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[1] Forest harvest effects on streamflow generation have been well described
experimentally, but a clear understanding of process-level hydrological controls can be
difficult to ascertain from data alone. We apply a new model, Visualizing Ecosystems for
Land Management Assessments (VELMA), to elucidate how hillslope and catchment-scale
processes control stream discharge in a small Pacific Northwest catchment. VELMA is a
spatially distributed ecohydrology model that links hydrological and biogeochemical
processes within watersheds. The study site is WS10 of the H.J. Andrews LTER, a 10 ha
forested catchment clearcut in 1975. Simulated and observed daily streamflow are in good
agreement for both the pre- (1969–1974) and postharvest (1975–2008) periods (Nash-
Sutcliffe efficiency ¼ 0.807 and 0.819, respectively). One hundred scenarios, where harvest
amounts ranged from 2% to 100% were conducted. Results show that (1) for the case of a
100% clearcut, stream discharge initially increased by �29% or 345 mm but returned to
preclearcut levels within 50 years, and (2) annual streamflow increased at a near linear rate
of 3.5 mm year�1 for each percent of catchment harvested, irrespective of location.
Thereafter, to assess the impact of harvest location on stream discharge, 20 harvest
scenarios were simulated, where harvest amount was fixed at 20% but harvest location
varied. Results show that the streamflow response is strongly sensitive to harvest distance
from the stream channel. Specifically, a 20% clearcut area near the catchment divide
resulted in an average annual streamflow increase of 53 mm, whereas a 20% clearcut near
the stream resulted in an average annual streamflow increase of 92 mm.
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1. Introduction
[2] Forest harvest effects on streamflow dynamics have

been well described experimentally [Beschta et al., 2000;
Bowling et al., 2000]. For example, results from paired-
catchment studies have shown that (1) removal of forest
cover increases water yield [Hibbert, 1966; Keppeler and
Ziemer, 1990; Rothacher, 1970] and peak streamflow
[Golding, 1987; Harr and McCorison, 1979; Jones, 2000;
Jones and Grant, 1996] by decreasing evapotranspiration
[Bosch and Hewlett, 1982]; (2) regrowth after harvest
decreases water yield [Jones, 2000; Jones and Post, 2004;
Sahin and Hall, 1996]; and (3) the initial response to har-
vest and the subsequent recovery of annual, peak, and low
flows are highly variable and difficult to predict [e.g.,
Bosch and Hewlett, 1982; Hibbert, 1966; Jones and Post,
2004; Stednick, 1996].

[3] The factors that control the variability in streamflow
response to harvest include harvest amount, vegetation type,
and climatic/hydrologic regimes. Stednick’s [1996] meta-
analysis of 95 paired-catchment studies highlighted major
differences in the response of annual streamflow to harvest
across eight climate regions within the United States. At the
two extremes, catchments in the Rockies and the Pacific
Coast yielded 9 and 50 mm more streamflow annually for
every 10% increase in harvest area, respectively (below
15% and 25% clearcut, respectively, there was no discern-
able increase in streamflow for either region). Moreover,
Stednick’s [1996] analysis showed a large variability in the
relationship between harvest amount and annual water yield
within each of the eight climate regions. For example, the
increase in annual water yield following a 100% clearcut in
Rocky mountain watersheds ranged from 0 to over 350 mm.
It was also unclear how harvest location within a watershed,
as opposed to harvest amount, impacted stream response
[Stednick, 1996].

[4] Analyses that have focused on ecohydrological con-
trols have provided important insights into the variability
of streamflow responses to harvest. Jones [2000] and Jones
and Post [2004] analyzed paired coniferous forest catch-
ments in the Pacific Northwest and northeastern United
States and found that the magnitude, seasonality, and dura-
tion of streamflow responses to forest harvest and regrowth
were consistent with fundamental water balance concepts
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in hydrology. Specifically, Jones [2000] found that peak
discharge in 10 experimental watersheds in the western
Cascade Range of Oregon increased by as much as 50% for
a 100% clearcut, by as much as 30% for a 50% clearcut,
and by as much as 20% for a 25% clearcut. Jones and Post
[2004] examined the seasonality of streamflow to forest
clearcut and found that the relative increase in streamflow
is highest during warm and dry seasons when evapotranspi-
ration is high, and the absolute increase in streamflow is
largest in moist seasons when evapotranspiration is low.
Nonetheless, although carefully designed paired-catchment
experiments and statistical analyses can provide strong cir-
cumstantial evidence for process-level controls, they can-
not be used alone to quantify the contribution of specific
processes to observed streamflow responses.

[5] Process-based simulation models can address this
need by providing a framework for synthesizing data
describing catchment responses to climate, harvest, and other
disturbances. When properly constrained, models allow a
self-consistent representation and analysis of process-level
interactions within catchments, as well as the ability to iso-
late the contribution of specific processes to observed
responses. Models can also extend a data set by allowing
behavior of unmeasured system components to be exam-
ined. Similarly, models can be used to isolate the effect of
a ‘‘target’’ treatment factor from the effects of other factors
that may be unavoidably altered within a single treatment
[McKane et al., 1997]. These properties are apparent in var-
ious modeling analyses of experimental data for paired-
catchment studies in the Pacific Northwest. For example,
Tague and Band [2000] used the RHESSys ecohydrologi-
cal model to isolate the effects of harvest and roads on
streamflow. Waichler et al. [2005] applied the dynamic hy-
drology soil vegetation model (DHSVM) [Wigmosta et al.,
1994] to three watersheds in the H.J. Andrews Experimen-
tal Forest in order to quantify the effects of forest harvest,
without roads, on streamflow, peakflow, and water balance.
Whitaker et al. [2002] used the DHSVM hydrological
model to evaluate peak flow sensitivity to clearcut at vari-
ous elevation bands in a snow-dominated catchment in
British Columbia. Sayama and McDonnell [2009] used the
OHDIS-KWMSS [Tachikawa et al., 2004] hydrological
model to infer the age and upland source areas of water
contributing to streamflow. Thus, models such as these can
provide a more detailed and process-based understanding
of experimental responses that would be impossible with
the data alone.

[6] However, existing process-based models have some
disadvantages. Many models are too simple to simulate pro-
cess-level controls of interest—e.g., interactions among
hydrological and ecological processes. At the other extreme,
some models are so complex that they require calibration
and forcing data that are often unavailable. Finally, some
models are too computationally expensive to simulate large
watersheds and landscapes, and require a high level of ex-
pertise to implement. Moreover, for a variety of reasons,
most current modeling frameworks have been limited to the
research community [Beckers et al., 2009]. Therefore, we
contend that there is a need for a balanced approach; specifi-
cally, an accessible, spatially distributed, ecohydrological
model that is both computationally efficient and relatively
easy to implement for analyzing the effects of changes in

climate, land use, and land cover, on watershed processes at
scales relevant to formulating management decisions.

[7] We present a relatively simple ecohydrological
model that aims to address both scientific and decision
making needs. We apply this model to a small experimental
catchment in the Pacific Northwest to investigate the eco-
hydrological controls on: (1) the effects of clearcut on
stream discharge, soil moisture, and evapotranspiration, (2)
the relation between harvest amount and catchment hydro-
logical response, (3) the sensitivity of streamflow to harvest
location, and (4) threshold behavior in the catchment
hydrological response.

