melt are different between watershed 
pairs. Being higher in elevation, with their outlets above 800 m, the two 

pairs of watersheds in Fox Creek and HJA6/HJA8 have snow depths 
sometimes exceeding 1.5 m and persisting for up to half a year (Harr, 
1982). Although watersheds in Coyote Creek have an elevation range 
similar to those of watersheds in Fox Creek and HJA6/HJA8, the 
snowpack in Coyote Creek normally melts away within 1-2 weeks after 
snowfall due to the drier and warmer local climate (Harr et al., 1979). In 
H.J. Andrews, snowpack development in HJA10/HJA9 is weak and 
normally melts away within 1-2 days after the snowfall due to their 
lower elevation (outlet at around 460 m) (Harr & McCorison, 1979). 
With a difference in melting time from days to half a year between 
HJA10/HJA9 and HJA6/HJA8, snowpack within the STZ exhibited high 
sensitivity to small elevation changes. Watersheds HJA1, HJA2, and 
HJA3 have much larger elevation ranges than other watersheds in this 
study (Table 1) and almost completely cover the entire elevation range 
of the STZ, which is roughly around 450 ~ 1100 m in this region of the 
Pacific Northwest. The outlet elevations of HJA1 and HJA3 are similar to 
the 460 m outlet elevation of HJA9 and HJA10 and the upper elevations 
are all above 1000 m, like the higher-elevation watersheds in Coyote and 
HJA6.

2.1.2. Rocks and Soils
Overland runoff rarely occurs in the western Cascadia range of 

Oregon due to high soil infiltration rates which exceed 2000 mm/h 
(Jones, 2000). Prolonged water input increases the pore-water pressure 
between soil particles and therefore the risk of landslide and mass 
movement, especially on slopes with a poorly developed external 
drainage pattern (Harr et al., 1979). Among the watersheds in this study, 
average slope gradient increases from watersheds in Fox Creek (<10%), 
to watersheds in Coyote Creek and HJA6/HJA8 (30%), to HJA1/H
JA2/HJA3/HJA9/HJA10 (>60%) (Jones, 2000). Site-consistent data on 
soil depth and storage capacity are not available across the nine wa
tersheds; however, the very high infiltration rates and near-absence of 
infiltration-excess overland flow throughout the study sites suggest that 
differences in soil storage are unlikely to be the primary control on the 
between-site differences in peakflow sensitivity to harvesting, which we 
instead attribute to the spatial synchronization of water available for 
runoff (Section 4.1).

2.1.3. Vegetation and Treatments
Vegetation at these three sites in each case was dominated by high 

Leaf Area Index (LAI) old-growth coniferous trees before any forest 

Figure 3. Long-term climate normals (1961-1990) of H.J. Andrews (green), Fox Creek (blue) and Coyote Creek (yellow). Average air temperatures (◦C) are shown in 
solid lines and monthly accumulated precipitation measures (mm) are shown in bars; both follow the color scheme of the three sites described above. The data are 
generated using PRISM long-term climate statistics (PRISM Climate Group, 2004) and downscaled by the ClimateWNA mode (Wang et al., 2012) with an assumed 
900 m elevation.
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harvesting activities. Common species include: Douglas fir (Pseudotsuga 
menziesii), western hemlock (Tsuga heterophylla), western red cedar 
(Thuja plicata), mountain hemlock (Tsuga mertensiana), and Pacific silver 
fir (Abies amabilis) (Jones, 2000). Treatment (harvesting extent and 
method, and road building) varies among watersheds. In terms of har
vesting, rate increases from 25%-35% patch-cut in FOX1, FOX3, CC2, 
and HJA3, to 50% selection cut in CC1, to 100% clearcut in CC3, HJA1, 
HJA6, and HJA10 (Table 1). All treated watersheds except HJA1 and 
HJA10 have forest roads, with road densities ranging from 1.3 to 4.6 
km/km2.

2.2. Data Collection and Analysis

The long-term normal climate statistics came from the PRISM data 
(PRISM Climate Group, 2004) and were extracted and spatially dis
aggregated by the ClimateWNA software (Wang et al., 2012). Discharge 
data were obtained from the H.J. Andrews Experimental Forest data 
bank (part of the U.S. LTER network); calibration periods range from 
two to ten years. The post-treatment period also varies among studied 
watersheds, with watersheds in H.J. Andrews having a longer 
post-treatment record of 38 to 50 years and watersheds in Fox Creek and 
Coyote Creek having a shorter post-treatment record of 17 to 22 years. 
The Coyote Creek post-treatment record comprises two segments 
(1972-1981 and 2000-2013) owing to a monitoring interruption; under 
the time-recovery linearity assumption described below, the effect of 
this gap is expected to be small.

The selection of peakflows from the long-term flow measurements 
has been done according to the method described in Jones (2000), which 
involves two steps. First, the hourly peak discharge data in each 
watershed are filtered with a watershed-specific minimal threshold 
which is set to produce an initial dataset of 10-15 events per year on 
average. Second, the selected peaks in the treated and control water
sheds are paired. Peakflows in the treated and control watersheds are 
paired when occurring within 12 hours of each other. The resulting final 
dataset contains 9-12 matched events per year on average in each pair of 
watersheds. Occasional missing records (gauge malfunction, etc.) were 
gap-filled with estimates from the stream-gauge manager; because such 

estimates can be unreliable for extreme events (USDA-NRCS, 2007), a 
small percentage of peaks flagged as estimated were excluded to reduce 
uncertainty in the frequency analysis (Beschta et al., 2000).

The frequency analysis of observed (representing post-harvest) and 
expected (representing pre-harvest) peakflows is done according to the 
method described in Alila et al. (2009) and Green and Alila (2012), 
which involves three major steps: estimation of the expected discharge, 
peakflow frequency analysis, and adjustment for non-stationarity caused 
by forest regrowth. Before treatment is applied (the calibration period), 
the treated and control watersheds have similar conditions and therefore 
their responses to the same storm input are highly correlated. A linear 
regression developed from the selected peaks in the calibration period is 
used to predict the expected peakflow magnitudes of a treated water
shed in the post-treatment period as if the treatment was never applied: 

Ŷi = b0 + b1Xi, (1) 

where Ŷ i is the expected peakflow in the treatment watershed and Xi is 
the peakflow in the control watershed. The use of linear regression in 
developing the calibration equation is scientifically defensible as long as 
the conditions of the two watersheds as well as meteorological forcings 
are tightly controlled, which is the case under pre-harvest conditions 
(Green & Alila, 2012). The goodness of fit of these calibration re
gressions for the nine watershed pairs is summarized in Table S1. 
However, linear regression should not be used in the post-treatment 
period because the pre-event and event conditions between the two 
watersheds (for example, AMC, snow, and meteorology) are no longer 
the same. It is well known in the modelling community that offsets in the 
initial conditions of complex systems would produce drastically 
different behaviors and responses even if the subsequent forcings are 
identical (see literature related to chaos theory in hydrology such as 
Sivakumar (2017)).

For peakflow frequency analysis, this study follows the Partial 
Duration Series (PDS) frequency analysis described in Alila et al. (2009). 
The peakflow (Qp) of the treated watershed in the post-treatment period 
is the observed peakflow with treatment effects. With a sample size of n, 
the observed peakflows Yi (i.e. chronological event i = 1, 2, 3, …, n) are 
then ranked from largest to smallest and the exceedance probability 1 – p 

Table 1 
Watershed characteristics and history of harvesting practices. Harvest methods provided by (Harr, 1983, 1980; Harr et al., 1979; Perry & Jones, 2017).

