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Abstract:

Bark beetles represent a major ongoing forest disturbance throughout the southern Rocky
Mountains with unknown implications for hydrological partitioning between the abiotic
(evaporation) and biotic (transpiration) components of the total evapotranspiration (ET) flux.
Since changes in ET are linked to both groundwater and surface water recharge processes, this
scenario has the potential to affect water delivery to agricultural, industrial, and residential
consumers downstream. Accordingly, this research used satellite remote sensing, eddy
covariance, and hydrological modeling approaches to independently quantify the impact of bark
beetles on growing season ET, the transpiration fraction of ET (T/ET), and streamflow across a
range of spatial scales throughout the 144,462 km? EPA Level III Southern Rocky Mountain
ecoregion. The results of this work demonstrate statistically significant post-disturbance ET
reductions between 9% (remote sensing) and 28% (eddy covariance) relative to pre-disturbance
conditions. Further, commensurate decreases in transpiration and T/ET from disturbed areas
suggest that the total ET flux was primarily sensitive to changes in transpiration. In the context
of the water balance, the Variable Infiltration Capacity (VIC) hydrological model simulated
decreased canopy interception and increased soil moisture as a result of beetle disturbance,
which increased streamflow by 9%. Factoring in the number of grid cells that were disturbed,
bark beetles decreased ET by 62,000 acre-feet and increased streamflow by 54,000 acre-feet
between 2000 and 2013. These results will benefit water managers tasked with forecasting water

resources from disturbed areas both now and in the future.
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I. JUSTIFICATION OF WORK PERFORMED

Evapotranspiration (ET) regulates both surface water and groundwater recharge and is thus
critically important to water resources (Maxwell & Condon, 2016; Ukkola et al., 2015).
However, ET is a major unknown is most hydrological systems due to spatio-temporally variable
controls on the abiotic surface evaporation (E) and biotic transpiration (T) components of the
total ET flux e.g. (Kool et al., 2014), particularly in the mountains where ET has been identified
as a research priority (Viviroli et al., 2011). Moreover, changes in land cover complicate
hydrological forecast models by potentially altering hydrological partitioning between E and T
and further between ET and streamflow (Huxman et al., 2005; Sterling, Ducharne, & Polcher,
2012). In Colorado and throughout the southern Rocky Mountains, vegetation mortality due to
bark beetles represents a major ongoing forest disturbance (Hicke et al. 2012; Colorado State
Forest Service, 2017), but the aggregated effect of bark beetles on E and T is not well
understood. As a result, this study utilized a multi-scale research design that incorporated three
independent ET datasets and two methods to partition T from E, in order to constrain the links
between bark beetle disturbance and ET in mountain areas that are disproportionately important
to water resources.

The specific goals of this work were to (1) quantify the net effect of bark beetles on ET
and the transpiration fraction of ET (T/ET) and to (2) evaluate this impact within the context of
the water balance throughout the EPA Level III Southern Rocky Mountain ecoregion. Qur
original hypothesis was that transpiration would decrease but evaporation would decrease
as a result of epidemic bark beetle populations with a net negative effect on total ET. To
achieve this, we used a combination of satellite remote sensing, eddy covariance, and

hydrological modeling approaches. We then leveraged the hydrological model to contextualize



our results within the regional water balance. These analyses ultimately yielded methodological
consensus that bark beetles had a singularly negative effect on both ET and T/ET; we
observed no significant evidence of a compensating physical evaporation response to
decreased transpiration. Further, our modeling analysis demonstrated that reduced ET
fluxes in the beetle simulation were generally partitioned to increased streamflow. This
project achieved all of its goals as originally stated, and we believe this work will be useful to
both hydrological forecast modelers and water managers seeking to quantitatively evaluate the

impact of land cover change due to bark beetles on evapotranspiration and streamflow.

II. REVIEW OF METHODS USED

Remote Sensing

The remote sensing component of this study focused on areas within the 144,462 km? Southern
Rocky Mountain ecoregion (SRME; Commission for Environmental Cooperation, 1997; United
States Environmental Protection Agency, 2010) located above 1500 m above sea level (Figure
1). Analyses were masked to include only areas with evergreen forests as determined by the
Landsat-based U.S. Geological Survey (USGS) 2001 National Land Cover Database (NLCD)
data (http://www.mrlc.gov/nlcd2001.php; Homer et al., 2004). The NLCD data were upscaled
from 30 m to 1 km cell size for consistency with the remotely sensed ET data from the Moderate
Resolution Imaging Spectroradiometer (MODIS). Aggregation to 1 km resolution was performed
based on the percentage of 30 m evergreen cells inside each 1 km grid cell such that the resulting
evergreen mask contained only areas with greater than 50% evergreen forest cover. Principal tree
species (from approximately north to south) included Engelmann spruce (Picea engelmanii),

subalpine fir (4bies lasioscarpa), lodgepole pine (Pinus contorta), limber pine (Pinus flexilis),



Douglas fir (Pseudotsuga menziesii), blue spruce (Picea pungens), white fir (4bies concolor),
ponderosa pine (Pinus ponderosa), and southwestern white pine (Pinus strobiformis).
Additionally, we utilized the United States Forest Service (USFS) Aerial Detection Survey
(ADS) data to select two smaller focus areas consisting of contiguous or nearly contiguous
polygons that experienced exceptional vegetation mortality due to bark beetles (Figure 1). The
latitude and longitude at the centers of Focus Areas 1 (301 km?) and 2 (168 km?) were

40°52.5° N; 106°4.3° W and 40°3.8’ N; 106°37.1° W, respectively, and the elevation within each

focus area ranged from 2500 to 3200 m above sea level.
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Figure 1. Site map shows evergreen forests above 1500 m elevation as green areas and two focus
areas that were used to constrain the effects of disturbance as red areas. The black outline is the
boundary of the Southern Rocky Mountain ecoregion.



