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Abstract Recent bark beetle epidemics have caused regional-scale tree mortality in many snowmelt-
dominated headwater catchments of western North America. Initial expectations of increased streamflow
have not been supported by observations, and the basin-scale response of annual streamflow is largely
unknown. Here we quantified annual streamflow responses during the decade following tree die-off in
eight infested catchments in the Colorado River headwaters and one nearby control catchment. We
employed three alternative empirical methods: (i) double-mass comparison between impacted and control
catchments, (ii) runoff ratio comparison before and after die-off, and (iii) time-trend analysis using climate-
driven linear models. In contrast to streamflow increases predicted by historical paired catchment studies
and recent modeling, we did not detect streamflow changes in most basins following die-off, while one
basin consistently showed decreased streamflow. The three analysis methods produced generally consist-
ent results, with time-trend analysis showing precipitation was the strongest predictor of streamflow vari-
ability (R2 5 74–96%). Time-trend analysis revealed post-die-off streamflow decreased in three catchments
by 11–29%, with no change in the other five catchments. Although counter to initial expectations, these
results are consistent with increased transpiration by surviving vegetation and the growing body of litera-
ture documenting increased snow sublimation and evaporation from the subcanopy following die-off in
water-limited, snow-dominated forests. The observations presented here challenge the widespread expec-
tation that streamflow will increase following beetle-induced forest die-off and highlight the need to better
understand the processes driving hydrologic response to forest disturbance.

1. Introduction

Reliable water supply is a critical ecosystem service of forested headwater catchments throughout western
North America [Millenium Ecosystem Assessment, 2005; NRC, 2008]. Since the mid-1990s, warmer tempera-
tures, drought, and management legacies have facilitated an epidemic of bark beetles in the western U.S.
and Canada [Raffa et al., 2008; Williams et al., 2010], killing billions of trees and rivaling the extent of wildfire
[Westerling et al., 2006; Hicke et al., 2012; Meddens et al., 2012]. Nearly a century of forest hydrology research
has shown that die-off usually increases streamflow [Bates and Henry, 1928; Bosch and Hewlett, 1982; Sted-
nick, 1996; Andr�eassian, 2004; Brown et al., 2005]. However, after nearly two decades of the current North
American bark beetle epidemic, we lack published, observational evidence of streamflow impacts in the
headwater basins critical for surface water supplies.

Because this bark beetle epidemic is unprecedented in the modern hydrological record, expectations for
annual streamflow change have been influenced by the rich literature on experimental harvest, mostly in
small paired catchments of< 2 km2 [Bosch and Hewlett, 1982; Stednick, 1996; Andr�eassian, 2004; Brown et al.,
2005]. These reviews suggest that harvest will increase annual streamflow subject to several nuances:
(i) mean annual precipitation must exceed 450–500 mm, below which most precipitation is consumed by
evaporative losses; (ii) disturbance must remove at least �20% of the basal area; (iii) increased streamflow is
expected in the years immediately following treatment, but the duration of the effect may vary from 5 to 50
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years or more; (iv) streamflow increase may be limited when disturbance is spatially diffuse, such as by thin-
ning or shelterwood harvest, due to increased transpiration (the water lost via stomata during photosynthe-
sis) by surviving vegetation distributed across the catchment. The focus of this paper is on annual
streamflow in large basins of interest for water resources. We do not address the response of peak flows or
other streamflow dynamics to forest disturbance, which have been addressed in other recent literature [Alila
et al., 2009; Green and Alila, 2012; Kura�s et al., 2012].

In the present North American bark beetle outbreak, the only multibasin observations show an equal mix of
increased and decreased annual streamflow in an unpublished report from the first few years following out-
break [Stednick and Jensen, 2007]. However, there remains an expectation of increased streamflow [USDA
Forest Service, 2011; Mikkelson et al., 2013a; Pugh and Gordon, 2013] originating from several sources. First,
two historical studies compared large basins (200–5000 km2) following previous beetle outbreaks in the
central Rocky Mountains and reported 14–26% greater annual streamflow in Colorado [Love, 1955; Beth-
lahmy, 1974] and Montana [Potts, 1984]. These two papers are frequently cited (increasingly so in recent
years), highlighting both significant research interest and a need for observations from the current out-
break. Scant local observations prevented these authors from testing their hypothesis that precipitation var-
iability could obscure the forest die-off effects, as has been subsequently demonstrated with the benefit of
modern climate data sets [Zhang et al., 2012; Burt et al., 2015]. Second, most basin-scale assessments of the
current outbreak have employed models or remote sensing products, which predict reduced evaporative
losses with reduced vegetation density, resulting in estimates of more water available for streamflow
[Knight et al., 1991; Bewley et al., 2010; Pomeroy et al., 2012; Bright et al., 2013; Maness et al., 2013; Mikkelson
et al., 2013b; Livneh et al., 2015; Vanderhoof and Williams, 2015]. The third source of expectations for
increased streamflow is mechanistic studies documenting reduced interception [Boon, 2012; Pugh and
Small, 2012; Pugh and Gordon, 2013; Biederman et al., 2014b] and transpiration [Hubbard et al., 2013], which
are usually described as the key mechanisms of hydrologic response to forest disturbance [Stednick and Jen-
sen, 2007; NRC, 2008; USDA Forest Service, 2011; Pugh and Gordon, 2013].

A growing body of studies documents that forest mortality can increase evaporative processes from the
subcanopy, counteracting reductions in interception and overstory transpiration that are expected to
increase streamflow. Eddy covariance observations have shown a mix of relatively small increases and
decreases in stand-scale evaporative loss following bark-beetle die-off [Brown et al., 2013; Biederman et al.,
2014a; Frank et al., 2014]. Because snowmelt is the dominant hydrologic input in western North America,
snow processes strongly regulate hydrologic impacts of disturbance in this region [Troendle and King, 1985;
MacDonald and Stednick, 2003; USDA Forest Service, 2011]. It is often assumed that the presence of canopy
will increase seasonal sublimation because snowpack is thought to be less vulnerable than intercepted
snow in the canopy. However, interactions among forest geometry, terrain, and solar radiation drive sea-
sonal snowpack sublimation that can be either higher or lower than canopy interception losses [Musselman
et al., 2008; Rinehart et al., 2008; Gustafson et al., 2010; Schelker et al., 2013]. Accordingly, there appears to be
a trade-off between interception and snowpack shading that minimizes evaporative losses (and maximizes
snowmelt volumes) in forests of intermediate density [Veatch et al., 2009; Broxton et al., 2014]. Hence, peak
snowpack can decline or remain unchanged in cases of severe disturbance [Schmid et al., 1991; Biederman
et al., 2014b; Harpold et al., 2014]. Canopy arrangement is also important, with alternating clusters of trees
and small gaps of up to a few tree heights in size maximizing snowpack through optimization of the
interception-shading trade-off [Troendle and King, 1985; Golding and Swanson, 1986]. Because snowmelt is
the key driver of annual streamflow, we expect the hydrologic impacts of bark beetle infestation to depend
in part upon the severity and stand-scale arrangement of forest mortality.

Here our main objective was to quantify annual streamflow impacts during the decade after die-off in eight
headwater basins near the Continental Divide in Colorado, U.S.A. Mean annual precipitation (�800 mm)
and affected area (35–50%) were well above the thresholds for expected streamflow increases, while the
period of observation should capture maximum response [e.g., Stednick, 1996; Andr�eassian, 2004]. However,
our expectation of increased streamflow was tempered by process literature suggesting variable and coun-
teracting responses and the notable absence of changes reported by water resource managers. To obtain
results independent from model assumptions, we employed three established empirical methods, two of
which utilized local climate observations unavailable to earlier bark beetle studies in this region. The meth-
ods were: (i) double-mass paired catchment analysis; (ii) statistical comparisons of precipitation, streamflow
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and runoff ratios (RR 5 streamflow/
precipitation); and (iii) time-trend
analysis, which quantifies changes to
the empirical relationship between cli-
mate variables and streamflow. A sec-
ondary objective was to quantify any
changes in subannual dynamics
including seasonal distribution of flow
between snowmelt and base flow
periods, the peak daily flow, and the
timing of snowmelt onset and peak
flow. Recent work has shown that
large-scale disturbance may advance
the timing of snowmelt runoff and
increase peak flow rates [Zhang and
Wei, 2014; Winkler et al., 2015]. How-
ever, we focused our analysis on
annual streamflow both to minimize
impacts of unknown water storage
residence times in these large basins

and to support our main objective of determining whether the bark beetle outbreak has impacted surface
water supplies over the last decade.