Sites Pair 
(Treatment- 
Control)

Treatment Available Record (Water 
Year)

Size 
(km2)

Elevation (m) Elevation 
Range (m)

Aspect 
(degree)

Harvest 
(%)

Harvest methods Road 
(km/ 
km2)

Pre- 
treatment 
period

Post- 
treatment 
period

Lower 
Bound

Upper 
Bound

Coyote CC1-CC4 50 50% tractor 2.2 WY63-70 WY72-81 & 
WY00-13

0.69 750 1065 315 45-90 NE- 
E

Coyote CC2-CC4 30 16% high-lead 
cable yarding, 
14% tractor

4.1 WY63-70 WY72-81 & 
WY00-13

0.68 760 1020 260 45 NE

Coyote CC3-CC4 100 77% high-lead 
cable yarding, 
23% tractor

3.2 WY63-70 WY72-81 & 
WY00-13

0.5 730 960 230 0-45 N-NE

Fox FOX1-FOX2 25 25% high-lead 
cable yarding

2.1 WY58-64 WY70-87 0.59 840 925 85 270 W

Fox FOX3-FOX2 25 19% high-lead 
cable yarding, 6% 
tractor

1.3 WY58-64 WY70-87 0.71 840 950 110 315 NW

HJA HJA1-HJA2 100 100% skyline 
yarding

0 WY56-61 WY67-14 0.96 439 1027 588 286 W-NW

HJA HJA3-HJA2 25 25% high-lead 
cable yarding

2.7 WY56-58 WY64-14 1.01 471 1080 609 313 NW

HJA HJA6-HJA8 100 90% high-lead 
cable yarding, 
10% tractor

4.6 WY63-73 WY75-14 0.13 878 1029 151 165 S-SE

HJA HJA10-HJA9 100 40% skyline 
yarding, 60% 
tractor

0 WY68-74 WY76-14 0.1 461 679 218 250 W-SW
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of the jth largest event Yj is estimated by the approximately 
quantile-unbiased Cunnane plotting position (Stedinger et al., 1993): 

1 − GY
[
Yj
]
=

j − 0.40
n + 0.20

(2) 

where GY is the cumulative distribution function (CDF) of Y. Because 
there are more than one independent events per year in the PDS, the 
estimation of the return periods considers the average arrival rate λ (the 
average number of peakflow events per year above the selected 
threshold). Following the procedures outlined in Section 18.6 of the 
Handbook of Hydrology (Stedinger et al., 1993, Editor D. Maidment), the 
annual return period Ta is calculated as: 

Ta =
1

1 − exp ( − λ∗[1 − GY])
(3) 

and the PDS return period (Tp) is calculated as: 

Tp =
1

λ ∗ [1 − GY]
(4) 

and the two return periods Tp and Ta become essentially the same for 
infrequent events (when Ta > 10 year) (Langbein, 1949). The frequency 
curve of the observed peakflow is then plotted as Historic Probability of 
Non-exceedance (p) and PDS return period (Tp) versus peakflow 
magnitude (Qp).

The same ranking and return period calculation procedure is then 
applied to produce a series of ranked expected peakflows Ŷ j. To correct 
for the loss of variance from the use of regression in equation (1), an 
error term e randomly sampled from a t-distribution with n-2 degrees of 
freedom is introduced to each of the ranked expected peakflow Ŷ j to 
produce a ranked and corrected expected peakflow Ỹj with Ỹj = Ŷ j +e 
(Alila et al., 2009). This procedure is iterated 10,000 times in a Monte 
Carlo simulation to provide a mean of the ranked and 

corrected-expected peakflow Ỹj. Following the method described in 
Alila et al. (2009), confidence limits on the expected peakflow frequency 
curves are estimated to account for a combination of predictive uncer
tainty in the calibration equation (1) and the quantile sampling vari
ability, assuming the overall uncertainty is normally distributed. 
Although confidence limits on the frequency curves were estimated and 
plotted, our discussion of the analysis outcome does not report the ef
fects of harvesting on the magnitude of Qp as being important only if 
they are statistically significant, because what is statistically insignifi
cant could be physically and practically significant (Johnson, 1999). 
Since nine pairs of watersheds are being investigated concurrently (i.e. 
meta-analysis), the analysis focuses on whether the upper tails of the 
frequency distributions of peakflows are displaying similar patterns 
regardless of post-harvest sample size. This will assist in identifying 
physically meaningful treatment effects even if they are not necessarily 
statistically significant, as suggested by Lewis et al. (2010) and adopted 
by Green and Alila (2012).

The observed peakflows are adjusted to remove the effect of hydro
logic recovery to meet the stationarity assumption of the peakflow fre
quency analysis. Using the chronologically paired Qp, the “time since 
end of treatment” tharvest is introduced into the linear regression as a 
covariate to represent the recovery effect: 

Ŷi = b0 + b1Xi + b2 ∗ tharvest, (5) 

This de-trending procedure, which involves subtracting the time 
component from the observed peakflows, has been used in Alila et al. 
(2009), Green and Alila (2012), and Thomas and Megahan (1998) to 
produce a stationary peakflow time series in the post-treatment period 
for the frequency analyses.

3. Results

In this section, the treatment effects (from harvesting and/or roads) 
are first reported in the form of changes to sample statistics (mean and 
variance) of peakflow (Qp) (Table 2). The coefficient of variation (CV) of 
the peak-over-threshold (POT) series of the control watersheds is pre
sented in Section 4.1.2 rather than here, because it serves as interpretive 
evidence for the synchronization and fog-interception mechanisms 
rather than as a measure of treatment effect.

The analysis of peakflow response in the form of changes to event 
frequency is important to the understanding of the physical processes. 
Treatment effects on the Qp magnitude and frequency are inferred from 
changes in the form of the frequency distribution (i.e., Cumulative 
Distribution (CDF) and Probability Distribution (PDF) Functions). In 
terms of observed peakflows in the form of either CDF or PDF, which 
again reflect harvesting effects, we present curves both with and without 
adjustment for recovery effects due to forest regrowth. The implications 
of the hydrological recovery effects will be discussed separately in 
subsection 4.2. Overall, watersheds in Coyote Creek and Fox Creek 
illustrate higher treatment effects than watersheds in Fox Creek and H.J 
Andrews with similar treatments (harvest cut rate and road density).

3.1. Coyote Creek and Fox Creek

At the Coyote Creek watersheds, the effect of treatment on the mean 
of Qp increased with harvest rate: 30% patch-cut in Coyote Creek 
watershed 2 (CC2) caused a 35.4% increase in the mean, 50% selection 
cut in CC1 caused a 50.3% increase in the mean, and 100% clearcut in 
CC3 caused a 85.5% increase in the mean. The effect of forest harvesting 
on the variance of Qp in Coyote Creek also increased with cut rate: 52%, 
135.9%, and 154% increase in variability in CC2, CC1, and CC3, 
respectively. Although treatments at Coyote watersheds were designed 
with different road densities, the experimental design within the site 
does not allow the isolation of the effect of roads from the effect of tree 
removal. At Fox Creek sites, however, the two watersheds (FOX1 and 
FOX3) have similar harvest rates (25% patch-cut) but different road 
densities (2.1 km/km2 in FOX1 and 1.3 km/km2 in FOX3). The increase 
in the mean of Qp was 20.9% in FOX1 and 4.7% in FOX3. The increase in 
Qp variability was 82.9% in FOX1 and 34% in FOX3.