[8] A description of the study area and history is provided
in section 2. An overview of the ecohydrological model
VELMA is provided in section 3. Simulations methods and
model calibration are described in section 4. Simulations
results are described in section 5. Discussion and conclusion
are presented in sections 6 and 7, respectively.

2. Site Description
[9] Watershed 10 (WS10) of the H.J. Andrews Experi-

mental Forest (HJA) is a small 10.2 ha catchment located
in the western-central Cascade Mountains of Oregon, at lat-
itude 44�150N, longitude 122�200W (Figure 1). WS10 has
been the site of intensive research and manipulation by the
U.S. Forest Service since the 1960s, mainly designed to
study the effects of logging on hydrology, sediment trans-
port, and nutrient loss [Dyrness, 1973; Fredriksen, 1975;
Harmon et al., 1990; Harr and McCorison, 1979; Jones
and Grant, 1996; Rothacher, 1965; Sollins and McCori-
son, 1981; Sollins et al., 1981].

[10] Basin elevation ranges from 430 m at the stream
gauging station to 700 m at the southeastern ridgeline. Near
stream and side slope gradients are approximately 24� and
25� to 50�, respectively [Grier and Logan, 1977; Sollins
et al., 1981]. The climate is relatively mild with wet win-
ters and dry summers [Grier and Logan, 1977]. Mean an-
nual temperature is 8.5�C. Daily temperature extremes vary
from 39�C in the summer to �20�C in the winter [Sollins
and McCorison, 1981]. Mean annual precipitation is
2300 mm and falls primarily as rain between October and
April [Jones and Grant, 1996]. Total rainfall during June–
September averages 200 mm. Snow rarely persists longer
than a couple of weeks and usually melts within 1 to 2 days
[Harr and McCorison, 1979; Harr et al., 1982; Jones,
2000]. Average annual streamflow is 1600 mm, which is
approximately 70% of annual precipitation.

[11] Soils are of the Frissel series, classified as Typic
Dystrochrepts with fine loamy to loamy-skeletal texture
[Sollins et al., 1981; Vanderbilt et al., 2003] that are gener-
ally deep and well drained [Grier and Logan, 1977]. These
soils quickly transmit subsurface water to the stream. Sub-
surface flow is a dominant component of the downslope
water movement and is characterized by a strong preferen-
tial flow along the soil-bedrock interface [Van Verseveld
et al., 2008]. Overland flow rarely occurs [Harr and
McCorison, 1979].

[12] Prior to the 1975 100% clearcut, WS10 was a 400 to
500 year old forest dominated by Douglas-fir (Pseudotsuga
menziesii), western hemlock (Tsuga heterophylla), and
western red cedar (Thuja plicata) [Grier and Logan, 1977]
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reaching up to �60 m in height. Rooting depths rarely
exceed 100 cm [Santantonio et al., 1977]. Species such as
the vine maple (Acer circinatum), Pacific rhododendron
(Rhododendron maximum), and chinkapin (Castanopsis
chrysophylla) regenerated during the spring after logging.
Forest regrowth in WS10 was rapid, initially by small trees
and shrubs that survived logging, and soon after by planted
seedlings of Douglas-fir [Gholz et al., 1985]. The dominant
vegetation of WS10 today is a �35 year old mixed Douglas-
fir and western hemlock stand.

3. The Ecohydrological Model
[13] We have developed a spatially distributed ecohydro-

logical model, Visualizing Ecosystems for Land Manage-
ment Assessment (VELMA), to simulate changes in soil
water infiltration and redistribution, evapotranspiration, sur-
face and subsurface runoff, carbon (C) and nitrogen (N) cy-
cling in plants and soils, and the transport of dissolved forms
of carbon and nitrogen from the terrestrial landscape to
streams. VELMA is designed to simulate the integrated
responses of ecohydrologic processes to multiple forcing

Figure 1. The study site is the watershed 10 (WS10) of the H.J. Andrews Experimental Forest located
in the western Cascade Range of Oregon.
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variables, e.g., changes in climate, land use, and land cover.
It is intended to be broadly applicable to a variety of ecosys-
tems (forest, grassland, agricultural, tundra, etc.) and to pro-
vide a computationally efficient means for scaling up
ecohydrological responses across multiple spatial and tem-
poral scales—hillslopes to basins, and days to centuries.

[14] VELMA uses a distributed soil column framework
to simulate the movement of water and nutrients (NH4,
NO3, DON, DOC) within the soil, between the soil and the
vegetation, and between the soil surface and vegetation to
the atmosphere. The soil column model consists of three
coupled submodels: (1) a hydrological model that simulates
vertical and lateral movement of water within soil, losses of
water from soil and vegetation to the atmosphere, and the
growth and ablation of the seasonal snowpack, (2) a soil
temperature model that simulates daily soil layer tempera-
tures from surface air temperature and snow depth, and (3)
a plant-soil model that simulates C and N dynamics. (Note:
for the purposes of this paper we describe only the hydro-
logic aspects of the model.) Each soil column consists of n
soil layers. Soil water balance is solved for each layer
(equations (A1)–(A6)). We employ a simple logistic func-
tion that is based on the degree of saturation to capture the
breakthrough characteristics of soil water drainage (equa-
tions (A7)–(A9)). Evapotranspiration increases exponen-
tially with increasing soil water storage and asymptotically
approaches the potential evapotranspiration rate (PET) as
water storage reaches saturation [Davies and Allen, 1973;
Federer, 1979, 1982; Spittlehouse and Black, 1981] (equation
(A12)). PET is estimated using a simple temperature-based
method [Hamon, 1963] (equation (A13)). An evapotranspira-
tion recovery function is used to account for the effects of
changes in stand-level transpiration rates during succession,
e.g., after fire or harvest (equation (B2)). Snowmelt is esti-
mated using the degree-day approach [Rango and Marti-
nec, 1995] and accounts for the effects of rain on snow
[Harr, 1981] (equation (A10)).

[15] The soil column model is placed within a catchment
framework to create a spatially distributed model applica-
ble to watersheds and landscapes. Adjacent soil columns
interact with each other through the downslope lateral
transport of water (Figures A1 and A2). Surface and sub-
surface lateral flow are routed using a multiple flow direc-
tion method [Freeman, 1991; Quinn et al., 1991]. As with
vertical drainage of soil water, lateral subsurface down-
slope flow is modeled using a simple logistic function mul-
tiplied by a factor to account for the local topographic
slope angle (equation (A16)). A detailed description of
processes and equations is provided in Appendix A.

4. Simulations Methods
4.1. Data

[16] The model is forced with daily temperature and
precipitation. Daily observed streamflow data is used to cali-
brate and validate simulated discharge. For simulations pre-
sented here, daily meteorological data for the period 1
January 1969 to 31 December 2008 are obtained from the
H.J. Andrews LTER PRIMET, CS2MET, and H15MET me-
teorological stations located around WS10 [Daly and
McKee, 2011] (see Figure 1). Daily observed streamflow
measurements at WS10 are available from 1969 to 2008

[Johnson and Rothacher, 2009]. A 30 m resolution digital
elevation model of the H.J. Andrews’s watershed 10 [Valen-
tine and Lienkaemper, 2005] is used to compute flow direc-
tion, delineate watershed boundaries, and generate a channel
network. Our soil column is divided into four layers: a sur-
face layer, intermediate layers, and a deep layer. The aver-
age soil column depth to bedrock is taken to be 2 m
[Ranken, 1974]. The dominant soil texture is specified as
loam [Ranken, 1974]. Porosity, field capacity, and wilting
point values are obtained following Dingman [1994] (see
Table B1).