2. Study Catchments

We identified eight catchments in the central Colorado Rockies affected by forest die-off triggered by bark
beetles (Figure 1), a region with extensive bark beetle infestation since 1997 [Meddens et al., 2012; Meddens
and Hicke, 2014]. These eight catchments were severely affected by a regional outbreak of mountain pine
beetle (Dendroctonus ponderosae) that occurred in lodgepole pine (Pinus contorta) between 2004 and 2007,
in addition to ongoing lower-level mortality of subalpine fir (Abies lasiocarpa) infested by western balsam
bark beetle (Dryocoetes confuses). Catchment selection was based on the availability of continuous, long-
term (43–49 years) streamflow records from catchments with unimpaired flow (no diversions or upstream
regulation), forest cover greater than 60%, availability of tree mortality data, and availability of nearby mete-
orological data to consistently characterize climate, including snowfall, in mountainous terrain (Table 1;
catchments are hereafter referred to using three-letter codes listed in column 1). All eight beetle-infested
catchments were in the headwaters of the Colorado River basin within the USDA Forest Service (USFS)
National Forest System in the Arapaho, Roosevelt, and White National Forests near the North American con-
tinental divide. WEA is a subcatchment (25 km2) contained within TUR (62 km2). We include both here
because there are relatively few catchments with long-term records spanning the bark beetle outbreak that
do not have significant impoundments or other disturbance, but we point out that streamflow from WEA

Figure 1. Map of the study region with detail area showing study catchments and
nearby SNOTEL stations. See Table 1 for catchment codes and properties.

Table 1. Study Catchment Properties

Site
USGS

Gauge
Area
(km2)

Mean
Elevation (m)

Forest
Cover (%)

Mean Annual
Temperature (8C)

Mean Annual
Precipitation (mm)

Mean
Annual RRa

Affected
Area (%)

First Year of
Die-Off Period

Last Year
Gauged

Black Gore Creek (BLG) 09066000 33 3259 69 21.7 762 0.59 44 2006 2014
Darling Creek (DAR) 09035800 23 3335 74 23.1 827 0.43 50 2004 2011
Keystone Gulch (KEY) 09047700 24 3303 84 0.4 730 0.33 49 2007 2014
Middle Creek (MID) 09066300 15 3187 86 0.4 762 0.43 50 2006 2014
Red Sandstone Creek (RSS) 09066400 19 3169 85 20.1 762 0.54 35 2007 2008
S. Fork Williams (SFW) 09035900 71 3343 63 21.7 827 0.52 42 2004 2014
Turkey Creek (TUR) 09063400 62 3270 84 21.1 786 0.40 41 2006 2008
Wearyman Creek (WEA) 09063200 25 3301 81 21.1 786 0.37 40 2006 2008
Halfmoon (HMN)b 07083000 61 3593 30 22.5 789 0.55 2 NAc 2014

aRR 5 Runoff ratio (Annual Streamflow/Precipitation).
bControl catchment.
cWhere useful for comparing pre- and post-outbreak periods, an artificial die-off date of 2006 was imposed for HMN.
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and TUR are not fully independent. Four of the eight gauges were decommissioned between 2008 and
2011, unfortunately reducing the sample size available for future analyses. A nearby control catchment,
HMN, had bark beetle effects in �2% of catchment area, similar to background levels in this ecoregion.

Catchment boundaries were delineated from the National Hydrography Dataset Plus (www.horizon-sys-
tems.com/nhdplus) using the Basin Delineator Tool. Catchment elevation and aspect were derived from
U.S. Geological Survey (USGS) National Elevation Dataset 30 m resolution data. Land cover in each catch-
ment prior to bark beetle infestation was determined from the USGS coordinated Southwest Regional Gap
Analysis Project (SWREGap; http://earth.gis.usu.edu/swgap). Spatial analyses were performed in ArcMap
10.2 (ESRI, Inc.), while statistical analyses and modeling were performed in MATLAB 2014a (Mathworks, Inc.).

Bark beetle-affected catchments were relatively similar physiographically. They ranged in size from 15 to
71 km2, and mean elevation ranged from approximately 3150–3350 m (Table 1). Aspect was predominantly
south and west in six catchments (DAR, KEY, TUR, BLG, MID, RSS) and was predominantly north and east in two
catchments (SFW and WEA). Catchments contained minimal man-made structures or other disturbance and
were on average 78% covered by forest (Table 1). Dominant cover types from the SWREGap data set were
spruce-fir and lodgepole pine forest, with aspen forest in some catchments (<15%), and remaining cover was
classified as dry tundra or riparian shrubland. The control catchment (HMN) may have avoided bark beetle
infestation due to its lesser forest cover (30%), higher elevation (3593 m), and likely elevation-dependent
differences in dominant tree species (i.e., fewer beetle-susceptible lodgepole pine, more spruce and fir). To aid
comparisons across basins of different sizes, all reported streamflow values are normalized by basin area.

3. Data Sets

3.1. Streamflow Data
This study used several publicly available data sets. Daily streamflow for each catchment was obtained from
the USGS National Water Information System (http://waterdata.usgs.gov/nwis). All available streamflow
observations were downloaded beginning in 1966, the first year after which observations were continuously
available in all catchments, through 2014. Stream condition was unimpaired in each site’s most recent
USGS Annual Water Data Report (http://wdr.water.usgs.gov). In all study catchments, at least 84% of
reported daily streamflow values were classified as ‘‘good’’ quality by USGS. Daily values were processed
to compute monthly and annual streamflow (Q) using the hydrologic year (October–September) and
normalized by catchment area.

3.2. Climate Data
Annual catchment precipitation (P) estimates were based on seven SNOTEL stations identified in the study
area with continuous records beginning in 1981 or earlier (Figure 1; http://www.wcc.nrcs.usda.gov/snow).
SNOTEL stations have weighing precipitation gauges equipped with a single-alter wind shield and are typi-
cally placed in small forest clearings. These steps are taken to minimize errors due to wind, and they provide
the most reliable long-term precipitation observations near the study catchments and at similar elevations.
Annual precipitation for each infested catchment was calculated using the arithmetic mean of the three
nearest SNOTEL stations. Average horizontal and vertical distances between catchments and associated
SNOTEL stations were 16 61 km and 199 656 m (6 1 standard error), while the standard deviation of
annual precipitation among the three stations for a given catchment and year was, on average, 151 mm.
Although annual precipitation varies over mountainous terrain, this approach provided temporal consis-
tency, which is more important to our pre/post-outbreak analyses than absolute accuracy. For this reason,
we did not use gridded climate estimates such as PRISM (www.prismclimate.org), wherein the stations
incorporated change over time as they are deployed or decommissioned. We also evaluated the gridded
precipitation and temperature data set of Livneh et al. [2013] based on a stable set of NOAA Cooperative
Observation stations located mostly at lower elevations. The SNOTEL precipitation observations were more
closely related to annual streamflow (average R2 of 0.83 using SNOTEL as compared to 0.60 using Livneh
et al. [2013]) although the study conclusions were not sensitive to the choice of precipitation data source.
Only one SNOTEL station was found to be suitably close to HMN in distance, elevation, and mean annual
precipitation (compared using Livneh et al. [2013]; annual precipitation from this station was closely related
to HMN streamflow (R2 5 0.89)). Due to known artificial trends in SNOTEL temperature records most likely
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related to sensor changes [Oyler et al., 2015], we used the annual temperature (T) estimates of Livneh et al.
[2013] at the centroid of each catchment, which were available through hydrologic year 2011.

3.3. Forest Mortality Data
Bark beetle-driven forest mortality in each catchment was determined from USDA Forest Service insect and
disease aerial survey maps beginning in 1997 [USDA Forest Service, 2010]. We present cumulative affected
area through 2009, which is 2 years after the die-off period began in the last catchments (Table 1). A catch-
ment was considered to be in the post-die-off period beginning in the first year that cumulative affected
forest exceeded 20% of total catchment area, a threshold that has been reported as a minimum treatment
area required for detecting streamflow response following forest cover change in multiple studies [Stednick,
1996; Brown et al., 2005]. This definition is conservative since aerial surveys detect mortality when canopy
changes are visible, which is generally the year after mortality actually occurs. This definition led to 2–11
years of post-outbreak streamflow data per catchment, which, given the time course of expected changes
following mortality, should capture the peak of any catchment-scale hydrological responses [Brown et al.,
2005; Edburg et al., 2012; Pugh and Gordon, 2013]. Hereafter ‘‘pre-die-off’’ refers to the available data record
until the year prior to die-off, while ‘‘post-die-off’’ refers to all remaining years in the record. To evaluate the
stability of the HMN control catchment in the runoff ratio comparison and time-trend analysis, an artificial
die-off year of 2006 was imposed, representing the mean in the infested catchments.

4. Methods

Three methods of empirical analysis were used to evaluate annual streamflow. These are presented in order
of increasing complexity and data requirements.

4.1. Double-Mass Paired Catchment Comparison
In double-mass analysis [Searcy and Hardison, 1960] we compared the slope of the relationship between
cumulative annual streamflow (Q) since 1966 in each bark beetle catchment against that of the control
catchment and used covariance analysis to test whether the relationship changed after bark beetle die-off
at the 95% confidence level (i.e., were slopes different, one-way analysis of covariance, ANOCOVA). We also
calculated annual residuals between observed streamflow and the prediction based on the pre-die-off rela-
tionship. Double-mass analysis was used in two paired catchment studies showing increased streamflow
following bark beetle outbreaks in the Rocky Mountains [Love, 1955; Bethlahmy, 1974; Potts, 1984] and in
studies of hydrologic effects from timber harvest and related management practices [Leaf, 1975; Zhao et al.,
2010; Zhang and Wei, 2012].

