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The current extent and high severity (percent tree mortality) of mountain pine beetle outbreaks across
western North America has been attributed to regional climate change, specifically warmer summer and
winter temperatures and drier summers. This study paired multiple mountain pine beetle outbreak loca-
tion datasets, both current and historical, with Moderate Resolution Imaging Spectroradiometer (MODIS)
and Global Modeling and Assimilation Office (GMAO) Modern Era Retrospective-Analysis for Research

i:(eywotrds: ot and Applications (MERRA) products in order to quantify the full seasonal evapotranspiration impact of
V:,’;f; 2321? ration outbreak events for decades after outbreak (0 to 60 years). Following mountain pine beetle outbreaks

in lodgepole pine (Pinus contorta) stands in the Colorado Rockies we observed an 18.7 +£1.4% (p<0.01)
reduction in the rate of summer evapotranspiration at 14 to 20 years since outbreak. We also observed a
21.6+2.2%(p<0.01) increase in the rate of summer evapotranspiration, relative to non-attacked stands,
in intermediate-aged stands 30 to 40 years since outbreak. Changes to growing season evapotranspi-
ration correlated positively with changes in stand density, stand leaf area index (LAI) and the fraction
of absorbed photosynthetically active radiation (fPAR), while high incoming solar radiation during the
summer months acted to amplify changes to evapotranspiration even given relatively minor changes to
summer fPAR and LAI due to the rapid regeneration of understory vegetation. Lodgepole pine mortality
from mountain pine beetle outbreaks showed lasting effects on stand-scale evapotranspiration which
could have important implications for regional water resources.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

The current extent and high severity (percent tree mortality)
of recent bark beetle (Coleoptera: Curculionidae, Scolytinae) out-
breaks across western North America is seen as a consequence
of warmer summer and winter temperatures and drought condi-
tions associated with regional climate change (Berg et al., 2006;
Raffa et al., 2008). Warmer temperatures and drier conditions have
reduced winter die-backs of bark beetle populations, increased the
rate of bark beetle reproduction and maturation, and increased tree
stress (Berg et al., 2006; Raffa et al., 2008). As a result, from 1997
to 2011, bark beetles have affected more than 41.7 million acres
in the western United States and more than 6.6 million acres in
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Colorado alone, where mountain pine beetles (Dendroctonus pon-
derosae) have reduced the live basal area of lodgepole pine (Pinus
contorta) dominated forests by 70%, on average (Klutsch et al.,
2009; United States Forest Service (USFS), 2011). We can expect
that such a mortality event, will, in turn, affect surface-atmosphere
exchanges of water and energy (Bonan, 2008; Maness et al., 2012;
Vanderhoof et al., 2014). Because of the large spatial extent and
severity of mountain pine beetle attacks in forests across western
North America, the impacts of these disturbance events and suc-
cessive forest regeneration on the water balance needs to be both
described and reliably predicted. The partitioning of precipitation
into evapotranspiration, stream flow and water storage can vary
widely in space and time in response to climate as well as changes
to catchment vegetation. As evapotranspiration is a key component
of both the water and energy cycles, a change in the evapotranspi-
ration component can directly result in altered stream flow (Likens
et al.,, 1994), surface temperatures (Wiedinmyer et al., 2012), and
cloudiness (Bala et al., 2007).

The water cycle response to forest disturbance has been most
extensively examined as post-harvest streamflow. An abundance
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of studies have documented short-term increases in stream flow
post-harvest, presumably from decreased transpiration (Bosch and
Hewlett, 1982; Likens et al., 1994; Jones and Post, 2004). A reduc-
tion in water yield with afforestation or reforestation has also been
observed (Swift and Swank, 1981; Scott and Smith, 1997; Jones
and Post, 2004), and found to peak in intermediate aged stands
(Shiklomanov and Krestovsky, 1988; Jones and Post, 2004). How-
ever, both the persistence of changes in streamflow as well as the
directionality of the change has been found to be highly variable
depending on stand species composition (Jones and Post, 2004;
Moore et al., 2004), water table depth (Constantin et al., 1999),
topography and aspect (Bonan, 2008; Barker et al., 2009), and cli-
mate (Farley et al., 2005).

When evapotranspiration components are directly measured,
patterns can be even less consistent. A reduction in canopy cover
following a disturbance can be expected to decrease overstory tran-
spiration and interception, but it can also increase surface wind and
solar energy which can elevate bare soil evaporation (Wilson et al.,
2000; Gholz and Clark, 2002) as well as the transpiration of under-
story vegetation (Adams et al., 2012). Because of this, studies show
mixed findings regarding rates of evapotranspiration and stand
age (Gholz and Clark, 2002; Amiro et al., 2006; Jassal et al., 2009;
Clarketal., 2012).In addition, unlike harvest events, standing snags
following a mountain pine beetle attack will provide some shade
for approximately 15 years post-outbreak, which will reduce the
solar energy that reaches the ground (Griesbauer and Green, 2006).
However, the remaining live trees following an attack typically
experience an increase in productivity, and presumably transpi-
ration, due to the increase in available resources (e.g. light, water,
nutrients), which may partially compensate for the reduction in
vegetation cover (Messier et al., 1999; McCarthy, 2001; Brown et
al., 2014). The complex relationship between stand growth, soil
evaporation, transpiration, and interception patterns makes it dif-
ficult to predict the temporal recovery of actual evapotranspiration
following a disturbance event (Naranjo et al., 2012).

Several recent studies have quantified the evapotranspiration
impacts in the years immediately following mountain pine beetle
outbreaks. Reductions in evapotranspiration have been docu-
mented by both Maness etal.(2012)(19% reduction in summertime
evapotranspiration) and Bright et al. (2013) (13-44% reduction
in summer evapotranspiration, depending on outbreak sever-
ity) using the Moderate Resolution Imaging Spectroradiometer
(MODIS) evapotranspiration product, however in contrast, Brown
et al. (2014), using the eddy covariance technique, found under-
story transpiration and soil evaporation compensated for loss of
overstory vegetation following even severe outbreaks. This was
further supported by the finding that, unlike nearby clearcut sites,
mountain pine beetle attacked forests were growing season carbon
sinks due to the vigorous growth of remaining live trees (Brown
et al., 2010). Most of the studies following mountain pine beetle
outbreaks have quantified the impacts of other parts of the hydro-
logical cycle, including stream flow and snow pack accumulation
and melt. Several studies have documented increases in water yield
following outbreaks (Potts, 1984; Bethlahmy, 1974). Correspond-
ingly, Mikkelson et al. (2013) used hydrological models to predict
that outbreaks would decrease evapotranspiration, increase snow
accumulation, cause an earlier and faster snowmelt, and increase
runoff volume and timing. Winter and spring findings have been
confirmed by multiple field plot studies which have found higher
snow pack accumulation during the gray attack phase, particu-
larly in low to average snowfall years, and earlier snowmelt in
both red and gray attack stages, due most likely to a reduction in
albedo with needle fall on snow during the red-attack phase, and
to increased canopy shortwave transmission during the gray-attack
phase (Bewley et al.,2010; Boon, 2012; Pugh and Small, 2012). Dur-
ing the growing season, Clow et al. (2011) documented a localized

increase in soil moisture beneath trees killed by mountain pine
beetles, indicating a potential reduction in evapotranspiration.