CDFs and PDFs of Coyote Creek and Fox Creek watersheds are 
plotted in Figure 4 and Figure 5, respectively, for the assessment of 
changing event magnitude and frequency. At Coyote and Fox Creek 
sites, forest harvesting increased the magnitude of all Qp regardless of 
size (illustrated by the entire observed Qp CDFs shifting upward 
compared with the expected Qp CDFs). Remarkably, the effect of har
vesting on the magnitude of Qp increased with event size (illustrated by 
vertical differences between the observed and the expected CDFs 
increasing with return period). Harvesting in Coyote and Fox Creek 
watersheds also increased the frequency of all peakflow events, irre
spective of magnitude. (See insets of Figure 4 and Figure 5.) In Coyote 
Creek, for instance, 100% clearcut with roads has caused a four to five 
times increase in Qp frequency in CC3 (e.g., a 30-year event becoming 
~7-year event), 50% selection cut with roads caused a three to four 
times increase in Qp frequency in CC1 (e.g., a 30-year event becoming 
~8-year event), and 30% patch cut with roads almost doubling the Qp 
frequency in CC2 (e.g., a 10-year event becoming a 6-year event). At Fox 
Creek, interestingly the relatively lower cut rate (25% patch-cut) has 
resulted in two to eleven times increases in the peakflow frequency, with 
the larger events showing an even larger increase in frequency (e.g., 10- 
year events turning into 1- to 3-year events and 30-year events turning 
into 3- to 4-year events).

The split-season analysis (ROS dominant months versus non-ROS 
dominant months) in Fox Creek and Coyote Creek indicated that, in 
these watersheds, the treatment signal was most pronounced in the 
variability and in the upper-tail behaviour of the ROS-dominant months 
relative to the combined non-ROS months (Figure 6). For CC3 (100% cut 
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rate with roads), the increase in the mean is 107% during ROS-dominant 
months and 58% during non-ROS-dominant months; and the change in 
the variability is 223% and 22%, respectively. In the case of FOX3 (25% 
cut rate with roads), changes in the mean Qp between ROS and non-ROS 
dominant months are similar, 3% and 3.5%, respectively. However, the 
response in terms of the variability is drastically different between the 
two: 28.5% during ROS dominant months and -6.6% during non-ROS 
dominant months. In CDF comparisons of both CC3 and FOX3, the 
vertical difference between observed and expected CDF of the non-ROS 
dominant months is relatively smaller compared with ROS dominant 
months. The vertical difference also remains relatively constant with 
increasing return period for the non-ROS dominant months but shows a 
strong increasing trend in ROS dominant months. One caveat is that the 
non-ROS sample combines early-wet-season months (September–Oc
tober) with late-wet-season months (March–May), which differ in 
antecedent soil-moisture conditions: after the dry summer, the differ
ence in soil-moisture deficit between treated and control watersheds is 
largest in early fall and probably smaller in spring. Because these sub- 
seasons are aggregated, the non-ROS treatment difference reported 
here is an average across hydrologically distinct periods; disaggregating 
them is a worthwhile direction for future analysis.

3.2. H.J. Andrews

At the H.J. Andrews site, there are four treatment watersheds, with 
HJA1, HJA3, HJA10 being adjacent to each other and sitting at the 
southwest corner of the Experimental Forest; and with HJA6 sitting 
across the Experimental Forest at the northeast corner, higher in 
elevation. Although HJA10 is adjacent to HJA1 and HJA3, HJA10 is 
different because it is about 10 times smaller and has a lower elevation 
range. For HJA1 (100% clearcut, no roads) and HJA3 (25% patch-cut, 
with roads), differences in treatments resulted in different increases in 
the mean (39% in HJA1 and 12% in HJA3) and different changes in the 
variability (3.3% in HJA1 and -8.5% in HJA3). Frequency analyses 
(CDFs and PDFs in Figure 7) illustrate the increase in the peakflow 
magnitude of smaller peakflows (with return period < 10-year) in these 
two H.J. Andrews watersheds. For peakflows larger than 10-year, 
notably overlapping observed and expected CDFs of HJA1 and HJA3 
suggest that larger events are not affected by treatments in these two H. 
J. Andrews watersheds. In terms of change in the peakflow frequency, 
smaller peakflows in HJA1 are doubled in frequency (10-year becoming 
~4-year event) and no change in frequency for events larger than 10- 
year. Similarly, in HJA3, the frequency of smaller peakflows is 
increased by 30% with no change in the frequency of the larger 
peakflows.

In terms of treatment level, HJA1, HJA6, and HJA10 have the same 
cut rate (all 100% clearcut) but with HJA6 having additional treatment 
effects from forest roads. The increases in the Qp mean were 35% for 

HJA6 and 9% for HJA10; and the increases in the variability were 25.4% 
for HJA6 and 9.3% for HJA10. The vertical difference between CDFs in 
the frequency analysis shows that magnitudes of Qp increased for all 
return periods in HJA6 and HJA10 (Figure 7) and, unlike HJA1 and 
HJA3, such vertical differences increased with return period without a 
no-effect threshold, suggesting larger treatment effects on events larger 
than 10-year. The increasing vertical difference of CDFs with return 
period can also be translated into a larger increasing Qp frequency with 
larger events. In HJA6, the 10-year and 50-year events become 1.6 and 
2.6 times more frequent, respectively (10-year and 50-year become ~6- 
year and ~19-year events, respectively). In HJA10, the change in fre
quency for a 50-year event is 2.5 times (50-year becoming ~20-year), 
although such a difference could be caused by the largest two observa
tions being more sensitive to the ranking uncertainty. Since the general 
climate conditions are the same for the four watersheds of H.J. Andrews, 
judging by the responses of post-treatment peakflow frequency curves 
between watersheds, the contrasting treatment sensitivity of the large 
events (either low sensitivity as in the case of HJA1 and HJA3 or high 
sensitivity as in the case of HJA6 and HJA10) needs to be understood 
through the physical processes of how watershed physiographic char
acteristics influence treatment effects.

4. Discussion

In this section, the inter-site comparisons of the sensitivity of the 
peakflow regime to treatment among Coyote Creek, Fox Creek, and H.J. 
Andrews are explored through the use of stochastic understanding.

4.1. Process Controls of Sensitivity of Peakflow to Treatment: Inter-site 
Comparison

At first glance, the treatment sensitivity appears to be erratic. Among 
all watersheds observed across the three sites, the four treatment wa
tersheds that received 100% clearcut experienced increases in the mean 
of Qp ranging from 9% to 86% and in the variability of Qp from 3% to 
154%. The four treatment watersheds subject to moderate cut rates (25 
and 30% harvesting) experienced increases in the mean of Qp of 5% to 
35% and changes in the variability of Qp of − 9% to 52%. An immediate 
observation is that the increase in the mean and variability tends to be 
larger in Coyote Creek and Fox Creek than in H.J. Andrews when the 
treatment is similar. For example, the treatment effect in HJA1 (100% 
clearcut, no roads) is smaller than in CC3 (100% clearcut, with roads), 
even though roads in CC3 may be a confounding factor. HJA3 has a 
treatment similar to the two Fox Creek watersheds (25% patch-cut, with 
roads), yet the effects on the larger events (>10 year) are drastically 
different: no effect in HJA3 but a 10 to 30% increase in peakflow 
magnitude in FOX1 and FOX3.