Monthly MODIS-based estimates of ET at 1 km resolution were generated by temporal
averaging of the MODIS 8-day ET data products (MOD16A2; Running et al., 2017; Mu et al.,
2011). The ET estimates were based on the Penman-Monteith equation forced by both ancillary
meteorological data and 8-day MODIS-based vegetation information. The MODIS ET product is
generated using four MODIS-based data sources including 8-day composites of Fractional
Absorbed Photosynthetically Active Radiation (FPAR), 8-day land surface albedo, 8-day Leaf
Area Index (LAI), and land cover type. The 8-day albedo composites were combined with daily
surface solar irradiance and air temperature data from meteorological reanalysis to derive the
surface net radiation and ground heat flux (Mu et al., 2011). Surface stomatal conductance and
aerodynamic resistance were estimated from a combination of MODIS LAI and reanalysis of
daily air temperature, vapor pressure deficit, and relative humidity. Biome-dependent vegetation
parameters were obtained from MODIS-based land cover information. These parameters were
optimized such that annual ET estimates for each biome agreed with ET estimates based on
MODIS-derived Gross Primary Productivity (GPP) and known water use efficiencies established
from eddy covariance measurements (Mu et al., 2011).

Areas of disturbance were identified, and disturbance masks were created, using the
USFS ADS data. The USFS Aerial Detection Surveys estimated forest mortality based on
manual observations from aircraft wherein visual estimates of dead trees were obtained and
transcribed manually onto a base map. When converting the polygons from vector to raster
format, only raster cells containing more than 70% coverage of mortality polygons were included
in the disturbance mask. In this way, the ADS data were used only as an index of the
presence/absence of disturbance. When relative differences in vegetation mortality were

considered (e.g., the focus area analysis), a standardized (for host species type and crown area)



ADS product was used (Meddens et al., 2012). The year of forest mortality was estimated by
subtracting one year from the survey date. This 1-year subtraction was necessary given that trees
are in the red phase when they are detected and therefore represent the year after initial mortality.
Ecoregion-scale disturbance masks remained spatially fixed at the maximum and minimum
extents of disturbed and undisturbed areas, respectively, which occurred in 2014. In this way,
disturbed areas experienced progressively more mortality through time, which when compared to
undisturbed areas on an interannual basis, allows for calculation of the disturbance impact and
separation of the relative climatic versus disturbance influences on ET. Mean MODIS ET for

each disturbance mask was calculated using the ArcGIS zonal statistics function.

Eddy Covariance

Methodological Description

Airflow near Earth’s surface contains variably-sized rotating eddies, each of which possesses
three-dimensional components (e.g. Oke 1987). These eddies constantly move parcels of air with
measurable concentrations of trace gases and kinetic energy up and down throughout the
turbulent surface layer of Earth’s atmosphere. Accordingly, the eddy covariance method uses fast
response sensors mounted above the vegetation canopy to quantify the mean covariance between
instantaneous deviations in vertical wind speed and various scalars contained within the parcel of
air being transported including momentum, heat, and trace gases including water vapor (e.g.
Aubinet et al., 2000; Baldocchi et al., 2001). In this way, the eddy covariance method provides a
continuous measurement of surface-atmosphere flux within a statistical footprint that generally
ranges from 1-2 km upwind. This study used eddy covariance measurements of surface-

atmosphere water vapor exchange to quantify evapotranspiration dynamics at two locations



within the Southern Rocky Mountain ecoregion, one of which (the Glacier Lakes Ecosystem

Experiments Site) was significantly affected by bark beetles during the study period.

Glacier Lakes Ecosystem Experiments Site

The Glacier Lakes Ecosystem Experiments Site (GLEES) is located west of Laramie, Wyoming,
USA at an elevation of 3190 m above sea level in the Snowy Range Mountains (41°21.992 N;
106°14.397° W) (Frank, Massman, Ewers, Huckaby, & Negron, 2014; Speckman et al., 2014).
Continuous, ongoing eddy covariance data collection began in October 2004 (U.S. Department
of Energy AmeriFlux ID = US-GLE), and the long-term mean annual air temperature and
precipitation are -2 °C and 1200 mm, respectively. The subalpine forest at this location is
comprised of Engelmann spruce and subalpine fir with an average canopy height of 18 m. Since
2007, the forest has experienced has experienced an outbreak of spruce bark beetle
(Dendroctonus rufipennis) due to a lack of wintertime low air temperatures below the spruce
beetle freeze tolerance threshold (Frank et al., 2014). As a result, healthy tree basal area has
decreased from 65 m? ha™! in 2003 to <10 m? ha™! in 2012 (Speckman et al., 2014) (Figure 2).

Eddy covariance data collection and processing details can be found in Frank et al. 2014.
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Figure 2. Repeat photography from the Glacer akes Ecosystem Experiments ite (GLEES)
tower scaffold shows the progression of the spruce bark beetle from endemic to epidemic
populations (photos originally published in Frank et al. 2014).

Niwot Ridge Site

The Niwot Ridge AmeriFlux (ID = US-NRI) tower is located in the subalpine forest
approximately 25 km west of Boulder, Colorado, USA and 8 km east of the Continental Divide
at 3050 m above sea level (40°1°58.4” N; 105°32°47.0” W). Continuous, ongoing eddy
covariance data collection began at this location in November 1998, and the long-term mean
annual air temperature and precipitation are 1.3 °C and 698 mm, respectively (Knowles, Burns,
Blanken, & Monson, 2015a), which make it warmer and drier than the GLEES site. The mixed
coniferous forest consists of lodgepole pine, subalpine fir, and Engelmann spruce, and the mean
canopy height was 11.5 m in 2002 (Turnipseed, Blanken, Anderson, & Monson, 2002). Although

bark beetles are endemic to this location, less than 6% of the trees around the tower were

affected by beetles in 2013 (Moore et al., 2013; Figure 3); therefore, we used this site as a



control with which to establish the effect of beetles on ET and the transpiration fraction of ET

(T/ET). Additional specifics about the instrumentation, data collection, and processing at Niwot

Ridge can be found in Burns et al. 2016.