Despite the widespread extent of current mountain pine bee-
tle outbreaks, very few studies have directly quantified the impact
of these mortality events on forest evapotranspiration, particularly
post-gray attack stage (i.e. during snag fall and forest recovery). Pat-
terns of evapotranspiration following harvest can inform expected
patterns following mountain pine beetle outbreaks, however, dif-
ferences between the disturbance types, such as soil compaction,
snag or bole removal, and pattern and timing of mortality, limits the
applicability of some of these associated findings. Our study pairs
historical and current mountain pine beetle outbreak data with
satellite data, within the Colorado Rockies. We aim to (1) quantify
the seasonal patterns of change to evapotranspiration from attack
start through 60 years post-attack, and (2) explore the meteorologi-
cal and vegetation mechanisms that explain the evapotranspiration
response. Changes to evapotranspiration and streamflow are espe-
cially critical in Colorado, as the Colorado Rockies provides the
headwaters for several major rivers including the Colorado River,
the Rio Grande, the Arkansas River and the Platte River.

2. Methods
2.1. Study area

Mountain pine beetle attacked and non-attacked sites were
restricted to lodgepole pine dominated forests within the Col-
orado Rocky Mountains (Fig. 1). Lodgepole pine is found throughout
the western United States and northwestern Canada on the lower
slopes and valleys above the foothills at elevations between 2100
and 2900m. The species occurs in both pure stands as well
as in mixed stands. Common co-occurring tree species include
aspen (Populus tremuloides), Douglas fir (Pseudotsuga menziesii),
Engelmann spruce (Picea engelmannii) and subalpine fir (Abies lasio-
carpa). Based on climatological records from Estes Park, CO (2365 m
elevation) the average low and high temperature is —9 °Cin January
and 25°C in July, respectively. Annual precipitation, derived from
eight meteorological stations near the study sites, averages 521 to
1076 mmyr~! (1910-2010). In comparison annual precipitation in
2011 and 2012 across the study area, as derived from the monthly
Tropical Rainfall Measuring Mission Project (TRMM) precipita-
tion dataset (Kummerow et al., 1998), was 435+51 mmyr-! and
296+ 57 mmyr~!, respectively. Precipitation data was not avail-
able for most months in 2011 and 2012 for seven of the eight
meteorological stations, and the TRMM precipitation dataset was
only available from 1998 to present necessitating the mixing of
precipitation sources. In Rocky Mountain lodgepole pine stands,
two-thirds of the annual precipitation typically occurs as snow,
resulting in a hydrological cycle driven by snowmelt (Fahey and
Knight, 1986).

2.2. Data descriptions

Early attempts to calculate evapotranspiration from remotely
sensed data relied on the energy flux approach, in which
evapotranspiration was calculated as the residual of avail-
able energy (net radiation—ground heat flux—sensible heat
flux = evapotranspiration) (Kustas and Norman, 1999; Bastiaanssen
et al.,, 1998; Allen et al., 2005). However, accurate estimation of
the sensible heat flux, and in particular, the near-surface vertical
air temperature difference, a component of the sensible heat flux,
is consistently regarded as a problematic aspect of this approach
(Bastiaanssen et al., 1998; Cleugh et al., 2007), particularly over
forests where this temperature gradient is very small, due to
high surface roughness (Nishida et al., 2003). Because of this,
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Fig. 1. (A) Progression of mountain pine beetle outbreaks over the last two decades within lodgepole pine stands in Colorado and southern Wyoming. (B) Plot locations for
field tree plots, dendroecological plots and U.S. Forest Service (USFS) aerial detection survey (ADS) sites. MPB refers to mountain pine beetle, while LP refers to lodgepole

pine.

the MOD16A2 Collection 5 global evapotranspiration dataset (Mu
et al., 2011) was used as the primary means of calculating evapo-
transpiration because it relies on the Penman-Monteith equation
(Monteith, 1965), which directly calculates evapotranspiration. In
addition, this product has been successful in other applications to
quantify the evapotranspiration impacts of mountain pine beetle
outbreaks (Maness et al., 2012; Bright et al., 2013). This product
is provided at 1km?2 at 8-day intervals. The MOD16A2 evapo-
transpiration dataset calculates evapotranspiration as the sum of
evaporation from wet and moist soil, interception, and transpira-
tion (Mu et al., 2007, 2011). Stomatal conductance is specified by
biome specific vapor pressure deficit and daily minimum temper-
ature thresholds, while the leaf area index is used to scale stomatal
conductance to canopy conductance. The product showed sea-
sonal patterns of evapotranspiration consistent with expectations,
so we have included winter evapotranspiration results; however,
the MODIS product algorithm makes no adjustments to account
for the presence/absence of snow cover and assumes that bare
soil evaporation is sufficient to calculate winter snow melt and
subsequent evaporation as well as snow sublimation. This assump-
tion is problematic and should be revised in future versions of the
algorithm. Within this analysis winter evapotranspiration results
should be interpreted with caution. Details regarding how the algo-
rithm responded to our data during the winter months are provided
in Appendix A.

MODIS data inputs into the Collection 5 MOD16A2 evapo-
transpiration algorithm include 1) global Collection 4 annual land
cover type 2 at 500 m2 resolution (MCD12Q1) (Friedl et al., 2002);
2) Collection 5 8-day leaf area index—FPAR at 1km? resolution
(MOD15A2) (Myneni et al., 2002); and 3) Collection 4 0.05-degree
16-day CMG MODIS albedo (the 10th band of the White-Sky-Albedo
from MOD43C1) (Jin et al., 2003; Schaaf et al., 2002). NASA’s Global
Modeling and Assimilation Office (GMAO) Modern-era retrospec-
tive analysis for research and applications (MERRA) Goddard Earth

Observing System Data Assimilation System Version 5 (GEOS-5)
daily meteorological reanalysis data (1.00 x 1.25°) for air temper-
ature (°C), actual vapor pressure (Pa), relative humidity (fraction)
and incoming solar radiation (W m~2) are also used as inputs. The
MOD16A2 data utilized was limited to 2012, in order to minimize
differences between the satellite spectral information and field
observations (collected in the summer of 2012). However, because
2012 experienced lower than normal precipitation, data from 2011
were also analyzed. To capture seasonal evapotranspiration varia-
tion, we examined all 92 dates available between January 1, 2011
and December 31,2012. Within each image, we rejected pixels clas-
sified as problematic (QC=97, 105 or 113) or fill (QC=157). Only
pixel values spatially concurrent with field locations were used.