4.2. Calibration Simulations
[17] Model calibration is needed to accurately capture

the pre- and postharvest hydrological dynamics at WS10.
This model calibration consists of two simulations: an old-
growth simulation for the period 1969–1974 and a post-
harvest simulation for the period 1975–2008.

[18] The old-growth simulation is conducted for the pe-
riod 1969 to 1974 in order to calibrate model hydrological
parameters such as the surface soil hydraulic conductivity
(Ks), soil layer thicknesses, ET shape factor, and snowmelt
parameters (Table B1). These model parameters are cali-
brated to (1) reproduce the observed daily streamflow for
the period 1969–1974, (2) capture the observed subsurface
dynamics in WS10 (i.e., preferential lateral transport of
water at the soil-bedrock interface [Ranken, 1974; Van Ver-
seveld et al., 2008]), and (3) mimic the rapid runoff response
to rainfall [Kirchner, 2003; Ranken, 1974]. Once this old-
growth calibration is complete, model hydrological parame-
ters are considered fixed for the postharvest calibration sim-
ulation described below. A detailed description of the
catchment hydrological dynamics associated with the old-
growth calibration simulation is provided in section 5.1.

[19] The postharvest simulation is conducted for the pe-
riod 1975 to 2008. This postharvest simulation is used to
calibrate those ET recovery function parameters that con-
trol postharvest forest regrowth and recovery in transpira-
tion. The ET recovery function parameters are calibrated to
reproduce the observed daily streamflow for the period
1975–2008 (see Appendix B for details on the calibration
process). Once this final model calibration is complete, all
model parameters are considered fixed for all scenarios
simulations that explore the impact of harvest amount and
location on catchment hydrological processes (see section
5.3). A detailed description of the catchment hydrological
dynamic associated with the postharvest calibration simula-
tion is presented in section 5.2. The values of model param-
eters are provided in Table B1.

5. Simulations Results
5.1. Old-growth Hydrological Dynamics (1969–1974)

[20] Averaged over the period 1969–1974, old-growth
evapotranspiration amounts to �5% (�50 mm) of winter
(December–February) precipitation, �95% (�91 mm) of
summer precipitation (June–August), and 35% of annual
precipitation. Daily simulated streamflow peaks in November–
March due to high precipitation and low evapotranspira-
tion. The largest storm for the 1969–1974 period produces
a peak flow of 64 mm day�1. Streamflow rapidly declines
in spring–summer as temperatures rise and precipitation
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diminishes. Summer months are characterized by low flow
(�0.5 mm day�1), high temperatures (reaching 40�C), and
low precipitation (less than 8% of annual precipitation).
Surface runoff resulting from infiltration excess is rare
(<1%). Subsurface flow generated from the surface soil
layer, the intermediate soil layers, and the deep soil layer
account for �37%, 32%, and 31% of the annual streamflow,
respectively. Soil water content is highest in the winter and
lowest in the summer. At the onset of the summer dry pe-
riod, the surface soil water degree of saturation (SD)
declines rapidly from a winter average of 50% to a summer
average of 18.5% (Figure 2). Surface SD is the lowest (6%)
in August and highest (52%) in December. The SD in the
intermediate soil layers is less responsive to changes in pre-
cipitation and temperature and exhibits an average time lag
of 32 days compared to the surface SD. The SD for these in-
termediate soil layers is lowest (53%) in September and
highest (82%) in February. The SD for the deep soil layer is
near saturation (94 6 4%) at all times of the year. For this
1969–1974 calibration simulation, the model captures the
overall seasonal dynamics of streamflow (Figure 3) with a

Nash-Sutcliffe coefficient of 0.807 [Nash and Sutcliffe,
1970], a correlation coefficient of 0.907, and an index of
agreement of 0.839 [Willmott, 1981] (Table 1). The model
tends to overpredict low flows and underpredict peak flows.

5.2. Postharvest Hydrological Dynamics (1975–2008)
[21] To examine postharvest hydrological dynamics, two

simulations are conducted; a control simulation, for the pe-
riod 1975 to 2008, in which no vegetation is removed, and a
postharvest simulation, also for the period 1975 to 2008, in
which vegetation is removed in the spring of 1975. Vegeta-
tion removal is simulated by manipulating the ET recovery
function to reflect the postclearcut bulk successional dy-
namics. The function controlling changes in transpiration
during forest regrowth is described in Appendix B. Briefly,
the transpiration rate is set to zero at the onset of the clear-
cut and increases asymptotically until reaching predisturb-
ance values at 50 years. Simulation results are presented at
daily, monthly, and yearly time scales, in terms of the dif-
ference between the postharvest simulation values and the
control simulation values. For the postharvest period
(1975–2008), the model captures the daily dynamics of
streamflow in WS10 (Figure 4) with a Nash-Sutcliffe coeffi-
cient of 0.819, a correlation coefficient of 0.913, and an
index of agreement of 0.821. Model performance at the
daily, monthly, and yearly time scales in simulating post-
harvest streamflow is presented in Table 1.

[22] On daily time scales, the 1975–1979 fall and winter
daily streamflow are on average 1 to 3 mm higher than con-
trol values, whereas spring and summer daily streamflow
are on average 0.5 to 1.5 mm higher than control values.
The maximum daily streamflow surplus of 20 mm (relative
to control values) occurs in the fall of 1979. The maximum
daily summer streamflow surplus is 2 mm. These initial
(1975–1979) summer daily streamflow surpluses switch to
deficits after the year 2000, 25 years after clearcut, due to
high transpiration rates (higher than old-growth values)
associated with young vigorous forest.

[23] On a seasonal basis, absolute changes in streamflow
are consistently largest during the fall and winter wet sea-
son. For the period 1975–1979, fall and winter streamflow
increase by an average of 142 and 90 mm, respectively,
whereas summer and spring streamflow increase by an aver-
age of 40 and 73 mm, respectively (Figure 5). By contrast,

Figure 2. Simulated mean soil water degree of saturation
in layer 1, 2, 3, and 4 of the soil column for the old-growth
period of 1 January 1969 to 31 December 1974.

Figure 3. Observed and simulated daily streamflow for the old-growth period of 1 January 1969 to 31
December 1974.
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relative changes in streamflow are largest in the summer
averaging 140% for the first five years after harvest and
smallest in the winter at approximately 15% (Figure 6). Rel-
ative increases in fall and spring streamflow are intermedi-
ate at 36% and 40%, respectively, for the first five years
after harvest (Figure 6). By the year 2000, 25 years after
harvest, simulated changes in summer and fall streamflow
are negative (i.e., lower than control values) as a result of
increasing rates of transpiration during forest regrowth (Fig-
ure 5). As the forest matures, simulated transpiration rates
approach old-growth levels, such that changes in summer
streamflow are similar to control values.