Figure 3. Photograph from the Niwot Ridge AmeriFlux tower looking west toward the
Continental Divide (J. Knowles, September 2013).

Transpiration partitioning

The transpiration fraction of ET was determined using an “optimal approach” (Berkelhammer et
al., 2016) that assumes close correlation between rates of ecosystem transpiration and gross
primary production (GPP) i.e. the stomatal-driven components of an ecosystem’s water and
carbon fluxes derived from eddy covariance data. At both the GLEES and Niwot Ridge sites, the

GPP was modeled from direct measurements of the net ecosystem exchange of carbon dioxide



(NEE) using a soil temperature response function to extrapolate nighttime carbon dioxide
respiration values throughout the daytime hours (Reichstein et al., 2005). Both ET and GPP were
subsequently normalized by vapor pressure deficit (VPD), which linearizes the relationship
between ET and GPP and is analogous to water use efficiency (Beer et al., 2009; Zhou, Yu,
Huang, & Wang, 2014), and a second-order power law function was used to describe the
relationship between the 5" percentile of ET and normalized, binned GPP (Berkelhammer et al.,
2016). The 5" percentile of ET was used in favor of the minimum ET because the singular ET
minimum within a bin is often an outlier resultant from noise or bias in the gas analyzer or
uncertainty in the model used to derive GPP from NEE (Berkelhammer et al., 2016). In this way,
ET in excess of the minimum value within each bin must be associated with the abiotic
component of the latent heat flux i.e. evaporation from bare soil or leaf surfaces. For data quality
purposes, the T/ET analysis was restricted to midday (incoming solar radiation > 600 W m2),

well-mixed (friction velocity > 0.1 m s™!) conditions during the growing season (1 May — 30

Sep).

Hydrological Model

The Variable Infiltration Capacity (VIC; Liang et al., 1994) land surface model is a physically
based model that is able to reconcile spatio-temporally dynamic processes in complex terrain
(Nijssen et al., 1997, 2001). The VIC model additionally includes mosaic land cover to capture
sub-grid variability in vegetation classes, an important element in this study with which to aid
representation of sub-grid variability in vegetation mortality. Within VIC, the Penman-Monteith
potential evapotranspiration (Monteith, 1973) was used to dynamically compute

evapotranspiration based on stomatal and architectural vegetation resistance terms. To represent

10



the effect of bark beetles, two changes were made to the vegetation within each disturbed grid
cell in this study: (1) stomatal resistance was increased from 150 s/m (VIC default) to 305 s/m
(Frank et al., 2014) and (2) leaf-area index (LAI) was reduced based on the long-term observed
LAI in disturbed regions (Myneni et al., 2015; Figure 4).

This research constructed VIC on a 1/16° (~6 km) spatial grid with soil parameters
derived from Livneh et al. (2013; 2015). The VIC simulations were forced by the observed
meteorological dataset from Livneh et al. (2015), which is a gridded meteorological dataset that
spans 64-years from 1950 to 2013; the period 1 October 1999 to 30 September 2013 was used
for the modeling analysis in this study. A model spin-up simulation was performed from 1
January 1950 to 30 September 1999, with the final iteration saved as the initial condition for a
series of annual water-year simulations that were run to represent vegetation changes due to bark
beetle impacts from 1 October 1999 through 30 September 2013. The model state at the end of

each respective water-year was used as the initial condition for the subsequent water-year.
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Figure 4. Monthly leaf area index (LAI) reductions that were applied to simulate beetle

disturbance in model simulations (Myneni et al., 2015).
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I11. DISCUSSION OF RESULTS AND THEIR SIGNIFICANCE

Remote Sensing

The area of bark beetle disturbance within the Southern Rocky Mountain ecoregion increased by
an order of magnitude from 2252 km? in 2000 to 21,456 km? in 2014. Of that area, 14,499 km?
were affected by Mountain pine bark beetle (Dendroctonus ponderosae), 6122 km? were affected
by spruce beetle, and 835 km? were affected by both spruce and pine beetle. An additional 1114
km? land area (excluded from this study) was affected by fire as well bark beetles during the
study period. Figure 5 shows the cumulative spatial extent of the bark beetle outbreak within the
Southern Rocky Mountain ecoregion. Areas of bark beetle disturbance primarily occurred
throughout the northern half of the study domain. The largest single year increase in disturbance
occurred between 2005 and 2006 when 3001 new km? were disturbed, which represented a 46%

increase in affected area from the previous year.
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Figure 5. Cumulative annual areal extent of remotely sensed pixels identified as disturbed by
bark beetles using a 70% vegetation mortality threshold.

The mean MODIS ET was 212 mm between 2000 and 2014. The ET was generally
greatest on the western slope of the Continental Divide and least in the lower elevation valleys
throughout the central portion of the study domain (Figure 6). Analysis of the spatially

distributed anomaly from the mean annual ET illustrates the heterogeneity associated with

13



interactions between synoptic meteorology, topography, and disturbance throughout the study
area (Figure 7). Annually, the highest and lowest mean ET were associated with large scale
climate processes e.g., the ET minima coincided with regional drought in 2002 (ET = 167 mm)
and 2012 (ET = 175 mm), and the maximum ET occurred in 2007 (237 mm) during a warm
phase of the EL Nifio Southern Oscillation (ENSO). During climatically moderate periods, the
ET was increasingly influenced by local ecohydrological variability (e.g. 2001, 2003, 2013).
Beginning in 2006, areas of persistently depressed ET are evident throughout the northern

portion of the study domain where bark beetles reached epidemic populations.
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Figure 6. Spatial variability of the mean evapotranspiration (ET) throughout the Southern Rocky
Mountain ecoregion between 2000 and 2014. The mean ET was 212 mm over all 15 years.
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Figure 7. Spatial analysis of the annual anomaly (spatially integrated value in the lower left
corner of each panel) from the 2000-2014 mean evapotranspiration (ET).