These relative changes in the mean and variability of Qp across all 

Table 2 
Relative change in sample statistics with full record length and similar record length comparison. HJA watersheds have their record length reduced to match Coyote 
and Fox Watersheds on the right-hand side of the table to provide an inter-group comparison without the effects of sample size and length of observation.

Sites Pair 
(Treatment- 
Control)

Full available Record Length Similar Cross-site Record Length

Relative Change of Qp 

Mean (%)
Relative Change of Qp 

Variance (%)
Post- 
Treatment 
Record Size 
(Year)

Relative Change of Qp 

Mean (%)
Relative Change of Qp 

Variance (%)
Post- 
Treatment 
Record Size 
(Year)With 

Recovery
Recovery 
Adjusted

With 
Recovery

Recovery 
Adjusted

With 
Recovery

Recovery 
Adjusted

With 
Recovery

Recovery 
Adjusted

Coyote CC1-CC4 35 50.3 116.2 135.9 22 35 50.3 116.2 135.9 22
Coyote CC2-CC4 23 35.4 35.7 52 22 23 35.4 35.7 52 22
Coyote CC3-CC4 55 85.5 121.2 154 22 55 85.5 121.2 154 22
Fox FOX1-FOX2 19 20.9 59.9 82.9 17 19 20.9 59.9 82.9 17
Fox FOX3-FOX2 4.6 4.7 33.8 34 17 5 4.7 33.8 34 17
HJA HJA1-HJA2 30 38.7 -10.1 3.3 47 28 28.4 -19.4 -18.7 23
HJA HJA3-HJA2 12 12.2 -8.4 -8.5 50 18 22.3 -11.6 -4.4 25
HJA HJA6-HJA8 21 35.2 7.2 25.4 39 17 16.5 17.1 17.1 22
HJA HJA10-HJA9 8.9 8.9 7.2 9.3 38 5 4.6 -0.5 -7.1 21
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nine pairs are summarised in Figure 8, which anchors the comparison 
developed below. To make the reasoning traceable, the following sub
sections take the six hypotheses of Section 1.3 in turn: elevation- 
controlled snowmelt synchronization (H1, Section 4.1.1); the suppres
sion of fog interception in humid environments (H3, Section 4.1.2); the 
additional local controls exerted by a drier climate and by the road 
network (H4 and H2, Section 4.1.3); and the resulting behaviour of the 
large, infrequent peakflows at the upper tail (H5 and H6, Section 4.1.4). 
Section 4.2 then synthesises these controls. Each subsection closes by 
stating whether its hypotheses are supported by the evidence.

4.1.1. Elevation Range and Snowmelt Synchronization (Hypothesis 1)
Hypothesis 1 holds that a watershed’s elevation range governs the 

spatial synchronization of runoff generation through the snow mass and 
energy balance, so that greater synchronization produces a larger post- 
harvest increase in the mean and variability of peakflows.

In terms of physiographic characteristics, what makes HJA1 and 
HJA3 distinctive compared with the other treatment watersheds is their 
larger elevation range. We hypothesized that the mechanistic WAR 
desynchronization over space and time reduces the mean and variability 
of peakflows. Such desynchronization at the watershed scale is increased 

Figure 4. Cumulative Distribution Function (CDF) of post-treatment peakflows: a) Coyote Creek CC1 (with CC4 as control), b) Coyote Creek CC2 (with CC4 as 
control), and c) Coyote Creek CC3 (with CC4 as control). Inset graphs are the Probability Distribution Function (PDF) of post-treatment peakflows for the two 
respective watersheds. The thin black solid lines in CDF and PDF graphs represent the expected peakflows, calculated using the calibration function developed with 
pre-treatment peakflows. The red lines represent raw observed peakflows in the treatment watersheds and are affected by hydrological nonlinearity caused by the 
vegetation regrowth after harvesting. The dashed lines represent observed peakflows with the hydrological recovery effects adjusted. The inset data show changes in 
magnitude (% change) and return period of some larger peakflows. The change in frequency is interpreted as, for example, the treatment changing the 30-year event 
of CC1 into an 8-year event (almost 4 times more frequent).
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by spatial heterogeneity of SWE mass and energy balance where the 
watershed has a larger elevation difference between its ridges and its 
mouth. Based on the stand-level snow mass and energy balance under
standing of Garvelmann et al. (2015), the removal of forest canopy ex
poses the snow to greater variability in the climatic controls; 
consequently, a clearcut watershed with a large elevation range (such as 
HJA1) can experience more WAR desynchronization. In the case of 
HJA3, the locations of the patch-cut blocks introduce further sources of 
desynchronization: there are three discrete cut blocks, each about 8% of 
the total watershed area, two at mid-elevation and the third near the 
outlet, so that runoff generation is desynchronized between (i) the cut 
blocks and their adjacent forest, (ii) the three cut blocks situated at 
different elevations, and (iii) the forested areas at different elevations. 
Greater desynchronization of WAR in HJA1 and HJA3 after harvesting 
should therefore lower the probability of occurrence of larger peakflows 
at the outlet, counteracting the stand-level increase in WAR caused by 
higher SWE and ablation rates following harvesting.

Our pre- and post-harvesting peakflow frequency analyses at HJA1 
and HJA3 suggest that this desynchronization-driven lowering of the 
mean and variability may not completely, but can substantially, coun
teract the stand-level increase. This is consistent with our findings, 
though Bathurst et al. (2020) analyzed a 7-year post-harvest record at 
HJA3, and observed diverging pre- and post-harvest flood frequency 

curves, suggesting initial runoff synchronization, likely reflecting the 
short record's inability to capture the full manifestation of desynchro
nization effects. Although hydrologists have long understood 
arrival-time desynchronization through deterministic single-event 
hydrographs, such watershed-scale desynchronization effects on peak
flow frequency are discernible only within a probabilistic framework.

In contrast to the high elevation ranges of the steep HJA1 and HJA3 
watersheds, the topography of Coyote Creek and Fox Creek is relatively 
subdued. In snowmelt-dominated regions of British Columbia, peak
flows in subdued watersheds exhibit higher variability than in steep 
mountainous watersheds, a phenomenon attributed to synchronized 
melting (Green & Alila, 2012); similar processes are plausible in the ROS 
environment, since spatial homogeneity of the pre-event snowpack also 
promotes synchronized melting and hence synchronized WAR genera
tion across the watershed. The coefficient of variation (CV), a dimen
sionless measure of peakflow variability about the mean, is most 
informative as a like-for-like comparison among control watersheds; for 
quantifying treatment effects, the harvest-induced shift in peakflow 
frequency is a more direct and reliable indicator than a change in CV. 
Comparison of the CV of the POT series of the control watersheds (CC4, 
FOX2, HJA2, HJA8, and HJA9) reveals that Coyote Creek and Fox Creek 
behave unexpectedly differently. The CV of CC4 (the control for CC1, 
CC2, and CC3) is 1.08, higher than those of the steep H.J. Andrews 

Figure 5. Similar to Figure 4. Cumulative Distribution Function (CDF) of post-treatment peakflows: a) Fox Creek FOX1 (with FOX2 as control) and b) Fox Creek 
FOX3 (with FOX2 as control). There is a distinct change of variability between peakflows smaller and larger than the return period of around 0.5 year (shown as 
changes in the CDF slope) for both FOX1 and FOX3. Increase of peakflow frequency (reduction of return period) increases with peakflow size.
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controls (0.42 to 0.81); this is expected, both because of synchronized 
runoff generation in a subdued watershed (Green & Alila, 2012) and 
because of the drier hydro-climatology of Coyote Creek relative to the 
other two sites (Figure 3), as meteorological conditions are themselves 
more variable in drier environments (Merz & Blöschl, 2009).