[24] For the first five years after disturbance, average sea-
sonal changes in SD are largest in the summer and fall, with
average increases of 18% and 14%, respectively. Winter and
spring SD increase by an average of only 5%. Twenty-five
years after clearcut, summer and fall SD changes are negative
(i.e., less than control values). Negative relative changes in
SD develop in June and are most intense (��1.5%) in July,
August, September, and October. By the end of October, neg-
ative relative changes in SD are less than 0.6% but last until
the end of November.

[25] On an annual scale, simulated annual average evapo-
transpiration decreases by �43% or 370 mm year�1 for the
period 1975–1979. Consequently, average annual stream-
flow increases by �29% or 345 mm year�1 during the same
period. In the first year after disturbance, annual streamflow
increases by 326 mm. Average increase in annual stream-
flow peaks two years after clearcut and reaches �500 mm
as a result of high precipitation and low evapotranspiration
demands. Thereafter, changes in annual streamflow decline.
Thirty years after disturbance, simulated postharvest stream-
flow is approximately equal to simulated control streamflow
(Figures 5 and 6). Simulated deep subsurface flow (i.e., flow
at the soil-bedrock interface) is the major contributor to the
postharvest increase in streamflow. Simulated deep subsur-
face flow increases by an average of 50% after clearcut.
By contrast, changes in subsurface flow for surface and
intermediate layers are less than 20%. Thirty years after har-
vest, changes in subsurface flow are within 1% of control
values. Simulated annual catchment SD increases by an av-
erage of 12% for the period 1975–1979. The largest increase
in soil water degree of saturation is in the intermediate
layers, with an annual average increase of 15%. By contrast,

Table 1. Daily, Monthly and Annual Streamflow Modeling Performance for the Old-growth Period (1969–1974) and the Postharvest
Period (1975–2008)a

Period

Streamflow Modeling Skills for Daily, Monthly and Yearly Time Period

Correlation Coefficient R2 Nash-Sutcliffe Efficiency E2 First Degree Efficiency E01 Baseline Adjusted Index of Agreement d01 RMSE

Old-growth Period (1969–1974)
Daily flow 0.907 0.807 0.694 0.839 3.854

Monthly flow 0.979 0.955 0.83 0.912 35.04
Annual flow 0.959 0.771 0.444 0.761 120.854

Postharvest Period (1975–2008)
Daily flow 0.913 0.819 0.668 0.821 3.341

Monthly flow 0.983 0.963 0.831 0.912 27.163
Annual flow 0.977 0.951 0.786 0.895 87.034

aNash and Sutcliffe [1970] defined the coefficient of efficiency E2, which ranges from minus infinity to 1.0, with higher values indicating better agreement.
Values of E2 are always less than R2. Willmott [1981] developed the index of agreement d01, to overcome the insensitivity of correlation-based measures to
differences in the observed and simulated means and variances. The index of agreement varies from 0.0 to 1.0, with higher values indicating better agr eement.
Garrick et al. [1978] defined the baseline adjusted first-degree coefficient of efficiency E01, which varies from minus infinity to 1.0, with higher values indicat-
ing better agreement. A detailed description of these coefficients can be found in the papers by Legates and McCabe Jr. [1999] and Waichler et al. [2005].

Figure 4. Observed and simulated daily streamflow for the postclearcut period of 1 January 1975 to 31
December 1979. For the postharvest period (1975–2008), the model captures the daily streamflow dy-
namics with a Nash-Sutcliffe coefficient of 0.82, a correlation coefficient of 0.91, and an index of agree-
ment of 0.82.
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simulated SD in the soil surface and deep layers increases
by 7% and 5%, respectively.

5.3. Harvest Scenarios Simulations
[26] The harvest location and amount simulations

described below are forced with WS10 precipitation and air
temperature data for the period 1975–2008.
5.3.1. Harvest Location

[27] To assess the impact of harvest location on stream
discharge, 20 simulations scenarios are conducted. Each
scenario has the harvest amount fixed at 20% of the catch-
ment area. However, harvest location within the watershed
varies. The location of each 20% clearcut varies from an all
ridge location (Figure 7; scenario A) to an all valley loca-
tion (Figure 7; scenario T). Catchment pixels within a 20%
clearcut are based on flow accumulation.

[28] Simulation results show that forest harvest location
is important. A 20% clearcut in the uplands (an average
distance of 152 m to the nearest stream channel, based on
flow direction) results in an average annual streamflow
increase of �54 mm or 4% over the first five years after
clearcut (1975–1979). By contrast, a 20% clearcut in the
lowlands (an average distance of 53 m from the nearest
stream channel, based on flow direction) results in an aver-
age annual streamflow increase of �92 mm or 8% over the
same period. Taken together, these 20 simulations suggest
a linear increase in streamflow as the clearcut location
shifts from the uplands to the lowlands (Figure 8; correla-
tion coefficient R2 ¼ 0.97).
5.3.2. Harvest Amount

[29] To assess the impact of harvest amount on stream
discharge, evapotranspiration and SD, 100 virtual harvest

Figure 6. Simulated seasonal and annual relative changes in streamflow for the postclearcut period of
1975 to 2008.

Figure 5. Simulated seasonal and annual absolute changes in streamflow for the old-growth period of
1975 to 2008.

W09521 ABDELNOUR ET AL.: CATCHMENT HYDROLOGICAL RESPONSE TO LAND USE W09521

7 of 18



amount scenarios are simulated. Fifty harvest amount sce-
narios ranging from 2% to 100%, with an approximate in-
crement of 2% in harvest area, are simulated from ridge to
valley (Figure 9). Thereafter, 50 harvest amount scenarios
ranging from 2% to 100%, with an approximate increment
of 2% in harvest area, are simulated from valley to ridge
(Figure 9). Catchment pixels for a given clearcut amount
are based on flow accumulation.

[30] For ridge-to-valley simulations, the relationship
between the change in annual streamflow and harvest area
is near linear (correlation coefficient R2 ¼ 0.97), with a
slight convex curvature (Figure 10). Specifically, average
annual streamflow increases by �2 mm for each 1% of
catchment area harvested near the ridge, but by �4 mm for
each 1% of catchment area harvested near the valley. The
negative relationship between annual evapotranspiration
and harvest area is also near linear (correlation coefficient
R2 ¼ 0.98), with a slight concave curvature (Figure 10). In

particular, average annual evapotranspiration decreases by
�3 mm for each 1% of catchment area harvested near the
ridge, but by �4 mm for each 1% of catchment area har-
vested near the valley.

[31] For valley-to-ridge simulations, the relationship
between the change in annual streamflow and harvest area
is near linear (correlation coefficient R2 ¼ 0.98), with a
slight concave curvature (Figure 10). Specifically, average
annual streamflow increases by �4 mm for each 1% of
catchment area harvested near the valley, but by �3 mm
for each 1% of catchment area harvested near the ridge.
The negative relationship between annual evapotranspira-
tion and harvest area is also near linear (correlation coeffi-
cient R2 ¼ 0.98), with a slight convex curvature (Figure
10). In particular, average annual evapotranspiration
decreases by �5 mm for each 1% of catchment area har-
vested near the valley, but by �3 mm for each 1% of catch-
ment area harvested near the ridge.