Comparison of ET from undisturbed and progressively disturbed areas through time

normalizes the effect of meteorological variability and constrains the magnitude of the bark
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beetle effect on vegetation. Considering a 14,572 km? area that experienced a minimum of 70%
vegetation mortality throughout the study period, there was a significant (p = 0.02) decreasing
ET trend between 2000 and 2014 (Figure 8a). From the slope of the Mann-Kendall regression
(-1.4 mm/yr), annual growing season ET decreased from 240 mm to 220 mm (9%) in this area.
There was no corresponding trend in a 38,200 km? relatively undisturbed area during the same
time. Further, there was significantly less difference between the ET from disturbed and
undisturbed areas through time (Figure 8b). Using multiple linear regression analysis, both the
undisturbed ET (p < 0.001) and a binary disturbance metric (p = 0.005) were significant
predictors of the mean annual ET from disturbed areas; however, the corresponding interaction
term was not significant, suggesting that the sensitivity of ET to meteorological variability did
not change post-disturbance. That the ET was higher to begin with in pixels that were eventually
disturbed could indicate a particular forest composition or structure characteristic that favored

beetle infestation in those areas (Raffa et al., 2008).
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Figure 8. (a) There was a significant (Mann-Kendall p = 0.02) decreasing trend in growing
season (1 Apr — 30 Sep) evapotranspiration (ET) from areas disturbed by bark beetle throughout
the study period. There was no corresponding trend in undisturbed areas. (b) During the same
time, the difference between growing season ET from undisturbed and beetle disturbed areas also
decreased significantly (Mann-Kendall p = 0.02). Solid black lines denote significant
regressions.
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To further isolate beetle-induced changes in ET from those due to climatic, topographic,
and/or vegetation heterogeneity, a focused analysis was conducted on two small, generally
contiguous areas within the ecoregion that experienced between 83% (Focus Area 1) and 85%
(Focus Area 2) vegetation mortality (Figure 9). Both focus areas experienced a significant (0.001
<p <0.02) reduction in growing season ET throughout the study period (Figure 9a-b), and
reduced ET was significantly (0.02 <p < 0.06) correlated with cumulative vegetation mortality
in each case (Figure 9c-d). From the slope of the Mann-Kendall regression analyses (2.3 mm/yr),
the focus area ET decreased by 13% over the 15-year time period. Alternatively, using 50%
(70%) vegetation mortality as a disturbance threshold, bark beetle disturbance reduced focus area

ET by an average of 12% (11%) relative to pre-disturbance conditions.
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Figure 9. Analysis of two heavily disturbed focus areas within the ecoregion showed that (a, b)
growing season evapotranspiration declined significantly throughout the study period (c, d) as a
result of beetle-induced vegetation mortality. Solid lines denote significant relationships and
dashed lines correspond to the 95% confidence interval.
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Eddy Covariance

Between 2005 and 2014, the mean cumulative growing season (1 May — 30 Sep) ET at GLEES
was 306 mm, or 26% of mean annual precipitation. The minimum growing season ET was 243
mm in 2011 and the maximum growing season ET was 380 mm in 2006. The spruce bark beetle
outbreak at GLEES reached epidemic proportion in 2008 when more than half of impacted trees
had been attacked (Frank et al., 2014), and this is reflected in the GLEES eddy covariance record
(Figure 10a). The largest single year change in the GLEES ET occurred between 2007 and 2008
during which time there was a 63 mm (17%) decrease. Overall, there was a significant (p =0.01)
reduction in cumulative growing season ET at GLEES throughout the 10-year period of eddy
covariance data collection (Figure 10a). At Niwot Ridge, the mean cumulative growing season
ET was 358 mm between 2000 and 2014, which represented 51% of mean annual precipitation.
The minimum growing season ET was 314 mm in 2002 and the maximum growing season ET
was 392 mm in 2013 (Figure 10b). There was no significant temporal trend in the mean annual

growing season ET at Niwot Ridge.
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Figure 10. Cumulative annual growing season (1 May — 30 Sep) eddy covariance
evapotranspiration (ET) at the (a) Glacier Lakes Ecosystem Experiments Site (US-GLE) and the
(b) Niwot Ridge AmeriFlux site (US-NR1). The dashed black line shows a significant (Mann-
Kendall p = 0.01) decreasing ET trend at US-GLE.
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Comparison of the annual eddy covariance ET data from GLEES and Niwot Ridge shows
a significant (p = 0.005) diverging trend where the GLEES ET was higher than the Niwot Ridge
ET until the bark beetle epidemic in 2008, after which time the GLEES ET systematically
decreased relative to Niwot Ridge (Figure 11). Accordingly, we consider the variability in the
GLEES ET to result from a combination of disturbance and meteorological variability, whereas
the Niwot Ridge ET primarily reflects meteorological variability. For example, there was only a
1% drop in the Niwot Ridge ET between 2007 and 2008 (when the GLEES ET dropped 17%),
and the minimum ET at Niwot Ridge occurred in 2002 during the meteorological drought of
record (Cook, Woodhouse, Eakin, Meko, & Stahle, 2004). As a result, Figure 11 generally
removes the effect of meterological variability from the GLEES ET signal insofar as the Niwot
Ridge ET is subtracted out, and we thus interpret the values in Figure 11 as an approximation of
the effect of bark beetles on ET beginning in 2008. Following the classification scheme of Frank
et al. 2014, the epidemic II phase at GLEES began in 2010 (impacted trees die), and Figure 11
shows a relatively stable offset between the GLEES and Niwot Ridge ET flux after that time.
Specifically, our analysis suggests that between 2010 and 2014, there was an average of 102 mm

(28%) less ET at GLEES relative to Niwot Ridge as result of beetle-induced tree mortality.
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Figure 11. Annual difference in cumulative growing season (1 May — 30 Sep) eddy covariance
evapotranspiration (ET) at the (a) Glacier Lakes Ecosystem Experiments Site (GLE) and the
Niwot Ridge AmeriFlux site (NR1). Negative values denote less ET at GLE (disturbed) relative
to NR1 (undisturbed). The dashed line shows a significant (Mann-Kendall p = 0.005) decreasing
trend throughout the length of the simultaneous data collection record.