Data on locations of mountain pine beetle outbreaks were
derived from three sources: (1) field data on tree attributes col-
lected in plots (39 sites), (2) historic U.S. Forest Service Aerial
Detection Surveys (ADS) (33 sites), and (3) field-based dendroeco-
logical plots (6 sites) (Table 1, Fig. 1). Using the global Collection 4
land cover type 2 (MOD12Q1), only plot locations classified as ever-
green needleleaf forest by the International Geosphere-Biosphere
Programme and University of Maryland cover types were included
in the analysis. Further, the MODIS pixel extent for each field plot
was reviewed using 2011 National Agriculture Imagery Program
(NAIP) imagery to check for consistency of forest cover and damage
patterns. Plots within

MODIS pixels that were <75% coniferous forest cover were
removed from the analysis. Field-collected tree plot data were col-
lected in lodgepole pine dominated stands from 18 June to 20 July
2012, within 900 m? plots (35,100 m? total). Plots were targeted to
be representative of (1) the surrounding 500 m x 500 m area, (2) a
severity spectrum (from none to severe) of mountain pine beetle
outbreak, and (3) a spectrum of time since attack (green attack, red
attack and gray attack stages). Plots were on average 93% lodgepole
pine. Within each plot, each tree was identified to the species level,
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Table 1

The number and source of mountain pine beetle outbreak locations and pixels utilized by time interval or time since mountain pine beetle outbreak.

Time interval Number of sites/source Number of sites/source Total no. Total no. of MODIS ET pixels
1-3 Years 7/2012 Tree plots 7 184
4-13 Years 15/2012 Tree plots 15 671
14-20 Years 3/2012 Tree plots 14/USFS ADS sites 17 690
21-30 Years 5/2009 Dendro plots 5/USFS ADS sites 10 458
31-40 Years 1/2008 Dendro plot 9/USFS ADS sites 10 456
50-60 Years 5/USFS ADS sites 5 229
Total 64 2688

its diameter at breast height (dbh) measured (dbh >7.5cm), and
recorded as un-attacked (no evidence of beetle presence), green
attack stage (exit holes and pitch tubes present but needles still
green), red attack stage (exit holes and pitch tubes present and
needles red) or gray attack stage (exit holes and pitch tubes present
and needles absent), or unknown dead (needles absent, but no evi-
dence of beetle damage). Plots were categorized by attack stage
(healthy, red, gray), where attacked plots were categorized as red
if the majority of attacked trees were in the red attack stage, or gray
if the majority of the attacked trees were in the gray attack stage.
Within plots classified as “attacked” the percent dead trees ranged
from 16% to 81% with a mean percent tree mortality of 50%.

The primary source for historic (>16 years since outbreak)
mountain pine beetle outbreak locations was geo-referenced U.S.
Forest Service Region 2 Aerial Detection Survey (USFS ADS) maps
(1956-1987). These maps were periodically created by expert sur-
veyors to record “new damage” polygons during flown surveys.
Although an absence of a polygon does not necessarily indicate
true absence due to the incomplete spatial nature of these surveys,
a drawn polygon provides high confidence of the presence of an
outbreak. To reduce potential error regarding the location of these
outbreaks, historic outbreak plot locations were located at the cen-
ter of “damage” polygons larger than a MODIS pixel. Additionally,
polygons of historic outbreaks were eliminated from consideration
ifthey (1) overlapped with damage polygons identified in later USFS
Region 2 ADS maps (1994-2011) or (2) overlapped with the loca-
tions of past fires (1984-2011) as derived from Monitoring Trends
in Burn Severity (MTBS) data (Eidenshink et al., 2007). In addition,
a disproportionate number of downed trees, relative to a typical
mature forest, were observed using aerial imagery within most
historic damage locations, corroborating past outbreaks.

Additional historic mountain pine beetle outbreaks were
located using dendroecological methods that have been previously
tested (Heath and Alfaro, 1990; Alfaro et al., 2010) and applied
(Axelson et al., 2009; Kulakowski and Jarvis, 2011; Kulakowski
et al., 2012) to lodgepole pine stands to reconstruct stand disturb-
ance history in this and other regions. Lodgepole pine-dominated
sites were randomly selected for dendroecological reconstruction
of mountain pine beetle outbreaks (Kulakowski et al., 2012; Dan
Jarvis, personal communication). In each stand increment cores
were collected from living host and non-host and dead host trees.
These cores were used to derive dates of stand-origin, tree mortal-
ity and releases (abrupt two-fold increases in ring width sustained
for more than 10 years). Additional methodological details are pro-
vided in Kulakowski et al. (2012). Data were collected in summer
of 2008 (Kulakowski et al., 2012) and summer of 2009 (Dan Jarvis,
personal communication).

2.3. Analysis

Mountain pine beetles have predominately moved from west
to east across the Colorado Rocky Mountains over the past several
decades (Fig. 1). This outbreak dynamic necessitated a minimum
study area size in order to include outbreak locations from a wide

range of outbreak ages. However, the size of the study area, in turn,
resulted in the potential for inherent spatial variability in evapo-
transpiration values due to variation in climate parameters which
can change rapidly throughout a mountainous region. To correct for
this potential bias, evapotranspiration with time since mountain
pine beetle outbreak was calculated as the within scene change in
evapotranspiration from “local” non-attacked forest. Non-attacked
forest polygons were defined as lodgepole pine forest that was
not identified as attacked by USFS ADS surveys (1994-2011) or
MTBS data (1984-2011). We also used the MODIS-derived LAI
values of field-based non-attacked tree plots to set seasonally spe-
cific lower and upper LAI limits for potential non-attacked forest
locations. Non-attacked forest points (196 total points) were ran-
domly selected from the center of these identified polygons. “Local”
non-attacked forest evapotranspiration was then calculated as the
mean evapotranspiration for “local” non-attacked forest locations.
“Local” was defined as occurring primarily within 20km and no
more than 50 km from each individual attacked plot location. We
averaged 19 non-attacked forest locations per attacked plot. We
further normalized these results by calculating change as the per-
cent change in evapotranspiration (ET) from the within scene
local non-attacked forest ((attacked forest ET — non-attacked forest
ET)/(non-attacked forest ET) x 100). Percent change in evapotrans-
piration was then averaged by time intervals to derive change in
evapotranspiration with years since outbreak start. Time intervals
were defined as: 1-3, 4-13, 14-20, 21-30, 31-40, and 50-60 years
since disturbance. The width of the time intervals was based on our
confidence in deriving an accurate year of outbreak. The time inter-
vals of 41-50 and >60 years since mountain pine beetle outbreak
were not included due to small sample sizes.