4.2. Comparisons of Streamflow, Runoff Ratio and Climate
Analysis of annual streamflow change following bark beetle die-off was conducted beginning in 1981
(beginning of our SNOTEL precipitation record) through a statistical comparison of pre- and post-die-off
streamflow, where significant changes in streamflow or runoff ratio were interpreted as a potential bark
beetle effect. A significant increase in post-die-off annual streamflow without an accompanying precipita-
tion (P) increase would suggest that beetle-driven forest die-off acted to increase streamflow. Not all
streamflow and climate observations were normally distributed [Lilliefors, 1967], therefore mean climate
and runoff ratio (RR 5 Q/P) values pre- and post-die-off were compared using the nonparametric Mann-
Whitney U test [Mann and Whitney, 1947], which makes no assumption about sample distribution. Examina-
tion of discharge autocorrelation plots suggested weak autocorrelation at a lag of 1 year in only one catch-
ment (MID). Because this correlation was weak and the effect was small, no corrective procedures to
account for autoregressive error were applied to the Mann-Whitney U test. Post die-off changes in RR were
multiplied by post-die-off precipitation to estimate bark beetle effects on streamflow. In addition to annual
climate and streamflow, we compared pre- and post-die-off streamflow by season (snowmelt streamflow as
taken as the sum of April–July, and base flow as August–March), peak daily flow, and the mean dates of
snowmelt onset and peak flow.

4.3. Time-Trend Analysis
A more robust method for quantifying the influence of forest cover changes on streamflow under variable
climate is time-trend analysis [Bosch and Hewlett, 1982; Zhao et al., 2010; Guardiola-Claramonte et al., 2011].
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Time-trend analysis involves three main steps. First, an empirical model is developed between streamflow
and climate (here, precipitation and temperature) in each catchment, with a period of pre-die-off years
reserved for independent model evaluation. Next, the model is used to predict streamflow for both pre-
die-off evaluation and post-die-off periods, and residuals between observed and predicted values are
calculated for each period. Finally, changes in the structure of residuals between the pre- and post-die-off
periods indicate any beetle die-off effect. Here two forms of linear model were investigated. Precipitation
variation was expected to be the dominant control on streamflow variation [Zhao et al., 2010], and the first
model quantified the pre-die-off empirical relationship as:

Q5a1bP (1)

where a and b are fitted coefficients. Temperature was expected to exert negative control on streamflow
due to its exponential relationship to vapor pressure deficit, itself a primary control on evaporative losses
[Shuttleworth, 2012], and a temperature term was added to equation (1) to form the second model:

Q5a1bP1cT (2)

Each model was calibrated to the pre-die-off period from 1981 until 5 years prior to die-off in each catch-
ment. Following calibration, four assumptions of linear regression models were tested: (1) scatter plots con-
firmed the linear relationship between annual streamflow and precipitation (Supporting Information
supporting information Figure S1); (2) residual histograms and the Lilliefors test for normality confirmed
normal distribution of residuals; (3) residual homoscedasticity was detected from plots of residuals versus
time and residuals versus predicted annual streamflow; and (4) residual independence was assessed from
autocorrelation and lag plots. Weak lag-1 autocorrelation was evident in residuals of one study catchment
(MID), but addition of variable lag terms to the regression equation did not improve the model or remove
residual autocorrelation, and therefore no modifications were made.

The 5-year period between calibration and die-off was reserved as an evaluation period to test the empirical
model’s ability to provide accurate pre-die-off streamflow predictions. A one-sided t-test (p<0.05) was used
to determine whether the mean residual during the evaluation period was different from zero. Similarly, a
t-test was used to detect post-die-off residuals different from zero, indicating beetle die-off effects on
annual streamflow. A bootstrap sampling approach was used to evaluate the sensitivity of the time-trend
analysis to the choice of evaluation period, with the model calibration and residual comparisons repeated
for all possible consecutive 5 year blocks.

5. Results

Following a description of beetle-driven forest die-off, streamflow analysis results from each method are
presented in order of increasing complexity and data requirements.

5.1. Bark Beetle Die-Off
Within 2 years following the peak outbreak period (2004–2007), aerial surveys showed 35–50% of catch-
ment area was affected by beetle-driven die-off (Table 1). Die-off occurred earliest in DAR and SFW (2004),
resulting in 8 and 11 years of post-die-off streamflow data, respectively, and more recently (2006 or 2007) in
the remaining study catchments, resulting in 9 years post-die-off in BLG and MID and 8 years in KEY. Shorter
post-die-off analysis periods were possible for WEA, and TUR (3 years), and RSS (2 years) due to decommis-
sioning of gauges (Table 1). The artificial die-off date of 2006 provided a ‘‘post-die-off’’ period of 9 years in
the HMN control.

5.2. Subannual Hydrograph Comparisons
Mean monthly hydrographs did not suggest any consistent change in magnitude or timing of streamflow
between the pre- and post-die-off periods (Figure 2). Snowmelt during April–July contributed 64–88% of
mean annual streamflow in the bark beetle catchments, and 73% in HMN, similar to prior reports for the
Colorado River headwaters [Clow, 2010]. No significant changes were found for annual precipitation
between the pre- and post-die-off periods. No significant changes to amount or timing of peak daily
streamflow were detected in the post die-off period (Mann-Whitney U-test, all p>0.10). Similarly, no
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changes were detected in peak daily flow or the dates of snowmelt onset (first day of area-normalized flow
>1 mm) or peak flow.

5.3. Double-Mass Paired Catchment Comparison
Double-mass plots of cumulative annual streamflow in each bark beetle catchment against the control catch-
ment showed only two significant and opposite responses to beetle die-off: a 17% streamflow decline in DAR,
and a 14% increase in SFW, corresponding to the changes in slope (Figure 3), while the other six catchments
showed no detectable change in their streamflow relationship to the control. DAR and SFW have adjacent out-
lets (Figure 1) and experienced similarly severe and early outbreak (Table 1), but the aspect of DAR was primarily
south and west, while SFW faced predominantly north and east. Residuals from all catchments showed patterns
of positive and negative periods that appeared to be coherent across study catchments (Figure 4). Double-mass

residuals were significantly related to
the annual precipitation differences
between a treatment catchment and
the control (QResidual 5 0.543(Pcatchment

– Pcontrol) – 2.5 mm; R2 5 0.27; p
<0.001); this relationship was similar
during the pre- and post-die-off periods.

5.4. Climate and Streamflow
Comparison
Spatial variation of annual precipita-
tion (P) across the bark beetle catch-
ments in a given year was low (range
�100 mm) while temporal P variation
in each catchment showed a larger
range (�500 mm; Figure 5). Both
annual streamflow normalized by
basin area (Q) and runoff ratio
(RR 5 Q/P) varied temporally with pre-
cipitation. Across all nine catchments
P was highly correlated with Q (aver-
age r 5 0.91) and with RR (r 5 0.71).
Annual mean temperature (T) showed
similar ranges of spatial variation and
within-catchment temporal variation,

Figure 2. Mean monthly streamflow (Q) normalized by catchment area for pre- (black, since 1966) and post- (red) bark beetle die-off. For comparison with the post-die-off period in
other catchments, streamflow for the Halfmoon (HMN) control catchment is shown in green for the period 2006–2014.

Figure 3. Double-mass plots of cumulative annual streamflow (Q) in each beetle-
affected study catchment against cumulative Q in the control catchment (HMN)
for years 1966–2014 or the last available year. Square symbols and thick lines indi-
cate the post-die-off period. The inset panel shows slopes (6 one standard error)
pre- and post-die-off. Arrows indicate significantly different slopes (p<0.05). Sig-
nificant slope changes indicate the die-off effect on annual streamflow.
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both averaging 2–4 ˚C (Figure 5c). Stream-
flow and RR were weakly negatively corre-
lated to T (average r 5 20.40 and 20.39,
respectively), consistent with the idea that
in warmer years, evaporative losses are
higher, reducing streamflow. However, a
similar negative correlation between P and
T (20.35) supports the idea that Q and RR
can be predicted by P alone (sections 4.3
and 5.5), with T containing relatively little
additional information (i.e., wetter years
are likely to be colder and vice versa).
Across the bark beetle catchments, tempo-
ral variability of P and Q were very similar
to one another (standard deviations of 129

and 127 mm, respectively), suggesting that precipitation variation was the dominant control of stream-
flow variation.

Despite large changes in live tree cover, there were few significant differences between pre- and post-die-off cli-
mate and streamflow variables (Table 2, nonparametric Mann-Whitney U-test, p> 0.05). A small decline was
found in mean annual T post-die-off for MID (20.3 ˚C). No significant changes were found for annual precipita-
tion. The only significant change in area-normalized streamflow was a decline (265 mm yr21 in DAR). Since DAR
mean P was on average greater by 16 mm post-die-off, the runoff ratio declined from 0.45 to 0.37, resulting in a
calculated bark beetle effect of 267 mm yr21—a 21% reduction—similar to the 17% reduction indicated by the

significant double-mass slope change
(Figure 3). Changes in mean snowmelt
streamflow (March–June) between pre-
and post-die-off periods (all nonsignifi-
cant) were nearly equal to the changes
in mean annual streamflow (Table 2,
DQSM � DQ). Changes in mean base
flow (August–March Q) associated with
forest-die were undetectable except in
DAR, where there was a small but signif-
icant decline (215 mm, � 24% of
annual streamflow).