The transpiration component of the total growing season evapotranspiration (T/ET)
averaged 0.61 at GLEES between 2005 and 2017. The minimum T/ET was 0.55 in 2014 and the
maximum T/ET was 0.70 in 2007. Similar to ET, there was a significant (p = 0.03) decreasing
trend in T/ET at GLEES throughout the study period (Figure 12a) that reduced absolute T/ET by
10% (relative T/ET by 15%) and was indicative of widespread vegetation mortality. At Niwot
Ridge, the mean T/ET was 0.63 between 2000 and 2014, the minimum T/ET was 0.56 in 2010,
and the maximum T/ET was 0.66 in 2006. There was no significant temporal T/ET trend at
Niwot Ridge (Figure 12b). The GLEES T/ET (standard deviation = 0.044) was more variable
than the Niwot Ridge T/ET (standard deviation = 0.028). In contrast to ET, there was no
significant temporal pattern in the T/ET difference between GLEES and Niwot Ridge; however,

this could reflect uncertainty associated with the T/ET calculation and/or the underlying GPP

model.
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Figure 12. The annual fraction of evapotranspiration corresponding to transpiration (T/ET) at the
(a) Glacier Lakes Ecosystem Experiments Site (US-GLE) sites and the (b) Niwot Ridge
AmeriFlux site (US-NR1). The black dashed line denotes a significant (Mann-Kendall p = 0.03)
decreasing T/ET trend through time at the disturbed US-GLE site. Colored dashed lines are used
to connect points spanning years of missing data.

There was a significant (p = 0.04) relationship between cumulative growing season ET
and T/ET at GLEES (Figure 13a). This indicates that decreased transpiration was a significant
factor in both reduced absolute and relative (to Niwot Ridge) growing season ET at the GLEES
site through time. The lack of a corresponding relationship between cumulative growing season
ET and T/ET at Niwot Ridge (Figure 13b) further suggests that the interannual ET variability at
Niwot Ridge was responding to complex meteorological variability in place of a singular factor
or disturbance. For example, the minimum T/ET at Niwot Ridge occurred in the year with the 40
lowest ET, but the maximum T/ET occurred in the year with the 3™ lowest ET i.e., the total ET
was governed by a mixture of biotic and abiotic factors to a greater degree. In sum, analysis of
eddy covariance data from disturbed and control sites within the Southern Rocky Mountains
ecoregion demonstrates systematically reduced ET and T/ET, and thus an overarching biotic

control on total ET in the presence of disturbance.
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evapotranspiration (ET) and the transpiration fraction of ET (T/ET) at the Glacier Lakes
Ecosystem Experiments Site (US-GLE) but (b) not at Niwot Ridge (US-NR1). Dashed lines
correspond to the 95% confidence interval.

Hydrological Model
The number of disturbed 1/16° (~36 km?) gridboxes in the bark beetle model simulation
increased from 3 in 2000 to 291 in 2013 (Figure 14). The largest increases occurred between

2005 and 2008 when 55 new gridboxes were disturbed in each water year.
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Figure 14. Annual totals of disturbed 1/16° resolution gridboxes in each water year between 2000
and 2013 shows increased disturbance during the model time period, particularly between 2005
and 2010.
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Persistently reduced canopy interception (the amount of precipitation intercepted by the
vegetation canopy and subsequently evaporated) in the bark beetle simulations (Figure 15)
suggests that leaf area index (LAI) inputs (lower in disturbed simulations) were accurately
represented in the model. In each simulation, canopy interception was least during drought in
2002 and greatest in 2011 when precipitation throughout the northern portion of the study
domain (where epidemic beetle populations were generally located), in particular snow, was
greater than one standard deviation above average (e.g. Knowles et al., 2015b). The mean
reduction in canopy interception was 8% from 1.35 mm in the control simulation to 1.24 mm in

the beetle simulation.
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Figure 15. Mean annual (by water year) canopy intercepted water for control and bark beetle
(BB) simulations. Units are mm averaged over the grid cell area.

Total column (i.e. integrated through the entire depth of the soil profile) soil moisture was

persistently elevated in model simulations that incorporated the effect of bark beetles, and the
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difference between beetle- and control-simulated soil moisture generally increased throughout
the study period (Figures 16). Increased soil moisture resulted from reduced canopy interception,
which allowed a greater percentage of precipitation to reach the soil surface and subsequently

infiltrate. In each simulation, total column soil moisture was greatest in 2011 (wet year) and least

in 2002 (dry year).
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Figure 16. Mean annual (by water year) total column soil moisture for control and bark beetle
(BB) simulations. Units are mm averaged over the grid cell area.

Figure 17 shows the annual cycle of ET by month for control and bark beetle simulations.
There was a clear unimodal ET peak during the growing season in both simulations. In the
absence of beetle disturbance, the minimum monthly ET was 0.21 mm in December and the
maximum monthly ET was 3.3 mm in July. The minimum monthly ET (0.21 mm) was
unchanged by incorporating vegetation mortality due to beetle kill but the maximum monthly ET

decreased to 3.1 mm. The minimum and maximum ET in the beetle simulations also occurred in
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December and July. Averaged over the whole year, bark beetles decreased ET by 8% from 1.3

mm to 1.2 mm.
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Figure 17. Average annual evapotranspiration (ET) cycle by month for control and bark beetle
(BB) simulations between 2000 and 2013. Units are mm averaged over the grid cell area.