Taken together, H1 is supported: the large elevation ranges of HJA1 
and HJA3 coincide with the muted post-harvest shifts expected from 
WAR desynchronization, while the subdued Coyote Creek control shows 
the elevated pre-harvest variability expected where desynchronization 
is weak. The one apparent exception concerns Fox Creek, whose control 
records the lowest CV (0.38) of any watershed in this analysis, contrary 
to the expectation that its subdued, elongated form would synchronize 
runoff and raise variability. This anomaly motivates the fog-interception 
mechanism examined next.

4.1.2. Fog Interception in Humid Environments (Hypothesis 3)
Hypothesis 3 holds that, in certain humid environments, tree 

removal suppresses fog interception, increasing the mean and variability 
of peakflows through a higher baseflow and an intensified ROS response, 
and thereby rendering such environments among the most sensitive to 
harvesting.

Why is the peakflow variability so low in the Fox Creek control, and, 
more importantly, how is such a low control CV associated with the 
comparatively large post-harvest increase in variability at FOX1 and 
FOX3? The more elongated shape of the Fox Creek watersheds (Jones, 
2000; Figure 4) could desynchronize peakflow generation through the 
drainage-network geometry. Yet, as a holistic observation, the much 
lower CV of FOX2 (control) relative to the other controls is not fully 
explained by this effect, and such geometry-induced synchronization 
should not itself be much altered by harvesting and so cannot explain the 
large post-harvest increase in variability. It is therefore hypothesized 
that an additional mechanism reduces peakflow variability in this re
gion. The 30% greater annual water input to forested than to clearcut 
stands in Fox Creek (Harr, 1982; Ingwersen, 1985) could produce both 

Figure 6. Cumulative Distribution Function (CDF) of post-treatment peakflows with split samples. The samples are split into non-Rain-on-Snow (non-ROS) dominant 
months of the wet season (September, October, March, April and May, shown on the left) and Rain-on-Snow (ROS) dominant months (December and January, shown 
on the right). November and February are treated as transition months and are excluded from both groups; although snow can fall in these months, fresh snow during 
these energy-rich transition periods typically melts rapidly, so the event type is ambiguous. Top panel: Fox Creek FOX3. Bottom panel: Coyote Creek CC3. The insets 
show the PDFs and changing sample statistics of the recovery-adjusted peakflows.
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observations, the low control variability and the large post-harvest in
crease. Fog drip has been documented along the mountainous ridges of 
Oregon and California, producing notable differences in annual pre
cipitation (Ingraham & Matthews, 1995; Isaac, 1946) with events lasting 
for days and seasonal collection totalling as much as 42.5 cm (Azevedo 
& Morgan, 1974). First, fog interception increases water input to the 
forested control (a mass-balance effect), raising baseflow and thereby 

reducing CV (Blöschl & Sivapalan, 1997); this recharge is most pro
nounced in early fall when soils are dry (Jones, 2000). Second, 
fog-derived water during winter can further reduce CV through an 
energy-balance effect, adding energy to the snowpack beneath the 
canopy and limiting its development so that it contributes less to ROS 
runoff, analogous to meltwater drip, which is known to add energy to 
the sub-canopy snowpack in ROS environments (Berris & Harr, 1987; 

Figure 7. Similar to Figure 4. Cumulative Distribution Function (CDF) of post-treatment peakflows: a) H.J. Andrews HJA1 (with HJA2 as control), b) H.J. Andrews 
HJA3 (with HJA2 as control), c) H.J. Andrews HJA6 (with HJA8 as control) and d) H.J. Andrews HJA10 (with HJA9 as control). The post-treatment CDF converges 
with expected CDF, resulting in a non-significant increase of peakflow magnitude for large peakflows (return period > 10 year) in HJA1 and HJA3.
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Storck et al., 2002). While direct quantification of fog and meltwater 
drip as energy sources remains limited, the physical reasoning is 
consistent with the peakflow frequency curves of FOX1 and FOX3, 
lending empirical support to the significance of fog-drip energy. The 
treatment effects (the vertical difference between CDFs) on small Qp 
events (return period < 0.5 years) are distinctly smaller than those on 
larger events (return period > 0.5 years) at Fox Creek (Figure 5); in the 
case of FOX3, there is no treatment effect for small events at all. Because 
the energy-balance contribution of fog drip is negligible during the more 
rain-dominated seasons, the reduction in fog interception following 
harvesting reduces rain-only runoff mainly through its mass-balance 
effect (less water input). This is further supported by the split analysis 
of FOX3, which shows no significant treatment effect during 
non-ROS-dominated months (Figure 6). The energy-balance effect of the 
extra dripped water becomes increasingly important as snowmelt con
tributes more to runoff in mid-winter: reduced pre-event energy input 
following harvesting leads to higher snow accumulation and subse
quently higher WAR, an effect that appears significant only at the peak 
of the ROS season, where the FOX3 split analysis shows large treatment 
effects confined to the few largest events.

H3 is therefore supported: the documented fog-drip surplus to 
forested Fox Creek stands is consistent both with the anomalously low 
control watershed CV and with the large post-harvest increase in vari
ability at FOX1 and FOX3, identifying the suppression of fog intercep
tion as the mechanism that makes these humid watersheds among the 
most sensitive to harvesting.

4.1.3. Local Controls on the Magnitude of the Response: Climate and Road 
Networks (Hypotheses 4 and 2)

Beyond elevation-driven synchronization, two local controls modu
late the magnitude of the response. Hypothesis 4 holds that, within the 
snow-transient zone, drier-climate watersheds are more harvest- 
sensitive; Hypothesis 2 holds that a denser road network raises routing 
efficiency and synchronization, increasing the mean and variability of 
peakflows.

At Coyote Creek, the larger post-harvest variability increase appears 
driven by the drier, more variable climate, with the ROS/non-ROS split 
(Figure 6) locating the sensitivity in altered mid-winter snowpack dy
namics. Fog suppression makes the humid Fox Creek watersheds sensi
tive mainly through a reduced return period (a frequency effect), 
whereas the drier Coyote Creek climate acts mainly through increased 
magnitude, widening the vertical gap between the frequency curves of 
Figure 4. These two routes (magnitude versus frequency) are distinct, a 
counter-intuitive result that only the stochastic framework exposes, and 

consistent with the dictum that watersheds with milder-sloped pre- 
harvest frequency curves are the most sensitive (Berris & Harr, 1987; 
Alila et al., 2009; Johnson & Alila, 2023; Kaluarachchi & Alila, 2025; 
Pearson-Atkins et al., 2026; Pham et al., 2025).