The change in MODIS evapotranspiration input parameters
(LAI and fPAR (MOD15A2) and 0.05-degree CMG MODIS albedo
(MOD43C1)) with time since attack start were also tested. In con-
trast to climate parameters, stand structure tends to be fairly
homogenous across lodgepole pine forests within Colorado. Per-
cent change to LAI fPAR and albedo with years since outbreak were
derived by comparing attacked plots to field-based non-attacked
tree plots. We also calculated percent change to LAI, fPAR and
albedo using local non-attacked forest, but found the magnitude
and patterns of change to be similar regardless of the method used.

Using the algorithm specified primarily in Mu et al. (2011) and
secondarily in Mu et al. (2007) we tested the sensitivity of monthly
evapotranspiration to changes in input parameters. The results of
the sensitivity analysis were specific to our study area and time
period. Elevation was derived from a 50 m resolution digital eleva-
tion model (DEM) and is used in the model algorithm to quantify
atmospheric pressure. We calculated one-tailed 95% confidence
intervals (calculated from variation between plots and within a
given season) for all raw model input parameters (fPAR, LAl albedo,
elevation, incoming shortwave solar radiation, air temperature, rel-
ative humidity, and vapor pressure). We tested the effect of varying
each parameter by plus and minus a fixed percentage (20%), which
allowed us to compare the model sensitivity across parameters, as
well as by the 95% confidence interval of each parameter, which
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provided additional insight into the actual variability of the input
parameters within our study area and time period. Finally, gray
attack stage (14 to 20 years since outbreak) tree plot data was
analyzed to quantify the change in evapotranspiration with out-
break severity and ground characteristics. Corresponding Pearson
pair-wise correlations and paired t-tests were calculated using SPSS
Statistics (IBM Corporation, Armonk, NY).

3. Results
3.1. Validation of MODIS evapotranspiration product

As a global product, the MODIS evapotranspiration product
was not necessarily designed for application to local and regional
research questions; therefore we must consider the potential error
within the MODIS evapotranspiration product. The MODIS evapo-
transpiration algorithm relies on temperature, vapor pressure and
humidity reanalysis data instead of precipitation data, so we vali-
dated the MODIS evapotranspiration product within our study area
by independently calculating evapotranspiration within a water-
shed using a simplified version of the water balance equation
(ET=P - Q), where Pis precipitation and Q is run-off. Many streams
with water gauge instrumentation within our study area are
dammed and contain completely regulated flow, precluding their
use for estimating evapotranspiration from a water balance equa-
tion. We used Bear Creek (USGS 06710385) in Jefferson County,
Colorado which has a drainage area of 267 km2. This watershed has
natural flow, affected only by minor diversions for irrigation and
contained eight of our historical outbreak plot locations. Annual
evapotranspiration for 2011 and 2012 was estimated by subtrac-
ting annual stream flow from annual precipitation, as derived from
the monthly TRMM precipitation dataset (TRMM Product 3B43)
which has a spatial resolution of 0.25° x 0.25° (Kummerow et al.,
1998). Annual change in soil water storage was assumed to be
minimal. These estimates were compared to MODIS evapotrans-
piration averaged annually, across the watershed area and showed
acceptable agreement. In 2011 the estimate of evapotranspiration
from the water balance equation was 21.9% higher than from the
MODIS evapotranspiration product (400.3 mmyr~! compared to
312.5mmyr-1), butin 2012, these two estimates were only 3% dif-
ferent (302.2mmyr-! compared to 293.2 mmyr-!, respectively).
Additional validation efforts at a broader spatial scale are shown in
Mu et al. (2011).

3.2. Response of evapotranspiration with time since outbreak

The response of evapotranspiration with time since outbreak
start was found to vary by season. Using the 2012 MODIS evapo-
transpiration dataset, changes to evapotranspiration, relative to
non-attacked forests, peaked during the summer months. We
observed an 18.7 +1.4% (p <0.01) reduction in the rate of summer
evapotranspiration, relative to non-attacked forests, at 14 to 20
years since outbreak (Fig. 2). This timing coincided with the typ-
ical peak in post-outbreak snag fall (Mitchell and Preisler, 1998).
We also observed a 21.64+2.2% (p<0.01) increase in the rate of
summer evapotranspiration, relative to non-attacked stands, in
intermediate-aged stands 30 to 40 years since outbreak (Fig. 2).
Winter months showed the opposite pattern as summer, with win-
ter evapotranspiration peaking at 14 to 20 years since outbreak,
with an increase of 14.94+1.0% (p <0.01), relative to non-attacked
forests, followed by a 9.4 4+ 1.8% (p <0.01) reduction in evapotrans-
piration in intermediate-aged stands 30 to 40 years since outbreak.
To ensure that this pattern was not restricted to 2012, we also tested
change to evapotranspiration using all scenes from 2011. Despite
2012 being drier than 2011, seasonally specific patterns of change

were very similar. When we focused on interannual differences
within the summer months, the initial reduction in evapotrans-
piration following an outbreak was more consistent throughout
the summer months in 2012 relative to 2011, however, both years
showed the initial reduction in evapotranspiration peaking in June
(Fig. 3). In addition, both years showed a similar sized peak in
evapotranspiration coinciding with 30 to 40 years since outbreak
(Fig. 3).

Examining patterns of change for key periods (14 to 20 years and
30 to 40 years since outbreak) over the course of the year, instead
of seasonal averages, also helped confirm and explain patterns
of change. The rates of evapotranspiration in both non-attacked
and attacked forests peaked during the summer months (Fig. 4).
Change to evapotranspiration for both intervals also peaked dur-
ing the summer months, with plots 14 to 20 years since outbreak
showing consistent reductions in evapotranspiration relative to
non-attacked, and plots 30 to 40 years since outbreak showing
consistent elevations in evapotranspiration (Fig. 4). A difference in
the rate of evapotranspiration between the two local non-attacked
forests demonstrated the importance of calculating change in
evapotranspiration as a function of change from local non-attacked
forest. In addition, we also calculated non-normalized, absolute
change in seasonal and annual evapotranspiration with time since
outbreak, which is included in Appendix A (Fig. A1). On an annual
timescale, a muted version of the growing season pattern with time
since outbreak persisted (Fig. A1).