Between November and March, there was no difference in ET between the control and
beetle simulations (Figure 18). Beginning in April, however, there was evidence of diverging ET
whereby the disturbed ET was reduced relative to the control ET until June, at which point the
monthly ET difference became gradually less until the control and beetle ET converged again in
November (Figure 18). The maximum difference between the control and beetle ET was 0.22
mm and occurred in June. That the difference between control- and beetle-simulated ET uniquely
occurred during the growing season suggests that the principal effect of beetles was to reduce the

biotic component of ET i.e., transpiration.
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Figure 18. The monthly change in total evapotranspiration (ET) between control and disturbed

simulations during the period 2000-2013. A reduction in ET from disturbed areas is evident
during the growing season. Units are mm averaged over the grid cell area.
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Annually, the total annual ET was always greater in the control relative to the beetle
simulations (Figure 19). The minimum total annual ET in both the control and beetle simulations
coincided with regional drought in 2002 when the control and beetle total annual ET were 9.3
mm and 9.2 mm, respectively. The maximum total annual control ET was 17.2 mm in 2007 and
the maximum total annual beetle ET was 16.3 mm in 2012, which was also a drought year. Over
the entire study period, bark beetles decreased the mean total annual ET by 6% from 15.5 mm to

14.6 mm.
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Figure 19. The mean annual (by water year) evapotranspiration (ET) flux resultant from control
and bark beetle (BB) simulations. The ET was persistently decreased in BB relative to control
simulations. Units are mm averaged over the grid cell area.

Figure 20 demonstrates how simulated bark beetle disturbance affected total annual ET
through time. In general, the total annual beetle ET was depressed by 1 mm or more relative to
the control ET beginning in 2005 (Figure 20). The exception to this occurred in 2012 when the
difference between the control and beetle ET was 0.7 mm, which was only approximately half
the difference from the previous year. Since the 2012 climatology was characterized by
widespread drought throughout the Southern Rocky Mountain ecoregion, this suggests the

potential for differential effects of drought on ET in the presence or absence of beetle

disturbance.

27



= Change in Water-Year Totals

= .

— 0

" [ ‘

S 97

®

=«

Qo

w )

c

o ©

5 o

O '

&

> Q7

L

T 2

O '

= N

£ <

()

O «

g < . ]

EC) 2000 2005 2010
Water-Year

Figure 20. Change in modeled evapotranspiration (ET) from disturbed relative to control
simulations by water year. Negative values demonstrate persistently reduced ET due to beetles.
Units are mm averaged over the grid cell area.

Parallels between the average annual transpiration (Figure 21) and ET (Figure 17) cycles
indicate that changes in transpiration were the principal contributor to modeled ET reductions as
a consequence of beetle disturbance. Similar to ET, there was no significant transpiration
difference between control and beetle simulations from November to March when transpiration
was negligible, but control transpiration was greater than beetle transpiration during the
remainder of the year. The difference between control and beetle transpiration peaked at the
same magnitude (0.2 mm) as the maximum difference between control and beetle ET; therefore,
reduced transpiration was primarily responsible for observed changes in ET. In July and

December, the maximum and minimum mean monthly transpiration fluxes were 2.2 mm and

0.007 mm in the control simulation and 2.0 mm and 0.007 mm in the beetle simulation.
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Averaged over the whole year, bark beetles had the effect of decreasing transpiration by 8% from

0.70 mm to 0.64 mm.
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Figure 21. The annual transpiration (T) cycle by month for control and bark beetle (BB)
simulations between 2000 and 2013. Units are mm averaged over the grid cell area. Reduced
transpiration is evident from disturbed areas during the growing season.

Although the largest absolute transpiration difference between control and beetle
simulations occurred in June and July, disturbance had the greatest relative effect on
transpiration in April and May (Figure 22). Since this period corresponds to peak snowmelt
water availability at many elevations throughout the Southern Rocky Mountain ecoregion
(Trujillo & Molotch, 2014), reduced transpiration during this time signals that the model was
accurately representing vegetation mortality in the beetle scenario. Monthly transpiration

reductions shown by Figure 22 during the winter result from dividing two small numbers and do

not reflect meaningful differences in the actual transpiration flux.
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Figure 22. The mean monthly percent change in transpiration between control and disturbed
simulations during the period 2000-2013. A reduction in transpiration from disturbed areas is
evident during the growing season (apparent changes during winter result from the quotient of
two small numbers).

Annually, the total annual transpiration flux was persistently greater in the control
relative to the beetle simulations (Figure 23). Similar to ET, the control simulation transpiration
peaked in 2007 (10.0 mm), whereas the beetle simulation transpiration peaked in 2012 (9.4 mm).
Unexpectedly, this result demonstrates that transpiration, not abiotic evaporation, was
responsible for the 2012 ET maximum in the beetle simulation and the corresponding reduced
difference between both ET and transpiration during that year. A possible explanation for this is
greater soil moisture in the beetle simulation, which could promote transpiration from live trees

in areas affected by beetles when soil moisture was limiting to transpiration (i.e. during drought)

in undisturbed areas. Both simulations showed a clear transpiration minimum around 3.3 mm
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during regional drought conditions in 2002. Overall, bark beetles had the effect of decreasing the

mean total annual transpiration flux by 9% from 8.4 mm to 7.6 mm.
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Figure 23. The mean annual (by water year) transpiration flux resultant from control and bark
beetle (BB) simulations. The transpiration flux was persistently depressed in BB relative to
control simulations. Units are mm averaged over the grid cell area.

The relative annual transpiration reduction due to bark beetles was greatest in 2011 and
least in 2001 (Figure 24), and there was evidence of a step change between 2002 and 2003 when
the difference between control- and beetle-simulated transpiration increased by a factor of five
from 2% to more than 10%. This was likely due to sampling where transpiration from disturbed
areas early in the study period tended to be lower to begin with (Figure 23). After 2002,
transpiration was approximately 8% to 12% lower in the beetle relative to the control simulations

excepting 2012 when the difference was reduced by the occurrence of the maximum annual

transpiration in the beetle simulation (Figure 23).
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Figure 24. Percent change in modeled transpiration from disturbed relative to control simulations
by water year. Negative values demonstrate reduced transpiration as a result of disturbance in all
years. Units are mm averaged over the grid cell area.