Figure 7. Spatial pattern of forest harvest. Twenty scenarios of 20% clearcut area each were simulated.
The location of the 20% clearcut area varied from an all ridge location (scenario A) to an all valley loca-
tion (scenario T).

Figure 8. Absolute and relative increase in annual streamflow for a 20% clearcut as a function of the
average flow path distance in meters between the harvest area and the nearest stream channel. The solid
black line is the fitted linear trendline.
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Figure 9. Harvest amount scenarios. Selected examples of 50 clearcut scenarios ranging from 0% to
100% with a �2% increment in harvest area were simulated (1) from ridge to valley, and (2) from valley
to ridge, to assess the impact of increasing harvest area on catchment hydrological response.

Figure 10. Simulated absolute and relative increase in average annual streamflow (Q), and average an-
nual evapotranspiration (ET) as a function of harvest area, over the first five years after clearcut. The red
triangles represent the ridge-to-valley simulations results. The blue dots represent the valley-to-ridge
simulations results. The solid black line is the fitted linear trendline.
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[32] While there are some differences between the ridge-
to-valley and the valley-to-ridge simulations (Figure 10),
together they suggest that, irrespective of location: (1) an-
nual streamflow increases linearly at a rate of �3.5 mm
year�1 for each percentage of catchment harvested, (2) an-
nual evapotranspiration decreases linearly at a rate of �3.6
mm year�1 for each 1% of catchment area harvested, and (3)
whole catchment SD increases linearly at a rate of 1.2% for
each 1% of catchment area harvested (not shown). Moreover,
there are no apparent hydrologic thresholds that lead to a
nonlinear streamflow response to increasing harvest amount.

[33] Considering all harvest amount scenarios, the abso-
lute changes in streamflow are largest during the fall-winter
wet season, whereas the largest relative changes in stream-
flow are in summer months just after clearcut (Figure 11).
In the first five years after clearcut, maximum daily increases
in streamflow range from 1 to 20 mm for a 2% and 100%
harvest scenario, respectively. Changes in SD are most

pronounced in the intermediate layers of the soil column
and during the summer and fall seasons. Thirty years after
disturbance, simulated postharvest streamflow, evapotrans-
piration, and SD are near simulated control values.

6. Discussion
[34] We use a spatially distributed ecohydrologic model,

VELMA, to analyze the effects of harvest amount and loca-
tion on catchment hydrological processes at an intensively
studied 10 ha catchment in the western Oregon Cascades
that was clearcut in 1975. Comparison of 40 years of mod-
eled and observed streamflow data show that VELMA cap-
tures daily, seasonal, and annual streamflow dynamics for
both the pre- (1969–1974) and postharvest (1975–2008)
periods. Multiple simulation scenarios are conducted to
explore the effects of harvest amount and location on catch-
ment hydrological response. Results show that: (1) for

Figure 11. Simulated absolute and relative increase in monthly streamflow as a function of harvest
area, in the 1–5 years after clearcut (1975–1979).
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the case of a 100% clearcut, stream discharge initially
increases by �29% or 345 mm but returns to old-growth
levels within 50 years (Figures 5 and 6), (2) fall increases
in streamflow are large in absolute terms, whereas summer
increases are large in relative terms (Figure 11), (3) annual
streamflow increases linearly at a rate of 3.5 mm year�1 for
each percent of catchment harvested, irrespective of loca-
tion (Figure 10), (4) the increase in annual streamflow is
small (less than 40 mm year�1) for harvest amounts of less
than 10% (Figure 10), and (5) streamflow response is
strongly sensitive to harvest distance from the stream chan-
nel (Figure 8).

[35] For our WS10 simulations, results suggest that
streamflow increases linearly with harvest amount, irrespec-
tive of location, and is insignificant for a harvest area of less
than 10% (Figure 10). Stednick [1996], who reviewed 95
paired-catchment studies across the United States, also found
that annual streamflow increased linearly with increasing
harvest area, and that changes in annual streamflow in the
Pacific Northwest catchments were undetectable for harvest
areas of less than 20%. Bosch and Hewlett [1982] reviewed
94 paired-catchment studies in Asia, Australia, Africa, and
North America, and found that annual water yield increased
by �40 mm for every 10% reduction in coniferous forest
cover. Likewise, Sahin and Hall [1996] analyzed the results
of 145 experimental studies in Asia, Australia, Africa,
Europe, and North America, and found that annual stream-
flow increased linearly at a rate of 20 to 25 mm year�1 for
each 10% reduction in coniferous forest cover. Grant et al.
[2008] analyzed the results of several experimental and mod-
eling studies across the Pacific Northwest and found that the
change in peak flow increased linearly with increasing har-
vest area and was undetectable (i.e., relative change in peak-
flow is less than 10%) for harvested areas of less than 29%
in rain dominated catchments and 15% for catchments in the
transient snow zone.

[36] For our WS10 simulations, the largest absolute
increase in streamflow is in fall and winter, while the largest
relative increase in streamflow is associated with summer
months. Similar results have been found by Harr et al.
[1979], who examined the seasonal changes in streamflow
following a 100% clearcut of two Coyote Creek experimen-
tal watersheds in Southwest Oregon. Harr et al. [1979]
found that the largest absolute increase in streamflow (�120
mm) was in winter, whereas the largest relative increase
(�44%) was in the low flow summer months. Likewise,
Jones and Post [2004] examined the seasonality of stream-
flow to forest clearcut in 14 experimental paired watersheds
located in northwest conifer and eastern deciduous forests.
They found that the absolute increase in streamflow was
largest in moist seasons, whereas the relative increase in
streamflow was highest in the warm seasons.

[37] Our simulation results suggest that postclearcut an-
nual streamflow increases with decreasing harvest distance
to the channel (Figure 8). This streamflow sensitivity to har-
vest location stems from the fact that subsurface flow gener-
ated from an upland clearcut area, as opposed to a lowland
clearcut area, has a relatively longer flow path. This longer
flow path subjects subsurface flow to downslope plant water
uptake, which reduces the amount of water that reaches the
stream channel. These results are consistent with previous
findings on the importance of riparian forest buffers and

lowland vegetation in reducing subsurface flow to streams
[Jordan et al., 1993; Lowrance et al., 1997].

[38] Forest harvest effects on streamflow in WS10 were
simulated in a simplified way, with the ultimate goal of
developing a framework that can be efficiently scaled up
for larger watersheds of interest to land managers and pol-
icy makers. For example, one of our objectives is to pro-
vide a foundation for extrapolation to managed landscapes
that are not as data rich as LTER sites (e.g., ungauged
basins with little soil and vegetation data). However, our
simplifying assumptions need to be examined. Below we
discuss a number of harvest effects and watershed charac-
teristics relevant to hydrological processes not explicitly
addressed in this study.

[39] 1. Roads. The impact of forest roads on hydrological
processes have been well documented for the H.J. Andrews
Experimental Forest [Jones and Grant, 1996; Luce and
Wemple, 2001; Swanson and Dyrness, 1975; Wemple and
Jones, 2003; Wemple et al., 2001]. Roads have been shown
to (1) intercept and route surface and shallow subsurface
water to stream channels [Luce and Wemple, 2001], (2)
increase the magnitude and frequency of peak flows [Jones
and Grant, 1996], and (3) increase sediment transport to
the stream [Beschta, 1978; Swanston and Swanson, 1976].