5.5. Time-Trend Analysis
In all catchments the annual
precipitation-streamflow relationship
(equation (1)) was highly significant
(p< 0.001). Models described the
observations well (Figure 6) and
accounted for 74–96% of observed
variability in annual streamflow dur-
ing the calibration period (Table 3,
individual model fits are shown in
supporting information Figure S1).
Model skill, as measured by mean
absolute error (MAE), was similar dur-
ing the calibration and evaluation
periods for 7 of the 8 beetle catch-
ments and the control (�30–60 mm
yr21, Table 3). For SFW, the calibration
MAE (21 mm) was lower than for the

Figure 4. Annual residuals from the pre-die-off double-mass streamflow
relationships shown in Figure 3. Square symbols and thick lines indicate the
post-die-off period. Colors are as in Figure 3.

Figure 5. Mean annual (a) precipitation (P), (b) streamflow (Q), (c) runoff ratio
(RR 5 Q/P), and (d) temperature (T) for each catchment for 1981–2014 (tempera-
ture record ends in 2011). Years with square symbols and thick lines indicate the
post-die-off period.
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evaluation period (53 mm). A model form that included a temperature term (equation (2)) did not show any
improvement in model skill as compared to equation (1), and temperature was not a significant predictor of
annual streamflow in any catchment (see supporting information Table S1). Based on a lack of model
improvement, the additional complexity of equation (2) was not warranted, and equation (1) was used for
the time trend analysis.

Time trend analysis indicated that bark beetle die-off for a given catchment had either a negative effect or
no significant effect on annual streamflow (Table 3). Mean residuals during the evaluation period were not
different from zero in any catchment, but post-die-off residuals were significantly less than zero (i.e., stream-
flow was less than predicted) by 27–100 mm in three catchments (DAR, RSS, p<0.05, and KEY, p<0.10).
Bootstrap analysis showed the time-trend results were largely insensitive to the choice of evaluation period
(supporting information Figure S2). Similarly, time-trend conclusions were not affected by the inclusion of

Table 2. Differences Between Mean Pre- and Post-Die-off Climate and Streamflowa

Site
Air Temperature

DTmean (8C)
Annual Precipitation

DP (mm)
Base Flow

DQBF
b (mm)

Snowmelt
DQSM (mm)

Annual Streamflow
DQ (mm)

Runoff
Ratio DRR

Estimated Bark
Beetle Effectc (mm)

BLG 20.3 150 22 161 159 10.04 131
DAR 0.0 116 215** 252 265* 20.08** 267**
KEY 20.3 153 16 113 116 0.00 0
MID 20.4* 150 28 145 137 10.03 123
RSS 20.4 120 24 271 274 20.09 278
SFW 20.1 116 17 125 130 10.03 125
TUR 20.2 163 21 152 152 10.04 134
WEA 20.2 163 11 131 132 10.02 117
HMNd 10.4 158 1 123 124 10.00 0

aPost-die-off mean minus pre-die-off mean (from 1981 to the last year prior to die-off, see Table 1). Pre- and post-die-off period observations significantly different at *p< 0.10;
**p< 0.05 using the nonparametric Mann-Whitney U test.

bDQSM 5 Snowmelt period streamflow, April–July, DQBF 5 Base flow, August–March. All other values are annual.
cThe product of post-die-off mean P with change in runoff ratio (RR 5 Q/P).
dTo facilitate comparisons, an artificial die-off date of 2006 was imposed for the HMN control.

Figure 6. Annual streamflow beginning in 1981 observed and modeled with the empirical model Q 5 a 1 bP (equation (1)). Model param-
eters and statistics are shown in Table 3. Model fits are shown in supporting information Figure S1.
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temperature in the regression model (equation (2)) except for KEY, where the negative bark-beetle effect
was slightly larger (230 mm versus 227 mm) but became nonsignificant (p 5 0.20; supporting information
Table S1). In other words, when we accounted for temperature, streamflow in KEY was not significantly less
than predicted. In comparison to residuals from the double-mass analysis (Figure 4), time-trend residuals
(supporting information Figure S3) were smaller (6100 mm as compared to 6200 mm) and showed less
coherent behavior among catchments.

5.6. Comparison of Streamflow Response Among Methods
Collectively, the three empirical analysis methods suggested streamflow response to forest die-off was
undetectable in most catchments (Figure 7). Of the twenty-four evaluations conducted (three methods in
eight catchments), five showed significant streamflow declines of 11–29%, one showed a 14% increase, and
18 showed no effect.

6. Discussion

Using three types of empirical analysis across eight subalpine headwater catchments of the Colorado River,
we found annual streamflow changes were mostly undetectable during the decade following bark beetle-
driven forest die-off, with one catchment consistently showing a decline (Figure 7). These results do not
support expected streamflow increases based on historical paired catchment studies, experimental har-
vests, recent modeling and remote sensing analyses, and process studies focused on interception and tran-
spiration. Importantly, our findings contrast with reported increases of 14–26% in the two studies from prior
outbreaks, which are among the most highly cited papers on basin-scale hydrologic response to bark beetle
infestation [Bethlahmy, 1974; Potts, 1984]. These influential studies were conducted in the same central
Rocky Mountain region and used the same double-mass paired-catchment method we used, but they did not

benefit from the modern climate data
sets that enabled the runoff ratio and
time trend analyses presented here.
We therefore discuss the relative mer-
its of the empirical methods employed
by this and prior studies, and we evalu-
ate these results in the context of the
literature on experimental harvest and
emerging process understanding from
smaller-scale research.

Our conclusion that bark beetle effects
on annual streamflow were primarily
undetectable or occasionally negative
was mostly insensitive to the choice of
empirical analysis method (Figure 7).

Table 3. Linear Regression Model Coefficientsa, Skill, Statistics and Estimated Bark Beetle Effects on Annual Streamflow (Q), 1981–2014

Site
Intercept
a (mm) Slope b

Calibration
MAEb (mm)

Evaluation
MAE (mm) R2

Post-Die-off Streamflow Change DQ

Mean Residual (mm) Std. Error (mm)

BLG 2407 1.15 42 48 0.88 23 (21)c

DAR 2328 0.87 53 69 0.74 289**c (24)
KEY 2267 0.72 31 42 0.86 227* (11)
MID 2394 0.98 45 45 0.83 221 (19)
RSS 2325 0.99 43 42 0.82 2100** (4)
SFW 2308 0.91 21 53 0.96 23 (16)
TUR 2455 0.99 39 34 0.87 213 (47)
WEA 2369 0.86 33 44 0.88 227 (55)
HMN 2322 0.99 37 30 0.89 236 (19)

aParameter estimates of equation (1): Q 5 a 1 bP. Model fits are shown in supporting information Figure S1.
bMean absolute error (MAE) between observed and modeled annual streamflow.
c**denotes significant effect at p<0.05. *denotes significant effect at p<0.10.

Figure 7. Percent change in annual streamflow following bark beetle die-off deter-
mined by three empirical methods. **denotes significant effect at p<0.05. *denotes
significant effect at p<0.10.
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Runoff ratio comparison (Table 2) was considered to be the weakest method, because proportionality
between streamflow and precipitation incorrectly implies passage through the origin. Instead, observations
show that annual precipitation must exceed a minimum evaporative loss threshold before appreciable
streamflow occurs [Stednick, 1996; Flerchinger and Cooley, 2000; Biederman et al., 2014a]. In our bark beetle
catchments, modeled intercepts for equation (2) averaged 2357 mm, while slopes averaged 0.93 (Table 3).
Inversion of equation (2) using this average parameterization suggests a minimum evaporative loss threshold
of 383 mm (i.e., the intercept of the precipitation axis, supporting information Figure S1), or nearly 50% of
mean annual precipitation (Table 1). This minimum precipitation threshold of 383 mm is somewhat similar to
the precipitation threshold of 500 mm reported by Bosch and Hewlett [1982] for detection of annual stream-
flow response to forest cover changes.

While double-mass analysis often produces inferences consistent with other empirical methods [Zhao et al.,
2010] and requires only streamflow observations, spatial variability in climate could alter the paired catch-
ment relationship. This is the main uncertainty in the present analysis, where the catchments showing sig-
nificant cumulative streamflow effects (Figure 3; DAR, SFW) were furthest from the control catchment,
�75 km, and �250 m lower in elevation. These differences highlight the difficulty of finding a suitable con-
trol in paired-catchment analysis of nonexperimental disturbances. While double-mass analysis indicated a
14% streamflow increase in the die-off period for SFW (Figure 7), both methods that explicitly included pre-
cipitation (i.e., runoff ratio and time-trend) found no significant effect in SFW. Our finding that the precipita-
tion difference between a bark beetle catchment and the control predicted double-mass residuals supports
the idea that climate differences between catchments, rather than bark beetle effects, could explain the
paired-catchment inference of streamflow increase in SFW [Brown et al., 2005; Zhang et al., 2012; Burt et al.,
2015]. As a further example, the pre-die-off double-mass residuals in the present study might falsely indi-
cate an increase during the mid-1980s or a decrease during 1995–1999 (Figure 4). Likewise, climate differen-
ces could have influenced the results of Bethlahmy [1974] and Potts [1984], who paired much larger basins
(500–2000 km2) with likely greater spatial variability in precipitation. This could explain why Bethlahmy did
not find maximal streamflow increase until 15 years after outbreak, while the strongest response would be
expected within 1–3 years, based on bark beetle hydrologic process impacts [Pugh and Small, 2012;
Hubbard et al., 2013; Biederman et al., 2014b] and experimental harvest streamflow [e.g., Bosch and Hewlett,
1982; Stednick, 1996; Andr�eassian, 2004].