H4 is supported within the snow-transient zone: among comparable 
treatments, the drier, more variable Coyote Creek climate produces the 
largest increases in the mean and variability of Qp (Merz & Blöschl, 
2009).

Roads are the second control. Since FOX1 and FOX3 are physically 
alike and equally harvested, the larger increase at FOX1 follows from its 
higher road density. In a probabilistic framing, this parallels the 
drainage-density effect of ditching, though drainage ditches raise 
drainage density by an order of magnitude more than roads alone 
(Robinson, 1986, and references therein), while roads reduce response 
time and enhance synchronization.

H2 is supported as predicted: with physiography, climate, and cut 
rate held constant, FOX1’s higher road density yields the larger increase 
in the mean and variability of Qp relative to FOX3.

4.1.4. Magnitude and Frequency of Large Peakflows (Hypotheses 5 and 6)
The preceding controls act on the mean and variability of the whole 

distribution; their effect on large, infrequent events is the subject of 
Hypotheses 5 and 6. H5 holds that infrequent peakflows (return period 
> 10 years) can be substantially affected as a direct consequence of those 
changes; H6 holds that, within the observed records, the effect can in
crease unchecked with event size, with no apparent ‘no-effect’ 
threshold.

Because a change in the mean and variability rescales the whole 
distribution, its imprint reaches the infrequent events. At the 
synchronization-dominated sites (Coyote Creek, Fox Creek, HJA6) the 
pre- and post-harvest curves keep diverging into the upper tail 
(Figure 8b), so the absolute increase for infrequent (>10-year) events is 
at least as large as for frequent ones; the upper-tail confidence is treated 
in section 4.3. The desynchronized steep watersheds show no such 
amplification: HJA3 shows no effect on its >10-year events while 
comparably treated Fox Creek watersheds increase by 10–30%. H5 is 
therefore supported at the synchronization-dominated sites but not 
where desynchronization dominates, a distinction visible only in the 
probabilistic framework.

Within the 17 to 50-year post-harvest records, the curves at the 
synchronization-dominated sites show no convergence toward a com
mon bound: no return period marks an end to the effect, and the sepa
ration tends to grow with event size. H6 is therefore supported under 
synchronizing conditions (subdued topography, roads, drier climate) 

Figure 8. Relative change in the (a) mean and (c) variance of post-harvest Qp, in comparison to the relative harvest area of the watershed, for all nine watersheds. 
Panel (b) shows the controls on the peakflow magnitude-frequency relation, while the outer ring shows the hydrologic mechanisms through which they act. Although 
larger cut rates tend to produce larger increases in the mean and variance, the relationship is multivariate, rather than driven by harvest rate alone; the H.J. Andrews 
watersheds (shown in red) illustrate this, with their individual responses discussed in Section 4.1.5. Skewness may also change with harvesting, but is not shown, 
owing to the large uncertainties in estimating third-order moments.
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but not universally; where desynchronization dominates (HJA1, HJA3) 
the effect is bounded, even diminishing at the largest events. That 
identical harvesting can produce an unchecked increase in one water
shed and a near-zero effect in another is not a contradiction but a central 
result: the upper tail is governed by how macroscale physiography and 
climate organize WAR delivery, not by cut rate alone.

4.2. Forests Owe Their Causal Power on Peakflows to Physiography and 
Climate

Treatment sensitivity is multivariate, not a function of cut rate alone 
(Figure 8). Harvesting reshapes the peakflow regime through the mean 
and variability of Qp, and these two changes determine the effect on 
magnitude and frequency, especially at the upper tail (Figure 8b). 
Despite identical 100% clearcuts, HJA1 responds weakly (mean 
+38.7%, variance +3.3%) because it has no roads, a large elevation 
range, and a humid climate, while CC3 responds strongly through its 
subdued topography, roads, and drier climate. HJA3 (25% cut) is 
similarly muted (mean +12.2%, variance -8.5%) for the same physio
graphic reasons, whereas the Fox Creek watersheds at the same cut rate 
are highly sensitive because fog suppression lowers their pre-harvest 
variability. Within H.J. Andrews, HJA6 (subdued, mean elevation near 
peak-ROS) responds most (mean +35.2%, variance +25.4%) and HJA10 
least (mean +8.9%, variance +9.3%; steep, low, no roads). Roads, 
present throughout Coyote and Fox Creek but not all of H.J. Andrews, 
further widen the gap.

Stand-level deterministic mechanisms (evapotranspiration, canopy 
interception, snow shading) have long explained forest effects on 
peakflows, but our results show them insufficient: macroscale physiog
raphy and climate are decisive. What distinguishes the responses is how 
forest practices interact with these controls to synchronize or 
desynchronize WAR delivery (Figure 8b). Because each watershed 
combines the controls differently, identical stand-level mechanisms 
integrate differently in space and time, making sensitivity watershed- 
specific (Beven, 2000). This is why the comparison looked erratic at 
the outset and resolves only when the nine pairs are read together 
through a stochastic, causal framework: one pair can suggest macroscale 
control (Johnson & Alila, 2023; Pearson-Atkins et al., 2026) and two can 
begin to test it (Pham et al., 2025), but nine provide far stronger 
grounds. That a system’s causal power lies at its macroscale rather than 
microscale is not unique to hydrology; it recurs across the sciences, from 
systems biology to philosophy, across more than a dozen measures of 
causation (Comolatti & Hoel, 2022; Flack, 2017; Hoel et al., 2013; Rosas 
et al., 2020). Forest hydrology belongs within this understanding: the 
causal power of forests on peakflows is governed at the watershed scale, 
by physiography, climate, and cut-block distribution, not at the stand 
scale.

4.3. Hydrological Recovery

Trees regrow after harvesting, so quantifying the effects immediately 
after harvesting has practical limitations. However, it is a critical first 
step, since the pace of recovery cannot be estimated without first 
correctly quantifying the initial effects from which recovery proceeds. 
Although the primary focus of this study is to quantify the hydrologic 
effects immediately after harvesting, we do recognize there is a practical 
need to assess the pace of hydrological recovery because it determines 
the length of heightened risk exposure and has tremendous influence on 
how professionals assess overall risk and reliability over a longer term. 
The experimental design of this study (namely the stationary frequency 
analysis coupled with a de-trending technique) was not designed to 
investigate recovery specifically. We will, however, offer some obser
vations from our de-trending exercise to illustrate the contradiction in 
the conclusions of the pace of hydrological recovery between a proba
bilistic framework and the full deterministic ANOVA/ANCOVA frame
work (Beschta et al., 2000; Thomas, 1990; Thomas & Megahan, 1998).