[40] 2. Harvest methods. Forest harvest in many Pacific
Northwest sites is conducted with skidders, tractors, or
cable yarding [Moore and Wondzell, 2005]. WS10 was
logged using a skyline cable system [Hood et al., 2006],
and trees were felled and dragged uphill to a single landing
[Sollins and McCorison, 1981]. As a result, soils on about
50% of the watershed were subjected to moderate or severe
disturbance or compaction [Harr and McCorison, 1979].
Such soil compaction reduces soil infiltration capacity
[Startsev and McNabb, 2000], saturated hydraulic conduc-
tivity [Purser and Cundy, 1992], pore size distribution, and
pore space [Huang et al., 1996], which in turn, impact
watershed hydrological processes.

[41] 3. Forest succession. Biomass recovery is complex,
involving changes in species composition, growth rates, and
canopy structure. During postclearcut succession, species
composition often changes from colonizing shrubs to hard-
wood trees before returning to conifer dominance [Yang
et al., 2005]. To accurately model these successional dynam-
ics would require the inclusion of multiple species, species
interaction, overstory and understory dynamics, the season-
ality of leaf area, and canopy interception, among others
[Bond-Lamberty et al., 2005]. However, including these dy-
namics would increase model complexity, decrease compu-
tational efficiency, and limit model application to sites rich
in data. Instead our simulations use a Chapman-Richards
growth function [Hunt, 1982; Ratkowsky, 1990; Richards,
1959] that relates canopy transpiration to forest age, as a
simple proxy for plant/biomass recovery (equation (B2)).

[42] 4. Soil spatial heterogeneity. Soil texture and depth
vary spatially within WS10 [McGuire et al., 2007; Ranken,
1974; Sayama and McDonnell, 2009]. However, deriving
high-resolution and catchment wide soil texture and depth
maps from, typically, a small number of point measure-
ments, is at best, uncertain. Instead, we assume uniform
loam soil texture and uniform depth to bedrock of 2 m to
reflect, more or less, average conditions in the catchment
[Ranken, 1974]. While a sensitivity analysis on the impact
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of the spatial distribution of soil texture and soil depth on
streamflow dynamics would certainly provide insights into
catchment dynamics, it is beyond the scope of this paper.

[43] Finally, it is important to ask whether or not an
explicit treatment of the preceding issues would improve
model performance and the understanding of process-level
controls on streamflow and other ecohydrological processes.
For some applications, the explicit treatment of these proc-
esses may be needed. However, it must be recognized that
such added processes come at the cost of computational effi-
ciency, model complexity, and applicability to larger spatial
and temporal scales. The current version of VELMA is an
initial attempt at a parsimonious solution to this dilemma.

7. Conclusion
[44] Despite the limitations discussed above, the model

presented here provides a relatively simple, spatially distrib-
uted framework for assessing the effects of changes in cli-
mate, land use, and land cover on ecohydrological processes
within watersheds. The WS10 simulations suggest that the
model can predict, with reasonable accuracy, the effects of
forest harvest on daily, seasonal, and annual changes in
streamflow. The simulations describing the effects of harvest
amount and spatial pattern provide process-level insights
into important hydrological responses to harvest—details
that would be difficult or impossible to capture through
experimentation or observation alone. Moreover, the model
provides an integrated ecohydrological framework for eval-
uating how alternative climate and forest management sce-
narios may interact to affect the functioning and health of
forest and stream ecosystems. Finally, the simplicity of the
model makes it potentially useful for applications across a
range of spatial and temporal scales relevant to land man-
agers and policy makers.

Appendix A: Model Description
[45] We include two appendices. Appendix A describes

the hydrology model, which includes the equations typi-
cally applied across watersheds and ecosystems. Appendix
B describes the evapotranspiration recovery function used
to mimic postharvest transpiration dynamics.

[46] VELMA is a spatially distributed ecohydrology
model that accounts for hydrologic and biogeochemical
processes within watersheds. The model simulates daily to
century-scale changes in soil water storage, surface and

subsurface runoff, vertical drainage, carbon (C) and nitro-
gen (N) cycling in plants and soils, as well as transport of
nutrients from the terrestrial landscape to the streams.
VELMA consists of multilayered soil column models that
communicate with each other through the downslope lat-
eral transport of water (Figure A1). Each soil column
model consists of three coupled submodels: a hydrological
model, a soil temperature model, and a plant-soil model.
What we describe below is the hydrology component of the
model. First, we describe the soil column model and then
place this soil column within a catchment framework.

A1. The Hydrological Model
A1.1. Soil Column Framework

[47] We employ a multilayer soil column as the funda-
mental hydrologic unit. The soil column consists of n soil
layers, a standing water layer, and a snow layer (Figure
A2). Soil water balance is solved for each model layer
(equations (A1)–(A6)). Soil water storage in layer i (si),
surface standing water (sSTW), and snow water equivalent
(sSWE), are tracked and updated at each time step. For a
four-layer soil model, such as the one used in this work:

dsSWE

dt
¼ Ps � m; ðA1Þ

dsSTW

dt
¼ Pr � I þ m� Qs out þ Qs in; ðA2Þ

ds1

dt
¼ I � D1 � ET1 � Q1 out þ Q1 in; ðA3Þ

ds2

dt
¼ D1 � D2 � ET2 � Q2 out þ Q2 in; ðA4Þ

ds3

dt
¼ D2 � D3 � ET3 � Q3 out þ Q3 in; ðA5Þ

ds4

dt
¼ D3 � Q4 out þ Q4 in; ðA6Þ

where Pr (mm day�1) and Ps (mm day�1) are rain and
snow, respectively, ETi (mm day�1) is the water extracted
from soil layer i due to evapotranspiration, si (mm) is the
soil water storage in layer i ; sSWE (mm) is the snow water
equivalent due to the accumulation of snow, sSTW (mm) is

Figure A1. Conceptual catchment modeling framework using multilayered soil columns.
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the standing water amount, m (mm day�1) is the snowmelt
that enters the standing water layer, I (mm day�1) is the soil
infiltration rate, Di (mm day�1) is the vertical drainage from
layer i to layer i þ 1 within a given soil column, Qi_in (mm
day�1) and Qi_out (mm day�1) are the lateral subsurface
flow into and out of layer i ; Qs_in (mm day�1) is the surface
water flow from the sSTW pool of an upslope soil column,
and Qs_out (mm day�1) is the surface water flow to the sSTW
pool of a downslope soil column or into the stream.

A1.2. Vertical Water Drainage
[48] The vertical water drainage (Di) is modeled using a

logistic function that is intended to capture the break-
through characteristics of soil water movement. Specifi-
cally, we employ a logistic function f si

�
smax

i

� �
that permits

for fast ‘‘switching’’ from low to high flow as layer water
storage approaches field capacity:

Di ¼ Ksvertical
i � f si

�
smax

i

� �
i ¼ 1; 2; . . . ; n; ðA7Þ

where Ksvertical
i is the vertical saturated hydraulic conductiv-

ity in layer i, si
�

smax
i

� �
is the soil degree of saturation in

layer i, smax
i (mm) is the maximum soil water storage in

layer i, and f si
�

smax
i

� �
is the logistic function for layer i.