Figure 25 integrates the annual cycles of ET (Figure 17) and transpiration (Figure 21) to
show the average annual cumulative fluxes from the control and beetle simulations. Specifically,
the average cumulative annual ET and transpiration fluxes from the control simulation were 15.5
mm and 8.4 mm, respectively, while the analogous transpiration fluxes were 14.6 mm and 7.6
mm. In this way, there was a 6% reduction in ET and a 10% reduction in transpiration as a result
of simulated vegetation mortality due to bark beetles. Multiplying by the average number of
control and disturbed grid cells throughout the study period, this corresponds to average annual
reductions in ET and transpiration of 25 acre-feet and 22 acre-feet, respectively. Moreover,
increasing divergence between control and disturbed simulations throughout the growing season

reinforces that most of the change in ET was a result of reduced transpiration from disturbed

areas (Figure 25).
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Figure 25. The average cumulative monthly total evapotranspiration (ET) and transpiration
(Trans.) fluxes between 2000 and 2013.

The transpiration (T) fraction of total ET (T/ET) was reduced in the bark beetle relative
to the control simulation for all years except 2001 (Figure 26). In each simulation, the minimum
T/ET was approximately 0.36 during the 2002 drought and the maximum T/ET occurred in 2008
at 0.61 and 0.59 for the control and beetle simulations, respectively. On average, beetles reduced

the mean T/ET by 3% from 0.54 to 0.52.
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Figure 26. Bark beetle disturbance reduced transpiration as a percentage of ET (T/ET) in all
years.

The evaporative fraction (EF) is calculated as the latent heat flux (evaporation) divided
by the sum of the latent and sensible heat (temperature) fluxes. In this way, the EF describes the
fraction of energy that was partitioned to evaporation versus temperature changes. In general, EF
varies with aridity where EF is higher in more arid systems and lower in less arid systems. Bark
beetles decreased the EF in every year relative to the control simulation, which signifies that a
lesser percentage of available energy was used to evaporate water (Figure 27). Since
meteorological conditions were held constant between model simulations, this indicates less
moisture availability and generally more arid conditions in the beetle relative to the control
simulation. The EF was greatest in 2011 and least in 2002 in each simulation. Specifically, the

maximum and minimum annual EF was 0.23 (i.e. 23% of available energy converted to ET) and
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0.69 in the control simulation and 0.22 and 0.62 in the beetle simulation. As a result of beetles,

the annual mean EF decreased by 8% from 0.52 to 0.48.
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Figure 27. The mean annual (by water year) modeled evaporative fraction (percentage of
available energy translated to evapotranspiration) for control and bark beetle (BB) simulations.

Total annual runoff was higher in the beetle relative to the control simulations (Figure
28). Since the water balance dictates that hydrological inputs of precipitation are balanced by
hydrological outputs of ET and stream runoff and/or changes in storage, increased total annual
runoff in the presence of beetles resulted from decreased ET due to vegetation mortality. There
was clear runoff peak in 2011 when above average precipitation resulted in 15.0 mm and 13.6
mm runoff in the beetle and control simulations, respectively. Regardless of disturbance, very
low runoff between 2000 and 2002 can be interpreted as a sampling artifact where epidemic
beetle populations were uniquely present in relatively dry areas during that time. On average,

bark beetles increased total annual runoff by 9% from 6.3 mm to 6.9 mm.
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Figure 28. Total annual (by water year) modeled runoff for control and bark beetle (BB)-affected

areas throughout the Southern Rocky Mountain ecoregion. Units are mm averaged over the grid
cell area.

There was a general increasing trend in the annual runoff difference between disturbed
and undisturbed areas beginning in 2005 with the onset of widespread beetle disturbance (Figure
29). Specifically, the difference in total annual runoff between the beetle and control simulations
was greatest in 2012 and least in 2001. That the runoff difference was greatest in 2012 when the
difference between the both the control and beetle ET and transpiration fluxes was relatively
diminished (due to higher fluxes in the beetle scenario; Figures 19, 23) demonstrates the
potential for synoptic meteorological variability to modify the effect of disturbance on
hydrological partitioning between runoff and ET i.e., the magnitude of the runoff difference was
greater than the magnitude of the ET difference. In this case, although 2012 was a low snow year

throughout the northern (beetle-affected) portion of the study domain, there was above average

precipitation during the summer. Consequently, relatively more runoff in the beetle versus the
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control simulation during 2012 could reflect greater runoff sensitivity to the seasonality and/or

phase of precipitation in undisturbed compared to disturbed areas.
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Figure 29. Percent change in modeled runoff from disturbed relative to control areas by water
year.

From a water resources perspective, the annual modeled hydrological cycles of ET,
transpiration, and runoff can be expressed in volumetric units by multiplying the monthly values
by the corresponding number of grid cells that have been disturbed. In this way, the cumulative
volumetric ET between 2000 and 2013 was 979 kaf (thousand acre-feet) in the control
simulation, compared to 917 kaf in the beetle simulation (Figure 30a). The equivalent cumulative
volumetric control and beetle transpiration fluxes were 560 kaf and 504 kaf (Figure 30a), and the
control and beetle runoff fluxes were 478 kaf and 532 kaf, respectively (Figure 30b).
Accordingly, the cumulative difference between the volumetric ET, transpiration, and runoff

fluxes was 62 kaf (6% decrease), 56 kaf (10% decrease), and 54 kaf (11% increase).