The exercise reported in Table 2 purposefully reduces the record 
length of some longer records in H.J Andrews to match the record 
sample size of other studied watersheds. The differences in the amount 
of recovery adjustment (which is the vertical difference between 
adjusted and unadjusted series) between the shorter sample set and 
longer sample set could be considered as an indirect representation of 
the hydrological recovery in the four H.J. Andrews sites. First, adjust
ment for recovery in HJA1 with a shorter record length of 23 years 
shows no significant difference in either change of the mean or vari
ability of Qp relative to the expected. Then, with the full record of 50 
years of observations, the change in the mean and variability of Qp 
relative to the expected are significantly different between the recovery- 
adjusted and unadjusted records. Because the adjustment for recovery is 
only significant for a record length of 50 years but not for 23 years, it is 
reasoned that significant and detectable hydrological recovery does not 
occur until some 20 years after the initial treatment effects. This 
conclusion contradicts the conclusion drawn from a deterministic 
analysis by Thomas and Megahan (1998), who claimed significant hy
drological recovery in the first, third, and fourth decades in the 
post-treatment period with the first decade showing the fastest recovery, 
and for no apparent physical reasons there is no recovery in the second 
decade. Consider the vegetation recovery rate in this region, which is 
about 60% in 30 years for canopy cover and LAI (Jones & Grant, 1996). 
We postulate that there is little if not zero hydrological recovery in the 
first two decades following clearcutting of the watershed. This aligns 
with the findings of Crampe et al. (2021), who indicate no clear evidence 
of hydrologic recovery 50 years post-harvest at H.J. Andrews. A similar 
conclusion of no significant recovery for the first two decades after 
treatments is also found in HJA6 for both i) changes in the mean and ii) 
changes in the variability of Qp. Namely, there is no significant recovery 
found by the recovery adjustment exercise using the arbitrarily short
ened record (22 years post-treatment). There is, however, at least some 
recovery significant enough to be detected when using the full record 
(39 years post-treatment). The same exercise for HJA3 is inconclusive, 
possibly due to several confounding factors such as time-sensitive 
desynchronization caused by scattered cut-blocks and 
time-independent synchronization caused by roads. The record of 17 
years at Fox Creek also requires almost no recovery adjustment, which is 
consistent with the hypothesis that little recovery happens in the first 
two decades following treatment. Therefore, from our observations in 
the H.J. Andrews watersheds, we find no support for the notion of fast 
hydrological recovery proposed in the traditional deterministic analyses 
of Thomas and Megahan (1998).

In Coyote Creek, due to a gap in the discharge time series, although 
the sample size for post-treatment frequency analysis is only 22 years, 
the effective recovery period for the three Coyote Creek treatment wa
tersheds is in fact 41 years (1972 to 2013) and the recovery is noticeable. 
Nevertheless, the amount of hydrological recovery over a period of four 
decades does not appear to be on the same magnitude as the treatment 
effects. Stationarity assumption aside, if the unadjusted observed 
peakflow frequency curve, which confounds treatment effects with hy
drological recovery effects, is to be compared with the expected peak
flow frequency curve, the increase in Qp magnitudes is still large 
(Figures 4 and 6). This suggests that the hydrological response to har
vesting and roads could be slow to recover in this region, which echoes 
previous studies by R.D. Harr and colleagues, whose stand-level outflow 
experiment observed significant increase of water outflow at the 40- 
year-old plantation stand compared with the fully forested stand (Harr 
et al., 1989; Harr & Coffin, 1992). That led them to conclude that hy
drological recovery by vegetation regrowth in Rain-on-Snow environ
ments is slow: “so-called hydrologic recovery is only about 50 percent 
complete in forest plantations approximately 25 years old (Harr et al., 
1989, p. 6)”. Such findings from a stand-level experiment were mostly 
dismissed by the forest hydrology community, perhaps because they are 
inconveniently incompatible with the research outcomes of the few 
available watershed-level deterministic recovery studies (Beschta et al., 
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2000).
On the physical processes related to hydrological recovery, the 

concept of resilient ecosystem is often being used to support why hy
drological recovery should be fast in the Pacific Northwest. Often, 
studies on the topic of hydrological recovery are reductionist in 
approach: They investigate one at a time the various aspects of such 
ecosystem resilience, e.g., recovery of vegetation, soil conditions, or 
how snow dynamics change following regrowth of the forest (Winkler & 
Boon, 2015). However, since vegetation regrowth and snow dynamics 
are hard to assess on a larger scale, the discussion of hydrological re
covery often relies on an understanding of stand-level processes. Similar 
to treatment effects, discussion of spatial aggregation and cumulative 
effects between processes is often missing when in fact the hydrological 
recovery is occurring on a watershed scale. In this study, we demon
strate how runoff generation can be synchronized or desynchronized by 
physical characteristics of the watershed, such as elevation range and 
aspect distribution and/or the treatment itself. How differential vege
tation regrowth rates at lower and upper elevations might influence 
hydrological recovery through the alteration of such synchroniza
tion/desynchronization processes is still an open question. For the above 
spatial, temporal, and process complex interactions, it is the opinion of 
the authors of this study that the experimental design of 
watershed-scaled hydrological recovery needs to be understood under a 
frequency-based nonstationary framework, especially when the effects 
of harvesting on the magnitude and frequency might be recovering at 
different rates (Pearson-Atkins et al., 2026). Stochastic methods devel
oped in other disciplines, such as climate science and analytical finance, 
could potentially free hydrologists from the linear up-scaling of pro
cesses (Salas & Obeysekera, 2014). Readers are referred to two recent 
studies that used frequency pairing under non-stationary conditions for 
understanding and quantifying the effects of harvesting practices at any 
point in time during the disturbance history of a watershed in the snow 
environment and, hence, a direct evaluation of hydrologic recovery of 
the peakflow regime (Johnson & Alila, 2023; Pearson-Atkins et al., 
2026).

4.4. Meta-Analysis Approach: Confidence in Upper-Tail Predictions

Estimates of frequencies in the upper tail of sample distribution can 
be sensitive to sample size which varied in this study from 17 to 50 
years. For any record length, there always will be sampling uncertainty 
associated with the empirically estimated return periods of the largest 
field-measured or model-simulated peakflows. In this study, the re
ported changes to frequency caused by forest harvesting were restricted 
to events smaller than 50-year return periods. The pre- and post-harvest 
sample peakflow frequency curves are reasonably well-defined for such 
a range of return periods, for four reasons: i) the emerged consistencies 
in the tail behavior of the sample frequency distributions across the nine 
pairs of control-treatment watersheds, empirically estimated without 
the fitting of an assumed theoretical frequency distribution, ii) our 
ability to explain the differences in such tail behaviors by differences in 
physiography, climate, and harvesting regime between treatment wa
tersheds, iii) the outcomes of this study align with existing probabilistic 
studies in the rain and snow environments, and iv) GRADEX (GRADient 
of EXtreme values) principles that lend further confidence in upper tail 
predictions, showing a physically defensible persistent gap between pre- 
and post-harvest FFCs, or convergence that will be shifted to higher 
return periods as sample size increases.

GRADEX principles are drawn from pluvial environments where, at 
high return periods, the FFC slope mirrors the rainfall frequency curve 
slope (Naghettini et al., 2012). In light of short sample sizes typically 
available in practice, GRADEX provides a means for corroborating the 
hypothesized effects on large return period events caused by forest 
harvesting or other forms of disturbance. Such methods are well un
derstood in the wider hydrology literature (e.g., Brodie, 2020; Cœur and 
Lang, 2008; Guillot, 1993; Guillot & Duband, 1967; Mota et al., 2018; 

Naghettini et al., 2012).
Therefore, consistency in the tail behaviour of the peakflow fre

quency distributions are unlikely to be caused by sampling variability. 
As discussed earlier, it is the meta-analysis approach adopted in this 
study that builds confidence in the predicted effects of harvesting on 
events forming the upper tail of the sample peakflow frequency 
distributions.