3.3. Explaining MODIS ET patterns using model algorithm and
product inputs

We utilized the MODIS evapotranspiration algorithm data
inputs as well as the algorithm itself to explain both patterns
with time since outbreak and differences in patterns between
seasons. By calculating evapotranspiration as change from local
non-attacked forest we controlled, to the extent possible, for
change in evapotranspiration caused by spatial variation in climate
parameters. Consequently, derived patterns in evapotranspiration
with time since outbreak are primarily the result of changes to
non-climate MODIS product inputs (fPAR, LAl and albedo). The
parameter fPAR is used in the algorithm to define the fraction
vegetation versus bare soil, and therefore heavily influences the
quantified rate of plant transpiration and evaporation from bare
soil within the algorithm. LAl is used to calculate several resistance
parameters including surface resistance to plant transpiration, wet
canopy resistance, and wet canopy resistance to sensible heat,
while albedo influences net radiation (Mu et al., 2011). A season-
ally specific sensitivity analysis of the evapotranspiration model
showed that the model was highly sensitive to changes in vege-
tation amount, specifically fPAR and LAl in the growing season,
but less sensitive to changes in albedo, while in the winter months
the model was highly sensitive to changes in fPAR, but less sen-
sitive to changes in LAI or albedo (Fig. 5). Change in fPAR, LAI
and albedo with years since outbreak start are shown in Fig. 6.
Patterns of change to fPAR, LAI and albedo, all indicators of veg-
etation amount and condition, correlated positively with changes
to growing season evapotranspiration. Change to vegetation was
largest in the winter months, likely due to seasonal leaf loss and
snow which masks possible contributions from the regeneration
of understory vegetation post-outbreak. Following an outbreak,
the decrease in fPAR and LAI peaked in winter months at 14 to
20 years with a 42.6 +£3.2% and 45.6.5 +3.5% reduction, relative
to local non-attacked forests, respectively (Fig. 6). Additionally we
observed a peakin fPAR and LAl at 30 to 40 years post-outbreak with
a winter increase in fPAR and LAI of 31.3+3.0% and 49.1 +4.6%,
relative to non-attacked forests, respectively. Within the modeled
product, a large decrease in fPAR in the winter months following
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mountain pine beetle outbreaks resulted in a higher fraction “bare
ground” which increased the relative importance of the modeled
soil evaporation component during cold months in which the rate
of transpiration was minimal. This helped to explain why winter
evapotranspiration showed an inverse relationship with vegeta-
tion amount following mountain pine beetle outbreaks. Additional
details are provided in Appendix A. In contrast, the growing sea-
son evapotranspiration model was highly sensitive to changes in
fPAR and LAI and both of these indices were highly positively
correlated with the changes in the modeled evapotranspiration.
Additionally, when key intervals were examined over the course
of the year, a reduction to summer evapotranspiration at 14 to

20 years post-outbreak was coincident with a lower fPAR and
LAI, while an elevation in the rate of evapotranspiration at 30 to
40 years post-outbreak was coincident with higher fPAR and LAI
(Fig. 4)

One observation we noted was that a relatively minor change in
vegetation amount (fPAR, LAI) resulted in an unexpectedly larger
decrease in summer evapotranspiration. For example a decrease of
9.4 +0.8% in summer fPAR at 14 to 20 years resulted in a reduc-
tion of 18.7 + 1.4% in summer evapotranspiration. Although spatial
variability in incoming shortwave radiation and temperature
were controlled for in the analysis by calculating evapotranspi-
ration as percent change from adjacent non-attacked forest, both
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Fig. 3. Change in monthly evapotranspiration with years since outbreak start during the summer months of (A) 2011 and (B) 2012. Error bars represent plus and minus

standard error.
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parameters showed strong seasonal patterns (Fig. 7). It is pos-
sible that seasonal differences in incoming solar radiation and
temperature may act to amplify or dampen the sensitivity of
evapotranspiration to changes in fPAR and LAI. When changes
in fPAR were graphed against changes in evapotranspiration as
a function of air temperature and incoming shortwave radiation,
we found that for incoming shortwave radiation, in particular,
the change in evapotranspiration, given a change in fPAR was
much larger under highdiurnal incoming solar radiation conditions
(>350 W m~2 monthly mean) (y=1.11x+47.86, R2=0.49, p<0.01)
relative to moderate diurnal incoming solar radiation condi-
tions (215-350 W m~2 monthly mean) (y=0.23x+13.22, R2 =0.09,
p<0.01) or low diurnal incoming solar radiation conditions
(<215Wm~2 monthly mean) (y = —0.35x — 9.07, R2 =0.41, p<0.01).
This significant interaction suggests that incoming solar radiation,
in particular, may have acted to amplify the response of summer
evapotranspiration to changes in fPAR and LAI, relative to other
seasons.

3.4. Change in evapotranspiration with outbreak severity

In addition to exploring the change in evapotranspiration with
time since outbreak, we can also hypothesize that the evapotranspi-
ration response will vary with outbreak severity. Outbreak severity
has been defined here as percent dead trees. For this measure of
severity to be comparable between plots, however, starting stand
density (live and dead trees) should be relatively similar. Although
stand density showed a large range (666.67 trees per hectare to
3978 trees per hectare), over 70% of the plots showed a stand
density between 900 and 2500 trees per hectare (mean stand
density =1829 + 145 trees per hectare). Because of this variabil-
ity, we have also considered the number of live trees remaining
post-attack. We found a strong relationship between percent dead
trees and the number of live trees per hectare when live trees
were less than 2000 per hectare (y = —0.043x +79.29, R2 =0.81), but
that plots consistently exhibited much reduced mortality when the
number of live trees was greater than 2000 live trees per hectare



M.K. Vanderhoof, C.A. Williams / Agricultural and Forest Meteorology 200 (2015) 78-91 85

A. fPAR
LAI

Albedo
Temperature

SWin

Relative humidity m High
Vapor pressure Low

Atmospheric pressure

-3 -2 -1 0 1 2 3
Percent A to growing season evapotranspiration (95th CI)

C. fPAR
LAI

Albedo
Temperature

SWin

Relative humidity

Vapor pressure m High
Atmospheric pressure Low
-4 -3 -2 -1 0 1 2 3 4

Percent A to winter evapotranspiration (95th CI)

B. fPAR
LAI

Albedo
Temperature

SWin

Relative humidity

Vapor pressure mHigh
Atmospheric pressure Low
-30 -20 -10 0 10 20 30

Percent A to growing season evapotranspiration (20%)

D. fPAR m High

LAl Low
Albedo
Temperature
SWin

Relative humidity

Vapor pressure

Atmospheric pressure

-10 0 10 20 30
Percent A to winter evapotranspiration (20%)

-20
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decrease in the MODIS evapotranspiration model input parameters (panels B and D).