The vertical saturated hydraulic conductivity follows a
TOPMODEL framework [Beven and Kirkby, 1979] and
decreases exponentially with depth such that

Ksvertical
i ¼ Ks� e�fv�di i ¼ 1; 2; . . . ; n; ðA8Þ

where Ks is the soil surface saturated hydraulic conductiv-
ity [Clapp and Hornberger, 1978; Dingman, 1994], fv is
the vertical decay rate of Ks with depth, and di is the soil
depth to the center of layer i.

[49] The logistic function is modeled as

f si
�

smax
i

� �
¼

1þexp � si
�

smax
i

� �� �
1þa1;i exp �a2;i si=smax

ið Þ
� �� 2

1þa1;i
� � i¼ 1;2; . . . ;n

with
a1;i¼ exp 6þ270:562� Ksvertical

i

� ��0:574
h i

a2;i¼ 6þ144:749� Ksvertical
i

� ��0:444
:

8<
:

ðA9Þ

A1.3. Precipitation, Rain, Snow, and Snowmelt
[50] Below a threshold temperature (Tth), precipitation

(P) falls as snow (Ps), otherwise as rain (Pr). Snow accu-
mulates until air temperature (Ta) warms and reaches melt-
ing temperature (Tm). Snowmelt rate (m) follows a degree
day approach [Rango and Martinec, 1995], and includes
for the heat provided by rain on snow [Harr, 1981]. Snow-
melt (m) enters the sSTW pool and from there infiltrates into
the top soil layer (or continues as lateral surface flow and
enters a downslope sSTW pool, section 2.2)

P ¼
Pr Ta > Tth

Ps Ta � Tth

(

m ¼
� Ta � Tmð Þ þ �� Pr � Ta Ta > Tm

0 Ta � Tm;

( ðA10Þ

where � (mm�C�1 day�1) is the degree-day factor for melt
and � is the rain on snow factor.

A1.4. Surface Soil Infiltration
[51] Based on the large uncertainties associated in ascrib-

ing soil texture, soil structure, and soil properties, we simply

Figure A2. The soil column framework consists of four-layer soil column, a standing water layer, and
a snow layer. DTB is the soil column depth to bedrock. zi, Ksi, �i, and si are the thickness, the saturated
hydraulic conductivity, the soil porosity, and the soil water storage of layer i, respectively.
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assume that water stored in the sSTW pool is allowed to
infiltrate (I) the top soil layer such that:

I ¼ Pr þ mþ Qs in � Qs outð Þ

for Pr þ mþ Qs in � Qs outð Þ < Ksvertical
i¼1

I ¼ Ksvertical
i¼1

for Pr þ mþ Qs in � Qs outð Þ � Ksvertical
i¼1 :

ðA11Þ

A1.5. Evapotranspiration
[52] Evapotranspiration increases exponentially with

increasing soil water storage and asymptotically approaches
the potential evapotranspiration (PET) rate as water storage
reaches saturation [Davies and Allen, 1973; Federer, 1979,
1982; Spittlehouse and Black, 1981]:

ETi ¼ WE;i � PET � 1� exp �cET � si
�

smax
i

� �� �� �
i ¼ 1; 2; . . . ; n;

ðA12Þ

where WE,i is the soil water extraction fraction in layer i
and cET is an ET shape factor to ensure that ET approaches
PET near field capacity.

[53] PET is estimated using a simple temperature-based
method [Hamon, 1963]:

PET ¼ KPET � 0:0138� L� �vsat Tað Þ

with

�vsat Tað Þ ¼ 0:622� �a �
esat Tað Þ

pSL

	 


esat Tað Þ ¼ 6:11� exp
17:3� Ta

Ta þ 273:3

	 

8>>><
>>>:

;
ðA13Þ

where �vsat Tað Þ is the saturation absolute humidity (g m�3)
at the mean daily air temperature Ta (�C), �a is the air den-
sity (1300 g m�3), esat(Ta) is the saturation vapor pressure
(kPa) at Ta, pSL is the mean pressure at sea level (101.3
kPa), KPET is a calibration constant, and L is the local day
length expressed in hours [Dingman, 1994].

[54] The distribution of plant water extraction through the
soil profile has a significant impact on the ability of vegeta-
tion to access water throughout the growing season [Bond
et al., 2008]. Roots, soil macropores, and soil saturated hy-
draulic conductivity all tend to fall off exponentially with
depth [Beven and Kirkby, 1979; Gale and Grigal, 1987;
Jackson et al., 1996; Sidle et al., 2001; Wigmosta and Per-
kins, 2001], which suggests that the ability to extract water
from the soil column decreases with soil depth. A number
of studies have found that the majority of water uptake is in
the shallow soils where water and nutrients are abundant
[Jackson et al., 1996; Warren et al., 2005]. However, these
studies also suggest that water uptake shifts from shallow
to deep layers as near surface soils dry out [Brooks et al.,
2006; Hacke et al., 2000; Warren et al., 2005]. To mimic
these dynamics, soil water uptake is modeled as follows:

for
si¼ðdr�1Þ
smax

i¼ðdr�1Þ

 !
�

�w
i¼ðdr�1Þ
’i¼ðdr�1Þ

	 


WE;i ¼ siPdr�1

j¼1

sj

i ¼ 1; 2; . . . ; ðdr � 1Þ

WE;i ¼ 0 i ¼ dr; . . . ; n;

8><
>:

ðA14Þ

for
si¼ðdr�1Þ
smax

i¼ðdr�1Þ

 !
<

�w
i¼ðdr�1Þ
’i¼ðdr�1Þ

	 


WE;i ¼
1�WE;deepð Þ�siPdr�1

j¼1

sj

i ¼ 1; 2; . . . ; ðdr � 1Þ

WE;i ¼ WE;deep i ¼ dr

WE;i ¼ 0 i ¼ dr þ 1ð Þ; . . . ; n;

8>>>>>>>><
>>>>>>>>:

ðA15Þ

where �w
i and ’i are the soil wilting point and the soil po-

rosity in layer i, respectively, layer dr is the deepest layer in

which water extraction is possible, si¼ðdr�1Þ

.
smax

i¼ðdr�1Þ

� �
is

the degree of saturation of layer (dr �1), and WE,deep is the
fraction of water uptake from layer dr during droughts (a
calibrated value). The depth of layer dr is determined either
experimentally (typically taken from rooting depth infor-
mation) or through calibration. Based on equation (A14),
water uptake is limited to shallow layers as long as water
storage in these layers is above wilting point. When the
water storage in the shallow layers is below wilting point,
equation (A15) permits for deep soil water extraction.