37



o
o |
2 | = Control ET
Post-BB ET
=) % = = Control Trans.
=, Post-BB Trans.
5o
(TR
[0)
2 o
T2
S
£
0 O
O &
o i -— - a
T T 1 T T T T T T T T T
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Month
S |
© | == Control Total Runoff
o Post-BB Total Runoff
=
w

Cumulative Flux [kaf]
200 300 400

100

b

0

T T T T T T T T T T T T
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Month

Figure 30. Cumulative volumetric (a) evapotranspiration (ET), transpiration (Trans.) and (b)
runoff from control and beetle simulations between 2000 and 2013. Units are thousand acre-feet

(kaf).

IV. PRINCIPAL FINDINGS, CONCLUSIONS, AND RECOMMENDATIONS

The results of this study highlight several key ways in which bark beetles influence hydrological
partitioning between evaporation, transpiration, and streamflow in the southern Rocky

Mountains:

1. Multi-scale remote sensing analyses from control and disturbed areas demonstrated
statistically significant 9% (ecoregion) and 13% (focus areas) reductions in growing

season ET due to vegetation mortality from bark beetles between 2000 and 2013.
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Comparison of eddy covariance measurements at GLEES, WY (beetles) and Niwot
Ridge, CO (control) showed that the post-disturbance growing season ET was an average
of 102 mm (28%) less at GLEES compared to Niwot Ridge (the pre-disturbance GLEES
ET had been higher than Niwot Ridge). There was a statistically significant decreasing
growing season ET trend at GLEES but not at Niwot Ridge.

There was a statistically significant 10% decrease in the modeled (from eddy covariance)
T/ET at GLEES between 2005 and 2017 (no change at Niwot Ridge).

There was a statistically significant positive relationship between growing season ET and
T at GLEES (no relationship at Niwot Ridge), suggesting that changes in T/ET were
responsible for observed changes in ET.

. A hydrological model (VIC) simulated reduced canopy interception and increased soil
moisture as a result of bark beetle disturbance. This indicates that prescribed changes in
leaf area index and stomatal conductance were applied correctly by the model.

The hydrological model demonstrated a 6% reduction in ET, a 9% reduction in
transpiration, a 3% reduction in the transpiration fraction of ET (T/ET), and an 8%
reduction in the evaporative fraction as a result of bark beetles. Decreased EF is generally
indicative of a more arid environment.

The eddy covariance- and VIC-modeled T/ET each decreased by 0.02 in the presence of
epidemic bark beetle populations.

. Modeled stream runoff increased by 9% as a result of both decreased ET (more water
available for runoff) and increased soil moisture (precipitation inputs more readily

converted to runoff due to higher hydraulic conductivity; Barnhart et al., 2016).
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9. Bark beetles reduced the cumulative modeled ET and transpiration fluxes by 62,000 acre-
feet and 56,000 acre-feet, respectively, throughout the southern Rocky Mountain
ecoregion between 2000 and 2013. There was a corresponding cumulative stream runoff
increase of 54,000 acre-feet during the same period.

10. Direct measurements of transpiration via the sapflow method would be useful to
independently validate the eddy covariance- and VIC-modeled T/ET values in this study.
Our results also suggest that future investigation into the transpiration and ET responses
to drought from control and beetle-disturbed areas could be fruitful. Follow-up research
focused on the effect of forest regrowth on hydrologic partitioning is strongly

recommended.

V. SUMMARY

Bark beetles reached epidemic populations throughout many areas of the Southern Rocky
Mountain ecoregion during the mid 2000s, resulting in widespread forest mortality with variable
and potentially interactive consequences on hydrological partitioning (Buma & Livneh, 2017;
Edburg et al., 2012). Based on physical principles and previous work (Biederman et al., 2014;
2015), we hypothesized decreased evapotranspiration (ET) as a result of this scenario, but also
increased abiotic evaporation that could moderate the effect of decreased biotic transpiration on
the total ET flux. Given that changes in ET affect both surface water and groundwater recharge
(Maxwell & Condon, 2016; Ukkola et al., 2015), there are major implications for water resources
in the Rocky Mountains associated with any perturbation to seasonal or annual hydrological
partitioning due to bark beetles. Accordingly, this study used a multi-scale observational

approach coupled to a hydrological model to evaluate the impact of bark beetles on both
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transpiration and total evapotranspiration within the context of streamflow and the hydrological
cycle.

Our results at the ecosystem (1 km?), focus area (10> km?), and ecoregion (10° km?) scale
indicate that bark beetles significantly decreased growing season evapotranspiration and that this
reduction was generally commensurate with decreased transpiration i.e., we did not detect a
significant compensatory abiotic evaporation response. Instead, a hydrological model
demonstrated increased soil moisture and streamflow runoff, suggesting not only that more
precipitation was partitioned to streamflow, but also that precipitation may have been more
readily converted to streamflow as a result of increased subsurface hydrological conductivity.
Our research design included simultaneous multi-scale comparison of disturbed versus
undisturbed areas, which allowed us to isolate the effect of beetles on transpiration and ET. As a
result, we can conclusively attribute the trends reported herein to bark beetles rather than
meteorological, topographical, or sampling variability.

Throughout the Southern Rocky Mountain ecoregion, our modeling analysis shows that
bark beetles decreased the cumulative ET flux by 62,000 acre-feet and increased the
corresponding stream runoff flux by 54,000 acre-feet between 2000 and 2013. For comparison,
this represented an 11% increase in stream runoff relative to the control simulation, and 54,000
acre-feet is approximately equivalent to the annual water usage by 250,000 Colorado citizens or
10% of Colorado’s estimated 2050 water deficit (Colorado’s Water Plan, 2015). However, since
beetle-induced vegetation mortality in Colorado has been declining since 2008 (Mountain pine
beetle) or 2012 (spruce beetle) (Colorado State Forest Service, 2017), increased stream runoff
from beetles cannot be counted as a reliable water resource in the future. We therefore identify

future research on the effects of forest regrowth on hydrological partitioning as an important
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research priority. In the meantime, we recommend that water managers and/or forecasters take
advantage of the multi-scale results presented herein to accurately interpret the magnitude of the

beetle effect on current hydrological observations.
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