4.5. Implications on Larger Watersheds

Although the experimental watersheds here are small, certain con
trols transcend scale: which controls influence hydrologic response 
regardless of watershed size, such that forest practices can be guided to 
prevent the exacerbation of peakflows in ROS environments? Previous 
studies have applied a similar probabilistic framework across a wide 
range of watershed sizes in rain- and snow-dominated environments, 
providing evidence of controls operating at multiple scales (Bradshaw 
et al., 2007; Green & Alila, 2012; Johnson & Alila, 2023; Kaluarachchi 
& Alila, 2026; Pearson-Atkins et al., 2026; Reynard et al., 2001). Simi
larly, the ROS environment will see a suite of controls that relate to 
larger scales.

Firstly, baseflow has an increasing influence on peakflow CV as 
watersheds get larger (Blöschl & Sivapalan, 1997). At elevated scales, 
and watersheds that have larger snow-transient zones, processes like 
meltwater and fog drip will play an increasing role in baseflow contri
butions, reducing pre-harvest peakflow variability. Physiographic het
erogeneity and greater above- and below-ground storage impede runoff 
efficiency in larger watersheds, creating more opportunities for 
desynchronization. Climatic variability across larger scales, in ante
cedent wetness, snowpack, and storm characteristics, reinforces this 
effect. Consequently, this results in a much milder sloping FFC as wa
tersheds get larger (Merz & Blöschl, 2009) demonstrating a greater level 
of sensitivity to changes in forest cover (Kaluarachchi & Alila, 2025), 
and in turn, larger changes in peakflow frequency will be experienced 
post-harvest.

Larger watersheds also accumulate runoff and sediment from head
water sub-watersheds, so the effects of forest practices there aggregate 
downstream and raise the probability of extreme events. Greater peak
flow magnitude, frequency, and duration upstream drive cumulative 
downstream sedimentation, which alters fluvial geomorphology, re
duces floodplain storage and channel capacity, and further exacerbates 
peakflows.

Watershed-level interpretations with increasing scale requires a 
mindset that goes beyond stand-level studies. With multiple physio
graphic (geographical context) and climatic (historical context) controls 
interacting stochastically with forest harvesting, a holistic understand
ing that accounts for upstream-downstream (or highland-lowland) 
causal links and considers the inherent multivariate intricate nature of 
snow-transient systems must be adopted. This will aid in the under
standing of controls at varying scales, interpretation of cumulative ef
fects downstream of headwater basins, and assist in sustainable forest 
management practices, policy (Bradshaw et al., 2009; Kaluarachchi & 
Alila, 2026), and engineering design (Beckers et al., 2002).

A caveat is that the snow-transient zone occupies a limited elevation 
band, so its share of watershed area depends on hypsometry; for basins 
extending well above or below this band the ROS-specific contribution 
may diminish with size. The synchronization controls invoked here, 
however, are not unique to ROS, the tendency toward milder frequency- 
curve slopes at larger scales operates across rain- and snow-dominated 
systems alike, so harvest sensitivity need not vanish even where the 
ROS fraction declines.

5. Conclusions

This study set out to advance the stochastic understanding of forest- 
harvesting effects on peakflows in the rain-on-snow environment by (i) 
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applying a probabilistic, frequency-based framework; (ii) examining 
how harvesting-induced changes in water available for runoff and in 
runoff synchronization alter the mean and variability of peakflows; (iii) 
quantifying the consequential effects of these changes on the magnitude 
and frequency of peakflow events across all return periods; and (iv) 
assessing how watershed physiography and climate govern peakflow 
sensitivity to harvesting. Across the nine paired watersheds, harvesting 
and road effects on peakflows were more pronounced, but also more 
predictable, than much of the earlier deterministic literature implies. 
Whether infrequent peakflows (return periods greater than 10 years) are 
affected depends on the environmental controls: the effect was small at 
HJA1 and HJA3 but large at HJA6 and in the Coyote Creek and Fox 
Creek watersheds. In two Coyote Creek watersheds the effect on peak
flow magnitude increased with event size, with no apparent no-effect 
threshold within the 17–50-year post-harvest records, and the fre
quency of the largest peakflows increased the most. Thus, large peak
flows can increase in both magnitude and frequency, and can do so more 
than small and medium events.

The principal contribution is a synchronization/desynchronization 
framework that links peakflow response to the physiographic and cli
matic controls on the spatial and temporal variability of runoff gener
ation and routing. Watersheds with large elevation ranges, wide aspect 
distributions, and elongated drainage networks tend to desynchronize 
runoff and so produce less flashy responses; because snow accumulation 
and ROS melt respond differently to harvesting across elevation bands, 
harvesting can further desynchronize generation and thereby offset part 
of its own tendency to raise the mean and variability of the frequency 
distribution. This single mechanism explains both the large response of 
subdued watersheds (HJA6, Coyote Creek, Fox Creek) and the muted 
response of steep ones (HJA1, HJA3, HJA10), and it clarifies why such 
scaling questions must be posed probabilistically: a purely deterministic, 
reductionist treatment admits contradictory outcomes that cannot be 
refuted by hypothesis testing. The framework also reframes fog inter
ception: rather than treating it as an evapotranspiration- or canopy- 
interception-type water loss whose removal would only modestly raise 
peakflows, it is recast as a mechanism that suppresses the natural vari
ability of the frequency distribution by offsetting early-season soil- 
moisture deficits and limiting sub-canopy snowpack development, so 
that its removal by harvesting can sharply increase variability and drive 
some of the largest frequency increases observed, as in the Fox Creek 
treatments. These inferences rest on isolating the treatment effect by 
pairing peakflows at equal frequency, on the wide range of watershed 
characteristics sampled (especially elevation range), and on the syn
chronization/desynchronization mechanism itself; together with Green 
and Alila (2012) in snow and Pham et al. (2025) in rain environ
ments, this work illustrates that reliable physical understanding follows 
only when treatment effects are properly isolated, rarely done in nearly 
a century of paired-watershed research, which may help explain why 
harvesting effects on peakflows have so often appeared enigmatic and 
unpredictable (Alila et al., 2009).

These results carry practical implications. Increases in flood fre
quency translate directly into greater risk to stream crossings, levees, 
and other infrastructure, and large shifts in the peakflow frequency 
distribution alter the sediment and nutrient regimes that structure 
aquatic ecosystems. These are effects compounded by slow hydrological 
recovery, with no significant recovery detected in the first two decades 
after treatment (Schmidt & Potyondy, 2004). Several lines of work 
follow. Long-term deterministic simulation could extend the 
post-harvest records and corroborate or refute these findings, particu
larly the existence of a no-effect threshold return period (Birkinshaw 
et al., 2011; Reynard et al., 2001; Schnorbus & Alila, 2004, 2013). 
Additional long-term paired-watershed sites in North America and 
elsewhere could test the synchronization/desynchronization model 
across a wider range of hydroclimates, ideally by predicting the direc
tion and magnitude of the harvesting response a priori from physiog
raphy, climate, and treatment regime and then verifying those 

predictions against the observed post-harvest frequency response; and, 
given heightened public concern, the effects of harvesting and roads in 
larger watersheds, where the spatial and temporal aggregation of pro
cesses should matter even more, warrant focused attention (Bradshaw 
et al., 2009). Under a changing climate, analyzing harvesting and road 
effects in a nonstationary setting could help reveal previously unde
tected peakflow sensitivities (e.g., Pearson-Atkins et al. (2026)), further 
guiding the future of hydrological-management policy.
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