Time-trend analysis was considered the most robust empirical analysis method, because it accounts for a mini-
mum evaporative loss threshold and incorporates the effects of climate variation [Zhao et al., 2010]. SNOTEL-
based estimates of catchment precipitation used here could include biases due to gauge undercatch or small
elevation differences [Rasmussen et al., 2012]. However, time-trend analysis depends mainly on temporal consis-
tency of the observations, and our confidence in the SNOTEL precipitation observations is supported by their
ability to explain 74–96% of the variation in pre-die-off annual streamflow (Figure 6 and Table 3). We had
expected to find predictive power in mean annual temperature, an indicator of energy available to drive evapo-
rative losses. However, temperature did not improve the models (supporting information Table S1), possibly due
to negative correlation with precipitation (i.e., wetter years tended to be cooler).

The present multidecade study should be considered in the context of regional climate change, which
could affect the results in two ways. First, if temperatures were greater in the post-die off period, evapora-
tive losses could increase, potentially counteracting the streamflow increases we expected. While mountain
temperatures were thought to have increased during the period of our study at SNOTEL stations across
parts of Colorado and the Intermountain West [Clow, 2010; Harpold et al., 2012], it has recently been shown
that instrumental bias caused overestimation of temperature trends [Oyler et al., 2015]. Here comparison of
pre- and post-die-off periods showed mostly nonsignificant temperature declines in the bark beetle catch-
ments, while the control catchment showed a nonsignificant increase (Table 2). If these small temperature
changes had any effect, it would likely be to decrease evaporative losses (and increase streamflow) in the
bark beetle catchments while decreasing streamflow in the control, thereby introducing a false positive
bark beetle effect on streamflow. Therefore, our finding that streamflow did not increase is conservative.
The second possible climate change effect would be an increase in atmospheric evaporative demand
enhancing snowpack sublimation, obscuring potential streamflow increases resulting from beetle kill. While
we do not have catchment-level snowpack observations, recent studies show the region of the present
study catchments (Figure 1) is high enough in elevation with cold enough winter temperatures (258C) that
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sublimation losses show no trends [Clow, 2010; Harpold et al., 2012]. These studies suggest that the relation-
ship between precipitation and snowmelt volume did not change in the open areas where SNOTEL stations
are located. Hence, post-die-off streamflow is likely determined by precipitation and forest ecohydrological
process changes.

While process observations were beyond the scope of this study, several factors likely regulate the effects
of bark beetle disturbance on net evaporative losses (i.e., interception, snowpack sublimation, transpiration,
and evaporation), providing context for the absence of streamflow increases. Whereas harvest studies often
used strip or patch cut patterns, which appear to optimize the trade-off between interception and solar
shading and maximize peak snowpack [Troendle and King, 1985; Golding and Swanson, 1986], beetle-driven
mortality tends to be distributed more evenly across affected stands, allowing penetration of wind and solar
radiation to drive increased snowpack sublimation [Biederman et al., 2014b]. Increased transpiration by sur-
viving vegetation, which has been inferred from increased carbon uptake and greater tree ring widths
[Veblen et al., 1991; Berg et al., 2006; Brown et al., 2010], may be facilitated by the diffuse nature of beetle
mortality. In a study of harvest gap sizes, neighboring lodgepole pines utilized nutrient resources from gaps
of less than 15 harvested trees (� 8 m diameter, twice the radius of lateral roots) [Parsons et al., 1994],
implying that increased soil water uptake by surviving vegetation is likely when disturbance is diffuse and
produces gaps smaller than the radii of lateral roots. Accordingly, annual streamflow response to bark beetle
disturbance was more likely to be positive in basins dominated by even-aged stands [Stednick and Jensen,
2007], which were more likely to have contiguous areas of heavy mortality, producing large gaps where soil
moisture surpluses are inaccessible to roots of surviving trees. Streamflow response may also be counteracted
by transpiration from the understory, which can respond rapidly after beetle infestation [Norton et al., 2015].

Reliable prediction of how forest mortality will affect streamflow in a given catchment will require process-
based understanding of interactions among canopy, topography, and climate distributed across the land-
scape. Spatially, the evaporative loss responses which integrate to control basin-scale streamflow are likely
variable within and across catchments and dependent on aspect, topographic shading, and the location of
affected forest stands [Rinehart et al., 2008]. For example, canopy loss on exposed slopes can be expected
to increase snowpack sublimation and evaporation, reducing streamflow, while mortality on shaded slopes
may reduce transpiration and snow sublimation from the canopy without compensatory response from the
subcanopy, increasing streamflow. These trade-offs are likely related to solar radiation patterns controlled
by topography and forest geometry [Troendle and King, 1987; Zou et al., 2007; Pomeroy et al., 2012]. The two
basins with the greatest significant declines in streamflow were RSS and DAR. With only 2 years of observa-
tions post-die-off we are hesitant to draw conclusions about RSS, but DAR had 8 years of observations and
showed a significant streamflow decline by all three analysis methods. DAR was one of the first catchments
affected by bark beetle, and it had the highest percentages of total area affected (50%), forest area affected
(67%), and SW aspect (70%). While a detailed spatial analysis remains a useful topic for future work, here we
speculate that severe canopy mortality on slopes with high solar radiation exposure increased evaporative
losses from the subcanopy, reducing streamflow.

Our results underscore the challenges of extrapolating point-scale ecohydrological process observations to
predict annual water resources in large basins. In the present bark beetle epidemic, initial process-level
observations at scales of plots to stands documented reduced interception [Boon, 2012; Pugh and Small,
2012; Biederman et al., 2014b] and transpiration [Hubbard et al., 2013], consistent with increased soil mois-
ture [Clow et al., 2011], leading to predictions of increased streamflow [Pugh and Gordon, 2013]. However,
observations of increased snowpack sublimation and soil water evaporation illustrated mechanisms that
could counteract streamflow increases [Biederman et al., 2014a, 2014b]. Intermediate-scale observations of
ecosystem-scale ET and small catchment streamflow showed that the net effect of these competing process
responses could vary in magnitude and direction [Brown et al., 2013; Biederman et al., 2014a; Frank et al.,
2014], possibly due to site factors including the spatial arrangement of mortality and interactions of terrain,
canopy, and climate. The results of the present study suggest that the integrated effects of competing proc-
esses and variable landscapes within large basins may lead to minimal water resources impacts from forest
disturbance. Linking spatially variable processes to basin-scale response requires further developments in
high-resolution mortality mapping [Meddens et al., 2012; Meddens and Hicke, 2014], laser mapping of terrain
and canopy (i.e., LiDAR) [Harpold et al., 2015], and spatially explicit forest models of water and energy parti-
tioning [Broxton et al., 2014].
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7. Conclusions

We found that annual streamflow changes following beetle-induced forest mortality were most often unde-
tectable, while one basin with severe mortality and a predominantly southwest aspect consistently showed
reduced streamflow. These results contrasted with historical paired catchment studies from earlier beetle out-
breaks in the central Rocky Mountain region [Love, 1955; Bethlahmy, 1974; Potts, 1984], which may have been
influenced by the researchers’ lack of data on spatial and temporal climate variability. A lack of significant
streamflow changes contrasts with the experimental harvest literature [i.e., Bosch and Hewlett, 1982; Stednick,
1996; Brown et al., 2005], which suggests significant streamflow increases in basins with �800 mm annual pre-
cipitation and 30–50% of forest area affected. Therefore, experimental harvest may not be an apt proxy for
bark beetle disturbance. Finally, the observations presented here do not support expectations of increased
streamflow in the wake of the present beetle outbreak based on remote sensing and models, highlighting
the importance of empirical work in evaluating the tools used for basin-scale hydrologic prediction.

References
Alila, Y., P. K. Kura�s, M. Schnorbus, and R. Hudson (2009), Forests and floods: A new paradigm sheds light on age-old controversies, Water

Resour. Res., 45, W08416, doi:10.1029/2008WR007207.
Andr�eassian, V. (2004), Waters and forests: From historical controversy to scientific debate, J. Hydrol., 291(1), 1–27, doi:10.1016/

j.jhydrol.2003.12.015.
Bates, C. G., and A. J. Henry (1928), Second phase of streamflow experiment at Wagon Wheel Gap, CO., Mon. Weather Rev., 56(3), 79–80,

doi:10.1175/1520-0493(1928)56<79:SPOSEA>2.0.CO;2.
Berg, E. E., J. David Henry, C. L. Fastie, A. D. De Volder, and S. M. Matsuoka (2006), Spruce beetle outbreaks on the Kenai Peninsula, Alaska,

and Kluane National Park and Reserve, Yukon Territory: Relationship to summer temperatures and regional differences in disturbance
regimes, For. Ecol. Manag., 227(3), 219–232, doi:10.1016/j.foreco.2006.02.038.