(athreshold point). These plots likely represent young, dense stands
which tend to be less targeted by mountain pine beetles compared
to mature stands (Roe and Amman, 1970; Klutsch et al., 2009).
During the summer months (June-August) the rate of
evapotranspiration decreased with fewer live trees per ha
(y=0.0001x —0.10, R2=0.16, p<0.01) and a higher percent dead
trees (y=-0.34x+13.73, R2=0.22, p<0.01) (Fig. 8). During the
snow-cover period evapotranspiration increased with increased
percent tree mortality (y=0.27x—3.32, R2=0.47, p<0.01) and
decreased with an increased number of live trees per hectare
(y=-0.00004x +0.09, R2=0.38, p<0.01) (Fig. 8). Although loss of
tree canopy can be expected to decrease evaporation of intercepted
snow, it can increase shortwave transmission and momentum
of air to the surface, speeding the rate of snow sublimation or
ablation (Musselman et al., 2008; Bewley et al., 2010; Pugh and
Small, 2012), which is consistent with our winter findings albeit
via the soil evaporation component of the MODIS ET algorithm. A
decrease in the number of live trees post-disturbance can increase
the importance of transpiration from saplings, seedlings and
other understory vegetation (herbaceous vegetation and woody
shrubs). The relative importance of this source of transpira-
tion will depend on both the pre-attack density and post-attack
response of understory vegetation and seedling/sapling abun-
dance. During the gray attack stage, percent understory vegetation
cover, for instance, increased strongly with increased percent
dead trees (y=0.66x — 7.32, R=0.72, p<0.01) and fewer live trees
(y=-0.013x+35.36, R2=0.38, p<0.01), suggesting that understory
vegetation responds relatively rapidly to increased light avail-
ability post-attack. In addition, the percent understory vegetation
was significantly related to the change in summer evapotranspira-
tion (R=-0.36, p<0.05) and winter evapotranspiration (R=0.48,
p<0.01) (Table 2). In contrast, sapling/seedling density showed
no significant relationship with percent dead trees or number of
live trees. This finding suggests that seedling regeneration has
not yet responded to the increased light availability at 4 to 13
years post-attack. Others have documented a suppression of new

seedling establishment for the decade(s) following disturbance
due to their competitive exclusion by understory trees and veg-
etation (Wickman et al., 1986; Wohlgemuth et al., 2002). Given
that the percent understory vegetation increased with the percent
dead trees, if understory vegetation was fully compensating for
the dead trees during the snow-free period, then we should see
no relationship between evapotranspiration and the percent dead
trees. Although we still observed a significant relationship between
percent tree mortality and evapotranspiration, we are unable to
quantify how much, if any, the transpiration of understory vegeta-
tion is partially compensating for the dead trees.

4. Discussion

The primary contribution of this study is our examination
of the change in evapotranspiration, not only immediately fol-
lowing a mountain pine beetle outbreak, but through 60 years
post-disturbance. For context, lodgepole pine trees, where com-
petition is limited, typically reach maturity (79 ft tall (24 m) and
16inch (41cm) in diameter) by 50 to 60 years (Amman, 1977)
and we have documented a recovery in forest albedo by 30 to
40 years post-disturbance. Existing studies on the impacts of
mountain pine beetle attacks on evapotranspiration, meanwhile,
are limited to five years (Maness et al.,, 2012) and nine years
(Bright et al., 2013) following attack start. We can, however, com-
pare our findings during the initial period following attack. Bright
et al. (2013) and Maness et al. (2012) both used seasonally aver-
aged evapotranspiration (June-August) over an 11 year period.
Maness et al. (2012) and Bright et al. (2013) documented a 19%
or 13-44% decrease in summer evapotranspiration following a
mountain pine beetle outbreak of 30% mortality on average or 10
to >50% mortality, respectively. In comparison, using a chronose-
quence approach, we documented only a 6.3 +2.4% reduction in
summer evapotranspiration for 4 to 13 years post-attack, but an
18.7 + 1.4% reduction in summer evapotranspiration from 14 to 20
years post-outbreak, with an average outbreak severity of 50% tree
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Pearson correlation values between changes in evapotranspiration and stand characteristics within gray attack stage (4-13 years since attack) plots.

Season

% Dead

Living tree % Open sky % Understory % Litter  Litter % Rock  Sapling/seedlings Canopy Elevation Slope

trees density visibility vegetation cover depth cover per ha height
AETin Spring ~ —-0.43" 0.43 -0.28 -0.33 035 -0.10 0.05 -0.10 0.001 0.01 —-0.05
AET in Summer -0.48" 0.40 0.19 -0.36 033 -0.20 0.07 —-0.02 -0.19 —-0.23 -0.18
AET in Fall -0.27 0.16 0.11 -0.22 0.16 -0.28 0.16 -0.14 0.07 0.35 0.04
AET in Winter 0.68" —0.61 0.53" 048" -047" -047  -0.09 -0.23 039 0.40 -0.01

" Correlation is significant at the 0.05 level (1-tailed).
™ Correlation is significant at the 0.01 level (1-tailed).
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mortality. Although differences in outbreak severity do not appear
to explain differences in findings between this and prior studies,
other potential explanations could include inherent differences in
evapotranspiration patterns due to differences in study area extent,
differences in methodology and/or differences in the years used
and corresponding interannual variation in precipitation and evap-
orative demand. The Bright et al. (2013) study area overlapped
with ours, for example, but found summer evapotranspiration
in un-attacked lodgepole pine forests averaged 1.6 mmday~'. In
contrast, we found evapotranspiration in similar forests to be
1.45+0.09mmday~! in 2011 and 1.32+0.09 mmday~! in 2012.
It is possible that our finding of a smaller change to evapotrans-
piration following outbreak, relative to these previous studies was
due, in part, to interannual variation in evaporative demand.

Drier conditions can potentially reduce differences in total
evapotranspiration between healthy and recently disturbance
stands. A snowmelt driven hydrological cycle, as found in the
Rocky Mountains, causes lodgepole pine trees to rely heavily on
snowmelt water throughout the growing season (Hu et al., 2010).
As summer progresses, water limitations (Knight et al., 1985; Fahey
and Knight, 1986) result in an increase to leaf resistance (Chapin
et al.,, 1987) and a decrease in soil moisture (Pataki et al., 2000) in
healthy lodgepole pine stands. Soil moisture is elevated in attacked
stands, meanwhile, because the reduction in leaf area results in
a significant decline in both tree transpiration (Morehouse et al.,
2008; Clow et al., 2011) and precipitation interception (Zhang
et al., 2004; Pugh and Small, 2012). Elevated soil moisture, as
well as enhanced radiative energy inputs and elevated turbulence
can increase soil evaporation in attacked stands (Gustafson et al.,
2010; Royer et al., 2011), reducing the difference in evapotrans-
piration between attacked and non-attacked stands in drier years.
Similarly, Simonin et al. (2007) found that thinning a semi-arid pon-
derosa pine stand reduced evapotranspiration during a wet spring
when tree stomatal conductance was high, but increased both

evaporation and evapotranspiration during a dry summer due to
low tree stomatal conductance and therefore limited transpiration
in the un-thinned stand. It is also likely that post-attack vege-
tation dynamics will influence the post-disturbance patterns in
evapotranspiration. In contrast to other studies, Brown et al. (2014)
measured evapotranspiration using the eddy covariance technique
for several years following two severe mountain pine beetle out-
breaks and found little change to evapotranspiration. This lack of
change was largely attributed to the increased rates of growth in
understory and remaining vegetation compensating for the loss of
overstory vegetation.