A2. Watershed Framework
[55] To place the above described soil column frame-

work within a catchment framework, the catchment topog-
raphy is gridded into a number of pixels (dependent upon
the available DEM, e.g., 30 m), with each pixel consisting
of one soil column model (Figure A1). Soil columns com-
municate with each other through the downslope lateral
transport of water. For simplicity, lateral subsurface flow
Qi (equation (A16)) from one soil column pixel to a
downslope neighbor is from layer i of the upslope pixel to
layer i of the downslope pixel. Lateral surface flow Qs

(equation (A18)) is from the sSTW pool of an upslope pixel
to the sSTW pool of a downslope pixel, where it can then
either infiltrate into the top soil layer of the downslope
pixel, or continue its downslope movement as lateral sur-
face flow. A multiple flow direction method is used where
flow from one pixel to its eight neighbors is fractionally
allocated according to terrain slope [Freeman, 1991;
Quinn et al., 1991].

A2.1. Lateral Subsurface Runoff
[56] Lateral downslope flow (Qi) is triggered near field

capacity using the logistic function presented in equation
(A9) but (1) corrected for the local slope and (2) Ksvertical

i in
a1,I and a2,i is replaced by Kslateral

i such that

Qi ¼ Kslateral
i � SL� f si

�
smax

i

� �
i ¼ 1; 2; . . . ; n ðA16Þ

and

Kslateral
i ¼ Ks� e�fl�di i ¼ 1; 2; . . . ; n; ðA17Þ

where Kslateral
i is the lateral saturated hydraulic conductivity

in layer i, SL is the local terrain slope, and fl is the lateral
decay rate of Ks with depth.
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A2.2. Surface Runoff
[57] Surface runoff (Qs) from a pixel is a product of the

standing water after infiltration (I) is accounted for, the
local terrain slope, and the Chezy ‘‘like’’ coefficient (Che)
(1/time) [Dingman, 1994]:

Qs ¼ Che� SL� sSTW: ðA18Þ

A2.3. Total Runoff
[58] Total catchment discharge (QT) is computed as the

sum of the lateral flows into the channel, the rain falling
directly on the channel, and the snowmelt from channel
pixels. The stream channel is defined as all pixels with a
flow accumulation area above a predefined threshold. We
assume that all flows entering the channel are directly
routed to the outlet such that

QT ¼
Xcn

j¼1

Xn

i¼1

Qs;j þ Qi;j
� �

þ
Xcr

k¼1

Pr þ mð Þ; ðA19Þ

where cn is the number of pixels that are both adjacent to
the channel and that have a flow direction into the channel,
n is the number of layers in a soil column, and cr is the
number of pixels within the channel.

Appendix B: Evapotranspiration Recovery
Function Description

B1. Background
[59] Successional changes in forest transpiration are gen-

erally consistent with changes in forest Leaf Area Index
(LAI), sapwood basal area, and net primary production
(NPP) [Watson et al., 1999; Zimmermann et al., 2000].
Ryan et al., [1997] found that forest LAI increases initially
after disturbance, reaches a maximum in young stands, and
thereafter decreases. Moore et al. [2004] found that young
Douglas-fir forests in the Pacific Northwest have a higher
sapwood basal area and use nearly three times as much
water during the growing season as old-growth forests.

Acker et al. [2002] found that the NPP of young stands in
the Pacific Northwest is larger than the NPP of mature and
old stands (Figure B1). Furthermore, several experimental
studies found that the streamflow in managed forests is
reduced to below old-growth values due to rapidly transpir-
ing young vegetation [Bond et al., 2008; Hicks et al.,
1991]. Finally, Yang et al. [2005] examined conifer devel-
opment in 153 stands in the Pacific Northwest using inter-
pretation of historic aerial photographs from 1959 to 1997
and found that coniferous forests regenerate quickly and
reach closed canopy (defined as >70% tree cover) approxi-
mately 50 years after disturbance.

B2. Evapotranspiration Recovery Function
[60] Based on these findings, the ET function given in

equation (A12) is modified to account for the (1) reduction
in ET due to clearcut, (2) ET recovery during regrowth, (3)
high transpiration demands of young forest, and (4) return
to old-growth ET values within 50 years. Thus

ETi ¼ fTP tdð Þ �WE;i � PET � 1� exp �cET � si
�

smax
i

� �� �� �
i ¼ 1; 2; . . . ; n;

ðB1Þ

where

fTP tdð Þ ¼ fYF tdð Þ � 1� rETð Þ � 1� exp �td=rTð Þ½ � þ rETf g ðB2Þ

and

for 25 � td � 45 yrs & td 2 Jun� Septð Þ

fYF tdð Þ ¼
�

1� rETð Þ � 1� exp �td=rTð Þ½ � þ rETf g
else fYF tdð Þ ¼ 1;

ðB3Þ

where fTP(td) is the ET recovery function, td is time in days
after disturbance, rET is the residual ET immediately after
clearcut, rT is an ET recovery shape factor, and � is the
percentage increase in transpiration of young stands over

Figure B1. Changes in net primary production (NPP) of temperate forests (red dots are individual for-
est stands sampled throughout the world; dashed black line is a 10 year moving average) [Luyssaert
et al., 2008], and NPP of boles for Pacific Northwest coniferous forests (black circles and solid black
line) as a function of stand age (i.e., time after stand-replacing disturbance) [Acker et al., 2002].
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old-growth during the growing season (assumed here
between June and September). The function fYF(td) accounts
for the increase in ET of young stands over old-growth.

[61] The ET recovery function fTP(td) is a modified Chap-
man-Richards growth function [Hunt, 1982; Ratkowsky,
1990; Richards, 1959] that accounts for the higher transpi-
ration rate of young vigorous stands over old-growth [Bond
et al., 2008; Jones and Post, 2004]. Specifically, fTP(td)
increases exponentially (from a clearcut value of fTP(td ¼ 0)
¼ rET) and asymptotes to old-growth values within 50 years
(i.e., fTP(td ¼ 50 yrs) ¼ 1). This ET recovery function (B2)
is an initial attempt to capture the complex successional dy-
namics associated with canopy recovery. This function has
been widely used in studies of trees and stand growth (e.g.,
at the H.J. Andrews, the Coweeta, and the Hubbard Brook
Experimental Forests) [Bosch and Von Gadow, 1990;
Christina et al., 2011; Duan, 1996; Janisch and Harmon,
2002; Khamis et al., 2005; Waichler et al., 2005; Zeide,
1993, among others]. Waichler et al. [2005] used the Chap-
man-Richards growth function to capture canopy recovery
in three watersheds within H.J. Andrews. Yang et al. [2005]
used the Chapman-Richards growth function to simulate the
recovery of shrubs, hardwood trees, conifer trees, and
mixed trees successional postdisturbance dynamics.

[62] Calibration of the ET recovery function parameters
is conducted as follows: � is calibrated to capture the
observed 1975–2008 annual, seasonal, and monthly stream-
flow. rET is calibrated based on the annual P and QT record
at WS10 immediately after clearcut and yields a value of
30% (Table B1), which is well within the range of observed
values in forests across the United States and the Pacific
Northwest [Spittlehouse, 2006; Stednick, 1996; Stoy et al.,

2006; Winkler et al., 2010]. For example, a number of stud-
ies in the Pacific Northwest, including H.J. Andrews, have
found that the initial ET after clearcut ranged from 280 to
550 mm (30% to 55% of preclearcut ET) [Bosch and Hew-
lett, 1982; Hibbert, 1966; Stednick, 1996].
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