Bethlahmy, N. (1974), More streamflow after a bark-beetle epidemic, J. Hydrol., 23(3-4), 185–189, doi:10.1016/0022-1694(74)90001-8.
Bewley, D., Y. Alila, and A. Varhola (2010), Variability of snow water equivalent and snow energetics across a large catchment subject to

Mountain Pine Beetle infestation and rapid salvage logging, J. Hydrol., 388(3-4), 464–479, doi:10.1016/j.jhydrol.2010.05.031.
Biederman, J. A., A. A. Harpold, D. J. Gochis, B. E. Ewers, D. E. Reed, S. A. Papuga, and P. D. Brooks (2014a), Increased evaporation following

widespread tree mortality limits streamflow response, Water Resour. Res., 50, 5395–5409, doi:10.1002/2013WR014994.
Biederman, J. A., P. D. Brooks, A. A. Harpold, E. Gutmann, D. J. Gochis, D. E. Reed, and E. Pendall (2014b), Multi-scale observations of snow

accumulation and peak snowpack following widespread, insect-induced Lodgepole Pine Mortality, Ecohydrology, 7(1), 150–162,
doi: 10.1002/eco.1342.

Boon, S. (2012), Snow accumulation following forest disturbance, Ecohydrology, 5(3), 279–285, doi:10.1002/eco.212.
Bosch, J. M., and J. D. Hewlett (1982), A review of catchment experiments to determine the effect of vegetation changes on water yield

and evapo-transpiration, J. Hydrol., 55(1-4), 3–23, doi:10.1016/0022-1694(82)90117-2.
Bright, B. C., J. A. Hicke, and A. J. H. Meddens (2013), Effects of bark beetle-caused tree mortality on biogeochemical and biogeophysical

MODIS products, J. Geophys. Res. Biogeosci., 118, 974–982, doi:10.1002/jgrg.20078.
Brown, A. E., L. Zhang, T. A. McMahon, A. W. Western, and R. A. Vertessy (2005), A review of paired catchment studies for determining

changes in water yield resulting from alterations in vegetation, J. Hydrol., 310(1-4), 28–61, doi:10.1016/j.jhydrol.2004.12.010.
Brown, M., T. A. Black, Z. Nesic, V. N. Foord, D. L. Spittlehouse, A. L. Fredeen, N. J. Grant, P. J. Burton, and J. A. Trofymow (2010), Impact of

mountain pine beetle on the net ecosystem production of lodgepole pine stands in British Columbia, Agric. For. Meteorol., 150(2),
254–264, doi:10.1016/j.agrformet.2009.11.008.

Brown, M. G. et al. (2013), Evapotranspiration and canopy characteristics of two lodgepole pine stands following mountain pine beetle
attack, Hydrol. Process., 28(8), 3326–3340, doi:10.1002/hyp.9870.

Broxton, P. D., A. A. Harpold, J. A. Biederman, P. A. Troch, N. P. Molotch, and P. D. Brooks (2014), Quantifying the effects of vegetation struc-
ture on snow accumulation and ablation in mixed-conifer forests, Ecohydrology, 8(6), 1073–1094, doi:10.1002/eco.1565.

Burt, T. P., N. J. K. Howden, J. J. McDonnell, J. A. Jones, and G. R. Hancock (2015), Seeing the climate through the trees: Observing climate
and forestry impacts on streamflow using a 60-year record, Hydrol. Processes, 29(3), 473–480, doi:10.1002/hyp.10406.

Clow, D. W. (2010), Changes in the timing of snowmelt and streamflow in Colorado: A response to recent warming, J. Clim., 23(9), 2293–
2306, doi:10.1175/2009jcli2951.1.

Clow, D. W., C. Rhoades, J. Briggs, M. Caldwell, J. William, and M. Lewis (2011), Responses of soil and water chemistry to mountain pine bee-
tle induced tree mortality in Grand County, Colorado, USA, Appl. Geochem., 26, S174–S178, doi:10.1016/j.apgeochem.2011.03.096.

Edburg, S. L., J. A. Hicke, P. D. Brooks, E. G. Pendall, B. E. Ewers, U. Norton, D. Gochis, E. D. Gutmann, and A. J. H. Meddens (2012), Cascading
impacts of bark beetle-caused tree mortality on coupled biogeophysical and biogeochemical processes, Frontiers Ecol. Environ., 10(8),
416–424, doi:10.1890/110173.

Flerchinger, G. N., and K. R. Cooley (2000), A ten-year water balance of a mountainous semi-arid watershed, J. Hydrol., 237(1-2), 86–99, doi:
10.1016/s0022-1694(00)00299-7.

Frank, J. M., W. J. Massman, B. E. Ewers, L. S. Huckaby, and J. F. Negr�on (2014), Ecosystem CO2/H2O fluxes are explained by hydraulically lim-
ited gas exchange during tree mortality from spruce bark beetles, J. Geophys. Res. Biogeosci., 119, 1195–1215, doi:10.1002/2013JG002597.

Golding, D. L., and R. H. Swanson (1986), Snow distribution patterns in clearings and adjacent forest, Water Resour. Res., 22(13), 1931–1940.
Green, K. C., and Y. Alila (2012), A paradigm shift in understanding and quantifying the effects of forest harvesting on floods in snow envi-

ronments, Water Resour. Res., 48, W10503, doi:10.1029/2012WR012449.
Guardiola-Claramonte, M., P. A. Troch, D. D. Breshears, T. E. Huxman, M. B. Switanek, M. Durcik, and N. S. Cobb (2011), Decreased stream-

flow in semi-arid basins following drought-induced tree die-off: A counter-intuitive and indirect climate impact on hydrology, J. Hydrol.,
406(3–4), 225–233, doi:10.1016/j.jhydrol.2011.06.017.

Gustafson, J. R., P. D. Brooks, N. P. Molotch, and W. C. Veatch (2010), Estimating snow sublimation using natural chemical and isotopic trac-
ers across a gradient of solar radiation, Water Resour. Res., 46, W12511, doi:10.1029/2009WR009060.

Acknowledgments
All of the data sets used herein were
downloaded from publicly available
sources. The gridded temperature
forcing data set [Livneh et al., 2013] is
available at ftp://ftp.hydro.washington.
edu/pub/blivneh/CONUS/. SNOTEL
data are available at http://www.wcc.
nrcs.usda.gov/snow for the six stations
used: 335, 415, 485, 505, 802, and 842.
Streamflow data are available at http://
waterdata.usgs.gov/nwis for the gauge
numbers listed in Table 1. Land cover
data for the Southwest Regional Gap
Analysis are available at http://earth.
gis.usu.edu/swgap. Catchment
boundaries are available from www.
horizon-systems.com/nhdplus. Aerial
survey forest health data are available
from http://www.fs.usda.gov/detail/r2/
forest-grasslandhealth/?cid5fsbdev3_
041629. The authors wish to thank
those individuals and organizations
who collected and made these data
available. This work was supported by
the following awards: NSF
EAR9876800, NSF EAR0910831, NSF
EAR0724958, and DOE TCC 10-287. A.
Harpold was supported by NSF
EAR1144894 and USDA NIFA
NEV05293. The National Center for
Atmospheric Research is sponsored by
the National Science Foundation (NSF
AGS-0753581). We thank Younes Alila
and three anonymous reviewers for
their thoughtful comments.

Water Resources Research 10.1002/2015WR017401

BIEDERMAN ET AL MUTED STREAMFLOW RESPONSES TO TREE DIE-OFF 13

http://dx.doi.org/10.1029/2008WR007207
http://dx.doi.org/10.1016/j.jhydrol.2003.12.015
http://dx.doi.org/10.1016/j.jhydrol.2003.12.015
http://dx.doi.org/10.1175/1520-0493(1928)56<79:SPOSEA>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1928)56<79:SPOSEA>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1928)56<79:SPOSEA>2.0.CO;2
http://dx.doi.org/10.1016/j.foreco.2006.02.038
http://dx.doi.org/10.1016/0022-1694(74)90001-8
http://dx.doi.org/10.1016/j.jhydrol.2010.05.031
http://dx.doi.org/10.1002/2013WR014994
http://dx.doi.org/10.1002/eco.1342
http://dx.doi.org/10.1002/eco.212
http://dx.doi.org/10.1016/0022-1694(82)90117-2
http://dx.doi.org/10.1002/jgrg.20078
http://dx.doi.org/10.1016/j.jhydrol.2004.12.010
http://dx.doi.org/10.1016/j.agrformet.2009.11.008
http://dx.doi.org/10.1002/hyp.9870
http://dx.doi.org/10.1002/eco.1565
http://dx.doi.org/10.1002/hyp.10406
http://dx.doi.org/10.1175/2009jcli2951.1
http://dx.doi.org/10.1016/j.apgeochem.2011.03.096
http://dx.doi.org/10.1890/110173
http://dx.doi.org/10.1016/s0022-1694(00)00299-7
http://dx.doi.org/10.1002/2013JG002597
http://dx.doi.org/10.1029/2012WR012449
http://dx.doi.org/10.1016/j.jhydrol.2011.06.017
http://dx.doi.org/10.1029/2009WR009060
http://ftp://ftp.hydro.washington.edu/pub/blivneh/CONUS/
http://ftp://ftp.hydro.washington.edu/pub/blivneh/CONUS/
http://www.wcc.nrcs.usda.gov/snow
http://www.wcc.nrcs.usda.gov/snow
http://waterdata.usgs.gov/nwis
http://waterdata.usgs.gov/nwis
http://earth.gis.usu.edu/swgap
http://earth.gis.usu.edu/swgap
http://www.horizon-systems.com/nhdplus
http://www.horizon-systems.com/nhdplus
http://www.fs.usda.gov/detail/r2/forest-grasslandhealth/?cid=fsbdev3_041629
http://www.fs.usda.gov/detail/r2/forest-grasslandhealth/?cid=fsbdev3_041629
http://www.fs.usda.gov/detail/r2/forest-grasslandhealth/?cid=fsbdev3_041629
http://www.fs.usda.gov/detail/r2/forest-grasslandhealth/?cid=fsbdev3_041629