By extending the analysis of post-outbreak patterns in evapo-
transpiration to 60 years, we found a significant increase in
evapotranspiration, relative to non-attacked stands in intermedi-
ate aged stands. We attribute this to LAl and fPAR, resulting in peak
rates of transpiration in intermediate aged stands. Peaks in win-
ter LAI and fPAR at 30 to 40 years post-outbreak (Fig. 6) suggest
that this peak in vegetation is due to a high density of trees, not
understory vegetation, which is typically masked by snow during
the winter months. Others have found similar patterns with LAI or
phytomass. Shiklomanov and Krestovsky (1988), for instance, in a
meta-analysis also found phytomass, as well as evapotranspiration,
to peak in intermediate aged pine stands (40 years post-harvest).
Others have also found LAI to peak in intermediate aged lodgepole
pine stands and decline in older stands (Long and Smith, 1992; Vose
et al., 1994; Kashian et al., 2005). Similarly, in both lodgepole pine
and coniferous forests in general, net primary productivity has been
found to peak in intermediate aged stands, specifically between 35
and 55 years in age (Gower et al., 1996; Coursolle et al., 2012).

Performing a seasonally specific sensitivity analysis of the
modeled data improved our understanding of the post-outbreak
patterns in evapotranspiration. The post-outbreak changes in
MODIS evapotranspiration appear to be driven primarily by fPAR,
which influences the fraction of plant transpiration versus soil
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evaporation in the algorithm, and secondarily by LAI, which influ-
ences the rate of plant transpiration and evaporation from the
canopy. In addition, seasonal patterns in incoming solar radia-
tion amplify the effect of subtle changes to fPAR and LAI during
the growing season. A negative correlation between vegetation
amount and the rate of evapotranspiration during winter months
was driven by cold temperatures which reduced the rate of tran-
spiration, and a decrease in fPAR which increased the role of
evaporation. The accuracy of this evaporation component to cap-
ture the rate of snow sublimation and evaporation from melting
snow, however, is unknown and is an area in need of improve-
ment within the MODIS evapotranspiration product. In addition to
the models’ response to temporal and seasonal variation in mete-
orological parameters, we might expect that outbreaks will result
in changes to microclimate, which could affect the rate of evapo-
transpiration. With fine-scale data, and calculating the change in
evapotranspiration relative to local non-attacked forest, it should
be possible to separate regional variations in climate due to topog-
raphy from local variations in microclimate due to an outbreak
event. However, the MODIS evapotranspiration product utilizes
coarse resolution climate data (1.00° x 1.25°) which limited the
ability of the product to respond to fine-scale variation within a
biome type. Therefore regardless of the evapotranspiration model’s
sensitivity to temporal variation in parameters such as relative
humidity and air temperature, given the spatial resolution of the
climate data relative to the spatial resolution of the outbreak
dynamics, using the MODIS evapotranspiration product, patterns in
evapotranspiration with time since outbreak are unlikely to be due
to changes in microclimate resulting from tree mortality and stand
development.

Finally we must recognize errors intrinsic to the indirect estima-
tion of evapotranspiration based on moderate resolution remote
sensing. Errors can arise from the algorithm inputs, for instance
errors intrinsic to input datasets (fPAR, LAI, albedo) or from the
coarseness of the spatial scale (1km) and interpolated meteoro-
logical inputs. Error can also arise from assumptions and structural
equations employed by the evapotranspiration algorithm. For
instance, because the algorithm does not specifically account for the
presence or absence of snow cover, the rate of winter evapotrans-
piration may show higher rates of intrinsic error, relative to rates
calculated for snow-free periods. A more full discussion of the algo-
rithm uncertainties is described in Mu et al. (2011). Additionally,
the MODIS evapotranspiration algorithm relies on biome-specific
values so that disturbance driven changes to vegetation type and
species within a given biome can introduce additional uncertainty.
We have taken methodological steps to remove confounding effects
on our analysis of the changes in evapotranspiration post beetle
outbreak. Calculating change in evapotranspiration as a change
from local non-attacked forest has improved our confidence in the
directionality of changes over the observed time intervals. Addi-
tionally, our sub-selection of MODIS evapotranspiration dates was
necessary in order to match the timing of our field data collection
to the timing of the satellite data collection. This coordination of
dates improved our confidence regarding the signal during each
attack stage. Despite our finding of ecologically consistent patterns
in the response of evapotranspiration with years since outbreak, it
is important to note that although the directionality of patterns
with time since outbreak were consistent within the study, the
magnitude of that change, whether compared across a landscape
or relative to local non-attacked forests is subject to greater uncer-
tainty.

5. Conclusions

The MODIS evapotranspiration product produced ecologically
realistic results when applied at a regional scale to quantify within

biome variation following mountain pine beetle attack and tree
mortality events. During the growing season, mountain pine beetle
outbreaks initially resulted in a significant reduction in evapotrans-
piration as a consequence of a decrease in fPAR and LAL. However,
intermediate-aged stands experienced an approximately equiva-
lent increase in evapotranspiration corresponding with peaks in
lodgepole pine stand density and stand LAI and fPAR. High incom-
ing solar radiation during the summer months amplified changes to
evapotranspiration even with relatively minor changes to summer
fPAR and LAI owing to rapid regeneration of understory vegetation.
Although the regeneration of understory vegetation was positively
correlated with outbreak severity, change to evapotranspiration
still increased with outbreak severity during the summer season
suggesting that transpiration from understory vegetation did not
fully compensate for tree mortality. In conclusion, a focus on the ini-
tial post-outbreak reduction in growing season evapotranspiration,
as documented by previous studies, misses potentially opposing
modifications in evapotranspiration experienced within different
seasons as well as by intermediate-aged stands, when stand den-
sity and leaf area peaks. Mountain pine beetle outbreaks cause
sizeable changes in stand structure and evapotranspiration with
long-lasting impacts that could affect water resource dynamics
across western North America.
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Appendix A. Appendix

In the analysis, change in evapotranspiration with years since
outbreak start was calculated as percent change to help normalize
our calculation of change from local non-attacked forest. How-
ever, we can also calculate evapotranspiration as absolute change
in evapotranspiration (mmday~') (Fig. A1). We found similar sea-
sonal patterns of change regardless of whether evapotranspiration
was calculated as absolute or percent change.

To better understand the potential validity or flaws in utiliz-
ing the MODIS evapotranspiration algorithm in the winter months,
we used the modeled data to explore how the model inputs were
influencing the calculated sub-components of evapotranspiration
(soil evaporation, transpiration and wet canopy evaporation). This
was necessary because snow sublimation is not explicitly modeled
in the current MODIS evapotranspiration algorithm. In particu-
lar we wanted to understand the negative correlation between
winter evapotranspiration and vegetation amount. We hope this
analysis is helpful in improving future versions of the MODIS
evapotranspiration product. Importantly, we found that regard-
less of stand structure or years since outbreak, the distribution
of modeled evapotranspiration between plant transpiration and
soil evaporation was strongly seasonally dependent. For instance,
within non-attacked plots, growing season evapotranspiration was
dominated by transpiration (0.9 +0.03 mmday~') relative to soil
evaporation (0.05 +0.005 mmday~!) (Fig. 7). In contrast, winter
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Fig. A1. Absolute change in seasonal and annual evapotranspiration with years since outbreak start. Change is calculated relative to local, for each plot, non-attacked forest.
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evapotranspiration within non-attacked plots was dominated by
soil evaporation (or snow sublimation) (0.5+0.02mmday~1),
relative to transpiration (0.04+0.005mmday~!) (Fig. 7). The
dependence of the distribution of evapotranspiration components
on season is even clearer if we artificially manipulate the frac-
tion vegetation cover versus bare soil. Across all plots during the
growing season, if we assume complete vegetation cover, the
rate of evapotranspiration exceeds that if we assume complete
bare soil (1.7 +£0.03mmday~! compared to 0.2+0.01 mmday~!,
respectively). The opposite is observed during the winter months,
where assuming complete vegetation cover leads to a lower rate
of evapotranspiration than if we assume complete bare soil (or
snow) (0.05=+0.004 mmday~! compared to 0.9+0.01 mmday!,
respectively) (Fig. A2). Therefore, across attacked plots, the win-
ter reduction in transpiration was the consequence of low air
temperatures which resulted in partial to complete stomatal
closure (as defined by the biome specific temperature driven
thresholds in the model’s algorithm) as well as significantly
lower LAI (0.62 + 0.02 plants m? ground m~2 in winter compared to
1.41 +0.02 plants m2 ground m~2 in the growing season (p <0.01))
and fPAR values (0.41 +£0.01 in winter compared to 0.54 + 0.004
in the growing season (p<0.01)). The winter increase in the rate
of soil evaporation or snow sublimation was a consequence of
both a lower fPAR, which increased the fraction bare ground from

—
el

which soil evaporation or snow sublimation was calculated on,
as well as significantly higher rates of relative humidity dur-
ing the winter (0.56 +£0.01 in winter compared to 0.3940.004 in
the growing season (p<0.01), which is used as a scalar to trans-
late potential evaporation to actual evaporation (or sublimation),
and increases the amount of evaporation (or sublimation) from
wet canopies. Because the evapotranspiration model in winter
was sensitive to changes in fPAR and the rate of soil evaporation
(or snow sublimation) exceeded transpiration, a decrease in fPAR
increased the bare ground component, and therefore the total rate
of evapotranspiration. In turn, because plant transpiration domi-
nated evapotranspiration during the summer months, the rate of
summer evapotranspiration correlated positively with vegetation
amount following an outbreak.

In addition to investigating the dynamics of the MODIS evapo-
transpiration product sub-components, exploring the directional
relationships between the MODIS evapotranspiration product
climate input parameters (relative humidity, vapor pressure,
incoming solar radiation, temperature, and atmospheric pressure)
and seasonal patterns in evapotranspiration can help validate
the product’s application to address ecological questions at a
regional scale and to quantify within biome variation. The model,
for instance, was found to be sensitive to relative humidity
and vapor pressure during both the growing season and winter

_— = =
—_ N R
1 1 1 1

Evapotranspiration (mm day™')
N o
[ R > )

o L]

OSoil Evaporation

O Transpiration

I

fPAR=0
Growing season

fPAR=1  Non-attacked 14 to 20 yrs. 30 to 40 yrs

fPAR=0 fPAR=1  Non-attacked 14 to 20 yrs. 30 to 40 yrs

Winter season

Fig. A2. Seasonal rates of soil evaporation (and snow sublimation) versus transpiration are shown for comparison purposes for bare ground pixels (fPAR=0), pixels with
complete vegetation cover (fPAR=1), and pixels for key intervals with time since outbreak. It is important to note that evapotranspiration should not be directly compared
between non-attacked, 14 to 20 year, and 30 to 40 year classes given the climate variations that exist between these data populations. Seasonal differences and the partitioning
between soil evaporation and transpiration are, however, robust to this variation. Error bars show plus and minus standard error.
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months (Fig. 5). In the evapotranspiration algorithm, vapor pres-
sure influences vapor pressure deficit, which is directly used in the
calculation of transpiration, soil evaporation (and snow sublima-
tion) and wet canopy evaporation, as well as surface conductance.
Relative humidity is used to scale the rate of soil evaporation and if
>70%, then to determine the fraction of wet canopy evaporation
(Mu et al., 2011). In both the growing season and winter sea-
son, increases in relative humidity and vapor pressure increased
the rate of bare ground evaporation and decreased the rate of
plant transpiration. Additionally, in both seasons, the decrease in
plant transpiration was exceeded by the increase in bare ground
evaporation, meaning increases in relative humidity and vapor
pressure increased evapotranspiration in both seasons. As would
be expected, evapotranspiration increased with increasing tem-
perature and incoming solar radiation during both the growing
season and winter months (Fig. 5). Incoming shortwave radia-
tion informs net radiation or available energy, while temperature
is directly used in many of the algorithm calculations including
to quantify net radiation, soil heat flux, air density, the slope
of the curve relating saturated water vapor pressure to tem-
perature, and finally several resistance parameters including the
total aerodynamic resistance to vapor transport, the radiative heat
transport and to limit stomatal conductance (Mu et al.,, 2011).
Finally, evapotranspiration showed opposite changes with increas-
ing elevation in the growing season versus winter season (Fig. 5).
Elevation drives the calculation of atmospheric pressure, which
is then used to calculate the psychrometric constant, air density
and surface conductance (Mu et al.,, 2011). In both the winter and
growing season, an increase in elevation (or atmospheric pres-
sure) increased soil evaporation by decreasing air density and in
turn, increasing aerodynamic conductance, and decreased transpi-
ration by decreasing air pressure and in turn, decreasing surface
conductance. In winter, the change to soil evaporation (or snow
sublimation) dominated, meaning an increase in elevation (or
atmospheric pressure) increased evapotranspiration, while in the
growing season, the change to transpiration dominated, mean-
ing an increase in elevation (or atmospheric pressure) decreased
evapotranspiration.
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