Harpold, A., P. Brooks, S. Rajagopal, I. Heidbuchel, A. Jardine, and C. Stielstra (2012), Changes in snowpack accumulation and ablation in
the intermountain west, Water Resour. Res., 48, W11501, doi:10.1029/2012WR011949.

Harpold, A. A., J. A. Biederman, K. Condon, M. Merino, Y. Korgaonkar, T. Nan, L. L. Sloat, M. Ross, and P. D. Brooks (2014), Changes in snow
accumulation and ablation following the Las Conchas Forest Fire, New Mexico, USA, Ecohydrology, 7(2), 440–452, doi:10.1002/eco.1363.

Harpold, A. A., et al. (2015), Laser vision: Lidar as a transformative tool to advance critical zone science, Hydrol. Earth Syst. Sci., 12(1), 1017–
1058, doi:10.5194/hessd-12-1017-2015.

Hicke, J. A., et al. (2012), Effects of biotic disturbances on forest carbon cycling in the United States and Canada, Global Change Biol., 18(1),
7–34, doi:10.1111/j.1365-2486.2011.02543.x.

Hubbard, R. M., C. C. Rhoades, K. Elder, and J. Negron (2013), Changes in transpiration and foliage growth in lodgepole pine trees following
mountain pine beetle attack and mechanical girdling, For. Ecol. Manage., 289, 312–317, doi:10.1016/j.foreco.2012.09.028.

Knight, D. H., J. B. Yavitt, and G. D. Joyce (1991), Water and nitrogen outflow from lodgepole pine forest after two levels of tree mortality,
For. Ecol. Manage., 46(3–4), 215–225, doi:10.1016/0378-1127(91)90233-L.

Kura�s, P. K., Y. Alila, and M. Weiler (2012), Forest harvesting effects on the magnitude and frequency of peak flows can increase with return
period, Water Resour. Res., 48, W01544, doi:10.1029/2011WR010705.

Leaf, C. F. (1975), Watershed management in the Rocky Mountain subalpine zone: The status of our knowledge, USDA For. Serv. Res. Pap. RM-
137, 31 pp., Rocky Mt. For. and Range Exp. Stat., Fort Collins, Colo.

Lilliefors, H. W. (1967), On the Kolmogorov-Smirnov test for normality with mean and variance unknown, J. Am. Stat. Assoc., 62(318),
399–402, doi:10.1080/01621459.1967.10482916.

Livneh, B., E. A. Rosenberg, C. Lin, B. Nijssen, V. Mishra, K. M. Andreadis, E. P. Maurer, and D. P. Lettenmaier (2013), A long-term hydrologi-
cally based dataset of land surface fluxes and states for the conterminous United States: Update and extensions*, J. Clim., 26(23),
9384–9392, doi:10.1175/JCLI-D-12-00508.1.

Livneh, B., J. S. Deems, B. Buma, J. J. Barsugli, D. Schneider, N. P. Molotch, K. Wolter, and C. A. Wessman (2015), Catchment response to bark
beetle outbreak and dust-on-snow in the Colorado Rocky Mountains, J. Hydrol., 523, 196–210, doi:10.1016/j.jhydrol.2015.01.039.

Love, L. D. (1955), The effect on stream flow of the killing of spruce and pine by the Engelmann spruce beetle, Eos Trans. AGU, 36(1),
113–118, doi:10.1029/TR036i001p00113.

MacDonald, L. H., and J. D. Stednick (2003), Forests and Water: A State-of-the-Art Review for Colorado, Colo. Water Resour. Res. Inst., Colo.
State Univ., Fort Collins.

Maness, H., P. J. Kushner, and I. Fung (2013), Summertime climate response to mountain pine beetle disturbance in British Columbia, Nat.
Geosci., 6(1), 65–70, doi:10.1038/ngeo1642.

Mann, H. B., and D. R. Whitney (1947), On a Test of Whether one of Two Random Variables is Stochastically Larger than the Other, Ann.
Math. Stat., 18(1), 50–60, doi:10.1214/aoms/1177730491.

Meddens, A. J., and J. A. Hicke (2014), Spatial and temporal patterns of Landsat-based detection of tree mortality caused by a mountain
pine beetle outbreak in Colorado, USA, For. Ecol. Manage., 322, 78–88, doi:10.1016/j.foreco.2014.02.037.

Meddens, A. J. H., J. A. Hicke, and C. A. Ferguson (2012), Spatiotemporal patterns of observed bark beetle-caused tree mortality in British
Columbia and the western United States, Ecol. Appl., 22(7), 1876–1891, doi:10.1890/11-1785.1.

Mikkelson, K., L. A. Bearup, R. M. Maxwell, J. D. Stednick, J. E. McCray, and J. O. Sharp (2013a), Bark beetle infestation impacts on nutrient
cycling, water quality and interdependent hydrological effects, Biogeochemistry, 115, 1–21, doi:10.1007/s10533-013-9875-8.

Mikkelson, K. M., R. M. Maxwell, I. Ferguson, J. D. Stednick, J. E. McCray, and J. O. Sharp (2013b), Mountain pine beetle infestation impacts:
Modeling water and energy budgets at the hill-slope scale, Ecohydrology, 6(1), 64–72, doi:10.1002/eco.278.

Millenium Ecosystem Assessment (2005), Ecosystems and Human Well-Being, Island Press, Washington, D. C.
Musselman, K. N., N. P. Molotch, and P. D. Brooks (2008), Effects of vegetation on snow accumulation and ablation in a mid-latitude sub-

alpine forest, Hydrol. Processes, 22(15), 2767–2776, doi:10.1002/hyp.7050.
Norton, U., B. E. Ewers, B. Borkhuu, N. R. Brown, and E. Pendall (2015), Soil nitrogen five years after bark beetle infestation in lodgepole

pine forests, Soil Sci. Soc. Am. J., 79(1), 282, doi:10.2136/sssaj2014.05.0223.
NRC (2008), Hydrologic effects of a changing forest landscape, The National Academies Press, Washington, D. C. [Available at http://www.nap.

edu/openbook.php?record_id512223&page575, last accessed 17 Mar 2015.]
Oyler, J. W., S. Z. Dobrowski, A. P. Ballantyne, A. E. Klene, and S. W. Running (2015), Artificial amplification of warming trends across the

mountains of the western United States, Geophys. Res. Lett., 42, 153–161, doi:10.1002/2014GL062803.
Parsons, W. F. J., D. H. Knight, and S. L. Miller (1994), Root gap dynamics in lodgepole pine forest: Nitrogen transformations in daps of dif-

ferent size, Ecol. Appl., 4(2), 354–362, doi:10.2307/1941939.
Pomeroy, J., X. Fang, and C. Ellis (2012), Sensitivity of snowmelt hydrology in Marmot Creek, Alberta, to forest cover disturbance, Hydrol.

Processes, 26(12), 1892–1905, doi:10.1002/hyp.9248.
Potts, D. F. (1984), Hydrologic impacts of a large-scale mountain pine beetle (Dendroctonus Ponderosae Hopkins) epidemic, Water Resour.

Bull., 20(3), 373–377, doi:10.1111/j.1752-1688.1984.tb04719.x.
Pugh, E., and E. Gordon (2013), A conceptual model of water yield effects from beetle-induced tree death in snow-dominated lodgepole

pine forests, Hydrol. Processes, 27, 2048–2060, doi:10.1002/hyp.9312.
Pugh, E., and E. Small (2012), The impact of pine beetle infestation on snow accumulation and melt in the headwaters of the Colorado

River, Ecohydrology, 5(4), 467–477, doi:10.1002/eco.239.
Raffa, K. F., B. H. Aukema, B. J. Bentz, A. L. Carroll, J. A. Hicke, M. G. Turner, and W. H. Romme (2008), Cross-scale drivers of natural disturban-

ces prone to anthropogenic amplification: The dynamics of bark beetle eruptions, BioScience, 58(6), 501–517, doi:10.1641/b580607.
Rasmussen, R., et al. (2012), How well are we measuring snow? The NOAA/FAA/NCAR winter precipitation test bed, Bull. Am. Meteorol. Soc.,

93(6), 811–829, doi:10.1175/bams-d-11-00052.1.
Rinehart, A. J., E. R. Vivoni, and P. D. Brooks (2008), Effects of vegetation, albedo, and solar radiation sheltering on the distribution of snow

in the Valles Caldera, New Mexico, Ecohydrology, 1(3), 253–270, doi:10.1002/eco.26.
Schelker, J., L. Kuglerova, K. Eklof, K. Bishop, and H. Laudon (2013), Hydrological effects of clear-cutting in a boreal forest––Snowpack

dynamics, snowmelt and streamflow responses, J. Hydrol., 484, 105–114, doi:10.1016/j.jhydrol.2013.01.015.
Schmid, J., S. A. Mata, M. H. Martinez, and C. A. Troendle (1991), Net Precipitation Within Small Group Infestations of the Mountain Pine Beetle,

USDA For. Serv. Res. Pap. RM-508, 4 pp., Rocky Mt. For. and Range Exp. Stat., Fort Collins, Colo.
Searcy, J. K., and C. H. Hardison (1960), Double-mass curves, U. S. Geol. Surv. Water Supply Pap., vol 1, pp. 31–66.
Shuttleworth, W. J. (2012), Terrestrial Hydrometeorology, John Wiley, Oxford, U. K.
Stednick, J. D. (1996), Monitoring the effects of timber harvest on annual water yield, J. Hydrol., 176(1-4), 79–95, doi:10.1016/0022-

1694(95)02780-7.

Water Resources Research 10.1002/2015WR017401

BIEDERMAN ET AL MUTED STREAMFLOW RESPONSES TO TREE DIE-OFF 14

http://dx.doi.org/10.1029/2012WR011949
http://dx.doi.org/10.1002/eco.1363
http://dx.doi.org/10.5194/hessd-12-1017-2015
http://dx.doi.org/10.1111/j.1365-2486.2011.02543.x
http://dx.doi.org/10.1016/j.foreco.2012.09.028
http://dx.doi.org/10.1016/0378-1127(91)90233-L
http://dx.doi.org/10.1029/2011WR010705
http://dx.doi.org/10.1080/01621459.1967.10482916
http://dx.doi.org/10.1175/JCLI-D-12-00508.1
http://dx.doi.org/10.1016/j.jhydrol.2015.01.039
http://dx.doi.org/10.1029/TR036i001p00113
http://dx.doi.org/10.1038/ngeo1642
http://dx.doi.org/10.1214/aoms/1177730491
http://dx.doi.org/10.1016/j.foreco.2014.02.037
http://dx.doi.org/10.1890/11-1785.1
http://dx.doi.org/10.1007/s10533-013-9875-8
http://dx.doi.org/10.1002/eco.278
http://dx.doi.org/10.1002/hyp.7050
http://dx.doi.org/10.2136/sssaj2014.05.0223
http://www.nap.edu/openbook.php?record_id=12223&amp;page=75
http://www.nap.edu/openbook.php?record_id=12223&amp;page=75
http://www.nap.edu/openbook.php?record_id=12223&amp;page=75
http://www.nap.edu/openbook.php?record_id=12223&amp;page=75
http://www.nap.edu/openbook.php?record_id=12223&amp;page=75
http://dx.doi.org/10.1002/2014GL062803
http://dx.doi.org/10.2307/1941939
http://dx.doi.org/10.1002/hyp.9248
http://dx.doi.org/10.1111/j.1752-1688.1984.tb04719.x
http://dx.doi.org/10.1002/hyp.9312
http://dx.doi.org/10.1002/eco.239
http://dx.doi.org/10.1641/b580607
http://dx.doi.org/10.1175/bams-d-11-00052.1
http://dx.doi.org/10.1002/eco.26
http://dx.doi.org/10.1016/j.jhydrol.2013.01.015
http://dx.doi.org/10.1016/0022-1694(95)02780-7
http://dx.doi.org/10.1016/0022-1694(95)02780-7


Stednick, J. D., and R. Jensen (2007), Effects of pine beetle infestations on water yield and water quality at the watershed scale in northern
Colorado, report to CWRRI Project 2007CO153B. [Available at http://water.usgs.gov/wrri/07grants/progress/2007CO153B.pdf.]

Troendle, C. A., and R. M. King (1985), The effect of timber harvest on the fool creek watershed, 30 years later, Water Resour. Res., 21(12),
1915–1922, doi:10.1029/WR021i012p01915.

Troendle, C. A., and R. M. King (1987), The effect of partial and clearcutting on streamflow at Deadhorse Creek, Colorado, J. Hydrol., 90(1-2),
145–157, doi:10.1016/0022-1694(87)90177-6.

USDA Forest Service (2010), Major Forest Insect and Disease Conditions in the United States: 2009 Update, Washington, D. C.
USDA Forest Service (2011), Review of the Forest Service Response: The Bark Beetle Outbreak in Northern Colorado and Southern Wyoming,

Rocky Mountain Reg. and Rocky Mountain Res. Stn., Washington, D. C.
Vanderhoof, M. K., and C. A. Williams (2015), Persistence of MODIS evapotranspiration impacts from mountain pine beetle outbreaks in

lodgepole pine forests, south-central Rocky Mountains, Agric. For. Meteorol., 200, 78–91, doi:10.1016/j.agrformet.2014.09.015.
Veatch, W., P. D. Brooks, J. R. Gustafson, and N. P. Molotch (2009), Quantifying the effects of forest canopy cover on net snow accumulation

at a continental, mid-latitude site, Ecohydrology, 2(2), 115–128, doi:10.1002/eco.45.
Veblen, T. T., K. S. Hadley, M. S. Reid, and A. J. Rebertus (1991), The Response of Subalpine Forests to Spruce Beetle Outbreak in Colorado,

Ecology, 72(1), 213–231, doi:10.2307/1938916.
Westerling, A. L., H. G. Hidalgo, D. R. Cayan, and T. W. Swetnam (2006), Warming and earlier spring increase western US forest wildfire activ-

ity, Science, 313(5789), 940–943, doi:10.1126/science.1128834.
Williams, A. P., C. D. Allen, C. I. Millar, T. W. Swetnam, J. Michaelsen, C. J. Still, and S. W. Leavitt (2010), Forest responses to increasing aridity

and warmth in the southwestern United States, Proc. Natl. Acad. Sci. U. S. A., 107(50), 21,289–21,294, doi:10.1073/pnas.0914211107.
Winkler, R., D. Spittlehouse, S. Boon, and B. Zimonick (2015), Forest disturbance effects on snow and water yield in interior British Colum-

bia, Hydrol. Res., 46(4), 521, doi:10.2166/nh.2014.016.
Zhang, M., and X. Wei (2012), The effects of cumulative forest disturbance on streamflow in a large watershed in the central interior of Brit-

ish Columbia, Canada, Hydrol. Earth Syst. Sci., 16(7), 2021–2034, doi:10.5194/hess-16-2021-2012.
Zhang, M., and X. Wei (2014), Alteration of flow regimes caused by large-scale forest disturbance: A case study from a large watershed in

the interior of British Columbia, Canada, Ecohydrology, 7(2), 544–556, doi:10.1002/eco.1374.
Zhang, M., X. Wei, P. Sun, and S. Liu (2012), The effect of forest harvesting and climatic variability on runoff in a large watershed: The case

study in the Upper Minjiang River of Yangtze River basin, J. Hydrol., 464–465, 1–11, doi:10.1016/j.jhydrol.2012.05.050.
Zhao, F., L. Zhang, Z. Xu, and D. F. Scott (2010), Evaluation of methods for estimating the effects of vegetation change and climate variabili-

ty on streamflow, Water Resour. Res., 46, W03505, doi:10.1029/2009WR007702.
Zou, C. B., G. A. Barron-Gafford, and D. D. Breshears (2007), Effects of topography and woody plant canopy cover on near-ground solar radi-

ation: Relevant energy inputs for ecohydrology and hydropedology, Geophys. Res. Lett., 34, L24S21, doi:10.1029/2007GL031484.

Water Resources Research 10.1002/2015WR017401

BIEDERMAN ET AL MUTED STREAMFLOW RESPONSES TO TREE DIE-OFF 15

http://water.usgs.gov/wrri/07grants/progress/2007CO153B.pdf
http://dx.doi.org/10.1029/WR021i012p01915
http://dx.doi.org/10.1016/0022-1694(87)90177-6
http://dx.doi.org/10.1016/j.agrformet.2014.09.015
http://dx.doi.org/10.1002/eco.45
http://dx.doi.org/10.2307/1938916
http://dx.doi.org/10.1126/science.1128834
http://dx.doi.org/10.1073/pnas.0914211107
http://dx.doi.org/10.2166/nh.2014.016
http://dx.doi.org/10.5194/hess-16-2021-2012
http://dx.doi.org/10.1002/eco.1374
http://dx.doi.org/10.1016/j.jhydrol.2012.05.050
http://dx.doi.org/10.1029/2009WR007702
http://dx.doi.org/10.1029/2007GL031484

	l

